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a b s t r a c t 

Dihydropyridone is synthesized by the multicomponent condensation reactions (MCRs), followed by three 

different oxidation methods to synthesize pyridone. The 3-D self-assemblies of both the compounds were 

determined using the single-crystal X-ray diffraction method. Dihydropyridone products are found as a 

racemic mixture in synthesis and crystalized as co-crystal. Similar structural conformations are observed 

in both the compounds but stabilized with different non-covalent interactions. Hirshfeld surface analysis 

is done to analyze the various intermolecular interactions in both the structure. This study gives the clue 

of driving force in the self-assembly of molecules in crystal lattices. The propensity of inter-molecular 

contacts to construct the supramolecular assembly was further studied using DFT. The geometrical opti- 

mizations of both the compounds were done by the electronic structure method using density functional 

theory (DFT) to identify the active sites and explore the molecules’ chemically reactive parameters. Fur- 

ther, both compounds were docked with Survivin Protein and Kinesin Eg5 protein to analyze the binding 

affinity with targeted protein. 

© 2021 Elsevier B.V. All rights reserved. 
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Dihydropyrimidinones (DHPM’s) and their derivatives are het- 

rocyclic compounds synthesized by multicomponent reactions 

 1 , 2 ]. This class of compounds are structural analogs of monas-

rol became important to the field of medicinal chemistry be- 

ause monastrol is a very important bio-molecule having many 

iological activities [3] . Other DHPMs analogs have been synthe- 

ized since then, revealing several other pharmacological proper- 

ies [4] . Monastrol is the protagonist of the DHPMs class. Sev- 

ral studies have revealed that its inhibitory action on human ki- 

esin Eg5 leads to mitotic arrest and, consequently, to apoptosis 

5] . At first, this was the main action described for this class of 

ompounds, but some studies have shown other possible targets 

or these molecules, such as centrin [6] , calcium channels [7] and 

opoisomerase I [8] . 

2-pyridones are a particular class of compounds with unique 

harmacophores that exhibit several biological activities such as 

nalgesic [9] , antimalarial [10] , antitumoral [11] , anti-HIV [12] , and 
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nti-inflammatory [13] . Cyanopyridines are important intermedi- 

tes for synthesizing many biological important analogs like nicoti- 

amide, nicotinic acid, and isonicotinic acid. 3-cyano-2-pyridone 

re very significant frameworks in the past few decades. These 

re the structural basis of the alkaloid ricinine, the first known 

yano group-containing alkaloid. Milrinone is also a 3- cyano-2- 

yridone derivative used for the treatment of congestive heart fail- 

re [ 14 , 15 ]. Some derivative of 3-cyano2-pyridone has shown an- 

icancer activity [16–18] . 3-cyano-4,6-diaryl-2-pyridone derivatives 

 and IV ( Fig. 1 ) possess anticancer activity due to their ability to

ct as survivin inhibitors [19] . Undoubtedly, the need to bridge the 

ap between minimizing side effects and the mode of action of an- 

imitotic drugs encourage us for further investigations towards the 

ynthesis of the novel potent cytotoxic compound [ 20 , 21 ]. 

New analogs are designed based on Monastrol kinesin inhibitor 

nd Survivin inhibitor pharmacophore analysis and bio-isoester 

roup application ( Fig. 2 ). 

Given the pharmacological importance of 2-pyridone deriva- 

ives, the investigations of their structural and electronic properties 

re fundamental to know the influence of different groups in the 

olecule to discover the relationship of these groups with their 

iological properties [22–26] . 

https://doi.org/10.1016/j.molstruc.2021.130214
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130214&domain=pdf
mailto:vedsinghbhu@gmail.com
https://doi.org/10.1016/j.molstruc.2021.130214
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Fig. 1. Cyanopyridones as anticancer agents. 
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In this study, we report the synthesis of a new molecule con- 

aining 2-pyridone and 2-dihydropyridone. Both compounds are 

ully characterized by IR, 1 H NMR, 13 C NMR spectrometry, and 

ingle-crystal X-ray diffraction (SCXRD). DFT calculations of both 

olecules carried to study the molecular geometric structure, vi- 

rational frequencies, 1 H & 

13 C NMR chemical shifts, NBO, ener- 

ies, and molecular electrostatic potential (MEP) using DFT/B3LYP 

ethod with 6-311 ++ G(d,p) basis. Also, Hirshfeld surface analyses 

ere performed to analyze molecular packing and surface interac- 

ions. In silico analysis, it is used to locate small molecules binding 

ffinity in the target protein’s active site. In other words, molecu- 

ar docking investigated the ligand’s most stable conformation in 

he protein’s binding package and scored. Therefore, the molecular 

ocking analyses investigated between compounds 3, 4 & 5 and 

he target protein. 

aterials and methods 

ynthesis and crystallization 

All Chemicals were purchased from Sigma-Aldrich and Merck. 

eactions were checked with TLC on pre-coated aluminum sheets 

f Merck using an appropriate solvent system, and chromatograms 

ere visualized under UV light. For column chromatography, sil- 
Fig. 2. Kinesin inhibitor (Monastrol 1) & Survivin in

2 
ca gel (60-120 mesh) was employed, and eluents were ethyl ac- 

tate/hexane mixtures. Melting points of all the compounds were 

ecorded on the electrically heated instrument and are uncor- 

ected. The FT-IR spectrum of solid was recorded in reflectance 

ATR) mode with Shimadzu IRAffinity-1S spectrophotometer. 1H 

nd 13C NMR spectrums were recorded in CDCl3 on Bruker 

VANCE 300 MHz spectrometer. The chemical shifts are expressed 

n parts per million (ppm) using tetramethylsilane (TMS) as an in- 

ernal standard. Mass spectra were done using 6545 QTOF with 

290 Infinity II HPLC equipped with an ESI source. X-ray data of 

ompounds 3, 4 enantiomer co-crystal, and 5 were collected on 

n Oxford Diffraction Xcalibur CCD and Bruker Axs Smart Apex-1 

iffractometer, respectively, at room temperature and processed by 

AINT [27] . Lorentz and polarization effects and empirical absorp- 

ion corrections were applied using SADABS from Bruker [28] . The 

tructure was solved by Intrinsic Phasing methods, using ShelXT 

29] , and refined by least-squares refinement methods based on F2, 

sing ShelXL [30] . All non-hydrogen atoms were refined anisotrop- 

cally. All hydrogen atoms were fixed geometrically with their Uiso 

alues 1.2 times that of the phenylene carbons and 1.5 times that 

f the methyl group. The hydrogen atoms of the heteroatoms were 

ocated from the difference Fourier synthesis and were refined 

sotropically. All calculations were performed using the Olex2 pack- 

ge [31] . 

ynthesis of ethyl 6-amino-4-(4-chlorophenyl)-5-cyano-2-methyl-4H- 

yran-3-carboxylate 

In a 100 mL RB, ethanol (40 mL) was taken and 4- 

hlorobenzaldehyde (10 mmol) & malononitrile (10 mmol) added 

nd stirred. The mixture ethyl acetoacetate (10 mmol) was added, 

ollowed by piperidine (0.2 mL, 2 mmol). The mixture was then 

tirred at room temperature in an open atmosphere for 10 mins. 

he precipitate of ethyl 6-amino-4-(4-chlorophenyl)-5-cyano-2- 

ethyl-4H-pyran-3-carboxylate was obtained, which was filtered 

sing vacuum sintered glass funnel and then finally washed with 

old methanol. 
hibitor (Compound 2) based designed analog. 
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Table 1 

Crystal data and structure refinement for compound 3 & 4 co-crystal & 5. 

Identification code 5 (CCDC 2035459) 3& 4 (co-crystal) (CCDC 2035460) 

Empirical formula C 16 H 13 ClN 2 O 3 C 16 H 15 ClN 2 O 3 

Formula weight 316.73 318.75 

Temperature/K 296.15 296.15 

Crystal system Triclinic triclinic 

Space group P-1 P-1 

A, b, c / ̊A 9.264(5), 9.923(5), 10.327(5) 9.4919(8), 12.9828(11), 14.9912(13) 

α/ ° 64.060(5) 104.030(3) 

β/ ° 73.767(5) 106.305(3) 

γ / ° 66.810(5) 105.518(3) 

Volume/ ̊A 3 778.1(7) 1604.6(2) 

Z 2 4 

ρcalc g/cm 

3 1.352 1.319 

μ/mm 

-1 0.259 2.230 

F(000) 328.0 664.0 

Crystal size/mm 

3 0.2 × 0.18 × 0.14This is not a pattern of ’ccdc’ external object linking. 0.23 × 0.18 × 0.15 

Radiation MoK α ( λ = 0.71073) CuK α ( λ = 1.54178) 

2 � range for data collection/ ° 4.424 to 57.932 7.524 to 94.034 

Index ranges -12 ≤ h ≤ 12, -13 ≤ k ≤ 13, -13 ≤ l ≤ 13 -8 ≤ h ≤ 8, -12 ≤ k ≤ 12, -14 ≤ l ≤ 14 

Reflections collected 24274 13149 

Independent reflections 4048 [R int = 0.0678, R sigma = 0.0512] 2814 [R int = 0.0279, R sigma = 0.0231] 

Data/restraints/parameters 4048/0/205 2814/0/409 

Goodness-of-fit on F 2 1.057 1.054 

Final R indexes [I > = 2 σ (I)] R 1 = 0.0503, wR 2 = 0.1223 R 1 = 0.0378, wR 2 = 0.0969 

Final R indexes [all data] R 1 = 0.0873, wR 2 = 0.1406 R 1 = 0.0433, wR 2 = 0.1022 

Largest diff. peak/hole / e Å −3 0.21/-0.42 0.20/-0.24 

Fig. 3. Ortep Diagram of 3 & 4 enantiomeric co-crystal (a) & 5 (b). 
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ynthesis of ethyl 4-(4-chlorophenyl)-5-cyano-2-methyl-6-oxo-1,4,5,6- 

etrahydropyri dine-3-carboxylate 

To a 2-neck 150 mL RB the synthesized ethyl 6-amino- 

-(4-chlorophenyl)-5-cyano-2-methyl-4H-pyran-3-carboxylate 

6.7 mmol) was dissolved in ethanol (50 mL) at 80 °C. Iodine 

10 mol %) was added to the reaction vessel and refluxed using 

raham condenser for 2-4 hours monitored by TLC (EtOAc/hexane 

:7). After the reaction was completed, the mixture was con- 

entrated under reduced pressure and then treated with hypo 

olution (5 mol%) to remove un-reacted iodine. The organic layer 

as back-extracted with ethyl acetate (twice), usual workup and 

urification over silica gel column using Hexane: EtOAc (70:30) 

fforded 3 & 4 enantiomer mixture ethyl 4-(4-chlorophenyl)-5- 

yano-2-methyl-6-oxo-1,4,5,6-tetrahydropyridine-3-carboxylate. 

dditional technique 

The organic layer (ethyl acetate) obtained from the workup 

rocess was concentrated in a rotary evaporator by preventing 
3 
recipitate formation. The solution was collected in a conical flask, 

ealed with rubber septa, and then placed inside a freezer (-20 

o -25 °C) for 2 hours. The precipitate of ethyl 4-(4-chlorophenyl)- 

-cyano-2-methyl-6-oxo-1,4,5,6-tetrahydropyridine-3-carboxylate 

ormed (confirmed by TLC), which was collected by filtration. 

he filtrate that contains the remaining product was subjected to 

urification by column chromatography. This method facilitates 

he pure precipitate of the product and reduces the working time 

nd solvent required for purification. 
1 H NMR (300 MHz, CDCl 3 ): δ 1.18 – 1.23 (3H, t, CH 3 CH 2 -, J = 7.2

z); 2.44 (3H, s, CH 3 -); 4.08 – 4.17 (3H, m, CH 3 CH 2 -, CH,); 4.46

4.49 (1H, d, CH-, J = 6.9 Hz); 7.18 – 7.20 (2H, d, Ar-H, J = 8.4 

z); 7.30- 7.33 (2H, d, Ar-H, J = 8.4 Hz); 8.42 (1H,s, -NH,). 13 C

MR (300 MHz, CDCl 3 ): δ 14.04 (C, CH 3 ), 18.91 (C, CH 3 ), 40.91

C, CH-Ar), 41.02 (C, CCN),60.90 (C, CH 2 O), 107.35 (C, CCO 2 Et), 

13.87 (C, CN), 129.18 (C, Ar), 129.21 (C, Ar), 134.36 (C, CCl), 134.44 

C, C-CH), 146.06 (C, CCH 3 ),162.89 (C, CO 2 Et), 165.16 (C, C = O). 

R (KBr): 3263 (NH), 2252 (CN), 1705 (COOR), 1674 (RCONHR), 

33 (CCl). HRMS (ESI) (m/z): calculated for C 16 H 15 O 3 N 2 Cl (NH 4 )

M + NH 4 ] 
+ = 336.11095, found 336.11069. 

eneral procedure for the synthesis of ethyl 4-(4-chlorophenyl)-5- 

yano-2-methyl-6-oxo-1,6-dihydropyridine-3-carboxylate 

ethod A (microwave-assisted reaction) 

To a solution of ethyl 4-(4-chlorophenyl)-5-cyano-2-methyl- 

-oxo-1,4,5,6-tetrahydropyridine-3-carboxylate (3.52 mmol) in 

thanol (15 mL), DDQ (3.52 mmol) was added and irradiated in 

he microwave oven for 2 minutes. The reaction was monitored 

y TLC (EtOAc/hexane 1:1). After the reaction was completed, 

thanol (10 mL) was added to the reaction vessel, which allows 

or pure crystals of 2-pyridone (which was further collected). The 

emaining solvents that contain 2-pyridone were collected and 

urified over silica gel by column chromatography Hexane: EtOAc 

1:1). 

ethod B (thermal assisted reaction) 

To a solution of ethyl 4-(4-chlorophenyl)-5-cyano-2-methyl- 

-oxo-1,4,5,6-tetrahydropyridine-3-carboxylate (3.52 mmol) in 

thanol (15 mL), DDQ (3.52 mmol) was added and heated on 
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Fig. 4. (a) Hydrogen bonding between enantiomer in crystal packing (b) extended hydrogen bonding network (c) crystal packing in unit cell (d) alternate packing architecture 

(e) packing pattern of around both enantiomer 3 & 4. 

Table 2 

Non-covalent interactions ( ̊A) for 3, 4 & 5 in crystals. Cg is the centroid of the rings 

D-H…A D-H H…A D….A D-H...A Symmetry Operation 

Compound 3 & 4 

N(2)..H(2A)…O(1) 0.783 2.266 3.036 168.27 3-x,1-y,1-z 

C(8)..H(8)…O(2) 0.980 2.447 3.307 146.34 3-x,1-y,1-z 

N(5)..H(5)…O(2) 0.803 2.245 3.044 173.59 x,y,z 

C(21)..H(21)…N(1) 0.930 2.722 3.353 125.85 2-x,1-y,1-z 

C(32)..H(32C)…N(4) 0.960 2.700 3.553 148.43 -x,1-y,-z 

C(1)-H(1)…O(4) 0.930 2.481 3.294 146.11 1 + x,y,z 

C(24)-H(24)…O(5) 0.980 2.367 3.211 143.85 1-x,1-y,-z 

C(16)- H(16A)…Cg (C1-C6) 3.376 

C(18)- H(18)…Cg (C1-C6) 3.938 

C(12)- H(12C)…Cg (C17-C22) 2.928 

Intramolecular 

C(12)..H(12B)…O(2) 0.960 2.274 2.931 124.85 

C(28)..H(28B)…O(5) 0.960 2.238 2.938 129.05 

Compound 5 

N2-H2…O1 0.961 1.836 2.784 167.99 -x,1-y,-z 

C12-H12C….O1 0.960 2.662 3.481 143.48 -x,1-y,-z 

C5-H5…O2 0.930 2.385 3.259 156.48 1-x,-y,1-z 

C4-H4… Cg(C1-C6) 3.384 

C1-H1… Cg(N2, C7, C8, C10, C11, C13) 2.761 

Intramolecular 

C(12)..H(12A)…O(2) 0.960 2.801 2.920 98.64 

C(12)..H(12B)…O(2) 0.960 2.617 2.920 87.45 

4 
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Fig. 5. (a) C-H…π interactions between aryl ring in compound 5 (b) C-H…π interactions in compound 5 between aryl and pyridine ring (c) extended structure of weak 

interactions (d) alternate packing architecture (e) co-ordination geometry of compound 5 in crystal packing. 

Table 3 

Calculated total energies (E), dipole moments ( μ), and volumes (V) for compounds 3, 4 & 5 in gas and aqueous solution phases by 

using the B3LYP/6-311 ++ G ∗∗ Method. 

Compound no. Medium E (Hartree’s) E ZPVE (Hartree’s) μ (D) V ( ̊A 3 ) V ( ̊A 3 ) 

3 Gas -1414.406754 -1414.123156 5.900561 417.925 89.782 

3 aqueous solution phases -1414.428949 -1414.145518 7.860265 328.143 

4 Gas -1414.406754 -1414.123151 5.899925 417.915 89.77 

4 aqueous solution phases -1414.406754 -1414.145519 5.899925 328.145 

5 Gas -1413.205588 -1412.944958 7.987571 409.963 86.792 

5 aqueous solution phases -1413.229997 -1412.969646 11.458522 323.171 

a
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3

 heating mantle at 100 o C for 8-10 minutes. The reaction was 

onitored by TLC (EtOAc/hexane 1:1). After the reaction was 

ompleted, ethanol (10 mL) was added to the reaction vessel to 

orm pure crystals of 2-pyridone (which was further collected). 

he remaining solvents that contain 2-pyridone were collected 

nd purified over silica gel by column chromatography Hexane: 

tOAc (1:1). 

ethod C (auto-oxidation process) 

The powdered form of ethyl 4-(4-chlorophenyl)-5-cyano-2- 

ethyl-6-oxo-1,4,5,6-tetrahydropyridine-3-carboxylate was placed 

n a conical flask and exposed to an open atmosphere at room 

emperature. It allows the compound to interact with atmospheric 
5 
xygen to undergo self-oxidation from ethyl 4-(4-chlorophenyl)- 

-cyano-2-methyl-6-oxo-1,6-dihydropyridine-3-carboxylate, which 

as monitored by TLC (EtOAc/hexane 1:1). Separation of com- 

ounds was done using column chromatography Hexane: EtOAc 

1:1). However, this synthetic method was not favored over meth- 

ds A and B since it was time-consuming as the oxidation process 

s a surface phenomenon. The resulting yield of the product was 

ow. 

dditional technique 

Both methods A and B after the reaction of ethyl 4-(4- 

hlorophenyl)-5-cyano-2-methyl-6-oxo-1,4,5,6-tetrahydropyridine- 

-carboxylate with DDQ; ethanol was reduced in a rotary evap- 
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Table 4 

Corrected and uncorrected solvation energies by the total non-electrostatic terms 

and zero-point vibrational energy (ZPVE) of compounds 3, 4, 5 in aqueous solution 

by using the B3LYP/6-311 ++ G ∗∗ Method. 

Solvation energy (kJ/mol) 

Condition �G un # �G ne �G c 
Compound 3 -58.71 10.14 -68.85 

Compound 4 -58.73 10.14 -68.87 

Compound 5 -64.82 9.36 -74.18 

�G un # = uncorrected solvation energy; �G ne = total non-electrostatic terms; 

�G c = corrected solvation energies. 
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rator, and methanol (30 mL) was added and was heated to 

issolve the product 2-pyridone. The solution was allowed to 

tand to form pure crystals of ethyl 4-(4-chlorophenyl)-5-cyano- 

-methyl-6-oxo-1,6-dihydropyridine-3-carboxylate. Filtered and 

ashed with methanol. The filtrate was collected and concen- 

rated. Crystallization was repeated until the concentration of ethyl 

-(4-chlorophenyl)-5-cyano-2-methyl-6-oxo-1,6-dihydropyridine- 

-carboxylate in the filtrate is minimized (confirmed by TLC). 

he final filtrated was then subjected to purification by column 

hromatography. 
1 H NMR (300 MHz, CDCl 3 ): δ 0.88 – 0.93 (3H, t, CH 3 CH 2 - 

 J = 7.2 Hz); 2.63 (3H, s, CH 3 -); 3.93 - 4.0 (2H, q, CH 3 CH 2 -,

 = 7.2 Hz); 7.30 – 7.32 (2H, d, Ar-H, J = 8.4 Hz); 7.46 – 7.49

2H, d, Ar-H, J = 8.4 Hz); 13.63 (1H, s, -NH). 13 C NMR (300 MHz,

DCl 3 ): δ 13.34 (C, CH 3 ), 18.89 (C, CH 3 ), 61.78 (C, CH 2 O), 101.50 (C,

CO 2 Et), 114.14 (C, CCN), 114.46 (C, CN), 128.70 (C, Ar) 128.94 (C, 

r), 133.68 (C, C-Ar), 136.25 (C, Ar-Cl), 152.66 (C, CCH 3 ), 159.65 (C, 

 = O), 162.28 (C, CO 2 Et), 164.69 (C, C-Ar). IR (KBr): 2245(CN), 1720

COOR), 1636 (RCONHR), 771 (CCl). HRMS (ESI) (m/z): calculated 

or C H O N Cl (NH ) [M + NH ] + = 334.09530, found 334.09500.
16 13 3 2 4 4 

Fig. 6. Atomic MK, Mulliken, and NPA charges of 3 (a), 4 (b), and 5 (c) in the g

6 
rystal structure determination X-ray Crystallography 

Single-crystal X-ray data for compounds 3 & 4 co-crystal and 5 

ere collected with an Oxford Diffraction Xcalibur CCD and Bruker 

xs Smart Apex-1 diffractometer, respectively. Crystallographic de- 

ails of compounds 3 & 4 co-crystal and 5 are summarized in 

able 1 . 

omputational details 

The experimental CIF file structure determined by X-ray crys- 

al data for 3 & 4 co-crystal and 5 were taken as an initial the-

retical one. Then, the structure was optimized in the gas phase 

nd aqueous solution with the hybrid B3LYP/6-311 ++ G ∗∗method 

 32 , 33 ] and of the Gaussian 16 program [34] . The self-consistent

eaction field (SCRF) methodology and universal solvation mod- 

ls were both employed in solution because these schemes con- 

ider the solvent effects [35–37] . Molecular electrostatic poten- 

ial (MEP) [38] and Natural population analysis (NPA) and atomic 

erz-Kollman (MK) charges and stabilization energy were pre- 

icted in both media with the same level of theory and version 

.1 of the NBO program [39] . The GaussView program was em- 

loyed to generate the mapped MEP surface of 3 & 4 co-crystal 

nd 5 [40] . The GIAO method was used to predict the 1 H- and
3 C- NMR spectra of 3 & 4 co-crystal and 5 in aqueous solution by 

sing the hybrid B3LYP/6-311 ++ G ∗∗method [41] incorporate in 

he Gaussian09 program [34] . Also, the frontier orbitals were cal- 

ulated to predict reactivities of 3 & 4 co-crystal and 5 in both me- 

ia by using the B3LYP/6-311 ++ G ∗∗level of theory. In contrast, 

he behaviors in both media were evaluated with some descrip- 

ors of reactivity such as chemical potential ( μ), electronegativity 

 χ ), global hardness ( η), global softness (S), global electrophilicity 

ndex ( ω), and nucleophilicity indexes (E) calculated at the same 

evel of theory [ 22 , 24–26 , 42 ]. The Hirshfeld surface analysis was

erformed with Crystal Explorer 3.1 program [43] . 
as phase and aqueous solution by using the B3LYP/6-311 ++ G ∗∗ method. 
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Fig. 7. Calculated electrostatic potential surfaces on the molecular surface of 3 (a) (0.065 a.u.), 4 (b) (0.065 a.u.) and 5 (c) (0.068 a.u.) in gas phase. B3LYP functional and 

6-31G ∗ basis set. Isodensity value of 0.005. 

Table 5 

Comparisons of calculated geometrical parameters of enantiomer 3 in both media 

with the corresponding experimental ones. 

Parameters Bond length ( ̊A) Gas Aq Experimental 

C5-C4 1.393 1.394 1.385 

C4-C3 1.390 1.390 1.373 

C3-Cl1 1.758 1.764 1.387 

C2-C1 1.392 1.393 1.379 

C1-C6 1.399 1.399 1.387 

C6-C7 1.529 1.529 1.513 

C8-C9 1.459 1.458 1.453 

C9 ≡N1 1.152 1.152 1.149 

C10-N2 1.383 1.370 1.355 

C10 = O1 1.207 1.216 1.220 

C11-C12 1.502 1.500 1.500 

C11 = C13 1.359 1.359 1.349 

C14 = O2 1.215 1.219 1.219 

C15-C16 1.515 1.514 1.473 

C15-O3 1.450 1.454 1.450 

Bond angles ( °) 
H17,C17,C18 118.817 118.764 119.3 

H17,C17,C22 119.811 119.862 119.3 

C20,C19,Cl2 119.527 119.363 120.5 

C19,C20,C21 119.207 119.048 119.4 

C17,C22,C21 118.195 118.323 117.1 

C22,C23,C29 114.039 114.286 114.3 

H24,C24,C25 106.900 106.954 106.9 

N5,C26,O4 122.389 122.822 123.2 

C28,C27,C29 128.053 127.780 127.8 

C23,C29,C27 119.672 120.084 120.9 

C29,C30,O5 126.976 126.438 127.2 

C29,C30,O6 110.975 111.261 110.6 

C32,C31,O6 107.613 107.666 108.3 

C24,C25,N4 176.709 178.585 177.1 

Dihedral angle ( °) 
C22,C17,C18,C19 0.166 0.041 0.5 

C18,C17,C22,C21 -0.392 -0.492 -1.1 

C17,C18,C19,Cl2 179.720 179.873 -178.9 

C21,C22,C23,C29 -33.515 -37.284 -38.3 

C22,C23,C29,C30 -84.964 -85.915 -87.0 

C23,C24,C26,O4 143.119 143.083 139.7 

C28, C27,C29,C23 -177.167 -176.702 -176.1 

N5,C27,C29,C30 -179.939 -178.850 179.9 

C29,C27,N5,C26 14.142 14.465 14.6 

C27,C29,C30,O5 2.581 10.083 20.2 

C32,C31,O6,C30 -179.912 179.040 -177.7 

I

a

m

b

r

l

p

T

a  

Table 6 

Comparisons of calculated geometrical parameters of enantiomer 4 in both media 

with the corresponding experimental ones. 

Parameters Bond length ( ̊A) Gas Aq Experimental 

C17-C18 1.392 1.393 1.380 

C18-C19 1.391 1.390 1.367 

C19-Cl2 1.758 1.764 1.749 

C20-C21 1.393 1.394 1.375 

C21-C22 1.398 1.399 1.377 

C22-C23 1.529 1.529 1.521 

C24-C25 1.459 1.458 1.459 

C25 ≡N4 1.152 1.152 1.144 

C26-N5 1.383 1.370 1.352 

C26 = O4 1.207 1.216 1.214 

C27-C28 1.502 1.500 1.494 

C27 = C29 1.359 1.359 1.342 

C30 = O5 1.215 1.219 1.197 

C31-C32 1.515 1.514 1.46 

C31-O6 1.450 1.454 1.457 

Bond angles ( °) 
H5,C5,C4 118.548 118.348 119.4 

C2,C1,C6 121.231 121.152 121.6 

C2,C3,Cl1 119.566 119.378 119.5 

C3,C2,C1 119.088 118.844 120.1 

C1,C6,C5 118.194 118.323 117.4 

C6,C7,C13 114.043 114.284 113.1 

H8,C8,C9 106.899 106.954 106.0 

N2,C10,O1 122.388 122.823 123.3 

C12,C11,C13 128.054 127.781 128.0 

C7,C13,C11 119.671 120.083 119.7 

C13,C14,O2 126.975 126.438 127.4 

C13,C14,O3 110.972 111.260 110.2 

C16,C15,O3 107.611 107.665 106.3 

C8,C9,N1 176.714 178.583 177.1 

Dihedral angle ( °) 
C6,C5,C4,C3 0.205 0.322 0.1 

C4,C5,C6,C1 -0.411 -0.634 0.7 

C5, C4, C3,Cl1 179.701 179.735 179.0 

C1,C6,C7,C13 -146.961 -143.077 39.8 

C6, C7, C13, C14 84.981 85.917 85.3 

C7,C8,C10,O1 -143.105 -143.083 -141.7 

C12, C11, C13, C7 177.154 176.700 174.9 

N2, C11, C13, C14 179.925 178.848 179.4 

C13, C11,N2, C10 -14.138 -14.464 -13.3 

C11, C13, C14, O2 -2.644 -10.095 -5.2 

C16,C15,O3,C14 180.005 -179.062 -174.7 

t
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n silico analysis of 3, 4 & 5 

Molecular docking investigation carried out using the 

utodockVina [44] . The crystal structures of the survivin and 

itotic kinesin Eg5 were retrieved from the RSCB protein data 

ank (PDB id: 1 × 88 and 3UIH, respectively). The protein prepa- 

ation was done in chimera [45] by removing co-crystallized 

igands, cofactors, and embedded water molecules. It was further 

rocessed by adding polar hydrogens and assigning partial charges. 

he grid parameters for survivin protein were assigned (centered 

t x = -26.30, y = 1.84, z = -19.14; 31.74 ̊A × 25.0 Å × 23.65 Å)
7 
o encompass the dimerization interface and the allosteric site 

ocated near to it. Whereas the grid parameters for Eg5 protein 

ere determined based on the native ligand monastrol. The grid 

s centered on monastrol, making sure all the residues of the 

inding cavity are encompassed (centered at x = 18.06, y = 24.56, 

 = 49.31; 18.46 ̊A × 21.52 Å × 21.82 Å). The exhaustiveness 

arameter for analyzing the binding affinity was set to 9 modes, 

nd the crystal compounds are subjected to molecular docking 

ith the monomer proteins. The re-docking of crystal compounds 

onfirmed the validation of docking parameters. Further, validation 

f parameters for Eg5 was done by re-docking of the crystal 
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Table 7 

Comparisons of calculated geometrical parameters of Compound 5 in both media 

with the corresponding experimental ones. 

Bond parameter Gas Aq Experimental 

O1 = C10 1.216 1.228 1.243 

N2-C11 1.355 1.354 1.358 

O2 = C14 1.212 1.214 1.201 

C6-C7 1.491 1.491 1.484 

C7 = C8 1.386 1.391 1.389 

C13 = C11 1.386 1.389 1.377 

C13-C14 1.495 1.499 1.496 

C11-C12 1.503 1.499 1.504 

C9 ≡N1 1.156 1.157 1.141 

C1-C2 1.391 1.392 1.384 

C3-C2 1.392 1.391 1.381 

C15-C16 1.518 1.517 1.488 

Bond angle ( °) 
C14,O3,C15 117.50 117.97 117.4 

C11,N2,H2 119.27 118.61 123 

C7,C8,C9 122.24 122.23 122.4 

C7,C13,C14 123.15 122.57 122.6 

O1,C10,N2 119.88 120.29 120.2 

N2,C11,C13 118.64 118.73 119.7 

N2,C11,C12 115.60 115.70 114.4 

C6,C5,C4 120.77 120.60 120.2 

O3,C14,C13 112.06 111.97 111.9 

O2,C14,C13 123.95 123.62 123.7 

C5,C4,C3 119.11 118.99 119.2 

Cl1,C3,C2 119.47 119.26 118.6 

C1,C2,C3 119.23 119.02 118.8 

O3,C15,C16 112.11 111.95 111.1 

Dihedral angle ( °) 
C15,O3,C14,O2 -1.76 -0.95 -1.7 

C15,O3,C14,C13 -178.19 -178.21 -178.3 

C14,O3,C15,C16 -84.68 -85.80 -83.4 

H2,N2,C10,O1 -0.23 0.48 2 

H2,N2,C10,C8 178.58 179.79 -178 

C10,N2,C11,C12 -179.34 179.55 -176.4 

C1,C6,C7,C8 -64.20 -66.64 -52.7 

C7,C8,C10,O1 -178.75 -179.34 -175.3 

C8,C7,C13,C14 174.63 177.83 172.9 

C7,C13,C11,N2 2.77 1.64 2.6 

C6,C5,C4,C3 -0.72 -0.68 -0.1 

C4,C3,C2,C1 0.03 0.28 -0.9 
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tructure of monastrol, which was extracted from Eg5 protein, and 

hen superimposing it with the native monastrol in Eg5 protein. 

he analysis of docking results was carried out using the pymol 

nd Discovery studio visualizer. 
Fig. 8. The experimental infrared spectrum of 3 & 4 compared with the correspon

8 
esults and discussion 

-ray crystal structure description 

The compound 3 & 4 enantiomeric co-crystal & 5 were analyzed 

y single-crystal X-ray diffraction ( Fig. 3 ). The summary of crystal- 

ographic information is listed in Table 1 . The enantiomer 3 & 4 

rystalized in the triclinic space group P-1; both enantiomers crys- 

alize in a 1:1 ratio in the crystal lattice unit cell. The compound 5 

rystallized in the triclinic space group P-1. The unit cell contains 

wo pairs of enantiomers (4) & (2) molecules, respectively, in both 

rystals. 

The hydrogen-bonding network for enantiomer co-crystal 3 & 

 and crystal packing is in Fig. 4 . Enantiomer 3 (RS) and 4 (SR)

inked with H (5A)…O (2) hydrogen bonding, whereas pyridone 

roup nitrogen is involved in different types of weak interactions 

n both enantiomers. Both enantiomers exist as co-crystal in a 1:1 

atio in crystal packing. In addition to intermolecular C-H..O inter- 

ctions in the extended structure of compound enantiomer 3 & 4 

re having intramolecular C-H..O interactions in the compound’s 

exible arm. This compound, C-H.. л interactions, is also exhibited 

n the crystal packing between the alkyl group and π-electrons of 

he ring of the adjacent molecule ( Table 2 ). In extensive hydrogen- 

onding network terminal carbonyl oxygen, pyridone oxygen & ni- 

rogen of cyano group are involved in three weak interactions and 

ere forming 8, 12 & 8 membered R 2 
2 (8), R 2 

2 (12) & R 2 
3 (8) ring

n which C-H..O & C-H..N interactions are involved. 

The hydrogen-bonding network for 5 and crystal packing is 

n Fig. 5 . In compound ( 5 ), pyridone and ester group oxygen 

olecules are involved in hydrogen bonding, whereas pyridone 

roup nitrogen is not involved in weak interactions. In addition 

o intermolecular C-H..O interactions compound, 5 are also hav- 

ng intramolecular C-H..O interactions. In this compound, C-H.. л 
nteractions are also exhibited in the crystal packing between C- 

 aromatic and π-electrons of both rings of adjacent molecules 

 Table 2 ). In extensive hydrogen-bonding network terminal car- 

onyl, oxygen & pyridone oxygen are involved in weak interaction 

nd were forming 6, 8 & 14 membered R 2 
1 (6), R 2 

2 (8) & R 2 
2 (14)

ing in which C-H..O interactions are involved. 

FT study 

Results of optimizations of 3(RS), 4(SR) & 5 in the gas phase 

nd aqueous solution using the B3LYP/6-311 ++ G ∗∗method 
ding predicted for the free base using B3LYP/6-311 ++ G ∗∗level of theory. 
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Fig. 9. The experimental infrared spectrum of 5 compared with the corresponding predicted for the free base using B3LYP/6-311 ++ G ∗∗level of theory. 
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an be seen in Table 3 , while in Fig. S1 is given the opti-

ized structure together with the atoms labeling. The relative en- 

rgy value obtained from the difference between the value op- 

imized in solution and the corresponding in the gas phase for 

oth enantiomer 3(RS) ( −0.022362 Hartrees = 58.71 kJ/mol), & 

(SR) ( −0.022368 Hartrees = 58.71 kJ/mol), and 5 ( −0.024688 

artrees = 64.82 kJ/mol). Both enantiomers are found the same 

elative energy, but compound 5 is having more relative energy in 

olution. Analyzing Table 3 , we observed that the calculated to- 

al energies (E) in both media show the most negatives values, 

s compared with the corrected values by ZPVE energies, while 

he dipole moment ( μ) of enantiomer 3 increases from 5.90 D 

n the gas phase to 7.86 D in solution, no change in enantiomer 

 and 7.99 D to 11.46 D for compound 5 . Hence, the cationic 

pecies of compound 3(RS) & 5 are probably presented in solu- 

ion due to the notable increase in the dipole moment value. How- 

ver, enantiomer 4 (SR) probably exists neutral species in solution 

ue to no change in dipole moment. Simultaneously, a measur- 

ble contraction of −89.782 ˚A 

3 , −89.77 ˚A 

3, −86.792 ˚A 

3 in the 

olume is observed in solution in all 3(RS), 4(SR) & 5 . Magni- 

udes and orientations of dipole moment vectors of 3 & 5 in both 

edia are, the directions and orientations practically remain con- 

tants in both media. The only change in the magnitudes of μ
s observed in solution (Fig. S2). Whereas in enantiomer 4 mag- 

itudes and orientations of dipole moment vectors in both me- 

ia are, the directions and orientations practically remain con- 

tants. The volume contraction observed in solution could be at- 

ributed to the hydration of donors (O and N atoms) and accep- 
able 8 

bserved and calculated wavenumbers (cm 

−1 ) and assignments for enantiomers 3 & 4 in t

Experimental 4R,5S-configuration (compound 3) Assignments 

Calculated Intensity (in KM/Mole) 

 N2-H2Aט 61.2945 3592.64 3263.56

 O1 = C10ט 395.8360 1794.80 1789.94

 O2-C14ט 324.1665 1744.05 1705.07

 C11 = C13ט 256.8311 1661.17 1674.21

1527.62 1521.70 64.7174 βR 1 (A1) δC7-C12 

 N2-C10 τwN1-C9ט 140.0662 1256.05 1257.58

δC8-H8 δC7-H7 

1234.44 1236.12 264.8903 δC8-H8 δC7-H7 

τwN1-C9 

1226.73 1229.90 289.9261 δN2-C10 δC8-H8 δC7-H

δN2-H2A 

 O3-C15ט O3-C14ט 294.7128 1110.79 1110.99

τwN1-C9 δ C11C13C7 

1103.28 1104.04 64.4982 βR 1 (A1) טCl1-C3 

9 
ors groups (N-H, O-H) of H bonds present in the structure of 3, 

 & 5 . These new H bonds formed in the weak base 3 & 5 could

ustify the increase of μ and the volume contraction in the solu- 

ion of 3, 4 & 5 . 

The prediction of solvation energy of 3, 4 & 5 in an aqueous so- 

ution is important, taking into account the presence of donors and 

cceptors groups in its structure. Hence, corrected and uncorrected 

olvation energies by total non-electrostatic terms and zero points 

ibrational energy (ZPVE) of 3, 4 & 5 by using the B3LYP/6-311 ++ 

 ∗∗method presented in Table 4 . Relative energy values of 3, 4 & 5

re 58.71 kJ/mol, 58.71 kJ/mol, 64.82 kJ/mol, and uncorrected sol- 

ation energy value ( �G un 
# ) from Table 4 . The results show that 

he solvation energy value of 5 is slightly higher (most negative) 

han the enantiomer 3 & 4 , probably because of the aromatic ring 

n 5 . In contrast, both enantiomers 3 & 4 solvation energy is nearly 

he same. Besides, both chiral carbons having R, S, and S, R config- 

ration in the enantiomer 3 & 4 . Possibly, the non-aromatic rings 

imit the hydration of water molecules. 

Three atomic charges, molecular electrostatic potentials (MEP), 

nd bond orders expressed as Wiberg indexes are analyzed in the 

ptimized structures of 3, 4 & 5 in the gas phase and aqueous so- 

ution by using B3LYP/6-311 ++ G ∗∗level of theory. Thus, atomic 

ulliken, Merz-Kollman, and NPA charges and molecular electro- 

tatic potentials (MEP) are summarized in table S1. Here, these 

roperties are presented and analyzed only for the O and N atoms 

nd aromatic rings belonging to donors and acceptors groups of 3, 

 & 5 in the gas phase and aqueous solution. 
he gas phase using the B3LYP/6-311 ++ G ∗∗ method. 

4S,5R-configuration (compound 4) Assignments 

Calculated Intensity (in KM/Mole) 

 N5-H5Aט 61.2797 3591.61

 O4 = C26ט 395.9146 1794.79

 O5-C30ט 324.0625 1744.06

 C27 = C29ט 256.7104 1661.16

1521.64 64.7211 βR 1 (A1) δC23-C28 

 N5-C26 τwN4-C25ט 139.8579 1256.03

δC24-H24 δC23-H23 

1236.11 266.3348 δC24-H24 δC23-H23 

τwN4-C25 

7 1229.89 289.1435 δN5-C26 δC24-H24 

δC23-H23 δN5-H5A 

 O6-C31 τwN4-C25ט O6-C30ט 294.5269 1110.78

δ C27C29C23 

1104.00 64.5277 βR 1 (A1) טCl2-C19 
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Table 9 

Observed and calculated major wavenumbers (cm 

−1 ) and assignments for compound 5 in the gas phase using the B3LYP/6-311 ++ G 

∗∗ method. 

Experimental Calculated Intensity (in KM/Mole) Assignments 

 N2 - H2ט 84.7997 3577.61 3579.88

 O1 = C10ט 478.7636 1758.57 1720.50

 O1 = C10ט O2 = C14ט 616.9667 1748.60 1728.21

1604.77 1608.11 73.2578 βR 1 (A1) βR 2 (A2) 

1589.34 1597.34 114.3799 βR 1 (A1) βR 2 (A2) 

1558.48 1558.70 117.5371 βR 2 (A2) βN2 - H2 

1303.87 1303.09 174.9261 βR 1 (A1) δC13 - C14 β N2 - H2 

 C12 -C11 βN2 - H2 τw N1 - C9ט C7 -C6ט 87.5953 1295.88 1280.73

1195.86 1198.19 81.8178 γ C15 - C16 γ O3- C15 τw N1 - C9 

1172.72 1172.78 123.7257 βC1 C6 C5 τw C9 - N1 γ C15 - C16 δN2 - H2 

1087.85 1085.61 145.2759 βR 2 (A2) β C14 O3 C15 טC12 -C11 

Table 10 

Observed and calculated 1 H chemical shifts ( δ in ppm) for enantiomers 3 & 4 in the gas phase and aqueous solution. 

4R,5S-configuration (compound 3) 4S,5R-configuration (compound 4) 

Experiment 
H atom Gas Aq H atom Gas Aq 

5-H 7.18 7.22 17-H 7.59 7.54 7.19 

4-H 7.49 7.52 18-H 7.58 7.60 7.315 

2-H 7.58 7.60 20-H 7.49 7.52 7.315 

1-H 7.59 7.54 21-H 7.18 7.22 7.19 

2A-H 6.50 6.60 5A-H 6.50 6.60 8.42 

7-H 4.51 4.30 23-H 4.51 4.30 4.475 

15A-H 3.78 3.83 31A-H 3.99 4.00 4.125 

15B-H 3.99 4.00 31B-H 3.78 3.83 4.125 

8-H 3.95 3.89 24-H 3.94 3.89 4.125 

12A-H 2.03 2.38 28A-H 1.59 1.45 2.44 

12B-H 4.46 3.62 28B-H 4.46 3.62 2.44 

12C-H 1.59 1.45 28C-H 2.03 2.38 2.44 

16A-H 1.06 1.05 32A-H 1.06 1.05 1.215 

16B-H 1.26 1.26 32B-H 1.05 1.04 1.215 

16C-H 1.05 1.04 32C-H 1.26 1.26 1.215 

Table 11 

Observed and calculated 13 C chemical shifts ( δ in ppm) for enantiomers 3 & 4 in the gas phase and aqueous solution. 

4R,5S Configuration (compound 3) 4S,5R Configuration (compound 4) 

Experiment 
C atom Gas Aq C atom Gas Aq 

14-C 171.48 172.45 30-C 171.47 172.45 162.89 

10-C 166.48 167.60 26-C 166.48 167.60 165.16 

11-C 158.85 157.95 27-C 158.84 157.95 146.06 

3-C 148.33 148.57 19-C 148.33 148.57 134.36 

6-C 141.02 141.97 22-C 141.02 141.97 134.44 

1-C 132.54 132.67 21-C 137.70 138.04 129.18 

2-C 133.72 133.87 20-C 133.76 133.86 129.21 

4-C 133.76 133.86 18-C 133.72 133.87 129.21 

5-C 137.71 138.04 17-C 132.54 132.67 129.18 

9-C 120.29 120.34 25-C 120.29 120.34 113.87 

13-C 111.37 112.34 29-C 111.38 112.33 107.35 

15-C 64.94 65.52 31-C 64.94 65.52 60.90 

7-C 46.53 47.06 23-C 46.53 47.06 40.91 

8-C 44.31 44.47 24-C 44.31 44.47 41.02 

12-C 17.25 20.02 28-C 17.24 20.02 18.91 

16-C 13.49 13.58 32-C 13.48 13.58 14.04 
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The behavior of three studied atomic charges in the different 

edia is shown in Fig. 6 . Regarding this latter figure, we observed 

n enantiomer 3 & 4 that atomic MK charges on the nine con- 

idered atoms present slightly different values and behaviors than 

hose predicted for Mulliken and NPA charges. Both enantiomers 

 & 4 having similar atomic charges to corresponding atoms. On 

he other hand, the Mulliken charges predict higher values on the 

hlorine atoms than NPA ones. In comparison, the MK charges pre- 

ict negative values and where the O21 and N28 atoms present the 

igher and most negative values. 

The three types of charges show that the protonation in aque- 

us solution could occur only in the nitrogen and oxygen atom be- 
10 
ause the three charges show for these atom negative values in 

oth media. On the contrary, the three charges predicted that both 

xygen atoms could be protonated in solution. 

Molecular electrostatic potentials (MEP) of 3, 4 , and 5 are eval- 

ated from table S1; different values are observed in both media. 

he expected tendency is the same, that is, MEP N > MEP O atoms. 

articularly, MEP on amide oxygen is > other oxygens while MEP 

yano nitrogen presents higher values in the two media than the 

ther ones in compound 3, 4 & 5 . Nitrogen linked hydrogen is 

he least values observed in enantiomer 3 & 4 . Hence, these re- 

ults agree with those observed from the charge’s Mulliken Charge, 

K, and NPA studies uniform way in both enantiomer 3 & 4 . The 
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Fig. 10. (a) Hirshfeld surface of enantiomer 3 (b) fingerprint plot of enantiomer 3 (c) Hirshfeld surface of enantiomer 4 (d) fingerprint plot of enantiomer 4. 

Fig. 11. (a) Hirshfeld surface of enantiomer 5 (b) fingerprint plot of enantiomer 5. 

Fig. 12. Percentage contributions in the fingerprint in compounds 3, 4 & 5 are in 

the bar graph. 
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apped MEP surface study is also significant to analyze the main 

eaction sites where the reaction with potential nucleophiles and 

lectrophiles occurs. This study was performed for 3, 4 & 5 in the 

as phase with the B3LYP/6-31G ∗ method. Fig. 7 presents the cal- 

ulated electrostatic potential surfaces on all compounds’ molecu- 
11 
ar surface in both phases with the GaussView program [40] . An- 

lyzing the different colorations on the mapped MEP surface, we 

bserved that the intense red color is located on the amide oxygen 

nd nitrogen of the cyano group and blue color at hydrogen linked 

ith amide nitrogen in compound 3, 4 & 5 . 

Hence, the nucleophilic region is wide, while another less wide 

ite with weak red color is observed on the Oxygen atom. The in- 

ense blue color is observed on the N-H bond, revealing the elec- 

rophilic sites. Both media results show few changes in the values 

here the higher ones are observed for the oxygen and nitrogen 

toms. Probably, the higher value observed for the nitrogen atom 

s related to the triple bond with carbon. This result agrees with all 

ompounds in the same way, which means aromaticity could not 

hange the reactive site of 3 & 4 in conversion into compound 5 . 

eometrical parameters 

Tables 5 , 6 & 7 are summarized the optimized geometrical pa- 

ameters of 3, 4 & 5 in the gas phase and aqueous solution by us-

ng the B3LYP/6-311 ++ G ∗∗method. These parameters are com- 
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Table 12 

Observed and calculated 1 H chemical shifts ( δ in ppm) for compound 5 in the gas 

and aqueous solutions. 

H atom Gas Aq Experiment 

2-H 8.14 8.23 13.63 

2A-H 7.71 7.72 7.475 

1-H 7.64 7.58 7.31 

4-H 7.54 7.58 7.475 

5-H 7.10 7.12 7.31 

15A-H 3.40 3.47 3.65 

15B-H 4.60 4.63 3.965 

12A-H 3.07 2.92 2.63 

12B-H 2.50 2.41 2.63 

12C-H 1.78 1.81 2.63 

16A-H 0.19 0.11 0.905 

16B-H 0.66 0.67 0.905 

16C-H 1.07 1.00 0.905 
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Table 13 

Observed and calculated 13 C chemical shifts ( δ in ppm) for compound 5 in the gas 

phase and aqueous solution. 

C atom Gas Aq Experiment 

14-C 172.26 172.75 162.28 

7-C 170.54 169.34 164.69 

11-C 162.95 161.65 152.66 

10-C 162.61 163.93 159.65 

3-C 149.88 150.10 136.25 

6-C 142.91 142.40 136.25 

1-C 135.58 135.81 128.70 

4-C 134.08 134.13 128.94 

2-C 134.01 134.26 128.94 

5-C 133.24 132.97 128.70 

9-C 120.45 120.74 114.46 

13-C 117.31 119.02 101.50 

8-C 105.68 105.68 114.14 

15-C 65.45 66.52 61.78 

12-C 23.53 22.38 18.89 

16-C 13.77 13.64 13.34 

m

w

c

f

u

f

V

s

d

e

s

d

t

t

F

e

ared in the same table with the corresponding experimental ones. 

he exhaustive analysis shows that better correlations are observed 

or enantiomer 3 in gas and solvent, around 0.7762 and 0.7685 

or bond lengths and of 0.9993 and 0.9991 for bond angle and 

.127 in gas for dihedral angles. The dihedral C17, C18, C19, Cl2, 

nd N5, C27, C29, C30 angles have signs different from the exper- 

mental ones while the other angles present the same signs but 

alues different from the experimental ones. Enantiomer 4 opti- 

ized gas and solvent parameters, around 0.9945, and 0.9957 for 

ond lengths and of 0.9991 and 0.9984 for bond angle and 0.91 

nsolvent for dihedral angles. The dihedral C4, C5, C6, C1 and C1, 

6, C7, C13 angles have signs different from the experimental ones 

hile the other angles present the same signs but values differ- 

nt from the experimental ones. Compound 5 optimized crystal pa- 

ameters in gas and solvent, around 0.9936 and -0.3234 for bond 

engths and of 0.9523 and 0.9418 for bond angle and 0.5923 in 

as for dihedral angles. The dihedral H2, N2, C10, C8 angles have 

igns different from the experimental ones, while the other angles 

resent the same signs but values different from the experimental 
nes. b

ig. 13. (a) Non-covalent interactions forming R 2 
2 (8) (b) Non-covalent interactions 

nantiomer 3. 

12 
Here, the differences observed between theoretical and experi- 

ental results can be attributed to the calculations because these 

ere performed where the solid-state’s packing forces were not 

onsidered. These comparisons have demonstrated that despite dif- 

erences observed in the dihedral angles, both optimized structures 

sing the B3LYP/6-311 ++ G ∗∗method can be used to obtain the 

orce fields of 3, 4 & 5 in both media. 

ibrational study 

The experimental FT-IR spectrum of 3, 4 enantiomers & 5 in the 

olid-state is in Figs. 8 & 9 compared with the corresponding pre- 

icted in the gas phase using the B3LYP/6-311 ++ G ∗∗method. An 

xcellent correlation was observed in experimental and calculated 

pectra of all compounds 3, 4 & 5 . Some differences were observed 

ue to crystalline packing interactions. For the same reasons, in 

he higher wavenumber (40 0 0–20 0 0 cm 

−1 ) region, the band at- 

ributed to N–H stretching modes is predicted at higher wavenum- 

ers different from the observed in the experimental spectrum. 
forming R 2 
2 (12) (c) CH…π interactions in weak interactions calculations of 
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Fig. 14. (a) Non-covalent interactions forming R 2 
2 (12) (b) Non-covalent interactions forming R 2 

2 (20) (c) CH…π interaction in weak interactions calculations of 

enantiomer 4. 

Fig. 15. (a) Non-covalent interactions forming R 2 
2 (8) (b) CH…π interactions (c) π…π interactions in weak interactions calculations of enantiomer 5. 

Fig. 16. Curvedness both side view compound 3 (a), 4 (b) & 5 (c). 
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he predicted spectra in Fig. S3 can be seen as comparisons be- 

ween the compound’s predicted IR spectra using the B3LYP/6- 311 

+ G ∗∗level of theory. The N33-H34, O35 = C16, C17 = C22, O37- 

23, O37-C24, and Cl31-C5 stretching modes are predicted with 

igher intensities in the infrared spectrum in enantiomer 3 & 4 

n an experimental and calculated value. Compound 5 stretching 

odes with high intensity in the experiment is observed for N4- 

35, O2 = C10, C8-C6, O5 = C18, O2 = C10, C24-C11, and C24-C11 with

ood agreement with the calculated value. 

According to the total number of atoms (37) present in the 

tructure of enantiomer 3 and 4 total 105 vibration modes are ex- 

ected. All of them present activity in both spectra because the 

tructures were optimized with symmetries C1. Compound 5 total 

v

13 
umbers of atoms (35) present in the structure and 99 vibration 

odes are expected, and all of them present in both spectra. Only 

otential energy distribution contributions (PED) ≥10% were con- 

idered in the assignments of vibration modes. Only high inten- 

ities observed and calculated wavenumbers and assignments for 

ompounds 3, 4 & 5 in the gas phase using the B3LYP/6-311 ++ G 

∗method are in Tables 8 & 9 . The whole table is in supplementary

able S2 & S3. 

MR studies 

The experimental 1 H and 

13 C NMR spectra of 3, 4 & 5 were 

btained using TMS as an internal standard and CDCl 3 as sol- 

ent. On the other hand, the predicted 

1 H and 

13 C-chemical shifts 
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Fig. 17. Shape index both side view of compound 3 (a), 4 (b) & 5 (c). 

Fig. 18. a) Binding mode of compound 3 at the dimerization surface of survivin protein. b) Binding mode of compound 4 at the dimerization surface survivin protein. c) 2D 

representation of the interactions of compound 3 with survivin protein. d) 2D representation of the interactions of compound 4 with survivin protein. 

Table 14 

Binding energy and the residues involved in the interaction with survivin and kinesin Eg5 protein. 

Survivin Protein. 

Compounds Docking score Residues involved in H-bond Residues involved in other interactions ( π-anion, π- σ , π- π , π-alkyl, and alkyl) 

3 -6.0 – Phe101, Leu6, Leu98 

4 -6.1 – Phe101, Phe93, Leu98, Leu96, Leu6, Leu14 

5 -6.7 Glu40 Glu40, Lys90, Ile74, Leu87 

2 (Survivin inhibitor) -7.8 – Leu87, Ile74, Glu40, Lys90, Ala41 

Kinesin Eg5 protein 

3 -7.6 Glu117 Glu116, Phe239, Leu214, Ala218, Ile136, Leu160, Tyr211 

4 -7.8 – Glu116, Phe239, Leu214, Ile136, Pro137, Arg119 

5 -6.8 Trp127 (halogen bond) Glu116, Ala218, Pro137, Ala133 

1 (Monastrol) -7.8 Arg119, Glu116, Glu118 Ala218, Leu214, Arg119, Ala133, Pro137 

14 
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Fig. 19. a) Binding mode of compound 5 at the allosteric site near the dimerization interface of survivin protein. b) 2D representation of the interactions of compound 5 

with survivin protein. c) Overlay of compounds 5 (orange) and 2 (reference compound; blue). 
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or 3, 4 & 5 in the gas phase and aqueous solution by using 

he GIAO/B3LYP/6-311 ++ G 

∗∗ method and experimental chemical 

hift are in tables 10 , 11 , 12 & 13 [36] . Excellent correlations are

bserved for the H atoms (0.9670 and 0.9163) and the C atoms 

0.99823 & 0.99358) in the solution for enantiomer 3 & 4 respec- 

ively. However, for compound 5 , correlations for gas and solution 

re nearly the same, and all correlations values are > 0.9. 

irshfield Surface analysis 

The 2D fingerprint plots represent the weak intermolecular in- 

eractions with the pair of contacts and their percentage of contri- 

ution towards the 3D Hirshfeld surface formation. The di and de 

n the fingerprint plots represent the distance between the near- 

st internal and external elements to the 3D molecular Hirshfeld 

urface, respectively [46] . Hirshfeld and fingerprint plots [47] for 

, 4 & 5 are in Figs. 8 & 9 . Both enantiomers 3 & 4 Hirshfeld

urface and fingerprint plot found good difference as observed in 

FT calculations. The yellowish-red bin on the fingerprint plots is 

bsent in both enantiomers 3 & 4 , which means the absence of 

eak л - л stacking in the crystal structure ( Figs. 10 b & 10 d). The

poke-like pattern in the fingerprint plots of enantiomer 3 rep- 

esents the C-H…O interactions in the crystal lattice in the re- 

ion of di + de = 2.00–2.9 ̊A ( Fig. 10 b), whereas in enantiomer 4 ,

his C-H…O interactions region of di + de = 2.30-2.70 ̊A. The C- 

.. л interactions in enantiomer 3 can be seen as a pair of unique

lue-colored wings in the region of di + de = 3.2–3.6 ̊A ( Fig. 10 b),

nd this interaction observed in enantiomer 4 in the region of 

i + de = 3.2–3.5 ̊A. The C-H…N pair of contacts is also reflected

s two characteristic wings occupied in the di + de = 3.2–3.4 Å in

nantiomer 3 and the 3.1-3.4 Å in enantiomer 4 , respectively. 

The red bin on the fingerprint plots provided information about 

he presence of weak л - л stacking in the crystal structure of com- 

ound 5 ( Fig. 11 b). The spoke-like pattern in the fingerprint plots 

epresents the C-H…O interactions in the crystal lattice in the re- 

ion of di + de = 1.80–2.8 ̊A ( Fig. 11 B). The C-H.. л interactions

an be seen as a pair of unique blue colored wings in the region
15 
f di + de = 2.75–3.2 ̊A ( Fig. 11 b). The C-H…N pair of contacts

lso reflected as two characteristic wings occupied in the region 

f di + de = 2.75–3.4 Å ( Fig. 11 b). 

Hirshfeld surface view exactly explained the pattern of 

olecule conformation exists in the solid-state. Electronic distri- 

ution within the compound also explained the existence of non- 

ovalent interactions ( Figs. 10 & 11 ). The surface coverage for both 

nantiomers 3 & 4 shows a good difference ( Fig. 12 ), taking part in

eak interactions. Enantiomer 3 is H…H 30.0 %, Cl…N 1.6%, Cl…H 

5.0 %, O…H 21.4 %, C…H 16.5 %, and N…H 11.4%, and N…O 5.0%, 

nd other interactions are less than 1.0%. Whereas enantiomer 4 

s H…H 37.8 %, Cl…N 2.0%, Cl…H 12.6 %, O…H 15.1 %, C…H 13.7 

, and N…H 14.6%, and C…O 1.0%, and other interactions are less 

han 1.0%. The primary intermolecular interactions are observable 

n the fingerprint plot. This study gives the exact contribution of 

ifferent types of interactions like C-H…O interaction contributes 

1.4% & 15.1%, whereas CH- π interactions contribution is 16.5% & 

3.7% for enantiomer 3 & 4 respectively. 

The surface coverage for compound 5 is H…H 32.4 %, C…C 2.5%, 

…H 14.6 %, O…H 18.3 %, C…H 11.4 %, O…O 8%, and H…Cl 7.2%, 

nd C…Cl 5.8%, and other interactions are less than 1 %. The pri- 

ary intermolecular interactions are observable in the fingerprint 

lot. This study gives the exact contribution of different types of 

nteractions like π…π interaction contributes 2.5%, whereas CH- π
nteractions contribution is 11.4%. 

Calculated interaction energy with non-covalent interactions for 

nantiomer 3, 4 & 5 are in supplementary table S4, S5 & S6 respec- 

ively. The Hirshfeld weak interactions calculation also supports 

he presence of weak non-covalent intermolecular interactions as 

n crystal packing, where C-H.. л interactions, C-H…N, and C-H…O 

nteractions of compound 3 & 4 in the crystal packing structure is 

n Figs. 13 & 14 . The dispersion component and electrostatic forces 

alculated for these interactions are the dominating factors due 

o aromatic electronic redistribution in the compound and weak 

nteractions in compound 3, 4 & 5 [48] . In extensive hydrogen- 

onding network of calculated interactions of compound 3 termi- 

al carbonyl oxygen & pyridone oxygen are involved in weak inter- 
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Fig. 20. Binding mode of compounds 3, 4, and 5 in the active site cavity of Eg5 protein and 2D represents their interactions. (a) & (b) Compound 3. (c) & (d) Compound 4. 

(e) & (f) Compound 5. 

a  

R

s

p

i

R

i

p

i

R

w

p

c

m

i

t

s

s

s

g

i

f

ction and were forming 6, 8 & 12 membered R 2 
1 (6), R 2 

2 (8) &

 2 
2 (12) ring in which C-H…O interactions are involved. In exten- 

ive hydrogen-bonding network of calculated interactions of com- 

ound 4 terminal carbonyl oxygen & pyridone, oxygen is involved 

n weak interaction and was forming 6, 12 & 20 membered R 2 
1 (6), 

 2 
2 (12) & R 2 

2 (20) ring in which C-H..O & C-H…N interactions are 

nvolved in a similar way as in a crystal. 

In an extensive hydrogen-bonding network of calculated com- 

ound 5 terminal carbonyl oxygen & pyridone interactions, oxygen 

s involved in the weak interaction. It forms 6 & 14 membered 

 2 
1 (6) & R 2 

2 (14) ring C-H…O interactions ( Fig. 15 ). Different 
eak interactions stabilize both enantiomer 3 & 4 due to different 

16 
olarized structures. The dispersion component is the significant 

omponent in interaction energy, presumably a result of the aro- 

atic electronic redistribution [49] . Another interaction of interest 

s weak H-bonds (C-H…O and C-H…N), making a non-covalent in- 

eraction among neighbor molecules. Electrostatic interaction is a 

ignificant component in C-H…O interactions. However, the disper- 

ion component is a major one found in C-H…N interactions, pre- 

umably a result of the charge distribution in the ester functional 

roup and cyano group and the polarization of the phenyl ring by 

ts substituents. 

The curvedness plots and the Shape index plots of 3D Hirsh- 

eld also reveal the various weak intermolecular interactions in 
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Scheme 1. Synthesis of compound 3, 4 & 5. Method A: Ethanol, DDQ, MW 2 mins, method B: Ethanol, DDQ, Thermal 8-10 mins, method C: 1/2O2, RT. 
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ompounds 3, 4 & 5 . Yellow spots represent the crystal structure’s 

eak interactions, shown in Fig. 16 . The green-colored flat regions 

n the curvedness plots indicate weak л - л stacking in the crys- 

al structure of compound 5 [49] . The red-yellow colored spots in 

urvedness plots show strong hydrogen-bonding interactions in the 

rystal structure. 

Red and blue areas represent the acceptor and the donor prop- 

rty, respectively, in the shape index of compounds 3, 4 & 5 

 Fig. 17 ). Yellowish-red colored concave regions indicate the pres- 

nce of weak intermolecular interactions in the Shape index plots 

 50 , 51 ]. The red and blue colored triangles on the surface of rings

f the molecule in the Shape index plots also indicated the pres- 

nce of weak л - л stacking in the crystal structure ( Fig. 17 ). Hirsh-

eld surface analysis gives evidence about weak intermolecular in- 

eractions, and all these weak interactions stabilize and strengthen 

he crystal packing structure of compound 3, 4 & 5 . Both enan- 

iomers 3 & 4 show a relatively good difference in shape index and 

urvedness. 

olecular docking studies 

The survivin protein has two discrete binding sites at the dimer- 

zation interface and the BIR domain. However, only the dimeriza- 

ion interface and the allosteric site near it have been reported to 

ccommodate small molecules’ binding [52–54] . The docking anal- 

sis has shown that compounds 3 and 4 occupy the region at the 

imerization interface ( Figs. 18 a & 18 b) with the binding affini- 

ies of -6.0 and -6.1 kcal/mol, respectively ( Table 14 ). The dihy- 

ropyrimidone ring of compound 3 & 4 and the groups attached 

o it do not significantly interact with the residues at the dimer- 

zation interface. Moreover, both compounds 3 and 4 showed no 

ydrogen bond interactions, but they are stabilized at the interface 

y the hydrophobic π- π T-shaped, π-alkyl, and alkyl interactions 

 Figs. 18 c & 18 d). The lack of π interactions between the side chain

esidues and dihydropyrimidine ring of compounds 3 and 4 can be 

ttributed primarily to the ring’s non-aromaticity. 

Although compounds 3 and 4 are stereoisomeric, their interface 

pace occupation is different because their configuration at C-4 and 
17 
-5 are different. The Chlorobenzene ring of compound 3 exhibited 

- π T-shaped interaction with the residue Phe101 and π-alkyl in- 

eractions with the residues Leu6 and Leu98. It also exhibited alkyl 

nteraction between the chlorine atom and the residue Leu98. Like- 

ise, the stability of compound 4 is contributed significantly by 

- π T-shaped interactions with the residues Phe101 and Phe93, 

-alkyl interactions with the residue Phe101 and Leu98, and alkyl 

nteractions with the residues Leu96, Leu98, Leu6, and Leu14. 

In contrast to enantiomers 3 and 4 , the aromatic compound 5 

binding score -6.1 kcal/mol) interacts in the allosteric cavity near 

he dimerization interface and resembles the pose of compound 2 

reference compound) ( Fig. 19 ). In the binding cavity, the residue 

lu40 facilitates π-anion interaction and hydrogen bond interac- 

ion with the ring and N-H of dihydropyrimidone. It also exhibited 

-alkyl interaction with the residue Lys90 and alkyl interactions 

ith the residues Ile74 and Leu87. 

The common trend in the binding interactions of compounds 3, 

, 5 , and 1 (monastrol) in the cavity of Eg5 is that the ester group

rotrudes outside the cavity. The π-interactions between the side 

hain residues and the dihydropyrimidine rings of compounds 3 

nd 4 were not observed again due to the ring’s non-aromaticity. 

he chlorobenzene ring of compounds 3 and 4 is directed towards 

he hydrophobic region of the active site of Eg5 ( Figs. 20 a & 20 c).

owever, the chlorobenzene ring of compound 5 favors the ac- 

ive site’s hydrophilic region ( Fig. 20 e), which is assumed to be 

ue to the halogen bond formation between the chlorine atom and 

he residue Trp127, where the same could not be formed in com- 

ounds 3 and 4 . The chlorobenzene ring of 3 and 4 are situated 

o that π–anion interactions with the negatively charged residue 

lu116 will be favorable. Further, the residues Phe239, Leu214, 

la218, Ile136, Leu160, Tyr211, Leu214, and Pro137 facilitates the 

ydrophobic π-alkyl and alkyl interactions ( Figs. 20 b & 20 d). Com- 

ound 5 adopted a conformation in which the aromatic ring of di- 

ydropyrimidine established π-anion interactions with the residue 

lu116, and the hydrophobic alkyl and π-alkyl interactions with 

he residues Ala218, Ala133, and Pro137 ( Fig. 20 f). 

The results of this study indicated that the crystal compounds 

, 4 , and 5 might induce apoptosis through inhibition of survivin 
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[

nd Eg5 proteins, and thus it could be promising anticancer agents. 

he docking results also revealed that the aromaticity and pla- 

arity of rings played a crucial role in determining the position 

or interactions in the binding cavity. Although the enantiomers 

re stereoisomeric, the differences in their spatial arrangement of 

toms could change the binding mode in the protein. 

onclusion 

In the present work, the enantiomers 3, 4 & 5 were synthe- 

ized and characterized using the FT-IR, 1 H & 13 C NMR, and 

ingle-crystal X-ray diffraction. The theoretical structures of 3, 4 & 

 in both media were determined in the gas and aqueous solu- 

ions using the hybrid B3LYP/6-311 ++ G ∗∗method. The resulted 

ave shown that dipole moment increases from the gas phase to 

olution with a slight contraction in the volume with significant 

olvation energy. All three types of charges evidenced that the pro- 

onation in solution could occur only in the amide nitrogen atom 

ecause these charges on these atoms show negative values. These 

harges predict that both O atoms could be protonated in solu- 

ion. The mapped MEP surfaces show that the nucleophilic region 

s wide and is located on the Oxygen and Nitrogen atoms of the 

yano group. At the same time, two explicit electrophilic sites are 

bserved on the N-H bond of the ring. NBO calculations support 

he high stability of 3, 4 & 5 in solution. The vibrational assign- 

ents of all vibration modes expected for 3, 4 & 5 were reported 

ogether. Good correlations were obtained when the predicted 

1 H 

nd 

13 C-NMR spectra are compared with the corresponding exper- 

mental ones for 3, 4 & 5 . Based on docking studies using Survivin

nhibitor and Kinesin Eg5 protein, the enantiomer 3, 4 & 5 com- 

ounds can be studied to develop anticancer agents. 
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