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Abstract

:

Alzheimer’s disease (AD) is a complicated disease for which there are still no ideal one-target drugs, while multi-target drugs are closer to ideal drugs and will provide new solutions for the clinical treatment of AD. DL0410 is a promising multi-target drug candidate for AD treatment that is not only a significant inhibitor against both acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) but also an antagonist of histamine H3 receptor (H3R), and its therapeutic efficacy in treating cognitive dysfunction has been validated in a series of AD-related animal models, including scopolamine-induced mice, D-galactose-induced and Aβ-induced mice, and APP/PS1 and SAMP8 mice. Although the structure of DL0410 has been analyzed using various detection techniques, such as MS and NMR, its three-dimensional crystal structure still requires further confirmation. In this study, the crystal of DL0410 was grown in aqueous solution, and its structure was detected using the X-ray diffraction method. The crystal data, atomic coordinates, bond lengths, angles, and hydrogen bonds of DL0410 were obtained. Its stability was proven by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Based on this study, the molecular docking of DL0410 with AChE, BuChE, and H3R was performed to uncover their interaction mechanisms and explain their bioactivities. This study provides important information for new multi-target drug design and the research and development of new drugs for AD treatment.
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1. Introduction


Alzheimer’s disease (AD), the most common type of dementia in elderly people [1], is a progressive neurodegenerative disorder of the brain marked by the progressive loss of short-term memory [2] and impairment of language function [3], followed by spatial discrimination disorder [4], agnosia [5], and even changes in personality and behavior as the disease progresses [6,7]. Presently, this illness impacts over 30 million individuals globally. The World Alzheimer Report 2021’s figures indicate that there are currently approximately 50 million AD patients in the world, and that number is expected to rise to 152 million by 2050 [8]. Numerous pharmaceutical platforms have invested hundreds of millions of dollars in researching and developing anti-AD drugs in recent decades [9,10]; only cholinesterase inhibitors and glutamate receptor blockers are able to lessen the symptoms of AD, but they are still unable to effectively delay disease progression [11,12]. The main pathological features of AD manifest as Aβ plaques and tangled nerve fibers. There are multiple hypotheses [13] about the etiology of AD, such as Aβ hypothesis, tau protein hyperphosphorylation hypothesis, cholinergic hypothesis, neuroinflammation hypothesis, mitochondrial free radical damage hypothesis, etc., reflecting the complex pathological mechanisms of AD. For such a complex disease, scientists have proposed a multi-target treatment strategy [14], which means that drugs can simultaneously intervene in multiple stages of AD, block the disease process, and jointly improve cognitive function and even delay disease development [15].



DL0410 ((1,1′-([1,1′-biphenyl]-4,4′-diyl) bis (3-(piperidin-1-yl) propan-1-one) dihydrochloride), a structurally novel compound discovered through high-throughput screening and optimized by our laboratory (Figure 1), is a potential candidate drug against multiple targets for the treatment of AD. It is not only a significant inhibitor against both acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) but also an antagonist of the histamine H3 receptor (H3R), and it also attenuates oxidative stress and neuroinflammation. The therapeutic efficacy of DL0410 on cognitive dysfunction has been validated in a series of AD-related animal models, including scopolamine-induced model mice, D-galactose-induced model mice and Aβ-induced mice, and APP/PS1 and SAMP8 mice [16]. Consequently, DL0410 was as effective as or more effective than donepezil and memantine at treating cognitive impairments. Multi-target drugs will be the focus of new drug research and development in the future [17,18]. In vitro and in vivo studies showed that DL0410 is a promising drug candidate for AD treatment (Figure 1).



Since dosage forms are also an important part of new drug development, they can impact their bioavailability and stability [19], while the structure of compounds and their stability can provide crucial information for the formulation of drug delivery systems [20]. However, not much research about the structure and stability of DL0410 has been carried out. In this study, we examined the structure and properties of a DL0410 sample using cutting-edge analytical techniques to characterize its materials. We investigated its crystal structure using single-crystal X-ray diffraction and studied its stability with other analytical techniques such as differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA).



Molecular docking represents a structure-based drug design [21]. During the molecular docking process, small-molecule ligands and target protein active sites are matched and recognized according to their geometric space, energy, chemical environment, and other aspects, and the optimal binding mode between ligands and receptors is searched for through the continuous optimization of molecular conformation [22]. Based on the structure of DL0410, we performed molecular docking computations of DL0410 with AChE, BuChE, and H3R to explore their interaction mechanisms and in vitro bioactivities, which will provide important information for new multi-target drug designs and promote new drug research and development for AD.




2. Materials and Methods


2.1. Materials


DL0410 (99.7%, HPLC) was provided by the Institute of Materia Medica, Chinese Academy of Medical Sciences (Beijing, China).




2.2. Crystal Preparation


We weighed an amount of DL0410, which was poured into a conical bottle with 35 mL aqueous solution, making it a saturated solution. Then, the solution was heated and stirred. After the solution became clear, it was filtered. Then, we put the conical bottle into a low-temperature environment such as a refrigerator at 4 °C for 6 h, waiting for crystal growth. This work was completed in Prof. Li’s laboratory in the College of Pharmacy, Purdue University.




2.3. Single Crystal Detection


A colorless plate-shaped crystal of sample DL0410 (recorded as DL0410_0m in the crystal detection report) with formula C28H50Cl2N2O8 with approximate dimensions of 0.03 × 0.50 × 0.61 mm was mounted on a Mitegen micromesh mount in a random orientation. Triumph curved graphite crystal was used as a monochromator to collect data from a shock-cooled single crystal at 150(2) K on a Bruker AXS D8 Quest CMOS diffractometer (Billerica, MA, USA) with a precise focus-sealed tube X-ray source. The diffractometer used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT V8.38A (Bruker AXS Inc., Madison, WI, USA), and SADABS 2016/2 was used to apply multi-scan absorption correction [23]. Direct methods using SHELXS-97 were used to solve the structure, and full-matrix least-squares methods using SHELXL-2018/3 were used to improve the solution against F2 [24,25]. All non-hydrogen atoms were refined with anisotropic displacement parameters. Carbon H atoms were refined isotropically on calculated positions using a riding model. Positions of pyramidal (sp3 hybridized) amine H atoms and water H atoms were refined isotropically. Uiso values were constrained to 1.5 times the Ueq of their pivot atoms for water molecules and 1.2 times for all other hydrogen atoms.




2.4. Thermal Analyses


DSC thermograms were acquired using a Q2000 differential scanning calorimeter equipped with an RCS90 refrigerated cooling system (TA instruments, Newcastle, DE, USA). Nitrogen was used as the purge gas at a flow rate of 50 mL/min. Temperature and enthalpy were calibrated using indium. The sample (~7 mg) was put into Tzero aluminum pans, and a single pinhole-equipped Tzero aluminum hermetic lid (TA instruments) was used to seal. The samples were heated to 300 °C at a rate of 10 °C/min. Data were processed using Universal Analysis software (TA instruments) [26].



The DL0410 crystal sample’s water content, that is the hydration state, was examined using a TGA 5500 system (TA Instruments) (New Castle, DE, USA). For the balance and samples, nitrogen was utilized as the purge gas at flow rates of 10 mL/min and 25 mL/min, respectively. Alumel and nickel standards were used to calibrate the temperature, and a magnetic bar was used to determine the Curie point temperature. Weight was calibrated using weight fixtures (343 mg, 443 mg, and 1240 mg). A platinum pan containing around 15 mg of the material was heated to 300 °C at a rate of 5 °C per minute from room temperature. The total weight loss from room temperature to ~94 °C was analyzed for water content [27,28].




2.5. Molecular Docking


The binding modes of DL0410 with acetylcholinesterase (AChE), butyrylcholinesterase (BuChE), and histamine 3 receptor (H3R) were revealed by CDOCKER [29] in Discovery Studio 2016 based on the crystal structure of DL0410. The crystal complex structure of AChE and its active ligand donepezil with a resolution of 2.45 Å (PDB ID:7E3H), the crystal complex structure of BuChE with N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)methyl)-N-(2-(dimethylamino)ethyl)-2-naphthamide with a resolution of 2.10 Å (PDB ID:5NN0), and the crystal complex structure of H3R and N-ethyl-3-fluoranyl-3-[3-fluoranyl-4-(pyrrolidin-1-ylmethyl)phenyl]cyclobutane-1-carboxamide (CAS:935840-31-6) with a resolution of 2.60 Å (PDB ID:7F61) were downloaded from the Protein Data Bank (https://www.rcsb.org/ accessed on 7 December 2023) for the comparison of the molecular docking of DL0410 and the original ligands. Before molecular docking, protein crystals needed to be pretreated, including removing ligand molecules from crystal complexes. The preprocessed protein structure was defined as the receptor for docking, and the binding site of molecular docking was also defined. At the same time, the structure of DL0410 was optimized. After all the docking parameters were in appropriate positions, the original ligand molecules in the crystal structure were cut out and reconnected back to the pre-defined active sites to calculate the value of root mean square deviation (RMSD). Finally, the values of docking energy between DL0410 and proteins were calculated, and the interaction modes of DL0410 with AChE, BuChE, and H3R were explored by molecular docking.





3. Results


3.1. The Crystal Structure of DL0410


After the saturated solution of DL0410 was cooled, we obtained the colorless crystal for its crystal structure detection. The database accession number for deposited atomic coordinates for DL0410 is 2289807. The detection results showed that the crystal size is 0.030 × 0.500 × 0.610 mm3, and the main crystal cell parameters are as follows, a = 7.2995(4), b = 8.6002(5), and c = 13.0646(7). Alpha = 102.669(2), beta = 94.052(2), gamma = 100.705(2), and the molecular number in the unit cell (Z) is one. This belongs to the triclinic crystal system, space group P1, and the crystal density (Dx) is 1.305 g cm−3. Detailed information is listed in Figure 2. The chloride anion and water molecules were disordered, with the single chloride anion being disordered with all four water molecules. The positions of the disordered Cl and O atoms were freely refined, but the atomic displacement parameters (ADPs) of the overlapping atoms were restricted to be pairwise identical. In a slight simplification of the disorder model, water H atoms were assigned the same occupancy as their carrying oxygen atoms and were not positionally split. The water H atom positions were refined, and the O-H and H···H distances were restrained to 0.84(2) and 1.36(2) Å, respectively. The chloride occupancy rates were refined to 0.500(2) for Cl5, 0.183(2) for Cl2, 0.249(2) for Cl3, and 0.067(2) for Cl4 under these conditions. Water and chloride, when H-bonded, have very similar van der Waals radii and get swapped easily. The total Cl to H2O ratio is thus 1:3, and for one whole molecule (which is a detection), the formula is C28H38N2O2, 2(Cl), 6(H2O) (thus a hexahydrate). The bond lengths and angles for DL0410 are shown in Table 1, the torsion angles are shown in Table 2, and the hydrogen bonds are displayed in Table 3.




3.2. Thermal Analyses


3.2.1. DSC Analysis


By using a thermoanalytical technique called differential scanning calorimetry or DSC, the difference in the amount of heat required to increase the temperature of a sample is measured as a function of temperature. The DSC results are shown in Figure 3. The heat flow of the crystal sample changed rapidly between approximately 75 and 110 °C since there are water molecules in the crystal. The lowest peak was at about 238 °C since it was the melting point of the compound DL0410.




3.2.2. TGA Result


Thermal gravimetric analysis (TGA) is a method of thermal analysis in which the water content can be investigated. From Figure 4, we can see that the weight loss of the crystal sample started when the system was heated, and this ended at about 100 °C, and the lost weight is 17.338%, which is consistent with the percentage of water in the crystal structure.





3.3. Molecular Docking of DL0410 with AChE, BuChE, and H3R


DL0410 is a potent AChE inhibitor with IC50 = 0.29 µM, and its ability to inhibit BuChE was further discovered by machine learning with an IC50 of 3.96 µM. In addition, DL0410 also displayed significant antagonism on H3R with IC50 = 0.31 µM, while donepezil does not affect it [30,31]. As we all know, AChE, BuChE, and H3R are very important drug targets against AD [32,33], so the interaction between DL0410 and these drug targets should provide important information for promoting its further study and for new multi-target drug design. Therefore, based on the crystal structure of DL0410, we performed molecular docking of DL0410 with three targets: AChE, BuChE, and H3R.



3.3.1. Molecular Docking of DL0410 with AChE


It is generally believed that the docking system is more stable when the value of root mean square deviation (RMSD), a parameter used to evaluate the stability of the docking system, is less than two. As shown in Figure 5A, the RMSD values of the ten conformations of donepezil generated by docking were all less than two, indicating that the docking system was relatively stable. The maximum value of −CDOCKER ENERGY generated by DL0410 docking with AChE was 23.227, which is greater than that of donepezil docking with AChE (Figure 5B). As shown in Figure 5C–H, the original ligand donepezil can form Pi-Alkyl interactions with AChE amino acid residues Tyr341 and Tyr337; a conventional hydrogen bond with AChE amino acid residues Phe295; Pi-Pi stacked interactions with AChE amino acid residues Tyr341, Trp286, and Trp86; and carbon hydrogen bonds with AChE amino acid residues Ser293 and Tyr341. Furthermore, the interactions of donepezil also include Pi-Sigma interaction with AChE amino acid residues Tyr341. DL0410 can form four similar interactions to donepezil, including Pi-Alkyl interactions with AChE amino acid residues Trp86 and His447; a conventional hydrogen bond with AChE amino acid residues Ser293; Pi-Pi stacked interactions with AChE amino acid residues Tyr341 and Trp286; and a carbon hydrogen bond with AChE amino acid residues Ser293 and Tyr341.




3.3.2. Molecular Docking of DL0410 with BuChE


As shown in Figure 6A, the RMSD values of the six conformations generated by the original ligand docking with BuChE were less than 2.5, and the minimum RMSD value was 0.8238, indicating that the system was relatively stable and used for subsequent docking. The maximum values of −CDOCKER ENERGY generated by the original ligand and DL0410 docking with BuChE were 6.189 and 20.331, respectively (Figure 6B). As shown in Figure 6C–H, the original ligand can form Pi-Alkyl and Alkyl interactions with BuChE amino acid residues Ala328, Phe329, and Leu286; carbon hydrogen bonds with BuChE amino acid residues Gly116, Glu197, and Ser198; and Pi-Pi T-shaped and amide-Pi stacked with BuChE amino acid residues Phe329, Trp231, and Gly116. Furthermore, the potential interaction also included Pi-Sigma interaction with BuChE amino acid residues Tyr332. Dl0410 can form similar interactions to the original ligand, including Pi-Alkyl and Alkyl interactions with BuChE amino acid residues Ala328 and Tyr332; a carbon hydrogen bond with BuChE amino acid residues Ser287; and amide-Pi stacked with BuChE amino acid residues Gly116. In addition, DL0410 can form conventional hydrogen bonds with BuChE amino acid residues Glu197 and His438.




3.3.3. Molecular Docking of DL0410 with H3R


As shown in Figure 7A, the RMSD values of the ten conformations of the original ligand generated by docking were all less than two, indicating that the docking system was relatively stable. The maximum values of −CDOCKER ENERGY generated by the original ligand and DL0410 docking with H3R were 4.771 and 13.053, respectively (Figure 7B). As shown in Figure 7C–H, the original ligand can form Pi-Alkyl and Alkyl interactions with H3R amino acid residues Cys118, Leu401, Trp402, Phe398, Tyr374, Tyr189, and Phe193; conventional hydrogen bonds with H3R amino acid residues Asp114, Tyr91, and Tyr115; Pi-Pi T-shaped and Pi-Pi stacked with H3R amino acid residues Phe398 and Tyr115; and carbon hydrogen bonds with H3R amino acid residues Tyr374 and Tyr189. Furthermore, the potential interactions also included Halogen (Fluorine) bond with H3R amino acid residues Cys188 and unfavorable donor–donor interaction with H3R amino acid residues Tyr94. Dl0410 can form similar interactions to the original ligand, including Pi-Alkyl and Alkyl interactions with H3R amino acid residues Cys118, Leu401, Trp402, Phe398, Tyr374, His187, and Arg27; conventional hydrogen bonds with H3R amino acid residues Tyr115 and Arg27; Pi-Pi T-shaped with H3R amino acid residues Phe193 and Phe398; and carbon hydrogen bonds with H3R amino acid residues Tyr374, Tyr189, and Gly98. In addition, DL0410 can form a Pi-Donor hydrogen bond with H3R amino acid residue Tyr91.






4. Discussion and Conclusions


Due to the complex pathological mechanisms of AD, there are currently no effective therapeutic drugs available, making the development of multi-target anti-AD drugs particularly important [34,35]. DL0410 is not only a potent inhibitor against both AChE and BuChE but also an antagonist of histamine H3R, and its therapeutic efficacy on cognitive dysfunction has been validated in a series of AD-related animal models, including scopolamine-induced mice, D-galactose-induced and Aβ-induced mice, APP/PS1 transgene mice, and SAMP8 mice [16]. DL0410 has multiple effects which can improve AD, including protecting mitochondrial structure and function, inhibiting oxidative stress damage and neuroinflammation, promoting neurotrophic effects, inhibiting neuronal apoptosis, improving cholinergic transmission, and synaptic plasticity. Therefore, DL0410 was shown to have a beneficial effect on cognitive defects. Although we have analyzed the structure of DL0410 using various detection techniques such as MS and NMR, its three-dimensional structure still requires further confirmation of the crystal structure. In this study, the crystals of DL0410 were tried to prepare and detect. Fortunately, we successfully obtained the crystals and detected these with advanced crystal detection equipment.



DL0410 is a novel symmetrical small molecule. In the crystal structure of DL0410 (Figure 2), it can be seen that the part of piperidine from C(12a) to the other part of piperidine C(12) is fully extended, the biphenyl ring C(4a) to C(4) is a conjugated system, and the two benzene rings are coplanar. Two linker propionyl chains (CH2CH2CO−) connecting biphenyl and two piperidine moieties from both C(1a)H2C(2a)H2C(3a)O and C(3)OC(2)H2C(1)H2 are in staggered conformation. This structure can be identified using DSC and TGA. Future studies should consider studying other possible crystal forms of DL0410 and their impact on their bioavailability, as well as their activities in vivo, in order to study the formulation of preparation and the optimal crystal form.



The structure of DL0410 (Figure 1) contains biphenyl and piperidine scaffolds. Biphenyl is robust, which is the basis for the stability of this molecular structure, while the carbonyl groups and nitrogen atoms in the structure are very important for its bioactivities, as the molecular docking results described. The maximum values of the −CDOCKER ENERGY generated by the docking of DL0410 with AChE, BuChE, and H3R are all greater than those generated by the docking of the original ligand with the three proteins, respectively. Four similar interactions are formed between DL0410 and AChE, as well as between donepezil and AChE. In addition, DL0410 can form conventional hydrogen bonds with BuChE amino acid residues Glu197 and His438. Similarly, the interaction between DL0410 and H3R has four similarities, with the interaction between the original ligand and H3R; additionally, DL0410 can form a Pi-Donor hydrogen bond with H3R amino acid residue Tyr91. The molecular docking results showed that DL0410 possess high interaction with AChE, BuChE and H3R.



The bioactivities of DL0410 on these three targets of AChE, BuChE, and H3R were detected in our laboratory and published. Further in vivo studies on AD animal models will be able to confirm that DL0410 is a promising drug candidate for AD treatment. Therefore, the crystal structure studies of DL4010 will produce very important information for further drug research and development.
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Figure 1. The chemical structure of DL0410 and a summary of studies on the anti-AD effect and mechanisms of DL0410 in vitro and in vivo. 
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Figure 2. X-Ray structure of DL0410. 
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Figure 3. The DSC thermogram for DL0410 crystal sample. 
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Figure 4. TGA plots for DL0410 crystal sample. 
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Figure 5. Interactions of AchE (PDB ID: 7E3H) with the original ligand donepezil and DL0410. (A) The RMSD values of the ten conformations of donepezil generated by docking. (B) The −CDOCKER ENERGY values of ten conformations generated by donepezil and DL0410 docking with AchE, respectively. Interaction diagrams of donepezil (C–E) and DL0410 (F–H) docking with AchE, respectively. 
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Figure 6. Interactions of BuChE (PDB ID: 5NN0) with the original ligand and DL0410. (A) The RMSD values of the ten conformations of original ligand generated by docking. (B) The −CDOCKER ENERGY values of ten conformations generated by original ligand and DL0410 docking with BuChE, respectively. Interaction diagrams of original ligand (C–E) and DL0410 (F–H) docking with BuChE, respectively. 
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Figure 7. Interactions of H3R (PDB ID: 7F61) with the original ligand and DL0410. (A) The RMSD values of the ten conformations of original ligand generated by docking. (B) The −CDOCKER ENERGY values of ten conformations generated by original ligand and DL0410 docking with H3R, respectively. Interaction diagrams of original ligand (C–E) and DL0410 (F–H) docking with H3R, respectively. 






Figure 7. Interactions of H3R (PDB ID: 7F61) with the original ligand and DL0410. (A) The RMSD values of the ten conformations of original ligand generated by docking. (B) The −CDOCKER ENERGY values of ten conformations generated by original ligand and DL0410 docking with H3R, respectively. Interaction diagrams of original ligand (C–E) and DL0410 (F–H) docking with H3R, respectively.



[image: Crystals 14 00059 g007]







 





Table 1. Bond lengths and angles for DL0410.
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	Length [Å]



	O1–C3
	1.2184 (12)



	O2–H2C
	0.851 (16)



	O2–H2D
	0.829 (16)



	O3–H3A
	0.869 (15)



	O3–H3B
	0.873 (15)



	O4–H4A
	0.833 (15)



	O4–H4B
	0.869 (15)



	O5–H5A
	0.806 (17)



	O5–H5B
	0.856 (17)



	N1–C1
	1.4943 (12)



	N1–C10
	1.5012 (12)



	N1–C14
	1.5055 (12)



	N1–H1
	0.935 (14)



	C1–C2
	1.5199 (13)



	C2–C3
	1.5166 (13)



	C3–C4
	1.4878 (13)



	C4–C5
	1.3950 (12)



	C4–C9
	1.3962 (12)



	C5–C6
	1.3928 (12)



	C5–H5
	0.9500



	C6–C7
	1.4024 (12)



	C6–H6
	0.9500



	C7–C8
	1.4046 (12)



	C7–C7 #1
	1.4907 (17)



	C8–C9
	1.3853 (12)



	C8–H8
	0.9500



	C9–H9
	0.9500



	C10–C11
	1.5217 (14)



	C11–C12
	1.5190 (16)



	C12–C13
	1.5251 (16)



	C13–C14
	1.5145 (14)



	Atom–Atom–Atom
	Angle [°]



	H2C–O2–H2D
	110 (2)



	H3A–O3–H3B
	105.6 (18)



	H4A–O4–H4B
	99.2 (18)



	H5A–O5–H5B
	108 (2)



	C1–N1–C10
	113.63 (7)



	C1–N1–C14
	108.41 (7)



	C10–N1–C14
	111.26 (7)



	C1–N1–H1
	109.1 (8)



	C10–N1–H1
	106.4 (8)



	C14–N1–H1
	107.8 (8)



	N1–C1–C2
	114.96 (7)



	H1A–C1–H1B
	107.5



	C3–C2–C1
	108.96 (7)



	H2A–C2–H2B
	108.3



	O1–C3–C4
	120.20 (8)



	O1–C3–C2
	120.17 (8)



	C4–C3–C2
	119.61 (8)



	C5–C4–C9
	118.89 (8)



	C5–C4–C3
	122.89 (8)



	C9–C4–C3
	118.20 (8)



	C6–C5–C4
	120.27 (8)



	C6–C5–H5
	119.9



	C4–C5–H5
	119.9



	C5–C6–C7
	121.35 (8)



	C5–C6–H6
	119.3



	C7–C6–H6
	119.3



	C6–C7–C8
	117.50 (8)



	C6–C7–C7 #1
	121.54 (9)



	C8–C7–C7 #1
	120.96 (9)



	C9–C8–C7
	121.25 (8)



	C9–C8–H8
	119.4



	C7–C8–H8
	119.4



	C8–C9–C4
	120.64 (8)



	C8–C9–H9
	119.7



	C4–C9–H9
	119.7



	N1–C10–C11
	111.03 (8)



	H10A–C10–H10B
	108.0



	C12–C11–C10
	111.99 (9)



	H11A–C11–H11B
	107.9



	C11–C12–C13
	109.94 (9)



	H12A–C12–H12B
	108.2



	C14–C13–C12
	110.60 (9)



	H13A–C13–H13B
	108.1



	N1–C14–C13
	111.77 (8)



	H14A–C14–H14B
	107.9







Symmetry transformations used to generate equivalent atoms: #1: 1 − X, −Y, 1 − Z.













 





Table 2. Torsion angles for DL0410.
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	Atom–Atom–Atom–Atom
	Torsion Angle [°]





	C10–N1–C1–C2
	56.79 (11)



	C14–N1–C1–C2
	−178.96 (8)



	N1–C1–C2–C3
	173.39 (8)



	C1–C2–C3–O1
	2.52 (14)



	C1–C2–C3–C4
	−178.57 (8)



	O1–C3–C4–C5
	170.80 (10)



	C2–C3–C4–C5
	−8.12 (14)



	O1–C3–C4–C9
	−7.68 (15)



	C2–C3–C4–C9
	173.40 (9)



	C9–C4–C5–C6
	2.69 (15)



	C3–C4–C5–C6
	−175.78 (9)



	C4–C5–C6–C7
	−0.77 (16)



	C5–C6–C7–C8
	−2.02 (14)



	C5–C6–C7–C7 #1
	178.07 (11)



	C6–C7–C8–C9
	2.94 (14)



	C7 #1–C7–C8–C9
	−177.15 (10)



	C7–C8–C9–C4
	−1.07 (15)



	C5–C4–C9–C8
	−1.79 (14)



	C3–C4–C9–C8
	176.75 (9)



	C1–N1–C10–C11
	177.47 (8)



	C14–N1–C10–C11
	54.78 (11)



	N1–C10–C11–C12
	−55.33 (12)



	C10–C11–C12–C13
	55.63 (13)



	C11–C12–C13–C14
	−55.86 (12)



	C1–N1–C14–C13
	178.11 (8)



	C10–N1–C14–C13
	−56.24 (11)



	C12–C13–C14–N1
	56.78 (12)







Symmetry transformations used to generate equivalent atoms: #1: 1 − X, −Y, 1 − Z.













 





Table 3. Hydrogen bonds for DL0410.
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	D–H⋯A [Å]
	d(D–H) [Å]
	d(H⋯A) [Å]
	d(D⋯A) [Å]
	<(DHA) [°]





	O2–H2C⋯O4 #1
	0.851 (16)
	1.975 (17)
	2.824 (8)
	175 (3)



	O2–H2D⋯Cl5 #2
	0.829 (16)
	2.282 (18)
	3.079 (9)
	161 (3)



	O3–H3A⋯Cl5
	0.869 (15)
	2.120 (15)
	2.981 (4)
	171 (2)



	O3–H3B⋯O2 #3
	0.873 (15)
	2.023 (17)
	2.874 (9)
	165 (2)



	O4–H4A⋯Cl5
	0.833 (15)
	2.281 (15)
	3.079 (2)
	161 (2)



	O4–H4B⋯O2
	0.869 (15)
	2.095 (18)
	2.956 (9)
	171 (2)



	O5–H5A⋯Cl4
	0.806 (17)
	2.05 (2)
	2.820 (11)
	161 (3)



	O5–H5B⋯Cl3
	0.856 (17)
	2.166 (19)
	2.974 (6)
	157 (3)



	N1–H1⋯O3
	0.935 (14)
	1.802 (14)
	2.736 (4)
	175.4 (12)



	N1–H1⋯Cl3
	0.935 (14)
	2.063 (14)
	2.995 (4)
	174.1 (12)







Symmetry transformations used to generate equivalent atoms: #1: 2 − X, 1 − Y, 2 − Z; #2: 1 − X, 1 − Y, 2 − Z; #3: +X, 1 + Y, +Z.
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