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Abstract
NMR spectroscopy methods have been used to prove structures of two diastereom-
ers of cyclopropa[a]pyrrolizine spiro-fused with a benzo[4,5]imidazo[1,2-a]indole 
fragment which were obtained through a three-component 1,3-dipolar cycloaddition 
reaction and isolated in a ratio of 6:1. Complete signal assignment in 1H and 13C 
spectra of each compound was made by using some homonuclear (COSY, NOESY) 
and heteronuclear (HMQC, HMBC) NMR experiments. The spatial structure of the 
studied diastereomers was proved on the basis of data on interproton through-space 
interactions obtained from the NOESY spectra at a mixing time of 0.5 s. The com-
parison of the experimental and calculated values of the vicinal constants and inter-
proton distances indicates that each of the studied diastereomers in solution is char-
acterized by a fast (in the NMR time scale) conformational equilibrium due to the 
inversion of the nitrogen atom in the cyclopropa[a]pyrrolizine fragment.
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1 Introduction

One of the important tasks in the synthetic organic chemistry is the formation of 
azomethine ylide particles, with the help of which various compounds with useful 
properties can be obtained. In our recent work, we have shown the possibility of 
generating azomethine ylides from 11H-benzo[4,5]imidazo[1,2-a]indol-11-one and 
amino acids [1] for the first time. The structure of the compounds considered in the 
article contains pharmacophore fragments of 3-azabicyclo[3.1.0]hexane and pyr-
rolysine. They are both often found in many medicinal preparations and represent 
interesting classes of heterocyclic compounds from the point of view of biological 
activity [2–4]. In the process of work, diastereomers—(4) and (5) were synthesized 
and individually isolated, which undoubtedly facilitated the task, but did not make it 
less interesting from the point of view of NMR analysis.

The aim of this article is to prove the structures of two diastereomers (4) and 
(5), which are produced by the interaction of trimethylsilylcyclopropene 1, 
11H-benzo[4,5]imidazo[1,2-a]indol-11-one (2) and L-proline (3) and later were 
isolated individually by preparative thin-layer chromatography in a ratio of 6:1, 
respectively (Fig. 1). We do not describe the reaction mechanism, since it has been 
recently discussed in detail in our separate publication [1], but we present here the 
most important arguments of the NMR evidence for the structure and intramolecular 
dynamic of each of the two diastereomers (4) and (5).

One of the main advantages of the NMR method is its high resolution capability, 
which makes it possible to determine even small changes in the molecular structure 
[5]. The method is unique, because it makes it possible to study the dynamics of 
molecular processes, including fast in NMR time scale changes in the conformation 
of the molecules in solution [6]. Thanks to development of NMR methods and data 
processing procedures, it has become possible to analyze NMR spectra of very large 
molecules such as proteins and other biopolymers [6, 7] and also the spectra of com-
plex mixtures of small molecules [8]. However, like any other method, the NMR 
spectroscopy has its disadvantages. In particular, some proton signals in 1H spectra 
may be hidden under solvent lines and overlapped on each other. It may lead to so-
called strong-coupled effects between scalar connected protons, which may impose 

Fig. 1  Synthesis of spiro-adducts (4) and (5) via one-pot three-component reactions of cyclopropene (1), 
ketone (2) and l-proline (3)
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some restrictions and create difficulties at spectral analysis. For correct interpreta-
tion of NMR data in some cases, it is necessary to obtain additional information 
about the molecular structures under study and/or their spectral and relaxation data. 
This can be done on the basis of computer modeling. Such approach, known by 
the generic acronym CASE (Computer Assisted Structure Elucidation), has been 
widely and effectively used in recent times [9–11].

2  Results and Discussion

2.1  1H and 13C Signal Assignments in NMR Spectra of Compounds (4) and (5)

As the main methods for identifying signals in the 1H NMR spectra of regioiso-
mers (4) and (5), we used the correlation spectra COSY [12] (Figs. S5 and S12, 
respectively) and NOESY [13–15] (Figs. S6 and S13, respectively), in which the 
cross-peaks between the signals of scalar-coupled and spatially close protons, 
respectively, provided unambiguous information about their belonging as in ali-
phatic (2.0–5.0 ppm), and in aromatic (6.0–8.1 ppm) regions of the indicated spec-
tra. In case of both compounds (4) and (5), there is no doubt that the singlet signal 
(Fig. 2) with relative intensity 9H belongs to the protons of the Si(Me)3 group due 
to the characteristic chemical shift (− 0.08 ppm for (4) and − 0.15 ppm for (5)) and 
to the presence of a satellite doublet signal of methyl groups at 29Si atoms with a 
total relative intensity of 4.7% and 2J(29Si-1H) = 7.5 Hz and presence of a satellite dou-
blet signal of methyl groups at 13C atoms with a total relative intensity of 1.1% and 
1J(13C-1H) = 119.9 Hz.

Fig. 2  Fragment of NMR 1H spectrum of compound (4) with methyl signal of Si(Me)3 group. Scalar 
coupling of these protons with isotopes 29Si and 13C are shown by arrows



 Y. A. Pronina et al.

1 3

In case of NOESY experiments [16], it was necessary to select the appropriate 
conditions for registration and process data. We used a relatively short mixing time 
(τm = 0.5 s) and so-called ISPA (isolated spin-pare approximation) approach [17–20] 
and PANIC (peak amplitude normalization for improved cross-relaxation) method 
[21–23] to eliminate relaxation effects: the values of the cross-peak integral intensi-
ties were reduced to the diagonal ones. Moreover, we used the so-called spherical 
(or isotropic) model of distance estimation on base NOE data and calibrate method 
for calculation of unknown distances [15] because of the relatively low calculated 
value of the diffusion coefficients relation around the main axes:  (D║/D┴)calc. ≈ 2. It 
was assumed that there was no (or insignificant contribution) of the anisotropy of 
the total rotational diffusion in the solution of the studied molecules (4) and (5) [24, 
25].

When analyzing the distances between protons in the rigid part of the molecule 
(H6a′ or H1′) and degenerate ortho-protons (H12,16 or H18,22) of mobile aromatic 
rings at 1a′- or 6b′-positions, only the distance to the nearest ortho-proton was taken 
into account [26–28], because the distance to the farthest ortho-proton was signifi-
cantly (by 1.5–2.0 Å) longer than that of the nearest one. As a result the contribution 
of distant ortho-proton to the total NOE was negligibly small: no more than 2–3% of 
the measured value [29, 30].

Comparison of the 1H NMR spectra of compounds (4) and (5) shows (Fig. 3) [1] 
significant differences in the signal positions of both aliphatic and aromatic protons. 
In the aliphatic region almost all the protons of compound (5) have higher chemical 
shifts than of compound (4). There is an exception in the form of proton H1′, the 
singlet signal of which has a slightly higher chemical shift in the case of compound 
(4). The greatest changes in the chemical shift are observed for the H4′α proton, 
which increases by 1.0 ppm. for compound (5) compared to its value of (4). In the 
case of the aromatic region, we can observe that for compound (5), the chemical 

Fig. 3  a Regioisomers (4) and (5) with atom numbering. b Fragments of NMR 1H spectra of these com-
pounds. The most significant differences in the proton chemical shifts in aromatic and aliphatic regions 
are shown by lines (From [1] by permission of IJMS)
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shift decreases for the doublet signals of ortho-protons of aromatic rings at posi-
tions 1a′ and 6b′ by 0.25 and 0.14 ppm, respectively, and for proton H1 by 0.24 ppm. 
These differences in chemical shifts in compounds (4) and (5) indicate a significant 
difference in the chemical structure of these molecules, associated with the change 
in the mutual orientation of the fragments at the C2′ atom.

When comparing the 1H spectra of compounds (4) and (5), in addition to the 
above spectral differences, a significant broadening of the lines of proton signals 
belonging to the  C4′H2–C5′H2–C6′H2–C6a′H fragment of the second of them was 
found, compared to the corresponding multiplet signals of compound (4). At the 
same time, the signals in the aromatic region were almost identical in width, except 
the signal of the H1 proton at 7.61 ppm: in the 1H NMR spectrum of compound 
(5), the line width of the doublet signal of the H1 proton at half height is about 
6.0 Hz. This is 2–3 times higher than for other aromatic proton signals. Thus, the 
detected broadening of proton signals in the spectrum of compound (5) may indicate 
the presence of a fast (in the NMR time scale) exchange process.

The signal assignments of carbon atoms in NMR 13C spectra for compounds (4) 
and (5) were made on base HMQC [31] and HMBC [32] spectra (Figs. S7, S8 and 
S14, S15, respectively) and all results are presented in Table S1.

In 13C spectrum of compound (5), as well as in its proton spectrum, a broad-
ening of the part of both aliphatic and aromatic carbon signals is observed 
(Fig.  4) [1]. This fact also suggests the existence of a fast (in NMR time scale) 
dynamic equilibrium between two or more conformers in a five-membered ring 
–N3′–C4′H2–C5′H2–C6′H2–C6a′H. Probably, a similar dynamic process occurs in 
compound (4). It is indirectly confirmed by broadening (up to 8.5 Hz) of some car-
bon signals in the aliphatic region of the 13C NMR spectrum (Fig. S4a), as well as 
by the similar multiplet structures of the proton signals H4′α (2.86 ppm) and H4′β 
(2.38 ppm), which due to time-averaging of scalar constants have the same (doublet 
of triplets) multiplet structure (Fig. S4b) and almost the same sum of the scalar con-
stants: 20.2 and 20.8 Hz, respectively.

Fig. 4  a Aromatic and b aliphatic fragments of 13C NMR spectrum of compound (5). Peaks, affected by 
dynamic effects are depicted by asterisk (From [1] by permission of IJMS)
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Thus, all the above observations of dynamic effects in the 1H and 13C NMR spec-
tra of compounds (4) and (5) indicate the existence of a fast conformational equilib-
rium, apparently associated with the fast rearrangement of the five-membered ring 
–N3′–C4′H2–C5′H2–C6′H2–C6a′H– envelope transfer type and possible nitrogen  N3′ 
inversion process.

2.2  The Usage of Vicinal Constants 3JH‑H for Analysis of Compounds (4) and (5)

In order to confirm the assumption of conformational exchange in compounds (4) 
and (5) independently, an increase in temperature by 30 degrees (up to 50 °C) was 
used to shift the conformational equilibrium toward a thermodynamically less stable 
state. This, in its turn, should lead to a corresponding change in the exchange-aver-
aged vicinal constants in accordance with the relation for the two-position exchange: 
⟨3JH–H⟩ =  PA

3JH-H
(A) +  PB

3JH-H
(B), where  PA and  PB are the populations of the (A) and 

(B) states  (PA +  PB = 1), while 3JH-H
(A) and 3JH-H

(B) are the values of the constant in 
states (A) and (B). Usually, as 3JH-H

(A) and 3JH-H
(B), their calculated values 3JH-H

(calc.) 
based on the Karplus dependence 3JH-H = f(θ) [33–36] can be used for known (or 
calculated by molecular mechanic method MM2) dihedral angles. Unfortunately, 
this approach can be used only for compound (4), which 1H spectrum exhibits well-
resolved multiplet signals of the  C4′H2–C5′H2–C6′H2–C6a′H fragment. However, due 
to the overlap of H5′α, H5′β, and H6′β signals, only the proton signals H6a′ (dd, 
4.82 ppm), H4′α (dt, 2.84 ppm) and H4′β (dt, 2.36 ppm.) are suitable for accurate 
measurement of vicinal constants.

For compound (4), the temperature increasing across 5 degrees from 25 to 
50 °C led to a slight (on 0.22 Hz) increase in the averaged value of constant 3J6a′–6′α 
from 9.05 to 9.27 Hz (Fig. 5a). At the same time the value of the constant 3J6a′–6′β 
remained on identical level about 5.14 ± 0.02 Hz. To get such high accuracy (digi-
tal resolution less 0.02  Hz) 512K data points, LG-transformation (LB = − 4.0  Hz, 
GB = 2.0 Hz) and straightforward linear prediction (LP) procedures were used dur-
ing data processing.

Fig. 5  Experimental dependence of averaged a constant ⟨3J H6a′–H6′α⟩ and b sum of constants ⟨
3JH6a′-H6′α + 3JH6a′-H6′β⟩ on temperature
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It should be noted that in the case of compound (4), the so-called strong-coupling 
effects are quite possible on the signals of H4′α, H4′β and H6a′ protons due to the 
overlap of the signals of H5′α, H5′β and H6′β protons in the region 2.18‒1.95 ppm. 
These effects can lead to distortion of the values of scalar constants or even to the 
appearance of additional so-called combination lines. Since the effects of strong 
coupling in spin systems of the ABX type, which in this case are the protons H4′α, 
H4′β and H6a′, do not change the value of the sum of constants on the signal of 
the nucleus X, the real (and not imaginary due to the effects of strong coupling) 
temperature effect on the constant 3J6a′–6′α can be established if the sum of the con-
stants (i.e. 3J6a′–6′α + 3J6a′–6′β) changes simultaneously, which is the full width of the 
doublet-doublet signal of the H6a′ proton at 4.82 (or doublet-triplet signals of pro-
tons H4′α at 2.84 ppm and H4′β at 2.36 ppm). Therefore, in Fig. 5b, it is additionally 
shown the experimental dependence of the sum of constants (3J6a′–6′α + 3J6a′–6′β) on 
temperature, which synchronously increases by approximately 0.2 Hz. Similar veri-
fication of the absence of strong-coupling effects was also carried out in the analysis 
of the temperature dependence of the scalar interactions of H4′α and H4′β protons.

The calculated values of dihedral angles θij, which were obtained by MM2 opti-
mizing the geometry of three selected conformers of compound (4), are presented in 
Table 1. These selected conformers (A), (B) and (C), which differ in the mutual spa-
tial orientation of protons in the five-membered ring  N3–C4′H2–C5′H2–C6′H2–C6a′H 
are shown in Fig. 6 [1].

The lowest total energy was found for conformer (A) and conformers (B) and (C) 
are most preferable for interpretation of some detected spectral and cross-relaxation 
discrepancies. For each of the conformers, using three modifications of the Karplus 
dependence [33–35], six vicinal constants were calculated and compared with their 
experimental values.

From the analysis of vicinal constant data, it is quite obvious that none of the 
conformers can give the satisfactory agreement between their calculated and experi-
mental values. Therefore, this discrepancy is the direct evidence of the existence of a 
fast (on the NMR time scale) exchange between two or more conformations of com-
pound (4), which leads to averaging of the observed characteristics in accordance 
with their populations in solution. It should be noted that the detected quantitative 
differences between the calculated and experimental constants go beyond the usual 
accuracy of their calculation using the well-known modifications of the Karplus 
type empirical relations 3JH-H = f(θ).

The significant difference between the calculated and experimental values 
of the vicinal constants is especially noticeable when their sums are compared. 
For example, given in Table  1 data clearly show that for the sum of constants 
(3JHa–H6′α + 3JHa–H6′β) their calculated values for conformers (A) and (C) exceed 
their experimental value of 14.19 Hz, and for conformer (B), on the contrary, this 
amount is underestimated. A similar strong discrepancy is observed for the sums 
of the constants (3J4′α–5′α + 3J4′α–5′β) and (3J4′β–5′α + 3J4′β–5′β), which were measured on 
the signals H4′α and H4′β, respectively, and had, for example, almost the same val-
ues for the conformer (A): 12.8 and 12.6 Hz, respectively. However, their calculated 
values obtained using the HLA modification of the Karplus equation [33] turned 
out to differ by more than 10 Hz and equal to 18.02 and 7.23 Hz, respectively. At 
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the same time, for conformer (B), the calculated values of the same sums of con-
stants obtained by the same method (HLA) turned out to be completely opposite: 
8.07 and 18.23 Hz, respectively. For conformer (C), the difference in the sums of 
constants decreases by almost 5 Hz: 12.8 and 17.43 Hz, respectively. Thus, a good 
agreement between the experimental and calculated values of the sums of constants 
can be obtained only under the conditions of the presence of two (or more) conform-
ers in the solution, which rapidly (in the NMR time scale) exchange with each other.

Table 1  Calculated (MM2) dihedral angles θij, calculated (on base different Karplus relations) and exper-
imental scalar constants 3Jij between vicinal protons in conformers (A), (B) and (C) of the compound (4)

*HLA (Haasnoot–de Leeuw–Altona equation—General) with β-effect [33]
**SB (Smith–Barfield equation) [34]
***DAD (Diez–Altona–Donders equation) [35]

Hi–Hj θij, grad 3Jij
(calc.)*, 

Hz
3Jij

(calc.)**, 
Hz

3Jij
(calc.)***, 

Hz
3Jij

(exp.), 
Hz

∑3Jij
*, 

Hz
∑3Jij

**, 
Hz

∑3Jij
***, 

Hz

6a′–6′β(A) 15.6 9.68 11.01 9.30 5.14 17.19 17.52 17.43
6a′–6′α(A) 138.1 7.51 6.51 8.13 9.05
6a′–6′β(B) − 12.4 10.41 11.3 10.00 5.14 12.74 13.22 12.88
6a′–6′α(B) 109.1 2.33 1.92 2.88 9.05
6a′–6′β(C) 41.6 5.79 7.05 5.89 5.14 17.28 17.49 17.83
6a′–6′α(C) 165.0 11.49 10.44 11.94 9.05
4′α–5′α(A) 38.8 6.46 7.57 5.66 5.0 18.02 17.65 17.77
4′α–5′β(A) 161.4 11.56 10.08 12.11 7.8
4′β–5′α(A) − 82.2 0.49 0.75 1.14 4.9 7.23 8.01 8.22
4′β–5′β(A) 40.5 6.74 7.26 7.08 7.7
4′α–5′α(B) − 35.6 7.62 8.15 7.91 5.0 8.07 9.12 8.74
4′α–5′β(B) 86.3 0.45 0.97 0.83 7.8
4′β–5′α(B) − 154.9 10.73 9.26 11.45 4.9 18.23 17.85 18.85
4′β–5′β(B) − 33.1 7.50 8.59 7.40 7.7
4′α–5′α(C) − 12.5 10.62 11.29 10.65 5.0 12.8 13.17 13.77
4′α–5′β(C) 108.7 2.18 1.88 3.12 7.8
4′β–5′α(C) − 135.8 7.27 6.09 8.32 4.9 17.43 17.20 18.34
4′β–5′β(C) − 14.6 10.16 11.11 10.02 7.7

Fig. 6  Conformational exchange of the compound (4) between 5′β-envelope (A), 5′α-envelope (B) and 
6a′β-envelope (C) forms (From [1] by permission of IJMS)
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It should be added that for compound (5) an increase in temperature to 50  °C 
led only to a slight narrowing of the broadened signals of  C4′H2–C5′H2–C6′H2–C6a′H 
fragment, but not to the appearance of their multiplet splitting, which is observed for 
the corresponding proton signals of compound (4).

2.3  The Usage of NOESY Data in Conformational Analysis of Compounds (4) 
and (5)

The comparison of NOESY spectra of products (4) and (5) is the easiest way to 
obtain the proof of their structural and conformational feature. In Fig. 7, red aster-
isks indicate the most important proton–proton spatial interactions for compound 
(4). The normalized integral intensities of the corresponding cross-peaks are shown 
by the figures near integral rectangles. The comparison of their values with the oth-
ers allows us to estimate proton–proton distances or their relations quickly and accu-
rately enough. It should be noted that in this case only one NOESY spectrum is 
used, obtained at a mixing time of 0.5 s, its processing was carried out as described 
in [22]. For this approach, we used graphic dependence of normalized cross-peak 
intensity (Sij/Sii) on distance rij at reference distance value 1.78 Å for r(ref.) = r4′α–4′β 
and (Sij/Sii)(ref.) = 18.6 (Fig. S16 in SI). The obtained experimental distances rij

(exp.) or 

Fig. 7  The spatial structures of the conformers and the spectrum NOESY of the compound (4). Dou-
ble arrows and rectangles on the 3D model of the molecule indicate the interproton distances the most 
important for proving the structures and the corresponding cross-peaks, respectively. The calculated 
(MM2) distance values are given by figures in angstroms (Å), and the volume integrals are given in % 
relatively to the intensity of the diagonal signal of the proton H1′ (From [1] by permission of IJMS)
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their ratios rij
(exp.)/rik

(exp.) were compared with the corresponding calculated values, 
which were defined after optimizing of the molecular geometry by the molecular 
mechanics method MM2.

For compounds (4) and (5), the most important difference in their spatial struc-
tures is the spatial proximity of the H1 proton with neighbor protons in the α-region 
and β-region of these molecules. Compound (4) is characterized by proximity to 
H1′ (2.4 Å) and H4α (2.2 Å) protons, the reduced integral cross-peak intensities of 
which are 7.1 and 2.0%, respectively (see Fig. 7) [1]. In the NOESY spectrum of 
compound (5), these cross-peaks are simply absent (Fig. 8), but next intense spatial 
interactions are observed in the β-region of this molecule: 1/6a′ (2.7 Å), and 1′/18 
(2.5 Å), which cross-peak intensities are 5.7 and 3.0%, respectively.

It should be added that when establishing the structure of compounds (4) and 
(5) using NOESY, not only the differences in the intensities of the cross-peaks 
were taken into account, but also their coincidence. For example, the spatial 
β-orientation of the H6a′ proton in compounds (4) and (5) is confirmed by the 
same weak (0.4%) cross-peak 6a′/1′. This value fully corresponds to the calcu-
lated distance r6a′–1′

(calc.), equal to 3.9 Å for the preferable conformer (A). How-
ever, in the NOESY spectra of compounds (4) and (5), there are obvious quan-
titative inconsistencies in the ratio of some pairs of distances. For example, in 
case compound (4), the intensity of the 6a′/4′β cross-peak is significantly overes-
timated compared to 6a′/6′β. For the most energetically favorable conformation 

Fig. 8  The spatial structure and fragments of spectrum NOESY of compound (5). Double arrows and 
rectangles on the 3D model of the molecule indicate the interproton distances most important for proving 
structures and the corresponding cross-peaks, respectively. The calculated (MM2) distance values are 
given by figures in angstroms (Å); the volume integrals are given in % relatively to the intensity of the 
diagonal signal of the proton H1′ (From [1] by permission of IJMS)
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(A) of this compound, the calculated distances r6a′–4′α
(calc.) and r6a′–6′β

(calc.) are 3.9 
and 2.3  Å, respectively. Therefore, the integrated intensity of the 6a′/4′α cross-
peak should be almost 24 times less than the intensity of the 6a′/6′β cross-peak. 
According to the NOESY spectrum, the 6a′/4′α cross-peak is only 2.5 times 
smaller than the 6a′/6′β cross-peak. A similar discrepancy is also observed 
between the intensities of the 1′/4α and 1′/6α cross-peaks, for which the corre-
sponding distances in conformation (A) are 2.2 and 2.5  Å. Therefore, the inte-
grated intensity of the first of the cross-peaks should be approximately 2 times 
higher than the second, but according to the experimental NOE data (Fig. 7), it 
turns out to be 1.4 times lower (S1′/4′α

(exp.) = 2.3%, S1′/6′α
(exp.) = 3.3%).

The obvious reason for such significant differences between the experimental 
and calculated NOE data is the fast conformational exchange on the NMR time 
scale. It means that in experiments on measuring NOEs its time-averaged values 
are observed, which leads to a deviation from the calculated values of distances for 
each of the conformers if they differ significantly from each other [14–16]. There-
fore, the obtained NOE data quantitatively confirm the previously made assumption 
about the existence of compounds (4) and (5) in solution in the form of a fast (in 
time NMR scale) conformational equilibrium. Thus, thanks to NOESY data, we can 
speak about conformational exchange more confidently than in case of analysis of 
scalar constants 3JH-H in Sect. 2.2.

In the right fragment of the NOESY spectrum (Fig.  8) [1], the spatial interac-
tions of the proton H1 are indicated by double arrows. The double red arrow shows 
the interaction between protons H1 (7.61 ppm) and H12 (7.48 ppm), which could 
be a significant proof of the structure. However, due to the spectral closeness of 
the corresponding signals (∆δ = 0.13 ppm), the cross-peak at 400 MHz is covered 
by diagonal signals and is inaccessible for observation. It should be also noted that 
for product (5) in the NOESY spectrum, there is no significant increase in the inte-
grated intensity of the 6a′/4′β cross-peak associated with dynamic averaging of the 
observed (i.e., effective) NOE. This may indicate a shift in the conformational equi-
librium in product (5) toward the more energetically favorable conformer (A) as 
compared to the product (4).

The discrepancies found in the NOESY spectra of compounds (4) and (5) in the 
ratios of the integrated intensities for some pairs of interproton distances compared 
with their calculated values for the most preferred conformation (A) make it pos-
sible to estimate experimentally the population of the second conformer, the pres-
ence of which under conditions of fast (in the NMR time scale) conformational 
exchange with form (A) leads to distortion of the NOE data. The choice of the sec-
ond conformer depends on the kind of spatial interaction chosen for such quantita-
tive estimates.

There is no doubt that the most convenient for these purposes is the conformation 
for which geometry calculations using the method of molecular mechanics predict 
the maximum change in its structure, leading to the decrease in the measured dis-
tance (rather than an increase) compared to conformation (A). For this choice, the 
location of the corresponding pair of signals in the 1H NMR spectrum convenient 
for NOE detection, as well as the presence of a reference pair with a comparable dis-
tance between protons in the measured pair [15, 22] are important factors.
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For compounds (4) and (5), all the above conditions are satisfied by the distance 
r6a′–4′β, since it varies from 3.91 Å in conformer (A) to 2.59 Å in conformer (C), 
which has the maximum proximity between separate H6a′ and H4′β protons (see 
Fig.  6). A convenient reference pair can be H6a′ and H6′β protons, the distance 
between which in conformations (A) and (C) is almost the same: r6a′–6β

(A) = 2.32 Å 
and r6a′–6β

(C) = 2.41 Å. It should be noted that the given values of the calculated dis-
tances for compounds (4) and (5) differ from each other within about (± 0.02 Å),

Therefore, taking into account the common experimental error in measuring the 
integral intensities of cross-peaks in NOESY spectra and the corresponding accu-
racy of estimating interproton distances based on only one spectrum within ± 0.1 Å 
[21, 22], we can use the above initial data to plot the dependence of the average 
distance ⟨rij⟩ on the population (P) of the conformers (A) or (C). In the case of two-
position exchange (A) ↔ (C) this dependence has a simple form, which is shown 
in Fig.  9 both in the form of an analytical dependence and its non-linear graph ⟨
rij⟩  = f(PC).

To estimate the proportion of the second conformer of compound (4), we used the 
normalized integral intensities of the 6a′/4β and 6a′/6β cross-peaks, which are 2.0 
and 5.0% relative to the diagonal peak 6a′/6a′ (see NOESY spectrum in Fig. 7). The 
ratio of their intensities is 1:2.5. Therefore, the ratio of the corresponding distances 
should be equal to (2.5)1/6 = 1.165. Then, assuming that the reference distance r6a′–6′β 
does not depend on the population of conformers and is equal to its average value ⟨
r6a′–6′β⟩ = 2.36 Å for conformers (A) and (B), we obtain the observed (i.e., exchange-
averaged) value distances between H6a′ and H4′β protons: ⟨r6a′–4′β⟩ = 1.165*⟨
r6a′–6′β

(ref.)⟩ = 2.75  Å. The graphical solution for determining the population of the 
conformer (C) is shown in Fig. 9. If the experimental error in measuring the average 
distance ⟨r6′–4′β⟩ is within 0.05 Å, its share is about 2/3 (67 ± 7) %.

A similar integration and calculation procedure was carried out for compound 
(5). In the NOESY spectrum of this compound (Fig. 8 and Fig. S16), the integrated 
intensities of 6a′/4′β and 6a′/6′β cross-peaks are 0.44 and 4.66% relative to the 6a′/6a′ 
diagonal peak, and their ratio is 1: 10.6. In this case, the ratio of the corresponding 

Fig. 9  The calculated depend-
ence of time-averaged 
interproton distance ⟨r6a′–4′β⟩ at 
two-position exchange between 
(A) and (C) conformer on popu-
lation of the second one Pc
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distances should be equal to (10.6)1/6 = 1.482. Then, we obtain for compound (5) 
the observed distance between the H6a′ and H4′β protons: ⟨r6a′–4′β⟩ = 1.482*⟨
r6a′–6′β

(ref.)⟩ = 3.50 Å. This leads to the value of the  PC population equal to (8 ± 3) %, 
if the experimental error in measuring the average distance ⟨r6′–4′β⟩ is within 0.1 Å. 
Thus, the population of conformer (C) in compounds (4) and (5) differs significantly.

The difference in the population of the conformers of the studied diastereom-
ers is probably because of the difference in the dynamic processes occurring in the 
cyclopropa[a]pyrrolizine tricyclic system of each of them. Among the factors that 
can affect the equilibrium position, steric interactions seem to play the most sig-
nificant role, which, due to the difference in the spatial structure of compounds (4) 
and (5), should differ significantly. A more detailed and reasoned conclusion on this 
matter can only be made after an additional study of the thermodynamic and kinetic 
characteristics of these and other similar systems, as well as testing other alternative 
hypotheses.

3  Conclusion

Thanks to the NMR spectroscopy method, an important problem of determining 
the spatial structures of two diastereomers (4) and (5) obtained during the three-
component reaction of 1,3-dipolar cycloaddition was solved. At the same time, the 
processes of dynamic equilibrium between the conformers of each of these com-
pounds were considered. A complete identification of signals in the 1H, 13C NMR 
spectra was performed by analyzing COSY, NOESY, HMQC and HMBC spectra. 
The spatial structures of compounds (4) and (5) have been proven by the quanti-
tative NOE data, which were compared with their proton–proton distance values 
calculated by the molecular mechanics method MM2. In some cases, the calcu-
lated and the experimental distances were different, that allowed us to suppose the 
presence of a dynamic equilibrium between two or more conformers which is con-
nected with the fast (in NMR time scale) envelope change of five-membered ring 
–N3–C4′H2–C5′H2–C6′H2–C6a′H– for both studied compounds (4) and (5). The com-
parison of NOE data for compounds (4) and (5) indicates a shift in the conforma-
tional equilibrium for product (5) toward the more energetically favorable conformer 
(A) as compared to the product (4).

4  Experimental Details

1D and 2D homonuclear NMR spectra (COSY, NOESY) of compounds (4) and 
(5) were acquired on Bruker Avance III HD (400  MHz for 1H nuclei) NMR 
spectrometer. JEOL ECX400A NMR spectrometer (400 MHz for 1H nuclei and 
100 MHz for 13C nuclei) with inverse probe was used for heteronuclear experi-
ments HMQC and HMBC. Chemical shifts of 1H and 13C signals are referenced 
using residual signal of  CDCl3/CHCl3 (7.26  ppm) and triplet signal of CDCI3 
(76.9  ppm), respectively. All measurements were carried out without sample 
spinning at 295K. Initial time-domain NMR signals (FID) were processed in 
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MestReNova program [37]. Routine 1D data were apodized with 0.5  Hz expo-
nential functions while 2D-data were treated with 90-degree sine squared (t1) and 
90-degree sine bell (t2) functions prior to Fourier Transform.

Experimental vicinal constants 3JH-H
(exp.) for compound (4) were determined 

directly from NMR 1H spectrum (SW = 4 kHz), which was obtained as a result 
of the following additional processing of the free induction decay signal (32K 
data points, digital resolution 0.122  Hz/pt): Lorentz–Gauss transformation 
(LB = − 4  Hz, GB = 2.0  Hz), zero filling up to 256K and direct linear predic-
tion (LP) using 24 coefficients. These procedures provided a digital resolution of 
0.015 Hz/pt and an accuracy of the vicinal constants determining no worse than 
± 0.02  Hz. The values of the calculated scalar constants 3JH-H

(calc.) were deter-
mined using the graphical program MestRe-J [38]. The values of the calculated 
dihedral angles θH-H

(calc.) were obtained by optimizing the geometry of the studied 
molecule (4) by the molecular mechanics method MM2 in the HyperChem pro-
gram [39].
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