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Abstract

:

The natural compound Genkwanin (systematic name: 5-hydroxy-2-(4-hydroxyphenyl)-7-methoxychromen-4-one) C16H12O5 (1) is a non-glycosylated flavonoid isolated from Callicarpa americana. Microcrystals of Genkwanin were prepared by slow evaporation of a methanol solution under low temperature conditions. The structure of 1 was determined based on spectroscopic analyses, one-dimensional NMR, HRESIMS and was confirmed by single-crystal X-ray diffraction. The crystals grow as very thin needles with an extremely high aspect ratio and with the long axis (along the y-axis) corresponding to the very short unit cell b-axis. There are two independent molecules in the asymmetric unit with two different conformations and modes of packing in the crystal. One molecule has a higher degree on non-planarity than the other. The short stacking distance and separation between the molecules implies a high degree of co-planarity consistent with a conjugated system. The crystal structure is non-centrosymmetric but achiral.
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1. Introduction


The genus Callicarpa belongs to the Lamiaceae plant family and contains about 190 species. These species are distributed mainly in tropical and subtropical Asia and Oceanica [1]. Some Callicarpa species have been used traditionally as folk medicines for the treatment of coughing, arthritis, bleeding, and abdominal pain [1], suggesting that the genus is a rich source of biologically active natural products. Secondary metabolites from this genus include terpenoids [2,3,4,5,6], lignans [7], glycosides [8] and flavonoids [9], displaying diverse biological effects, such as cytotoxic [2,10], mosquito repellent [5], anti-bacterial [11], antiviral [12], anthelmintic [13] and anti-inflammatory [3] activities.



Callicarpa americana is a shrub native to the south-eastern United States [14]. Preparations of C. americana bark have been used to treat fever [15], the leaves to treat dropsy [16], and the roots to alleviate colic [17], dysentery [18], and skin cancer [19]. The roots and branches have been used in preparations intended to relieve malaria, rheumatism, and fever [17] and the leaf essential oils have anti-algal and mosquito-deterrent properties [20].



In our continuous survey on the chemical composition of folk medicines and search for natural bioactive substances, bioassay-guided fractionation resulted in isolation of Genkwanin (1), a non-glycosylated flavonoid previously isolated from Genkwa Flos (Daphne genkwa Siebold & Zucc., Thymelaeaceae) [21], rosemary (Rosmarinus officinalis L., Lamiaceae) [22] and the leaves of Cistus laurifolius L., Cistaceae [23].



The structure of Genkwanin (1) (Figure 1) was first characterized by Wagner et al. [24] and subsequently more fully investigated by various spectroscopic methods [25]. However, this is the first time that the X-ray crystal structure of natural Genkwanin (1) is reported. This may be because of the difficulty of growing single crystals that are suitable for single crystal X-ray diffraction.



Previous pharmacological studies have found that Genkwanin has a variety of pharmacological effects, including anti-tussive, expectorant, anti-bacterial [26,27], anti-plasmodial [28], free radical scavenging activity [29] and especially anti-inflammatory [30] and anti-cancer properties [31,32].



Mechanistically, flavonoids play a major role by interacting between different types of genes and enzymes. They exert their activity by several mechanisms of action, such as carcinogen inactivation, triggering cell cycle arrest, induction of apoptosis, and inhibition of angiogenesis [33,34,35]. However, the precise mechanism responsible for the antitumoral effects of these compounds is not yet clearly understood.



The beneficial biological activities of flavonoids are undoubtedly related to their structural composition and attributes, making them ideal lead candidates for the development of pharmaceuticals [36,37]. Understanding the structure–activity relationships of flavonoids like Genkwanin is critical to the development of more potent and effective derivatives for specific targets.



In this study, we provided a detailed description of the molecular structure of Genkwanin. Understanding the three-dimensional structure of this compound will be useful for the study of the interactions between macromolecules (proteins, membrane receptors) and their ligand drugs (e.g., in silico methods) [38,39], confirming or suggesting mechanisms of action or further experiments in order to analyze and predict the biological activity of new pharmacophores.




2. Materials and Methods


2.1. Chemistry


NMR spectra were recorded on a Bruker AVANCE III HD 600 (600 MHz for 1H-NMR, 5-mm CryoProbe) spectrometer (Bruker Biospin GmbH Rheinstetten, Karlsruhe, Germany) in DMSO solvent. Chemical shifts (δ) were reported in ppm using tetramethylsilane (TMS) as the internal standard. HRESIMS data were taken on a Thermo Scientific LTQ-FTMS and processed with Thermo Scientific Xcalibur 2.2 SP1.48 (San Jose, CA, USA). Flash chromatography was carried out using a CombiFlash® Rf+ Lumen (Teledyne ISCO) system with a RediSep Rf Gold silica column. The X-ray analysis was performed using Rigaku XtaLAB Synergy-S diffractometer.




2.2. Plant Material


Fresh leaves were harvested from wild populations of C. americana in Atlanta, GA, in June and August 2017. Voucher specimens were deposited at the Emory University Herbarium (GEO) and species identity was confirmed by botanist Tharanga Samarakoon, PhD. Specimens were digitized and are available for viewing on the SERNEC portal [40]. Plant material was dried in a dehumidification chamber, then ground into a fine powder through a 2-mm mesh with a Thomas Scientific Wiley Mill (Swedesboro, NJ, USA) and stored at room temperature until further processing.




2.3. Extraction, Isolation and Crystallization


Plant material (powdered leaves) was extracted with methanol (ratio of 1:10 w/v) three times, 72 h each, at room temperature. Filtered extracts were combined and concentrated to give a dark residue (15 g). The crude extract (Extract ID 649, 15.0 g) was suspended in 400 mL methanol-water (1:4) solution and underwent sequential liquid–liquid partitioning with hexane (3 × 500 mL), ethyl acetate (3 × 500 mL) and n-butanol (3 × 500 mL). The combined partitions were evaporated to dryness.



The ethyl acetate partition (649C) was the most active partition by antimicrobial bioassays and was subjected to fractionation through flash chromatography. Fractionation was performed using a CombiFlash® Rf+ flash chromatography system (Teledyne ISCO, Lincoln, NE, USA) with a RediSep Rf Gold® silica column. The dry load column was prepared by binding 649C to Celite 545 at a ratio of 1:4. Flash chromatography was performed using a four-solvent system of hexane, dichloromethane, ethyl acetate and methanol. The separation was monitored at 254 and 280 nm and the resulting fractions were combined to create 32 fractions. Genkwanin (1) was obtained from fraction F15 (649C-F15). Single crystals of 1 were prepared by slow evaporation of a methanol solution under low temperature conditions (4 °C) for 12 h.



Analytical data for Genkwanin (1). Colourless needles. 1H NMR (600 MHz, DMSO-d6): δ 12.98 (s, OH-C(5)), 7.98–7.94 (m, H-C(2’, 6’)), 6.95–6.90 (m, H-C(3’, 5’)), 6.85 (s, H-C(3)), 6.78 (d, J = 2.3 Hz, H-C(8)), 6.38 (d, J = 2.3 Hz, H-C(6)), 3.87 (s, MeO). NSI-FTMS m/z 283.0611 [M-H]− (calcd for C16H11O5, 283.0606).




2.4. Refinement


A crystal (0.32 × 0.03 × 0.02 mm3) was selected and mounted with a loop using paratone oil on a XtaLAB Synergy-S diffractometer with a HYPIX detector. X-ray diffraction data were collected using Cu Kα radiation. The crystal was kept at a constant T = 100 (1) K during the data collection. Initially, the maximum resolution achieved was θ = 44.491° (1.10 Å). A low-resolution structure gave the connectivity and the essential features of the structure. The sample was recrystallized by slow evaporation of a dilute solution in methanol. The larger crystal gave a higher resolution of 0.794 Å (2θ = 147°). Precession Images for the Genkwanin crystal are shown in the SI. Crystal data, data collection and structure refinement details are summarized in Table 1. The structure was solved with the ShelXT [41] structure solution program using the Intrinsic Phasing solution method and by using Olex2 [42] as the graphical interface. The model was refined with version 2018/3 of SHELXL [43] using Least Squares minimization. All non-hydrogen atoms were refined anisotropically. Due to the low-resolution data, rigid bond restraints for the 1,2- and the 1,3 distances were used. However, at the time the manuscript was being written, better crystals were grown for the X-ray analysis and the data was recollected. These restraints were removed from the structural model. The Kohn-Sham molecular orbitals of the asymmetric unit were obtained with Gaussian 16 software [44] and the local and integrated properties of electron density were calculated with the AIMAll suite of programs [45] to investigate the conjugation in the X-ray structure. The Kohn-Sham molecular orbitals were calculated using a b3lyp/SCCF calculation and a TZVP basis set. During the X-ray refinements, similarity and distance restraints were also used. These restraints were relaxed during the later stages of the refinement. Hydrogen atom positions were calculated geometrically and refined using the riding model. The software packages Olex2 [42], TOPOS [46], Crystal Explorer [47] and VESTA [48] were used to create the figures. The crystallographic data has been deposited into the Cambridge Crystallographic Data Centre, 12 Union Road, CB2 1EZ, UK (fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk) and is available on request, quoting the deposition number CCDC 1944618.





3. Results and Discussion


The one-dimensional 1H NMR spectra (600 MHz, in DMSO-d6; see Figure S1 in the supplementary materials) obtained for Genkwanin (1) are in accordance with previously published data [49,50].



The single-crystal structure analysis reveals that Genkwanin crystallizes in the orthorhombic space group Pna21. The crystal structure is characterized by a very short cell edge b = 3.8663 (7) Å and a very long needle axis. The b-axis coincides with the stacking separation between the molecules and this implies a high degree of co-planarity of the substituents with the aromatic rings. There are two Genkwanin molecules in the asymmetric unit (Figure 2). The crystal structure is non-centrosymmetric but achiral. The best fit of the two independent molecules was obtained. A slightly better fit was obtained if an inversion operation was applied to one of the molecules. The 2-phenyl-4H-chromen-4-one system shows conjugation between the aromatic ring and the pyran-4-one group and this system adopts a nearly planar conformation. One molecule has a lower planar conformation than the other. The torsion angle between the plane of the p-hydroxyphenyl ring and the pyranone ring is 4.1(2)° in one molecule and 2.3(2)° in the other molecule.



There appears to be little steric resistance by the Genkwanin molecule’s substituents to adopting a planar conformation and the entire molecule adopts a near planar conformation (with some twisting of the phenol substituents). It seemed unlikely that there would be conjugation throughout the entire system and that the planarity provides more efficient packing because the π-stacking is a principal packing force in the crystal. The degree of conjugation was assessed by considering the C-C bond that links the two planar moieties. Its bond distance (1.457(7) Å in molecule 1, 1.452(6) Å in molecule 2) is somewhat shorter than a typical C-C single bond (1.52 Å). There is a useful correlation between the bond orders and their electron delocalization indexes (DI) within a covalently bonded molecule. The delocalization indexes of linked atoms through bond paths are systematically lower than formal bond orders because the valence density is also shared between atoms not connected by formal bonds. The delocalization indexes (and the detailed geometrical parameters) are presented in the supplementary information (Tables S1 to S7). The aromatic rings in Genkwanin have DIs in the range 1.3 to 1.4 (i.e., systematically less than 1.5) and the single bonds have indices between 0.94 and 0.96. The C-C linker has a DI of 1.06. This bond has partial double bond character and there is some delocalization throughout the whole molecule. Interestingly, the calculation also indicates that there is partial keto-enol tautomerization between the C=O and the C-OH group, and that there is a strong pairwise interaction between the two Genkwanin molecules (that extend throughout the crystal). The two unique Genkwanin molecules in the asymmetric unit do not take part in two types of distinct packing. Both are stacked above each other along lines that are parallel to the b-axis and with a stacking distance that coincides with the b-repeat distance exactly. However, this needs clarification. Although the centroid-to-centroid distance between the stacked Genkwanin molecules is exactly 3.86 Å, the stacking distances between the aromatic moieties are between 3.434 and 3.480 Å and are significantly shorter than the centroid-centroid distance. The Hirshfeld analysis described below shows that the greatest number of contacts occurs at 3.60 Å. The molecules are tilted with respect to each other. The two distinct packing arrangements that were observed are described in further detail. The 2-phenyl-4H-chromen-4-one closest to the cell’s origin forms an infinite one-dimensional chain held together by strong hydrogen bonds via the phenolic hydrogen O5–H5 and the pyranone oxygen (Figure 3 and Figure 4, Table 2). The second 2-phenyl-4H-chromen-4-one forms an almost identical infinite one-dimensional chain held together by hydrogen bonds via the phenolic hydrogen O5–H5 and the pyranone oxygen although the phenolic group is rotated about the rest of the molecule to a greater extent. The Genkwanin molecules within the chains are not co-planar but corrugated. These infinite one-dimensional chains are parallel with the a-axis and perpendicular to the stacking direction (along b). Thus, the total structure contains two dimensional planes of Genkwanin molecules (1a and 1b).



These two directions are dominated by hydrogen bonds and π-stacking but the third direction (along c) involves very weak van der Waals forces. The forces in the crystals are strongly directional (strongest along the b-axis and weakest along the c-direction), resulting in a polar crystal (space group Pna21) with a strong preference to form needles (Figure 5). Images of the crystal with indexed faces are included in the supplementary data. The crystals grow as very thin needles with an extremely large aspect ratio. The crystals form millimeter long needles but are only 10–20 µm-thick. Photographs of the crystal on the diffractometer are shown in the SI. Although the chains of intermolecular hydrogen bonds follow the a-axis, the crystals prefer to grow along the y-axis (the needle axis) and this is the direction of the shortest unit cell axis (the b-axis). These results seem to indicate that the dominant packing forces that dictate crystal growth are the π-π interactions that follow the b-axis and not the hydrogen bonds (along the [010] direction). Although these hydrogen bonds are stronger than π-π interactions, there are many more π-π interactions than hydrogen bonds. We hypothesize that the unusually flat faces of the molecules favor stacking and it is stacking of Genkwanin molecules that is the driving force of the growth of the crystal. However, the condition that π-stacked chains must be connected to each other by hydrogen bonds has to be met form the crystal to form. The inclination (tilting) seems to indicate that the growth cannot be entirely dictated by the stacking because then the growth would be perpendicular to the planes of the planar rings, which are not coincident to the b-axis.



An efficient and straightforward way of describing the striking and complex mix of dissimilar interactions in this crystal is by using Hirshfeld surfaces to partition the crystal space [51]. The Hirshfeld surface for the pair of Genkwanin molecules is shown in Figure 6. The strong hydrogen bond interactions show up as bright red dots. There are large flat regions associated with the π-π interactions and the stacking. There are also some red regions on the flat surfaces, showing that some of the interactions in the flat regions are quite short. These involve the phenolic group, C-H groups and an offset between the stacked molecules along b.



The fingerprint plot (Figure 7) summarizes the complex information well. It has a very distinctive appearance. The pair of long arms is from the strong hydrogen bonds. The upper arm corresponds to the hydrogen-bond donor and the lower corresponds to the hydrogen-bond acceptor and the shortest contacts in the crystal structure are the tips of these two spikes. The red orange region at around 3.60 Å are from the π-π interactions. This distance is shorter than centroid-to-centroid distance between stacked Genkwanin molecules and is the optimal distance at which the highest density of intermolecular contacts between Genkwanin molecules occurs. The large number of contacts with these distances indicates a significant contribution made by π-π stacking to the energy of the crystal. The somewhat broadened point between the two arms at 2 Å is characteristic of H-H interactions.




4. Conclusions


During the course of our research into traditional medicine plants, we studied C. americana and obtained single crystals of Genkwanin (1) by slow evaporation. In this paper, we focused on an in-depth structural characterization of 1 by X-ray crystallography and NMR analyses; this is the first report of the crystal structure of Genkwanin.



The crystal structure of Genkwanin was examined with an emphasis on the conformation of the molecules and the interactions between the molecules in the solid state. The planar arrangement of molecules in projection along the b-axis provides efficient packing and the growth direction of the crystals. An examination of the electron density was carried out to assess whether planarity was a result of efficient packing but it was found that there was a small amount conjugation throughout the entire system. These results may indicate a subtle interplay between crystal packing and electronic effects. There are disparate interactions in the crystal and these were found to be highly directional. The crystal morphology was correlated with these packing forces in the crystal. The Hirshfeld analysis and the needle-like morphology indicated that π-π interactions dominate the growth of the crystals. The Hirshfeld surfaces provided a tool for organizing the disparate interactions in the crystal.



Finally, the Genkwanin (1) crystal structure could provide novel insights that, together with in silico techniques, improve the understanding of the pharmacological effects of this type of molecule and contribute to the design of new leads that can be rapidly developed into effective treatments to fulfill unmet medical needs.
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Figure 1. The chemical structure of Genkwanin (1). 
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Figure 2. Projections of the two independent Genkwanin molecules (1a and 1b) with their crystallographic numbering. 
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Figure 3. (A) A subnet consisting of an infinite, one-dimensional chains of Genkwanin molecules bridged by hydrogen bonds O2–H2⋯O1_1 (1.76 Å (a) and 1.80 Å (b)). (B) The chains follow the a-axis. The simplified nets of the two different Genkwanin molecules form two non-interpenetrating networks (blue (a) and green (b)). Interestingly, the Genkwanin molecules are more strongly held along chain (a) with a slightly shorter separation between the molecules than in b. 
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Figure 4. An infinite one-dimensional chain of π-stacked Genkwanin molecules (1a) the molecules are tilted but the chain is coincident with the b-axis with a separation of (3.8663 (7) Å). The stacking dictates the length of the b-axis. 
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Figure 5. The crystal structure consists of layers that are made up of chains of Genkwanin molecules bridged by hydrogen bonds along the a-axis, with adjacent chains linked by infinite π-π interactions along the b-axis. The layers are held together by weaker van der Waals forces along the c-axis. 
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Figure 6. The Hirshfeld surface of the pair of Genkwanin molecules. There are flat depressions on the surface associated with the π-π interactions, dark red spots associated with the hydrogen bonds, and blue regions associated with the weaker van der Waals forces along the c-axis, but there are also some short contacts (light red regions) along the stacking region. 
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Figure 7. The fingerprint plot of the Genkwanin crystal structure from the Hirshfeld surface. The distinctive features are two spikes from the strong hydrogen bond; a red orange region at around 3.60 Å from the numerous π-π interactions (and a significant contribution from by the π-stacking). The somewhat broadened point between the two arms at 2 Å is characteristic of H-H interactions. 
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Table 1. Experimental details.
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Crystal Data




	
Chemical formula

	
C16H12O5




	
Mr

	
284.26




	
Crystal system, space group

	
Orthorhombic, Pna21




	
Temperature (K)

	
100




	
a, b, c (Å)

	
19.3911 (7), 3.86568 (19), 32.5877 (11)




	
V (Å3)

	
2442.77 (17)




	
Z

	
8




	
Radiation type

	
Cu Kα




	
μ (mm−1)

	
0.97




	
Crystal size (mm)

	
0.28 × 0.03 × 0.02




	
Data collection




	
Diffractometer

	
XtaLAB Synergy, Dualflex, HyPix




	
Absorption correction

	
Multi-scan

CrysAlis PRO 1.171.40.53 (Rigaku Oxford Diffraction, 2019). Empirical absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm.




	
Tmin, Tmax

	
0.386, 1.000




	
No. of measured, independent and observed [I > 2σ(I)] reflections

	
16725, 3900, 2676




	
Rint

	
0.098




	
(sin θ/λ)max (Å−1)

	
0.622




	
Refinement




	
R[F2 > 2σ(F2)], wR(F2), S

	
0.056, 0.131, 1.06




	
No. of reflections

	
3900




	
No. of par