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ABSTRACT
Configurational and conformational assignments of 11 Corynanthe-Tryptamine alkaloids (usambarane skeleton) were performed based on the correlation of the high-level calculated and experimental 1H and 13C NMR chemical shifts. For some compounds, the reassignment of a number of individual signals together with spectral assignment of experimentally unresolved peaks was suggested. The different conformations of the C/D quinolizidine ring system appear strictly dependent of the structure of the side chain (ethyl-, vinyl- or ethylidenic); in the latter case, the configuration (E or Z) of the 19-20 double bond of the ethylidenic chain is determinant to establish a cis- or a trans-quinolizidine system of rings C/D. The conformation is also influenced by the equatorial or axial conformation of (C15) substituents.
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1 | Introduction
Bisindole alkaloids make up an important class of natural products originally discovered in plants. The first bisindole alkaloids to be structurally elucidated are the active principles of Calabash-curare that was prepared from different South-American Strychnos [1]. These products are symmetrical dimeric alkaloids containing two quaternary ammonium compounds and they represent the first group of the Strychnos-Strychnos type; instead of being convulsant poisons like strychnine, they present very potent neuro-muscular blocking properties causing paralysis of the musculature including finally the respiratory muscles [2]. These dimeric alkaloids are also the toxic principles of the hunting poison prepared from rootbark of Strychnos usambarensis at the border between Rwanda and Tanzania [3, 4].
The second type of bisindole alkaloids present in the Strychnos genus was accidentally discovered during the study of leaves and rootbark of above-mentioned S. usambarensis [3–5]; they are representative of the Corynanthe-Tryptamine type consisting of a tryptamine unit and a Corynanthe fragment; they are found mainly in the genus Strychnos belonging to the Loganiaceae family but they are also present in Apocynaceae and Rubiaceae families.
	----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Consequently, the first Corynanthe-tryptamine alkaloids belong to the usambarane group like usambarensine, usambarine and theirderivatives.Laterstudiesrevealednewderivativesfoundnot
only in S. usambarensis, but also notably in S. ngouniensis [6], S. potatorum [7],S.dale[8],andin Aspidosperma marcgravianum (Apocynaceae) [9].
It should be noted that this type of bisindole alkaloids could also lead to new drugs in medicine, because they don’t show any paralyzing or convulsant activity by contrast to diquaternary bisindole (Strychnos-Strychnos type) or to strychnine monomer. Therefore, the study of their structure and properties provides a powerful impulse in modern pharmaceuticals. It was found that most of the Corynanthe-Tryptamine alkaloids provide high amoebicidal activity, among those are usambarensine, usambarine, and 18,19-dihydrousambarine. The latter three compounds are even more active than emetine and metronidazole [10]. In addition, 3′,4′-dihydrousambarensine, usambarensine, strychnopentamine, isostrychnopentamine, and 10′-hydroxyusambarensine exhibited stable antiplasmodial activity [10–12]. Moreover isostrychnopentamine has been found to provide appreciable in vivo antimalarial properties [13]. These facts indicate on the prospective use of such compounds in the development of new sensu lato antiparasitic drugs.
Furthermore, usambarensine, strychnopentamine, and isostrychnopentamine have also been shown to have antitumor activity. These substances intercalate into DNA and induce apoptosis in human leukemia HL60 cells [14]. Moreover, isostrychnopentamine, induces at a concentration about 50–100 times higher than its antiplasmodial properties cell cycle arrest and apoptosis in the human colon cancer cells [15]. It was also shown that this alkaloid had potential antitumor activity against apoptosis-resistant cancer cells [16].
Overall, listed results together with many others open new horizons in pharmaceutical methods and confirm the hypothesis about the potential role of this group of alkaloids in the development of new anticancer and antiparasitic drugs.
Recent papers underline indeed the potential antitumoral effect of usambarensine (that has been identified in red kale) on colorectal cancer cells on the one hand [17] and the potential antifungal effect of the same alkaloid that has been identified as a main component of the “Pink Pigment” of Erwinia persicina on the other hand [18]. Other studies involving molecular dockings have identified new targets for drug candidates against the Chagas disease (Trypanosoma cruzi). Among 67 compounds with antiparasitic activity that have been tested only usambarensine and three other products have been selected for their calculated interactions [19]. In the fight against COVID-19, molecular dockings and dynamics simulations have shown that five compounds including 10′-hydroxyusambarensine and strychnopentamine were selected among 226 African phytochemicals with documented antiviral, antimalarial and antifungalproperties. Theseproductsexhibitstrongaffinitybinding and could be incorporated in a cocktail of anti-coronavirus treatments [20].
It should also be noted that mentioned compounds of this group are also interesting from the point of view of developing a methodology for calculating NMR chemical shifts to establish a reliablestereochemical structure ofnatural products. At thesame time, they are somewhat difficult to identify their stereochemical structure by means of the NMR, which is because they have several asymmetric centers and also consist of two very similar indole-type subunits, the latter not being an exact copy of each other with only three rings.
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SCHEME 1	|	General layout of rings and numbering of bisindole Corynanthe-Tryptamine alkaloids 1–11.


Despite the rapid development of modern NMR techniques, when determining the structure of newly isolated natural products, there arise certain inconsistencies in the assignment of available spectral data. Indeed, dubious situations often arise when it is difficult, and in some cases even impossible, to make a reliable assignment of NMR signals [21–28]. The development of computational 1H and 13C NMR [29–33] opens up new possibilities in studying the structures and properties of bioorganic molecules. Quantum-chemical calculations of NMR chemical shifts are intended to clarify the reliable assignment of NMR experimental data on bisindole alkaloid structures, which is demonstrated in the present paper.
2 | Computational Details
2.1 | Conformational Search and Geometry Optimization
In the first stage of this study, a low-level conformational search was initially performed to establish the three-dimensional structure of each of the studied alkaloids 1-11 using the OPLS3 force field in the liquid phase of chloroform, employing the MacroModel module implemented in the Schrödinger Maestro 11.5 package [34]. During this search, approximately 105 steps were performed to identify the most probable conformers. The structural features of the arrangement of the two bisindole subunits relative to each other were carefully established. When constructing the 3D model, available data on NOE correlations were taken into account whenever possible. Thus, the conformational search was mainly reduced, on the one hand, to identifying the exactrotationanglesoftheC-15–C-16andC-16–C-17bonds,and on the other hand, to searching for the exact conformations of the C and D rings. Thus, in the process of the conformational search in the energy range of 0–15kcal/mol relative to the minimum for each of the alkaloids, several groups of rotamers were identified at the C-15–C-16 and C-16–C-17 bonds, which properly correspond to the stereochemical structure of the quinolizidine system under consideration, see Figure 2. As a result of the conformational search, from all the established conformers for each compound, two of them with the cis- and trans-conformations of the quinolizidine C/D system were selected. Then, the geometric parameters of these two low-energy conformers were optimized using the GAUSSIAN 09 program [35] at the M06-2X/pecG-2 level [36–38]. The solvation effect was taken into account using the IEF-PCM model developed by Tomasi [39, 40].
2.2 | Calculation of Chemical Shifts
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SCHEME 2	|	Bisindole Corynanthe-Tryptamine alkaloids 1–11.


Calculations of 1H and 13C NMR isotropic magnetic shielding constants and corresponding chemical shifts were carried out at the DFT level in the liquid phase of chloroform using the GAUSSIAN 09 program. In these calculations, we employed the one-parameter hybrid functional PBE0 [41], which was used in combination with Rusakov’s basis set pecS-2 [42].

To take into account systematic errors of calculated chemical shifts, we have established correlations between their experimental chemical shifts (x) and isotropic magnetic shielding constants (y), which were further used to find the linear correlation equations of the y = ax+ b type. The parameters a and b were then used for recalculating theoretical chemical shifts using the equation 𝛿recalc =(𝜎calc − b)/a.
[image: ][image: ]Corrected mean absolute errors (CMAE) were calculated as: 
     CMAE                       =	(1)   
                                                              n             

where 𝜎calc are the unscaled shielding constants for each of the n nuclei in the molecule, while a and b are the slope and intercept of the linear regression 𝜎calc = a𝛿exp + b.
The root-mean-square deviations (RMSD) were evaluated as:
	RMSD [image: ]	(2)
where 𝛿exp and 𝛿calc are accordingly, experimental and scaled chemical shifts of each of the n nuclei.
3 | Results and Discussion
3.1 | Indolo-General Overview
Corynantheanalkaloidsoriginatefromtheparentgeissoschizine, which contains an indolo-quinolizidine skeleton providing a number of different conformations. Mainly, this concerns the cisand trans-conformation of the C and D rings, see Scheme 1. It is knownthatthemorestable trans-conformationismostpreferred; however, in some cases the exceptions are possible. Moreover, the reasons for the stabilization of less favorable stereochemical structures in natural plant products are not completely clear.
The mentioned structural features of the quinolizidine system of this group of bisindole alkaloids prompted us to conduct a more detailed study in order to determine the specificity of their conformational structure. We selected several alkaloids of different conformations, for which complete experimental 13C NMR data and some 1H NMR data had been published. Present study is devoted to the stereochemical analysis of 11 natural Corynanthe-Tryptamine type alkaloids, namely usambarensine (1) [3, 41–43], 4′,17S-tetrahydrousambarensine (2) [6], 19,20dihydrousambarensine (3) [7], 5′,6′-dihydrousambarensine (4) [34, 44, 45], N-4-methyl-usambarensine (5) [3, 5, 34], 10′hydroxy-4′,17S-tetrahydrousambarensine (6) [6], 10′-hydroxyusambarensine (7) [46], 10,10′-dimethoxy-3S,17S-Z-tetrahydrousambarensine (8) [8], 10,10′-dimethoxy-N-4′-methyl-3S, 17S-Z-tetrahydrousambarensine (9) [8], strychnopentamine (10) [47, 48], and isostrychnopentamine (11) [39, 40]. The structures and enumeration of carbons of these alkaloids are shown in Scheme 2. Since 1978 the IUPAC numbering of the beta-carboline part of usambarensine and derivatives has been abandoned in favor of the phytochemical numbering. Consequently, 3′-4′-dihydrousambarensine becomes 5′-6′-dihydrousambarensine.
3.2 | Calculation of 1H and 13C NMR Chemical
Shifts
At the initial stage of the study, a conformational search was carried out for the named 11 bisindole alkaloids of the Corynanthe- geometric parameters.
For the optimized structures, the shielding constants along with the corresponding 1H and 13C NMR chemical shifts were calculated at the DFT level using the PBE0 functional [49] in combination with our recently proposed pecS-2 basis set, which was specifically designed for the calculation of shielding constants in large synthetic and natural compounds [50, 51]. This basis set allows to achieve better agreement of calculated chemical shifts with experimental data at acceptable computational costs. The method of calculating NMR chemical shifts is described in more detail in the Computational details section.
Taking into account all known experimental chemical shifts together with their calculated values, a correlation estimation was performed using statistical descriptors such as CMAE and RMSD, see Figure 1. These descriptors allows to estimate the accuracy of the prediction of chemical shifts and determine the degree of correspondence between their experimental and calculated values [52]. According to the results of the present study,
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FIGURE 1 Corrected mean absolute error (ppm) and root-mean-square deviation (ppm) of calculated|	1H and 13C NMR chemical shifts of 1–11. The graphs are arranged in the order of increasing their CMAE values.
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TABLE 1 Selected ambiguous values of calculated NMR chemical shifts (ppm) in 1, 2, 4-6, 8, 10, and 11. Experimental values are given in parentheses.|


generallyagoodagreementbetweencalculatedandexperimental data was achieved. Nevertheless, the deviations of protons shifts in the calculated spectra (in model systems at the DFT level) can be an underestimation of complex stereoelectronic effects that occur in real systems notably around the angular protons in indolo(a)quinolizidines; however these deviations were less sensitive in 13C NMR spectra. Consequently, theoretical calculations of all studied natural products 1-11 confirmed their previously assumed configurational structures.
The average calculation error for 1H NMR chemical shifts was 0.22ppm in the range of−1.20 to+0.60ppm, while for the 13C NMR shifts, it was 2.69ppm in the range of−6.9 to+7.2ppm. For usambarensine (1), 4′,17S-tetrahydrousambarensine (2), 19,20-dihydrousambarensine (3), 5′,6′-dihydrousambarensine (4), N-4-methyl-usambarensine, (5) and 10′-hydroxy-4′,17Stetrahydrousambarensine (6), tabular experimental data on 1H NMR chemical shifts are incomplete or unknown. Moreover, for compounds 1, 3, and 6 the assignment of peaks in the aromatic part of experimental 1H NMR spectra is ambiguous. Present theoretical calculations were aimed to fill this gap. The parameters of statistical descriptors for almost all compounds of this series (2-4, 6, 7, 9-11) provide correlations of approximately the same level with some small exceptions, see Table 1.
Below we consider each of the studied alkaloids in more detail. In a number of cases, unambiguous assignments of 1H NMR multiplets representing strongly coupled spin systems and, as a consequence, not explicitly assigned in the original publications were performed in the present work. For all structures, we checked the configurational assignments based on the correlation of calculated and experimental NMR chemical shifts. In some special cases, we report the reassignment of individual resonance signals (marked in the schemes by blue arrows) and experimentally unresolved signals, which are shown in blue, see Scheme 3. More detailed comments on each compound of this series are given below.
Usambarensine (1) was used as the basic structure for the studied series 1-11 in view of the fact that it demonstrates steric structural features that were determined quite accurately by means of the x-ray analysis [33]. This starting point clearly forms the direction in establishing the exact structure for related alkaloids. However, original publications [3, 34] provide rather incomplete experimental NMR data, that were assigned in 1973 and 1980 when it wasimpossibletouse2DHSQCspectroscopy.Inthisregard,comparing calculated versus experimental 1H NMR chemical shifts for this alkaloid will be incomplete but nevertheless instructive, see Scheme 3.

SCHEME 3	|	Essential (re)assignments and missing NMR data for 1–6; computational assignments based on the performed calculations (blue).
4′,17S-tetrahydrousambarensine (2). In general, experimental 13C NMR data for this compound agree quite well with the calculated values except for C-20, which obviously deviates from experiment. There is also incomplete information on 1H NMR [6, 9]. Herewith, we provide estimated values of missing experimental shifts.
19,20-Dihydrousambarensine (3). Despite the incomplete set of experimental 13C NMR data [7], we observe excellent agreement of calculated data with experiment. 1H NMR shifts were not completely assigned, which provides very scarce practical information.
[image: ]5′,6′-Dihydrousambarensine (4). For this compound, it is worth noting that calculated values of C-20 and C-21 chemical shifts provide rather significant deviations from experiment. In this case, to verify the determination of the C/D ring configuration performed in the previous studies [9, 34, 36, 37], we calculated both cis- and trans-conformations for the quinolizidine system. However, this series of calculations did not generally clarify the situation; the correlation of theoretical and experimental NMR chemical shifts remained at the same level, see SI, Data S1. This finding suggests that in a real system there is some probability of the simultaneous presence of two conformers. The remaining assignments of experimental 13C NMR signals generally showed good agreement with the performed calculations. There are no 1H NMR experimental data for this compound, and thus we have simply provided the expected (calculated) values with cis- C/D ring in twist-boat conformation of ring D.

N-methyl-usambarensine (5). For this molecule, no experimental 1H NMR data were provided in the first publications [5], so we just report here our calculated chemical shifts. As for 13C NMR chemical shifts, significant deviations of calculated values from experiment were observed for C-19′, and C-21′.
For 10′-hydroxy-4′,17S-tetrahydrousambarensine (6), there are a few experimental data for some protons, but a complete 13C NMR experiment is available [6], which generally correlates well with calculated data. It is only worth noting the obvious mutual reassignment for the atoms C-5′ and C-16 together with a dubious value of C-20 chemical shift, which clearly stands out from a general correlation and requires more detailed study.
10′-Hydroxyusambarensine (7). For this bisindole alkaloid, a set of experimental data on chemical shifts of both carbon and hydrogen is known [38] that correlates well with the performed calculations.
Calculation of 13C NMR chemical shifts of 10,10′-dimethoxy-3S, 17S-Z-tetrahydrousambarensine (8) agrees well with experimental data [8]. For 1H NMR, the correlation is mostly satisfactory, except for the H-9′ atom.
10,10′-dimethoxy-N-4′-methyl-3S,17S-Z-tetrahydrousambarens ine (9) is one of the noticeable examples of the remarkable agreement between theory and experiment, both for 1H NMR and 13C NMR chemical shifts.

Strychnopentamine (10). A fairly reliable set of experimental 13C NMRchemicalshiftdataisavailableintheliteratureforthiscompound [39, 40], which was well reproduced by the performed calculations. The same is true for 1H NMR chemical shifts, however, significant deviations are observed for protons H-14b, H-3′′b, and H-4′′b.
Isostrychnopentamine (11). Our theoretical study of this alkaloid confirmed its previously established stereochemical structure [39, 40]. Despite the low level of correlation between theory and experiment in the case of 1H NMR data, for carbon chemical shifts there is only one position, C-2′′, providing obvious uncertainty. This established discrepancy between calculation and experiment may probably be due to the underestimation of the internal rotation of the pyrrolidine fragment.
3.3 | Conformational Behavior of the Quinolizidine Moiety
As it was mentioned earlier, bisindole alkaloids of the Corynanthe-Tryptamine type are characterized by the quinolizidine system adopting both cis- and trans-conformations, as shown in Figure 2a. This conformational equilibrium can be significantly affected by the substituents at the C and D rings. The calculations performed generally confirm the energetic preference to the formation of the cis- or trans-conformation of the C/D system each of compounds 1-11, see Table 2. The schematic designation of the rings of the studied bisindole alkaloids is shown in Scheme 1.
In the case of compounds under study, this concerns mainly the D ring. Indeed, it has been previously noted [53] that simultaneous presence of a tryptamine unit at C-15 (ring D) and ethylidene chain at C-20 with the latter having E-configuration, causes an inversion of the nitrogen atom at position 4. This leads to the interconversion of cis-decalin ring. When the ethylidene chain is saturated, the more stable trans-conformation of the C/D rings is preferred. However, in some rare cases, the geometry of the ethylidene chain adopting Z-configuration allows the trans-conformation of the C/D rings without an interaction of H-18 with the (C15) substituent. Remind us that an E-configuration of the side chain presents such an interaction that leads to a cis-conformation of the C/D rings.
	[image: ]
FIGURE 2 Conformational features of quinolizidine moiety of Corynanthe-Tryptamine bisindole alkaloids: (a) cis- and trans-conformations of quinolizidine system; (| b) half-chair conformation of ring S; (c) true chair and twist-boat conformations of ring D; (d) schematic representation of the torsional and dihedral angles of the twist-boat conformation of ring D.


With respect to structures 1-11, it can be concluded that conformation of cycle C for both the cisoid and transoid types of the quinolizidine system, takes the half-chair form, see Figure 2b.

However, based on the results of the optimization of geometric parameters of 1-11, it was found that for the quinolizidine system in the transoid form, the true chair conformation is most preferable for the D cycle, as shown in Figure 2c without taking account of the nature and position of the substituents. At the same time, for this same cycle, the cisoid form of the C/D system takes both the true chair and twist-boat conformations depicted in Figure 2c. It is worth noting that for systems 1-11, the energy barriers for the true chair ↔ twist-boat transition of the D cycle are very small amounting to about 5–7kcal/mol.
The torsion angle 𝜃N4-C21-C15-C14 varying within 30˚–33˚ characterize the degree of “twisting” of the D cycle in the twist-boat conformation, see Figure 2d. The dihedral angles 𝜑1S3-C14-C15-C20 and 𝜑2S3-N4-C21-C20 of the tilts of the planes formed by the C3-N4-C14 and C15-C20-C21 chains are about 170˚ and 120˚, respectively.
TABLE 2 Free energy characteristics and dipole moments of the cis- and| trans-conformers of compounds 1-11 optimized at the M06-2X/pecG-2 level.
Dipole
moment,
D
Relative free
energy, kcal/mol
Cmpd
trans
cis
trans
cis
1
4.99
5.37
0.42
0

	2	3.66
	5.03
	1.11
	0

	3	6.01
	6.54
	5.17
	0

	4	4.77
	4.89
	0.85
	0

	5	12.30
	11.99
	0
	0.33

	6	3.36
	5.82
	1.09
	0

	7	3.11
	2.75
	0
	0.26

	8	1.63
	2.95
	4.02
	0

	9	2.54
	2.75
	4.28
	0

	10	6.96
	8.06
	1.64
	0

	11	3.23
	4.74
	9.61
	0



In order to understand how the conformation of quinolizidine system affects the values of 13C NMR chemical shifts, the analysis of their available experimental data was carried out. Figure 3 shows the distribution of 13C NMR chemical shift of the quinolizidine C/D rings system in compounds 1-11 in the form of the color diagram in accord with their downfield-highfield bias.
It follows that most 13C NMR chemical shifts are dependent on the conformation of the quinolizidine system. For example, chemical shifts of C-3, C-5, C-6, C-15, and C-20 in cis-conformation tend to provide a highfield shift. On the other hand, chemical shift of C-2 has a pronounced downfield bias. In the case of trans-conformation of the quinolizidine system, a pronounced downfield shift is observed for C-6, C-15, C-20, and C-21.Onthecontrary,theC-2atomischaracterizedbyanobvious highfield shift.
As can be seen in Figure 3, there are minor exceptions in the established trends, so that it is not always possible to find clear regularities. Please notice that the downfield shifts observed for some carbons of product 5 are due to the quaternarization of N-4. However, we strongly believe that established trends of the 13C NMR chemical shifts of the quinolizidine C/D rings in the studied series of compounds will provide some help in performing spectral assignments in a wider range of bisindole alkaloids.
3.3.1 | Final Results
As a final illustration, we present correlation plots of calculated versus experimental values of the original and reassigned 1H and 13C NMR chemical shifts of the studied Corynanthe-Tryptamine alkaloids, see Figure 4. In general, these data illustrate the efficiency of the proposed computational protocol used for stereochemical analysis of natural products. It can be seen that final CMAE of the reassigned chemical shifts are 0.22ppm for protons and 2.69ppm for carbons, which are accordingly, 3% and 2% of the total 1H and 13C NMR chemical shift ranges. All calculated
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FIGURE 3 Distribution of 13C NMR chemical shift values for atoms of cis- and trans-conformations of the quinolizidine C/D rings system of compounds 1|–11.
FIGURE 4	|	Correlation plots of calculated vs. experimental 1H and 13C NMR chemical shifts of 1–11, ppm.
1H and 13C NMR chemical shifts of the studied compounds are given in the Data S2, see Supporting Information.
4 | Conclusions
Configurational assignments of 11 Corynanthe-Tryptamine alkaloids were performed based on the correlation of the high-level calculated and experimental 1H and 13C NMR chemical shifts. Thus for a number of compounds, unambiguous assignments of 1H NMR multiplets representing strongly coupled spin systems and, as a consequence, not explicitly assigned in the original publications were carried out. Configurations of all structures were verified based on the correlation of calculated and experimental NMR chemical shifts. In some cases, the reassignment of individual resonance signals together with experimentally unresolved signals were reported. Theoretical calculations of 11 natural products confirmed their previously assumed (but not experimentally established) configurational structures.
[image: ]Generally, a good correlation was found between calculated and experimental 1H and 13C NMR chemical shifts for all compounds of this series. The average calculation error for the 1H NMR chemical shifts was 0.22ppm in the range of−1.20 to+0.60ppm, while for the 13C NMR shifts, it was 2.69ppm in the range of−6.9 to+7.2ppm. Essential (re)assignments and missing NMR spectral data for seven compounds were suggested. For compounds with the unpublished 1H NMR, the highly reliable computational data were provided. Conformational behavior of the quinolizidine moiety of the bisindole alkaloids of the Corynanthe-Tryptamine type was established in much detail. In general, these data illustrate the efficiency of

the proposed computational protocol used for stereochemical analysis of natural products.
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