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Abstract

NMR spectroscopy methods were used to prove the structures of two similar regioi-
somers of 2,5,6,7,8-pentaaryl-1H-azepino[3,2,1-ij]quinazoline-1,3(2H)-dione con-
taining various aryl substituents in the azepine ring which were obtained as reac-
tion products and existed in CDCl; as inseparable mixture of two compounds with
almost equal (56:44) relation between them. Complete signal assignment in 'H and
13C spectra of each compound was made by using some homo- and heteronuclear
NMR experiments. Long-range distance estimation (up to 5.0 A) on the base of
nuclear Overhauser enhancement approach (NOE) at conditions of extreme-narrow
limits (0,7, < <1) was used to determine the quantitative level the internuclear dis-
tances between protons H6 and H8 situated in the rigid part of molecules and the
nearest ortho- and meta-protons in mobile phenyl rings Ph> and Ph?, respectively.
The distance difference between the calculated and experimental values in all cases
was not more than 10%. These results allowed us to prove that a dominant regioiso-
mer (3a) has para-methoxy-substituted rings at positions 9 and 12 of seven-mem-
bered ring C, and a minor regioisomer (3d) has these rings at positions 10 and 12.
The results of an independent approach based on the comparison of the chemical
shifts of the 'H and '*C nuclei of the regioisomers under study are in full agree-
ment (or do not contradict) with the obtained conclusions based on the quantitative
NOE measurements of interproton distances. The methodological approach on the
basis of long-range distance estimation by NOE tested in this work can be used to
establish the structure of inseparable mixtures of two or more compounds or to solve
similar problems under conditions of complex mixtures of closely related organic
compounds.
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@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-022-01496-6&domain=pdf

1678 J. A. Pronina et al.

1 Introduction

Extremely high resolution of NMR spectroscopy and its relatively low sensitiv-
ity are the best known, respectively, positive and negative characteristics of this
physical method [1]. From the moment of its appearance (in the late 1950s) to
the present, all the efforts of NMR equipment manufacturers have been aimed
at improving the quality of the information obtained not only by increasing the
operating frequency of the spectrometer [2], but also by using special methods to
simplify its spectral representations [3]. This led to the possibility of NMR analy-
sis of the structure and dynamics of large objects (molecular systems, macromol-
ecules ~ 100 kDa) [4], as well as mixtures of complex composition [5] of natural
or artificial origin, including metabolic products [6] or nonequilibrium reaction
mixtures [7].

As a result, a lot of new effective directions of NMR applications appeared in
the field of conformational analysis of molecules in liquid such as chemical shift-
based methods described by Williamson [8], JBCA method (J-based configura-
tion analysis) of Matsumori et al. [9], and computer-assisted structure elucida-
tion (CASE) NMR-approach which was recently analyzed by Reynolds et al. [10]
and Navarro-Vazquez [11]. At the same time, there was an improvement in exist-
ing methods [12] and development of new ones [13, 14] for accurately recording
these spectral characteristics: special variants of homonuclear (COSY, J-COSY
and NOESY) and heteronuclear (HSQC, HMBC and so on) experiments [15]
and absolutely new experiments, such as for example “J-doubling in Frequency
Domain” for exact determination of very small scalar constants [16], extraction of
chemical shift values from overlapped proton spectra [17] or detection of minor
conformers in conformationally flexible molecules [18, 19].

The direct consequence of the existing variety of ways to solve the problem is the
necessity to choose the most effective (in each specific case) approach or a set of ele-
ments of each of them, the most successful (i.e., or convenient, simple, direct, evi-
dence-based, spectacular, unexpected) for solving the problem, which, in turn, will
constitute a research methodology that is different from the others (i.e., new), which
is understood to mean not only the totality of these elements, but also the sequence
of their use. This provides interchangeability, mutual verifiability and, therefore, the
validity of the conclusions and the reliability of the results.

We have recently discovered the possibility of forming a benzazepine moiety
based on the Pd(Il) catalyzed oxidative cycloaddition of quinazoline-2,4-dione and
diarylacetylenes. The importance of the benzazepine backbone as a structural ele-
ment may make this method attractive for synthetic or medicinal chemistry. How-
ever, while working, it was found that when using unsymmetrical diarylacetylenes,
inseparable mixtures of two regioisomeric 1H-azepino[3,2,1-ij]quinazoline-1,3(2H)-
diones were obtained as reaction products. All attempts to separate these mixtures
by chromatography or fractional crystallization have failed. Therefore, to establish
the structure of each regioisomer, we carried out detailed NMR analysis.

It should be noted that the methodology of directed C—H activation, aimed at
the formation of the C—C and C-heteroatom bonds, has recently undergone a lot
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of development, mostly due to its environmentally friendly properties [20-22].
For example, the palladium-catalyzed stepwise oxidative cycloaddition of alkynes
via a C-H/N-H bond cleavage step has shown to be reliable in the formation
of the corresponding nitrogen-containing heterocycles. Jiao et al. described an
elegant approach to the construction of indoles from anilines and alkynes using
Pd-catalyzed oxidative C—H/N-H activation, including the formation of a five-
membered ring [23]. Wang’s work investigated the palladium-catalyzed oxidative
cycloaddition of isatins and alkynes, resulting in benzazepine derivatives [24].

In this work, we came across some of the problems listed above when proving the
structure of two regioisomers that are formed during the interaction of compounds
(1) and (2) and cannot be isolated individually to be studied in the traditional way.
We do not deal with the chemical mechanism of this new reaction (see the scheme in
Fig. 1), which will be described in a separate publication, but describe and analyze
the most significant arguments of NMR evidence for the structure of each of the two
regioisomers (3) in chloroform-d, solution directly in their mixture.

The total number of possible regioisomers of compound (3) is four (see the table
in Fig. 1) and they differ only in the position of two para-methoxy-substituted phe-
nyl rings in positions 9, 10, 11 and 12 of the seven-membered ring C. Thus, in the
aromatic region of the proton spectrum of such mixture, in addition to signals of
the protons H6-HS of ring A, there should be signals of 46 aromatic protons of the
Ph!-Ph’ rings of two regioisomers of compound (3).

2 Results and Discussion
2.1 Signal Assignments in 'H and '3C Spectra of Two Regioisomers

Figure 2a shows a fragment of the low-field region of the routine '"H NMR spec-
trum of compound (3), which was obtained without additional processing of the ini-
tial free induction decay (FID) signal. It is clearly seen that it contains two separate
multiplet signals at 8.12 and 7.28 ppm with a relative intensity equal to 1 proton
for each of them. In the spectral regions 7.46—7.37 and 6.66—-6.47 ppm, overlap-
ping multiplet signals of four protons are found, and in the most complex region,
7.17-6.72 ppm, there are overlapping signals of 16 protons. The listed values of the
integral intensities are in good agreement with the structure of the compound (3).

Regio- | (33) (3b) (3c) (3d)

isomers

R2 OMe H H OMe
R3 H OMe OMe H
R* H H OMe OMe
RS OMe OMe H H

s
7| > I
:
- f Pd(OAC), (10 mol %) NN
N7 Ag(OAc) (2 ¢q.) v )
N B L
L al
N/KO 1,4-dioxanc/acetonitrile (1:1), RS p
o

7 \ 100 °C, 48 h, N,, scaled tube
N

()

Fig. 1 Scheme of reaction between compounds (1) and (2). To the right—the table of possible regioiso-
mers of compound (3)

@ Springer



1680 J. A.Pronina et al.

\ S N o i T 28 X
\ y - LA e 0 L2
=%
o K §
’ 2
_m——jﬂkﬂb\/w: °°

] g 3 H g (3a)

3 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 O('H), ppm

5,65

Fig.2 Low-field region of NMR.'H spectra for compound (3) in CDCl,; a without any additional pro-
cessing; b after Lorentz—Gauss transformation of FID (Ib=-3 Hz, gb=2.3 Hz); ¢ calculated (MM2) [25]
spatial structure of regioisomer (3a), nearest interproton distances are shown by arrows and their values
are given by figures (in A)

However, only after an additional and more thorough adjustment of the constant
magnetic field homogeneity and a longer accumulation of FID (ns=128, d1=10 ),
as well as the use of the Lorentz—Gauss transformation (LG: lb=-— 3.0 Hz,
gb=2.3 Hz), due to the additional narrowing of all lines, a quite obvious division
of the obtained spectrum into two sets of signals almost identical in intensity was
observed (Fig. 2b). The spectral separation is especially clearly seen when analyz-
ing pairs of the multiplet signals of the protons H8 (dd, Jy ;=1.6, 7.5 Hz), H7 (dd,
Juu=7.5, 7.8 Hz), and H6 (dd, Jy; z=1.6, 7.8 Hz), which have only a very small
difference (~0.006-0.013 ppm) in chemical shift values for the two regioisomers,
indicated in Fig. 2b as (3a), (3d) and their overlapped multiplets are shown by blue
and red colors, respectively. This chemical shift difference (A5=53D—53) Jeads
to a distorted perception of the multiplicity of these signals. For example, the total
signal of the H6 proton from two regioisomers looks like a doublet of triplets (dt,
Jyuy="7.8, 1.6 Hz), while the H8 and H7 signals can be described as ddd (Jy_y=1.6,
3.2,7.6 Hz) and dt (J;=3.8, 7.6 Hz), respectively. The ratio of regioisomer popu-
lations P 3,):P34) in CDCl; was obtained by carefully integrating the corresponding
signals and turned out to be 56:44 with an accuracy within +2%.

Since scalar proton—proton interactions exist only within the spin systems of aro-
matic rings or the three-spin system H6—H7-H8, the possibility of determining the
structure of the discovered regioisomers can be associated with the use of through-
space dipole—dipole interactions (NOE) [26], or using such time-consuming meth-
ods such as INADEQUATE [27] and establishing, by scalar interactions between
neighboring carbon atoms (!J._c), the position of each of the phenyl rings Ph>~Ph’
with respect to the C9—C12 atoms. In the first case, the identification of all proton
signals is required, and in the second one, the signals of '*C nuclei for each of the
regioisomers are required.

In addition, the first of these two potential possibilities for proving the structure
of regioisomers is limited by the well-known high sensitivity of the cross-relaxation
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rate 6 to interproton distances r: o~ (r) "¢ [26, 28]. Consequently, quantitative estima-
tion of the distances between H6 and, especially, H8 protons with the ortho-protons
of the Ph> and Ph? rings nearest to them, respectively (2.9 A and 4.8 A, see Fig. 2c¢),
may require additional costs for accumulating the corresponding weak cross peaks
in NOESY spectra [29]. Rather large molecular weight of the studied regioisomers
(M=628) and the possibility of reducing the sensitivity of NOE because of poor
performance of the extremely narrowing condition (w,t.< < 1) in the region where
the rate of rotational diffusion (t,™') is commensurated with the Larmor frequency
(w,) of precession nuclear spins [26] should also be taken into account. Therefore,
all NOE measurements were carried out at a relatively low frequency of 300 MHz.

The presence of the mixture of two regioisomers in a solution of compound (3)
is most easily proved using the J-COSY [30] spectra and/or some phase-sensitive
COSY-type experiments [31]. Figure 3 shows fragments of the low-field region of
these spectra, in which the signals of H6, H7 and H8 protons are located. For exam-
ple, in the J-COSY spectrum (Fig. 3a), due to the development of spin systems due
to only scalar constants, each signal structure (dd or t) belongs to a certain chemical
shift, which is located in the center of multiplet signal. In the phase-sensitive COSY
spectrum, which in Fig. 3b is presented as a spectrum of absolute values (modulus
of the COSY spectrum), the cross peaks corresponding to each of the two regioiso-
mers are shifted relatively to each other in two frequency coordinates by the differ-
ence in the chemical shifts of each of the interacting protons. For the dominant and
minor regioisomers, these pairs for the 6/7 cross peak are shown in blue and red
colors, respectively.

No less informative is the region 7.0-6.7 ppm of the J-COSY spectrum (Fig. 4),
in which all eight doublet signals of the ortho-protons of aromatic rings Ph’>~Ph’
of both regioisomers are clearly visible, and in the region of 6.66—6.48 ppm four
doublet signals of the corresponding meta-protons of the para-methoxy-substituted
rings of the regioisomers of compound (3) are observed. Separation of the signals
of ortho-protons of para-substituted and unsubstituted rings due to the fact that
these protons belong to different spin systems (four-spin system: AA'BB" and five-
spin system: AA'BB"C, respectively) can be carried out based on the magnitude
of their observed doublet splitting (shown by double arrows), which in the case of
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Fig. 3 Low-field fragments of J-COSY (a) and COSY (b) spectra of compound (3)
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Fig.4 Fragments of J-COSY (a) and COSY (b) of compound (3) in CDCls. (a) The difference between
doublet components of proton signals for substituted and unsubstituted phenyl rings is shown by double
arrows and the position of ortho-protons in Ph! at 6.94 ppm is indicated by red ellipses on base COSY-
data (b)

unsubstituted rings turns out to be somewhat larger (by 0.4 Hz) than in the para-
substituted case. It should also be noted that in the "H NMR spectrum, the doublet
signals of two (out of four) ortho-protons of unsubstituted rings completely overlap
with each other, and this is clearly seen in the J-COSY spectrum as a doubling of the
intensity of the doublet at 6.83 ppm compared to two other individual similar dou-
blets at 6.80 and 6.97 ppm.

The procedure for detecting doublet signals of ortho-protons (H14 and H18) of
the unsubstituted ring Ph! in the regioisomers of compound (3) turned out to be the
most difficult. Complete absence of these signals in the J-COSY spectrum in the
region of 6.96-6.93 ppm (in Fig. 4 the position of this doublet is shown with the
help of red ovals) is apparently explained by the dynamic broadening of this signal
and by the corresponding reduction in the lifetime (T,) of the spin state compared
to other ortho-protons. Therefore, to determine the position in the spectrum of the
signals of these protons, the COSY experiment was used, in which the cross peak
between the signals of meta- and ortho-protons 15.17/14.18 at 7.39/6.94 ppm are
easily detected (see fragment of COSY spectrum in Fig. 4, right).

The position in the NMR 'H spectrum of the remaining signals of the mefa- and
para-protons of unsubstituted rings was determined using the COSY and/or NOESY
spectra, based, respectively, on the scalar and/or spatial interactions of these protons
with the corresponding vicinal neighbors (see Fig. 5 and Table 1). In the most com-
plex cases of the formation of strongly coupled spin systems and/or overlapping of
signals, the correlation methods HSQCnd [32] and HMBC [33] were used.

For example, the above identification of the signals of the ortho-protons H14,
H18 of the Ph' rings at 6.94 ppm, which have the same value for each of the regioi-
somers, makes it possible to detect the signals of the meta-protons H15 and H17
of this ring at 7.40 ppm, and the signals of the para-proton H16, respectively, at
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Fig.5 Fragments of COSY (a) and NOESY (b) spectra of a mixture of two regioisomers (3) in CDCl;.
Indirect (scalar) and direct (through-space) interactions between protons are shown by rectangles

7.38 ppm. In the NMR 'H spectrum, they overlap between themselves, forming a
strongly coupled spin system (AA’BXX") and with the signal of the H6 proton at
7.37 ppm (here the average value for two regioisomers is given). The positions of
these aromatic protons were determined using the HSQC spectrum without decou-
pling from !*C nuclei (HSQCnd), a fragment of which is shown in Fig. 6. In this
spectrum, triplet proton signals located at the meta- and para-carbon-13 atoms (C15,
C17 at 129.15 ppm and C16 at 128.55 ppm, respectively) are less sensitive to the
strong scalar coupling effects of these protons, and their chemical shifts are easily
determined by the central components of the triplet signals, the ratio of the intensi-
ties of which (1.8:1.0) practically corresponds to 2:1. In addition, a slight clockwise
slope of the cross peak C6P/H6 (C6® — here index p means quantum state of car-
bon-13) components gives grounds for the correct assignment of the carbon signals
of the C6 carbon atom in the dominant (3a) and minor (3d) regioisomers: the low-
field proton signal of the dominant regioisomer (3a) corresponds to the low-field
signal of its carbon atom (Fig. 6b).

Similarly, the chemical shifts of the meta- and para-protons for unsubstituted aro-
matic rings were defined, which form a complex spectral pattern in the region of
7.17-6.98 ppm (see the full spectrum HSQCnd in Fig. S5, Suppl. Inf.). To check the
signal assignments of protonated carbons and to identify the signals of quaternary
13C atoms, we used the data of the HMBC method, which optimized the value of the
23]y constant equal to 8.0 Hz. The general form of this spectrum is given in Fig.
S6 (Suppl. Inf.) and its most informative fragments are presented in Fig. S10.

It should be noted that when determining the proton and carbon signals in the
corresponding NMR spectra, the ratio of their integral intensities, which differs only
by 12%, was taken into account. This small difference in most cases turned out to
be quite sufficient for determining the belonging of the signals to both protonated
and quaternary carbon-13 atoms. As an example, Fig. S8 (Suppl. Inf.) shows frag-
ments of the '3*C NMR spectrum of a mixture of regioisomers (3a) and (3d), which
demonstrate the results of integration. In almost all cases, the integral intensity of
the signal of the dominant isomer (3a) exceeds the integral intensity of the signal of
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Table 1 Chemical shifts & (ppm) of 'H and '*C nuclei of regioisomers (3a) and (3d) in CDCl,

No. of atoms 'H B¢ Ne of atom 'H B¢

3a 3d 3a 3d 3a 3d 3a 3d
1 - - 15253 152.53 23 (m) 662 7.0  113.01 127.70
2 - - 16245 16245 24 (o) 687 697 131.64 13043
3 - - 132.82 13248 25(i) - - 139.24  131.429
4 - - 149.07 149.07 26 (o) 683 675 13034 13142
5 - - 118.23Y 118.29" 27 (m) 701 652 12696 112.36
6 73739 73679 137.93 13775 28 (p) 703 - 12638  157.95
7 7.2899 7.276Y 125.04 125.07 29 (m) 701 652 12696 112.36
8 8.124Y 8.1139 12743 12735 30 (o) 683 675 13034 131.42
9 - - 139.91 14036 31 (i) - - 137.279 137.229
10 - - 143.68” 143.43Y 32 (o) 680  6.83  130.64 130.64
11 - - 137.80 138.13 33 (m) 702 7.02  127.16° 127.199
12 - - 14125 14133  34(p) 706  7.06 12672 12672
13 - - 13479 13479 35 (m) 702 7.02  127.16° 127.199
14(0) 694 694 12816 128.16 36 (0) 680  6.83  130.64 130.64
15(m) 740 740 12915 129.15 37(i) - - 129.66  129.66
16 (p) 7.38 738 12855 12855 38 (0) 6.9139 69229 131.05 131.05
17 (m) 740 740  129.15 129.15 39 (m) 6.587Y 6.594Y 11298 112.98
18 (0) 694 694 128.16 128.16 40 (p) - - 158.53  158.53
19 (i) - - 133.88  141.59 41 (m) 6.587Y 6594 11298 112.98
20 (0) 6.87 697 131.64 13043 42 (o) 69139 6.9229 131.05 13,105
21 (m) 6.62 7.0  113.01 127.70 p-OCH,
(Ph?) 3.674Y 3.679Y 5494  54.94
22 (p) - 7.06 15812 126.66 p-ocg3 3.6929 3.674Y 5491  54.85

(Ph*?)

Yat a chemical shift difference of less than 0.01 ppm, values with an accuracy of +0.001 ppm were used
Yreversion of values for stereo-isomers (3a) and (3d) is possible

established on the basis of a comparison of the integral intensities of 1*C signals (Fig. S8 in Suppl. Inf.)

the minor regioisomer (3d), although the measurement error of the integrals is com-
parable to the difference in the populations of these adducts (~10%) in the mixture
under study, which was obtained by integrating the proton signals having a higher
S/N ratio in the 'H NMR spectrum than signals in the *C NMR spectrum. Moreo-
ver, based on the integration of carbon signals, it was possible to explain the absence
of the signal of the quaternary ipso-carbon atom C25%% in the '*C spectrum of the
minor regioisomer (3d), which turned out to be completely overlapped by the more
intense signal of the chemically equivalent ortho-carbons C263Y and C30%% at
131.42 ppm. This overlap of three carbon signals leads to the intensity of 0.20 units
of relative integral intensity being higher than the signal intensity of two equivalent
ortho-carbons C20%® and €244 at 131.64 ppm, similar to the para-methoxy-sub-
stituted aromatic ring Ph’ of the dominant regioisomer (3a). If we take into account
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Fig.6 Fragments of the HSQCnd spectrum of a mixture of two regioisomers of the compound (3): a)
low-field (left) and high-field (right) components of doublet cross peaks for '*C—H pairs of signals from
the ortho-, meta- and para-protons of the Ph! ring and the H6 proton; b increased cross peak C6®/H6,
which has a clockwise slope due to unequal chemical shifts of the 'H and *C nuclei in the dominant and
minor isomers. Relative integral values of cross-peak intensities are shown by figures

that the total intensity of the signals of two ipso-carbon atoms C37* and C373% at
129.66 is 0.62 units, then the fraction of the minor regioisomer is about 0.27 units
of the relative integrated intensity. Assuming the same rate of longitudinal relaxa-
tion of the same type carbon signals C25% and C379, we can conclude that the
integral intensity of the signal of two equivalent para-carbons C263® and C303® is
about 1.91 units, which turns out to be less than the value of the integral for a simi-
lar signal of ortho-carbons C20%® and C24® at 131.64 ppm in the '3C spectrum of
the dominant regioisomer (3a). Therefore, the assumption of random overlap of the
C25%9 signal at 131.42 ppm by the total signal of ortho-carbons C26% and C30®%9
is quite justified and confirmed on a quantitative level.

2.2 Structural Analysis of Regioisomers (3a) and (3b) on Base Long-Range NOEs

The most interesting for establishing the structure of regioisomers (3a) and (3d) is
the determination of the position of the protons of the Ph> and Ph? rings, the ortho-
protons of which are located most closely to the H6 and H8 protons, respectively.
This information, after identifying all proton signals for each of the regioisomers
(see Table 1), was obtained by analyzing the NOESY spectrum (Fig. 7). Along with
intense cross peaks between the signals of vicinal aromatic protons, the distance
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Fig.7 Fragments of NOESY spectrum of compound (3) at mixing time 0.5 s in CDCl; (left) and spatial
structures of dominant (3a) and minor (3d) regioisomers (right).The nearest proton—proton distances are
shown by two arrow lines and the calculated (MM?2) distance values depicted by figures (in A). The most
important through-space interactions in isomers (3a) and (3d) are presented, respectively, by blue and
red lines in NOESY and 'H spectra. Some values of cross-peak volume integrals (in relative units) are
presented using rectangles with figures

between which is only 2.5 A, weaker cross peaks are observed, which are of greatest
interest.

For example, the cross peak between the doublet signal at 6.87 ppm of ortho-
protons in the para-methoxy-substituted ring of the dominant regioisomer (3a) is
direct evidence that in this isomer, one of the two substituted phenyl rings is located
at the C9 atom. The presence of an intense cross peak between the signals of ortho-
and meta-protons (20,24/21,23), as well as an extremely weak cross peak between
the same meta-protons (H21, H23) and the proton H6, makes it possible to be not
only qualitative, but also quantitative estimation of the ratio of interproton distances
Ty403, Te.04 and I o3 The calculated values of these distances were obtained using
the method of molecular mechanics MM2 [25] and are equal to 2.5, 2.9 and 4.4 A,
respectively. The experimental values of the integral intensities of the correspond-
ing cross peaks are: 1.0:0.18:0.02. Since the first of these through-space interac-
tions corresponds to two pairs of ortho- and meta-protons, the observed value is at
least two times greater than the pair interactions between the H6 proton and the H24
and H23 protons. In the last cases, we neglect the contributions into the observed
NOE values from the H20 and H21 protons, since the distances rq_,,=4.11 A and
L0 =5.26 A are 1.2 A and 0.86 A higher than the distance values which were
obtained for distances between H6 and the nearest protons H24 and H23, respec-
tively. This means that the contribution to the NOE cross peak from the interac-
tion of the H6 proton with H,0 cannot exceed 12% of the main contribution of H6/
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H24, and in the case of the second cross peak H6/H23, the contribution from the
interaction H6/21 is not more than 30%. Thus, the calculated ratio of the cross-peak
intensities is 1.0:0.41:0.033, and the experimental ratio, taking into account the con-
tributions from equivalent protons, is 0.5:0.16:0.013 (or 1.0:0.32:0.026), which is in
good agreement with ratio of the expected NOE values. Using the value of 2.5 A as
a reference distance, the following values can be obtained for estimating the distance
between the H6 proton and the nearest Ph’ ring: rq 5, =3.02 A and rg.3=4.6 A.

Thus, the obtained experimental distances for dominant regioisomer (3a) are
within the same absolute error of +0.2 A from the calculated values. Consequently,
the relative deviations from the calculated distances are+7.6 and+4.5%, respec-
tively, i.e., they do not exceed 10%. The obtained distance values indicate the possi-
bility of their quantitative measurements using NOE up to 5.0 A with an accuracy of
about+ 10%. This conclusion has been much discussed recently [34] and as a result
the term eNOE (exact NOE) completely corresponds to our NOE data.

For the minor regioisomer (3d) in the NOESY spectrum, a spatial interaction was
found between the ortho-protons of neighboring phenyl rings Ph* and Ph> (see cross
peaks 20,24/26,30 in Fig. 7). At the same time, the Ph* ring is para-methoxy-sub-
stituted and has a characteristic doublet signal at 6.75 ppm in the proton spectrum.
However, the NOESY spectrum does not contain its cross peak with the H6 proton,
which indicates that this ring is located at the C10 atom, and not at C9. This means
that in position 9 of regioisomer (3d) there is an unsubstituted phenyl ring Ph>@,
with ortho-proton signals are at 6.97 ppm next to signals at 6.94 ppm of the ortho-
protons H14, H18 of the Ph! ring. The spectral closeness of these signals does not
allow us to detect a cross peak in the NOESY spectrum between the ortho-protons
H24, H20 and the H6 proton, since the signals of the mera-protons H15 and H17 of
the Ph! ring at 7.40 ppm overlap with the signal of the H6 proton and have a strong
spatial interaction with the ortho-protons H14 and H18 (see intensive cross peak 15,
17/14, and 18 in the NOESY spectrum; Fig. 7, left).

Thus, the obtained NOE information about the structural features of regioisomers
(3a) and (3d) indicates a different structure of the phenyl rings in positions 9 and
10 in the dominant and minor isomers (see Fig. 7, right). This structural difference
is fully confirmed by the difference A5 (A8=56*—5®) in the chemical shifts of
the 'H and '*C nuclei (see Table S1 in the Suppl. Inf.). For example, when pass-
ing from regioisomer (3a) to (3d), the chemical shift of meta-protons H21 and H23
(Adpa; H23)——O 48 ppm) and meta-carbons C21 and C23 (Adcy cp3,=-14.69 ppm)
of the Ph° ring increases and, simultaneously, there is a decrease by the same amount
of the chemical shift of the meta-protons H27 and H29 (Aé(H27 Hzg)— +0.49 ppm)
and meta-carbons C27 and C29 (A§cy7,c29)= +14.60 ppm) in the Ph* ring. It cor-
responds to the well-known increments of the methoxy substituent in the aromatic
ring for the ortho-position in the 'H and '>*C NMR spectra, respectively.

A completely opposite situation for the considered regioisomers (3a) and (3d)
arises when comparing the chemical shifts of proton and carbon signals of phenyl
rings in positions 11 and 12. Their chemical shift differences A5('H) and AS('3C)
for most of the compared signals are small (see Table S1 in Suppl. Inf.). This indi-
cates that the para-methoxy-substituted and unsubstituted phenyl groups retain their
position in these regioisomers. Therefore, the main issue in this case is to obtain the
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evidence of the position (at C11 or at C12) of at least one of the phenyl rings in any
of the two isomers.

First of all, it should be noted that the cross peak 32,36/38,42, which is well
observed in the NOESY spectrum (Fig. 7, left), is common for both regioisomers,
which indicates the proximity of the phenyl rings Ph? and Ph>. Unfortunately, the
quantitative estimation of the corresponding distances in this case is difficult not
only because of the partial or complete overlap of the doublet signals of ortho-
protons belonging to the dominant (3a) and minor (3d) regioisomers, but also
because of the proximity of this cross peak to the diagonal of the two-dimen-
sional spectrum NOESY and impossibility of its exact integration. Therefore,
another less intense cross peak with coordinates 8.12/7.93 ppm was analyzed in
detail, which is a superposition of two cross peaks (8a,8d/14,18 and 8a,8d/38,42),
shifted relatively to each other horizontally (i.e., on the F2 scale) by a relatively
small amount (about 0.01-0.02 ppm).

The value rg;,=2.50 A was used as a reference distance. The relative inten-
sity of cross peak 8/7 with respect to the diagonal signal of the H8 proton is
9.56% (Fig. 8). In this case, the intensity of the discussed total cross peak is about
0.5%. The error of its measurement because of the uncompensated base plane
in the vicinity of the coordinate 8.12/7.93 ppm (see open rectangles in Fig. 8)
is about 0.1%, so the real value of this cross peak is somewhat lower, i.e., about
0.4%. Taking into account the commensurability of the distances rg jg=5.1 A
and rg 4, =4.73 A and neglecting the contributions to the cross peaks of spatial
interactions 8/14 (rg.;,=6.05 A) and 8/38 (r335=7.7 A), we obtained cross-
peak intensity 8/42 equal to half of the measured value of the total cross peak,

38
1442
7

18
..«_—NLMM flﬁ«ﬁ HLLMMMWMVJ‘/W«MMMMWMB(IH)

-U.1UH __ppm
-0.10 8.0
-8.1
8 % -9.56
8.2
-0.03 i
-8.3
-0.12

N N
6(*H), ppm 7.50 7.40 7.30 7.20 7.10 7.00 6.90 6.80

Fig. 8 Fragment of NOESY spectrum of compound (3) and volume integrals of cross peaks and noise
inputs (open rectangles) are shown by figures
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i.e., about 0.2%. Based on the comparison of these data, the experimental value
of the distance rg 4, is 4.76 A (2.5 A - (9.56/0.2)°=4.76 A). This value prac-
tically coincides with the calculated distances for regioisomers (3a) and (3d):
e =474 A, 1, ,,Y =473 A.

We only need to add that the calculated distance rg 3,=6.7 A turns out to be 2.0 A
longer than rg 4,. Therefore, the corresponding cross peak 8/32 should be 8 times
smaller than the observed cross peak 8/42 (i.e., be about 0.025%), which is beyond
the limits of measurement accuracy.

Thus, the involvement of quantitative estimation of interproton distances based
on NOE to solve the problem of establishing the structure of two regioisomers in a
mixture made it possible to obtain an unambiguous answer about the spatial struc-
ture of these compounds using NMR spectroscopy methods without resorting to
other physical methods, including X-ray diffraction analysis.

3 Conclusion

High-resolution NMR spectroscopy methods at 300 MHz allowed us to solve
very difficult problem to prove the structures of two similar regioisomers of
2,5,6,7,8-pentaaryl-1H-azepino[3,2,1-ij]quinazoline-1,3(2H)-dione containing vari-
ous aryl substituents in the azepine ring. At first, complete signal assignment in the
'H and 13C spectra of each compound was made by using homo- and heteronuclear
NMR methods in the condition of their almost equal (56:44) population in CDCl;.
Then long-range distance estimation (up to 5.0 A) by the NOE approach was used
to determine (on the quantitative level) the internuclear distances between protons
H6 and HS situated in the rigid part of molecules with the nearest ortho- and meta-
protons in mobile phenyl rings Ph> and Ph?, respectively. This experimental NOE
data were compared with their calculated values obtained by the method of molecu-
lar mechanic (MM2) in isolated spin-pair approximation (ISPA) [26] at condition
of extreme-narrow limits (o, t.< < 1) for NOE registration. The comparison of cal-
culated and experimental distances on the quantitative level was almost absolutely
exact and the relative distance difference between them in any case was not more
than 10%. These results allowed us to prove that the dominant regioisomer (3a) has
para-methoxy-substituted rings at positions 9 and 12 of seven-membered ring C,
and the minor regioisomer (3d) has these rings at positions 10 and 12.

It should be noted that the results of an independent approach based on the com-
parison of the chemical shifts of the 'H and 'C nuclei of the regioisomers under
study are in full agreement (or do not contradict) with the obtained conclusions
based on the quantitative NOE measurements of interproton distances. The method-
ological approach tested in this work can be used to establish the structure of struc-
turally related compounds or to solve similar problems under conditions of complex
mixtures of closely related organic compounds.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/500723-022-01496-6.
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