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	Abstract
The initial conformational search followed by the optimization of geometric parameters and high-level calculation of 1H and 13C NMR chemical shifts were carried out for 12 bisindole alkaloids of the Corynanthe-Strychnos series. Configurational assignments of all compounds from this series were performed based on the correlation of calculated and experimental NMR chemical shifts. For some alkaloids, the reassignment of the individual resonances together with spectral assignment of experimentally unresolved signals were suggested.
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|	INTRODUCTION
Among the natural products, bisindole alkaloids represent a very important class of compounds; they were for the first time in the world discovered in Calabash Curare (prepared from Strychnos plants) and later in many other plants described in literature. The last review was that of Kam and Choo [1]. The organization of this work is in line with that previously adopted in the same series “The Alkaloids.” Namely, it is in accord with their constituent monomers and approximately within the line of a biosynthetic process. So bisindoles found in Strychnos genus can be subdivided into three main types:
1. Corynanthe-Tryptamine type: Alkaloids of this group are constituted of the union of a tryptamine unit and a Corynanthe moiety (e.g., usambarensine, usambarine, strychnopentamine, tchibangensine);
2. Corynanthe-Strychnos type: Alkaloids of this group are constituted from the union of a strychnine part and a corynane part. All the alkaloids presented in this paper belong to this group (e.g., longicaudatines, afrocurarine, strychnochrysine, guianensine, guiaflavine);
3. Strychnos-Strychnos type: This group comprises two sections: the first one contains the first bisindole alkaloids known that are the symmetrical dimers isolated from calabash curare: C-curarine, C-toxiferine, and derivatives, while the second contains unsymmetrical dimers (e.g., strychnobilines and sungucines).
During the past 50 years, Strychnos species and their alkaloids have been intensively screened in some fields: parasitology (amoebiasis, paludism), cancer, neurology (tetanizing and curarizing effects), inflammation, and so on [1–4]. The experimental data of the 12 revisited alkaloids presented in this paper have been described in the literature [5–13]. Present computational study deals with stereochemical scrutiny of 12 most representative natural products of this series, namely bisindole Corynanthe-Strychnos alkaloids 1–12, which are shown in Scheme 1.

Abbreviations: CMAE, corrected mean absolute error; DFT, density functional theory; ECD, electron capture detector; IEF-PCM, equation formalism polarizable continuum model; IUPAC, international union of pure and applied chemistry; MAE, mean absolute error; NCMAE, normalized corrected mean absolute error; NMR, nuclear magnetic resonance; NOE, nuclear overhauser effect; NRMSD, normalized root-mean-square deviation; OPLS, optimized potentials for liquid simulations; PES, potential energy surface; mPW1PW91, modified Perdew-Wang 91 (functional); RMSD, root-mean-square deviation; VCD, vibrational circular dichroism.
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SCHEME 1	Enumeration of carbons and structures of the studied bisindole Corynanthe-Strychnos alkaloids 1–12.
Computational NMR [14, 15] rapidly develops in parallel with a marked progress in general structural studies of bioorganic and biological molecules, as well as natural products [16]. In this line, of special attention is a recent renaissance of computational 1H and 13C NMR of those species [17, 18]. Total synthesis of natural products is one of the most challenging and exciting areas of organic and bioorganic chemistry, imitating nature's ability to create diverse molecular structures. At that, the development of complex multistage syntheses is associated with significant material and time costs. Another peculiarity deals with the fact that even in the present “golden age” of NMR, it is far from being uncommon to establish the structure of the erroneously identified newly isolated natural products, resulting in numerous revisions and reestablishments of the originally proposed structures [19, 20].
Nowadays we are witnessing a marked progress in the calculation of NMR chemical shifts and spin–spin coupling constants of a variety of different chemical and biological molecules at different levels of theory. Computation of NMR parameters provides a new guide in the understanding of the fundamental factors controlling stereochemistry and chemical reactivity of a variety of bioorganic molecules, involving in particular diverse natural products. Calculations of NMR chemical shifts of natural products and/or complex organic compounds with multiple asymmetric centers are performed nowadays mostly within the DFT framework, in contrast to the non-empirical computations applied to much smaller molecules. This is not surprising in view of the fact that at the DFT level, involving electron correlation in an implicit way, such calculations are much more economic, as compared to the nonempirical methods, the latter taking into account electron correlation explicitly. However, it should be kept in mind that the results of the DFT calculations drastically depend on the choice of a particular functional and particular basis set. In this study, all calculations of 1H and 13C NMR isotropic magnetic shielding constants (and, accordingly, chemical shifts) were carried out at the DFT level for a liquid phase, as compared to available experiment.
Present paper deals with the spectral reassignments and, in some cases, structural revisions of a number of natural dimeric bisindole alkaloids, studied earlier on pure experimental grounds [5–13], which appear to be timely and being on the cutting edge of modern computational chemistry.
|	RESULTS AND DISCUSSION
The chosen natural product molecules for the present study pose challenges in terms of interpreting their NMR spectra. This is primarily attributed to their complex structures, which contain some asymmetric centers. Furthermore, each molecule consists of two subunits, which seem to be mirror images of each other and thus are not entirely identical. As a result, a large number of signals are observed in their NMR spectra, and some peaks are pretty close, so that it is impossible to perform their spectral assignments. Taken together, all of the above circumstances make the task of the establishing of the exact structure together with unambiguous assignment of NMR signals rather complicated, and in some cases practically impossible. Theoretical calculations of NMR chemical shifts can help to provide the solution of the mentioned problems, and this has been done in the present paper.
|	Calculations and assignments of NMR chemical shifts
At the primary stage of this study, an initial conformational search was carried out for the title 12 bisindole alkaloids of the strychnine series, which was followed by the optimization of their geometric parameters. For the optimized structures, the shielding constants together with corresponding 1H and 13C NMR chemical shifts were calculated at the DFT level using mPW1PW91 functional in combination with 6-311G(d,p) basis set. The methodology of calculating NMR chemical shifts is described in more detail in section 3.
Taking into account, all known experimental chemical shifts together with their calculated values, a correlated estimation of chemical shifts was carried out with taking into account such statistical descriptors as the normalized corrected mean absolute error (NCMAE) and the normalized root-mean-square deviation (NRMSD), see Figure 1.
In general, a good agreement with experiment was established, which is characterized by NCMAE of 4%–6% for 1H and 13C NMR chemical shifts considered together. For 1H NMR chemical shifts, CMAE was 0.2–0.4 ppm for the range of 0.7 to +1.0 ppm, while in the case of 13С NMR, CMAE was found to be 2–3 ppm for the range of 14 ppm varying from 7 to +7 ppm, see Figure 2. Another observation following from these data is that the CMAE value is generally proportional to the range of deviations for a particular compound. The most illustrative example is provided by compounds 6–9, see Figure 2. More detailed statistical parameters for the computation of NMR chemical shifts are presented in Table 1.
For longicaudatine Y (1), longicaudatine F (2), and afrocurarine (4), experimental 13C NMR chemical shifts are unknown. Also, for the first two compounds, 1 and 2, the assignment of peaks in the experimental 1H NMR spectra is ambiguous. Present theoretical calculations successfully aimed to fill this gap. The parameters of statistical descriptors for almost all compounds from this series (3, 4, 6, 8–12) provide correlations of approximately the same level with some minor exceptions, as presented in Table 2.
Generally, performed theoretical calculations in this series of compounds confirm their previously assumed structures. However, there are several ambiguous values of calculated NMR chemical shifts presented in Table 2. Moreover, two molecules, 3-hydroxylongicaudatine Y (5) and guianensine (7) with NCMAE and NRMSD of about 6.5% and 9% clearly fallout from the general profile correlations, as can be seen in Figure 1.
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FIGURE 1	Normalized corrected mean absolute error (%) and the normalized root-mean-square deviation (%) of calculated 1H and 13C NMR chemical shifts of 3–12.
Therefore, a more detailed analysis was carried out for these two compounds to establish their stereochemical structures, which is described further, particularly, in section 2.2.
Further, we will consider in more detail each of the studied alkaloids. In a number of cases, the unambiguous assignments of the 1H NMR multiplets representing strongly coupled spin systems and, as a result, not explicitly assigned in the original publications, were performed in the present study. For all structures, we tested 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 with blue arrows in the schemes) and experimentally unresolved signals, which are highlighted in blue, see Schemes 2 and 3. The more detailed comments on each compound of this series are given below.
Longicautatine Y (1). For this compound, all 13C NMR signals were calculated and assigned in view of the fact that their experimental values are not available in the literature [6]. At the same time, available data on the proton chemical shifts are also incomplete. In particular, there are several uncertainties in the assignments of aromatic and piperidine moieties of both subunits; this gap was filled in the result of the performed calculations. Moreover, we suggest a number of reassignments of the 1H NMR signals, namely: H-2 ! H-3, H-3 ! H-150, and H-150 ! H-15. Furthermore, without taking a possible inversion of the basic nitrogen lone pair into account—a calculated value of 4.34 ppm (characteristic of a cis-indoloquinolizidine stereochemistry) is now attributed to H-30—that was curiously not experimentally detected in this unexposed area [6] while the calculated signals in the 13C NMR spectra at 59.0, 20.5, and 57.8 ppm assigned to the carbons at C-30, C-60, and C-210 clearly correspond to a trans-quinolizidine system of rings C0/D0! This apparent contradiction could justify further experiments (complementary calculations, optical rotation, nuclear overhauser effects (NOE), ECD and VCD analyses experiments to elucidate these apparent inconsistencies. Also, the X-ray crystallography that elicits the absolute configuration of molecules but this technic fits only on appropriate crystals too rarely obtained.
As for longicautatine F (2), there are no experimental data on 13C NMR chemical shifts, and very scarce information on the proton chemical shifts is available [6]. Based on the performed calculations, we suggest chemical shifts for all hydrogen and carbon atoms of this alkaloid. In this case also, there is an apparent contradiction between the deshielded shift of H-30 at 4.28 ppm (cis-quinolizidine) and the shielded signals of C-30, C-60, and C-210 (trans-quinolizidine). Again, further experiments will be necessary to understand this enigma.
30,40,50,60-Tetradehydrolongicaudatine Y (3), for structure, see Scheme 3. Based on the performed calculations, the reassignment C-20$C-130 in the experimental 13С NMR spectrum is proposed.
Afrocurarine (4). Experimental 13C NMR data for this alkaloid are completely absent. Experimental 1H NMR chemical shifts for the aromatic rings of both subunits are mainly represented by unresolved multiplets, while the range of the multiplet is quite wide and amounts to 0.66 ppm.
Listed shortcomings are corrected, and all missing 1H and 13C NMR chemical shifts are assigned.
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FIGURE 2	Deviation ranges of calculated NMR chemical shifts (shown as dark blue diamonds corresponding to each individual proton (top) and carbon (bottom) in each particular compound 3–12 (given in abscissa) together with appropriate CMAE values (yellow bars).
3-Hydroxylongicaudatine Y (5). The configurations of the stereocenters have not been fully determined and the geometry (E or Z) of the ethylidenic bond of the corynane part was not investigated by NOESY correlations [12]. Our calculations show that this product has not the cis-configuration of the C0/D0 quinolizidine ring system of longicaudatine but a trans-one [5]. This issue remains unresolved for longicaudatines Y and F due to incomplete 1H NMR data and the lack of any 13C NMR data [6].
Strychnochrysine (6). For this compound, there is no experimental NMR data for some protons, namely H-50b, H-60b, H-190b [10]. Scheme 3 shows calculated data for previously absent signals.
TABLE 1	Statistical correlation parameters of experimental vs. calculated 1H and 13C NMR chemical shifts of 3–12, evaluated at the mPW1PW91/6-311G(d,p) level.
	Cmpd
	Range (ppm)
	Error range (ppm)

From	To
	Slope
	RMSD (ppm)
	Pearson's r
	CMAE (ppm)
	Relative error (%)a


1
H NMR
3 1.60–8.46	0.73	+0.93	1.055	0.30	0.9918	0.22	3.2
4 1.34–8.42	0.65	+0.69	1.011	0.41	0.9710	0.35	5.0
5 1.66–7.74	0.59	+0.98	1.100	0.34	0.9855	0.28	4.5
6 1.32–8.38	0.37	+0.37	1.092	0.16	0.9976	0.12	1.7
7 1.37–9.10	0.79	+1.95	1.067	0.49	0.9797	0.33	4.3
8 1.34–7.31	0.44	+0.61	1.077	0.20	0.9948	0.14	2.3
9 1.38–8.52	0.45	+0.93	1.115	0.29	0.9916	0.23	3.2
10 1.57–7.41	0.52	+0.74	1.107	0.27	0.9895	0.20	3.5
11 1.27–8.45	0.34	+0.85	1.083	0.25	0.9932	0.20	2.8
12 1.37–8.54	0.51	+0.71	1.088	0.31	0.9938	0.24	3.4
Average/total	1.27–9.10	0.54	+0.88	1.080	0.30	0.9889	0.23	3.4
	13
C NMR
3
	13.5–147.4
	6.0
	
	+5.1
	1.056
	2.2
	0.9987
	1.5
	1.1

	5
	12.8–147.1
	7.2
	
	+8.1
	1.078
	3.3
	0.9970
	2.7
	2.0

	6
	13.7–158.1
	6.3
	
	+4.6
	1.077
	2.1
	0.9988
	1.6
	1.1

	7
	13.4–167.5
	13.9
	
	+22.0
	1.066
	5.3
	0.9923
	3.1
	2.0

	8
	12.9–146.5
	11.9
	
	+7.4
	1.090
	3.5
	0.9966
	2.5
	1.9

	9
	16.0–157.5
	6.2
	
	+4.2
	1.066
	2.1
	0.9989
	1.6
	1.1

	10
	13.7–148.0
	6.4
	
	+5.6
	1.073
	2.6
	0.9981
	2.1
	1.5

	11
	14.9–158.0
	5.5
	
	+4.7
	1.071
	2.3
	0.9985
	1.8
	1.3

	12
	13.4–156.3
	10.6
	
	+4.7
	1.065
	2.9
	0.9977
	2.1
	1.5

	Average/total
	12.8–167.5
	8.2
	
	+7.4
	1.071
	2.9
	0.9974
	2.1
	1.5


a
Relative error values were evaluated as Rel. error = CMAE/Range100%.
Strychnoflavine (9). A fairly recent and reliable set of 1H and 13C NMR experimental data is available for this alkaloid [13], and present calculations are in a fairly good agreement with experiment, especially those for carbon chemical shifts. Not all 1H NMR signals are resolved in the experimental spectrum, so we present here theoretical values of chemical shifts for the most ambiguous individual protons H-50b and H-60b.
Nb-methyl-longicaudatine (10). All 1H NMR data for this compound were provided in the same article [13]. The resonances of H-6b (2.09 ppm) and Н-140b (2.41 ppm), as well as H-14b (2.57 ppm) and Н-140a (2.41 ppm) seems to be swapped based on our calculated chemical shifts: H-6b$H-140b, H-14b$H-140a. We also present calculated values of several experimentally unregistered chemical shifts, namely H-6b, H-60, C-20, and C-70.
Demethoxyguiaflavine (11). Experimental 1Н and 13С NMR chemical shifts are known for this compound, and our calculations are in good agreement with those data. Here, we present only three missing assignments for H-6b, H-50b, H-60b, which are based on the performed calculations.
Artefact from Strychnoflavine (12). For this compound, only the missing experimental data for the proton chemical shifts H-22, H-50b, and H-60b can be noted, which were successfully filled in by theoretically calculated values.
|	Distribution of stereoisomers of 3-hydroxylongicaudatine Y (5) and guianensine (7)
As it has already been mentioned, two compounds from the studied series of alkaloids, namely 3-hydroxylongicaudatine Y (5) and guianensine (7), fall outside the range of correlation of theoretically calculated chemical shifts with experimental data [8, 12], see Figures 1 and 2. For these two compounds, we conducted a more detailed analysis of their conformational and configuration structure.
TABLE2
SelectedambiguousvaluesofcalculatedNMRchemicalshifts(ppm)in
3
–
12
.Experimentalvaluesaregiveninparentheses.
Nucleus3456789101112
1
HNMR
H-22.28(3.26)
H-33.28(4.39)
H-5
β
2.93(3.68)
H-6
β
2.51(1.78)1.45(2.25)1.98(2.58)
H-14
α
1.75(2.44)
H-15
3.93(3.21)
H-17
5.34(4.55)4.02(4.95)4.10(4.95)
H-19
6.38(7.15)
H-21
β
2.91(4.86)3.41(4.15)
H-22
β
4.94(5.65)
H-6
0
α
2.31(2.92)
H-14
0
β
2.74(3.67)
H-17
0
7.85(7.20)
13
CNMR
C-8138.2(132.3)136.2(129.9)
C-9
120.9(128.3)
C-15
30.9(22.7)
C-18
174.6(167.5)
C-19
130.5(152.5)143.0(136.6)
C-20137.4(130.2)145.0(131.1)152.8(140.9)147.2(141.0)
C-21
56.0(63.4)
C-22
80.0(69.4)
C-3
0
140.2(145.3)128.8(136.6)
C-16
0
122.5(116.2)
C-19
0
134.5(128.5)
C-20
0
145.3(139.0)141.3(134.7)
C-21
0
51.3(59.4)130.0(121.9)
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SCHEME 2	Additional assignments and missing NMR spectral data of longicaudatine Y (1), longicaudatine F (2), and afrocurarine (4): black—experimental data, blue—computational assignments based on the performed calculations. ND stands for “not determined.”
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SCHEME 3	Assignment and missing NMR chemical shifts of 3, 6, 9–12: black numbers: experimental chemical shift; blue numbers: calculated chemical shifts. ND stands for “not detected.”
First of all, we performed a detailed conformational search, as a result of which it was found that in 3-hydroxylongicaudatine Y (5), the N-40–C-30–C-140–C-150–C-200–C-210 piperidine moiety of the cis- or trans-configuration of the C0/D0 quinolizidine ring system most likely adopts twist-boat and chair conformations of ring D0, see Figure 3A,B.
The energy barrier between these two conformations of the piperidine D0 ring of 5 for a structure with the configuration proposed in the original work, is 4.4 kcal/mol. Thus, it can be assumed that in the natural environment of the liquid phase, the conversion of one conformation to another is possible.
As for guianensine (7), the primary conformational study demonstrated the possibility of the non-hindered rotation of two subunits relative to each other around the С-150–С-160 bond, see Figure 3C,D. At this, for the dihedral angle C-170–C-160–C-150–C-200, location in syn- and anticlinal conformations is possible with a conversion barrier of only 1.5 kcal/mol. In this case, the synclinal conformation is stabilized by two intramolecular hydrogen bonds, namely those between the oxygen atoms of the acyloxy group together with the protons of the hydroxy group and the pyrrole moiety of the second subunit. On the other hand, the anticlinal conformation has only one intramolecular hydrogen bond; however, it is a much less sterically strained.
Thus, taking into account, the established conformational features of these two alkaloids, we used a reliable and simple workflow to unambiguously establish their stereochemical structure proposed in our previous studies [21, 22]. By changing the configuration “step by step” at all asymmetric centers (marked in green in Figure 4), we thus constructed the main diastereomers of 5 and 7. In the case of 3-hydroxylongicaudatine Y, in addition to the main set of diastereomers with a modified configuration of all chiral carbon atoms, we also studied the reversed configuration at
[image: ]
FIGURE 3 Spatial moieties of two partial conformations of 3-hydroxylongicaudatine Y (5) and guianensine (7): (A) the chair conformation of the 40-30-140-150-200-210 piperidine D0 ring of 5; (B) the twist-boat conformation of the 40-30-140-150-200-210 piperidine D0 ring of 5; (C) the synclinal conformation of the 170-160-150-200 moiety of 7; (D) the anticlinal conformation of the 170-160-150-200 moiety of 7. the N-40 atom. There is an assumption that a reversal of the lone pair of N-40 observed in corynane parts with an ethylidenic chain fixed on C-200 cannot be excluded and could justify further explorations. So, we compared between the two most frequent conformations of this type of corynane alkaloids (configurations 30S, 40S vs. 30S, 40R) and the other conformations encountered in the yohimbine alkaloids such as 30R, 40S vs. 30R, 40R). Consideration of the configuration change of the N-4 atom was not carried out in the framework of this study, since the alternative 4R-stereoisomer is enormously unfavorable energetically. This point is a matter of serious thought, and will be considered by us in the following studies on this topic.
For all the main diastereomers, as well as for the listed conformers of the “original” configurations (designated as “C-0”), geometric parameters were optimized at the M06-2X/cc-pVTZ//aug-cc-pVTZ level. For the optimized structures, the 1H and 13C NMR chemical shifts were then calculated. The results of these computations in the form of the normalized CMAE and RMSD are presented in Figure 5.
As for guianensine (7), it should be noted that the best correlation with experimental data was achieved when calculating its originally proposed C-0 configuration. At the same time, the synclinal conformation showed slightly more reliable CMAE and RMSD values, as compared to the anticlinal conformation: 6.3% and 9.7% versus 7.5% and 10.3%, respectively. Thus, it follows that originally proposed configuration of 7 [8] is true, and most likely, the predominant conformation of the A0/B0/C0/D0 indoloquinolizinium ring system is synclinal.
More interesting results were reached while calculating chemical shifts of the main diastereomers of 3-hydroxylongicaudatine Y (5): none of the conformers in the original configuration were found to be predominant among other diastereomers. This may indicate that, in fact, the probably true configuration of this alkaloid is one with a changed chirality at N-40, see Figure 5. To increase the reliability of choosing the correct diastereomer, we conducted a correlation analysis of all diastereomers using the DP4+ approach [21]. Results of a study to determine the probability of predominant diastereomers together with the most representative conformers of 5 and 7 evaluated within the DP4+ formalism are presented in detail in Figure 6.
As can be seen, the calculation within the framework of the DP4+ formalism completely seems to prove the assumption that for 3-hydroxylongicaudatine Y (5), the predominant stereoisomer is one with a changed configuration at N-40 (40R-stereoisomer), despite the fact that the scaled 13C NMR chemical shifts for the diastereomer with a changed configuration at C-30 atom showed the most density probability.
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FIGURE 4	Spatial structures of 3-hydroxylongicaudatine Y (left) and guianensine (right). Asymmetric carbon atoms are shown in green.
Nevertheless, it is vital to emphasize that there is no one-size-fits-all technique and the requested type of spectroscopic methods should be assessed in the case of complex molecules.
For guianensine (7), the situation is somewhat different: according to the criterion of scaled errors applied for the calculation of 1H NMR chemical shifts, the ratio between diastereomers C-0 (synclinal conformation) and C-3 is 77:23%, respectively. Moreover, according to the criteria of unscaled and complex errors applied to the calculation of 1H NMR chemical shifts, the complete predominance of the С-3 diastereomer is obvious, if compared to the rest of the main diastereomers. However, taking into account, the fact that 13С NMR chemical shifts of the original configuration syn-C-0 is much better correlated by all criteria, the resulting probability density for the title diastereomer syn-C-0 (stereoisomer 2S, 3R, 7R, 15R, 16R, 17S) is absolute.
The final structure of 2S, 3R, 7R, 15R, 16R, 17S, 30S, 40R, 150S—3-hydroxylongicaudatine Y together with experimental and calculated NMR chemical shifts is presented in Figure 7.
As a final illustration, presented below are the correlation plots between calculated and experimental values of 1H and 13C NMR chemical shifts for the original 2S, 3R, 7R, 15R, 16R, 17S, 30S, 40S, 150S and reassigned 2S, 3R, 7R, 15R, 16R, 17S, 30S, 40R, 150S configurations of 3-hydroxylongicaudatine Y (5), as presented in Figure 8 at left and right, respectively. Only the geometry of the C190-C200 ethylidenic chain is not defined in Figure 7.
It follows that calculated chemical shifts of the 40R-stereoisomer demonstrate a good agreement with experimental spectra, characterized by Pearson coefficient R of about 0.995 and 0.998 for the 1H and 13C NMR, respectively. It is seen that the most accurate correlations are observed for carbons. The final correlations of the reassigned 2S, 3R, 7R, 15R, 16R, 17S, 30S, 40R, 150S configuration are characterized by a CMAE of accordingly, only 0.14 ppm for the range of about 7 ppm for protons and 2.1 ppm for the range of about 140 ppm for carbons.
|	COMPUTATIONAL DETAILS
|	Conformational search and geometry optimization
The initial conformational search of compounds 1–12 was conducted using the OPLS3 force field in the liquid phase of a specific solvent, employing the MacroModel module implemented in the Schrödinger Maestro 11.5 package [22]. During this search, approximately 105 steps were performed to identify the most probable conformers. Subsequently, the unique conformations of the compounds were identified and subjected to further geometry optimization using the GAUSSIAN 09 program [23] at the M06-2X/cc-pVTZ//aug-cc-pVTZ level [24, 25]. The solvation effect was taken into account using the IEF-PCM model developed by Tomasi et al. [26, 27].
|	Calculation of chemical shifts
Calculations of 1H and 13C NMR isotropic magnetic shielding constants and their corresponding chemical shifts were carried out at the DFT level in the liquid phase of particular solvent with using the GAUSSIAN 09 program. In these calculations, we used the one-parameter hybrid functional
[image: ]
FIGURE 5	Distribution of normalized CMAE and RMSD values (%) of the main diastereomers together with some low-energy conformers of 3-hydroxylongicaudatine Y (5) and guianensine (7).
mPW1PW91 [28], which was used in combination with Pople's triple-zeta basis set 6-311G(d,p) [29]. TMS was used as a reference compound for both 1H and 13C NMR calculations, which was calculated at the same level of theory as the compounds under study.
To take into account, the systematic errors of calculated chemical shifts, we have established correlations between their experimental chemical shifts (x) and isotropic magnetic shielding constants (y) values, 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.
|	Estimation of diastereomers probability distribution
To analyze the distribution of stereoisomers/conformers, we used the DP4+ approach, which was developed and introduced into practice by Sarotti et al. [21]. The DP4+ formalism involves the inclusion of the unscaled chemical shifts in the probability calculation in combination with the implementation of the scaled chemical shifts:
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FIGURE 6	DP4+ probability distribution of the main diastereomers together with some conformers of 3-hydroxylongicaudatine Y (5) and guianensine (7).
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FIGURE 7	Calculated (blue) and experimental (black) 1H and 13C NMR chemical shifts of 2S, 3R, 7R, 15R, 16R, 17S, 30S, 40R, 150S—3-hydroxylongicaudatine Y.
[image: ]
FIGURE 8	Correlation plots of the calculated versus experimental 1H and 13C NMR chemical shifts of 3-hydroxylongicaudatine Y (5): original (left) and reassigned (right) configurations.
kQN1h1Tνs eσiss,kih1Tνuspxeiu,kσuμspxuspxi Pi ¼ jPm1¼kQN1h1	Tνseσiss,kih1	Tνuspxeiu,kσuμspxuspxi	ð1Þ
		
	¼	¼
where Tsν and Tu-spxν are the standard cumulative t-distribution function with ν degrees of freedom centered on the average error μ and variance σ.
Thus, the configuration at each of the asymmetric center of the studied alkaloids was established and verified by applying the DP4+ analysis of the probability of each of the candidate stereoisomers/conformers.
Corrected mean absolute errors (CMAE) were calculated as:
Pn δexp σcalcb
	CMAE ¼ i¼1	n	a		ð2Þ
where σcalc are the unscaled shielding constants for each of the n nuclei, and 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 ¼ vuuutffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiiP¼n1 ðδexpnδcalcÞ2ffi
while Pearson's correlation coefficients r were calculated as:
	n 00δ	Pi¼n1 δexp 10δ	Pi¼n1 δcalc11
	ð3Þ


	PB@B@ exp 	n	AC@B calc 	n	ACAC
i¼1
	rðδexp ,δcalcÞ¼ vuuuuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP1 0@B	Pi n1	exp 12	n @0B calc	Pi n	1CA2	ð4Þ
n δ	δcalc δexp  ¼ n C δ  ¼1n
	ti¼	A iP¼1
where δexp and δcalc are the experimental and scaled chemical shifts of each of the n nuclei, respectively.
The normalized values of the considered descriptors (D) were evaluated as N(D) = (D)/Range (D)  100%.
|	CONCLUSIONS
Configurational assignments of 12 bisindole alkaloids of the strychnine series were performed based on the correlation of the high-level calculated and experimental NMR chemical shifts. For some compounds, the reassignment of the individual signals together with spectral assignment of experimentally unresolved signals were suggested. A more thorough consideration was carried out for 3-hydroxylongicaudatine Y and guianensine, which fall outside the range of the correlation of theoretically calculated chemical shifts with experimental data.
Performed calculations within the framework of the DP4+ formalism completely confirmed the assumption that, probably, predominant stereoisomer of 3-hydroxylongicaudatine Y was the one with a changed relative to the original configuration at N-40. It was also established that the resulting probability density for the most stable diastereomer syn–C-0 of guianensine (stereoisomer 2S, 3S, 7R, 15R, 16R, 17S) was obvious; therefore, a synclinal conformation at 10–30–140–150–200–210 is most likely for this bisindole alkaloid. In the future, it is planned to perform further (re)assignment of the NMR parameters of a number of pharmacologically important natural bisindole alkaloids of Strychnos-Strychnos type.
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