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Structure Revision of Anti-Inflammatory Indole Alkaloids with a 1,2-
Benzisoxazole Ring
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Structure revision
natural blue dye from Polygonum tinctorium, and their structures W;©
- NMR reanalysis

were initially proposed to possess a 1,2-benzisoxazole ring. In this
g 3 - DFT chemical shift calculation
study, the structures of (+)-1 were revised to have an indole— , - DP4+ statistical method
o8 q 3 g original structures of ()- : : d structt f (£)-1
anthranilic acid fused tetracyclic ring rather than the 1,2- °"9"FTCWEs @1 . Ecp simulation revise Pt 100% ®
benzisoxazole ring by reanalysis of one-dimensional (1D) and

two-dimensional (2D) NMR followed by density functional theory (DFT) chemical shift calculation, DP4+ technique, and ECD

simulation.
=N
7 \ N/\\O
g
data are completely interpreted, the full structural character- Ho o

ization is sometimes not possible due to missing information - o
. . originally proposed structures fusavenin (isolated from a fungus
on connectivity among substructures and/or stereochemlstry. of (£)-1 Fusarium proliferatum AF-04)

This issue is exacerbated when isolated/synthesized com-
pounds have a low H/C ratio (e.g., flavonoids, anthraquinones,

_ o
tetracyclines).' ™ One of the alternative methods to propose B w0 0 N
the structure of compounds is the computational chemistry -

4 ) OH N N
approach, and it has been successful in the structural H |
oo~ NH X

ABSTRACT: (R)- and (S)-2-(benzo[d]isoxazol-3-yl)-2-ethylin-
dolin-3-one [(£)-1] were previously isolated from NIRAM, a

1. INTRODUCTION A

NMR technique is the most powerful tool to determine the
structure of small organic molecules for natural product
chemists and synthetic chemists. However, even if the NMR

determination and revision of organic molecules for the last
few decades.* ™"
(R)- and (S)-2-(benzo[d]isoxazol-3-yl)-2-ethylindolin-3-one

[(£)-1] are indole alkaloids isolated from NIRAM, a natural

H H
blue dye from Polygonum tinctorium, and showed anti- N N

inflammatory activity from our previous research in 2019 /N /N

(Figure 1A, left).” Their chemical structures were initially o o o o OH
proposed to possess a 1,2-benzisoxazole ring. However, we

later found that the 1,2-benzisoxazole functionality is extremely 0 o

rare in natural products except for fusavenin, the only fungal 2-(3-acetylindolin-3-yl)- 2-(3-acetylindolin-3-yl)-6-hydroxy-
metabolite (Figure 1A, right),'’ and moreover, most of the 4H-benzo[d] [1,3]oxazin-4-one  4H-benzo[d] [1,3]oxazin-4-one
other co-isolated compounds from NIRAM contained an

anthranilic acid moiety, which is not present in (+)-1 (Figure

anthranilic acid cephalandole B tryptanthrin

Figure 1. Structures of reported natural products containing 1,2-

benzisoxazole ((A), red color) or anthranilic acid ((B), blue color).

9 . . -
IB).” These chemical features led us to reinvestigate the All of the compounds but fusavenin were isolated from NIRAM by
structures of (+)-1 and their NMR data. Here, we report the Kim et al’

structure revision of (+)-1 through density functional theory
(DFT) calculation of NMR chemical shifts followed by the
DP4+ statistical method and ECD simulation.
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2. RESULTS AND DISCUSSION

We began intensive reanalysis of one-dimensional (1D) and
two-dimensional (2D) NMR data of (+)-1. We found that the
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3-bond coupling of H-8 and C-3" was not observed in the
heteronuclear multiple bond correlation (HMBC) (Figure 2)
and that the chemical shift of the mononitrogenated carbon C2
was relatively large (80.1 ppm, Table 1).

4-bond away - no HMBC

9 observed

original structures of (+)-1
DP4+: 0%

revised structures of (+)-1
DP4+: 100%

Figure 2. Structure revision of (+)-1. Reanalysis of the HMBC
correlation and DP4+ result of original and revised (+)-1.

Table 1. Experimental (Exp.) and Calculated (Cal.) *C
NMR Chemical Shift Values of Original and Revised (+)-1
Used for DP4+ Analysis

exp. cal. (lexp. — call)
carbon (2)- original (+)-1 revised (+)-1
2 80.1 74.3 (5.8) 80.7 (0.6)
3 198.4 198.6 (0.2) 198.6 (0.2)
3a 124.0 120.8 (3.2) 122.5 (1.5)
4 125.5 123.9 (1.6) 124.8 (0.7)
5 126.1 126.1 (0) 126.8 (0.7)
6 139.4 138.8 (0.6) 140.5 (1.1)
7 118.4 119.3 (0.9) 117.5 (0.9)
7a 153.1 162.5 (9.4) 155.7 (2.6)
8 302 35.7 (5.5) 31.1 (0.9)

7.7 10.5 (2.8) 7.5 (0.2)
3 162.1 164.0 (1.9) 161.0 (1.1)
3'a 117.3 114.0 (3.3) 117.1 (0.2)
4 129.6 126.1 (3.5) 130.7 (1.1)
5’ 1204 119.7 (0.7) 119.5 (0.9)
6 136.0 1312 (4.8) 136.7 (0.7)
7' 117.3 110.2 (7.1) 115.7 (1.6)
7'a 149.0 159.0 (10.0) 148.3 (0.7)
MAE 3.6 0.9
DP4+ 0% 100%

Therefore, we assumed that H-8 and C-3’ were more than 4-
bond away, and therefore, the C2—C3’ bond should be
replaced with a new C2—N bond. The nitrogen atom attached
to C3’ was further proposed to belong to an anthranilic acid
moiety. The presence of a carbonyl group was proposed based
on the degree of unsaturation of the molecule, and finally, we
were able to suggest tetracyclic structures of (+)-1 as shown in
Figure 2. In these revised structures of (+)-1, H-8 and C-3’
were 4-bond away, which was consistent with the absence of
HMBC correlation between these two nuclei (Figure 2). Then,
we revisited and reanalyzed the previous HMBC spectrum of
(£)-1, and the results supported the revised structures (Figure
S1). To further confirm the revised structures of (+)-1, DFT
chemical shift calculations were performed on both the original
and revised structures of (+)-1. As shown in Table 1, the mean
absolute error (MAE) of the revised (+)-1 (0.9 ppm) was
much smaller than that of the original (+)-1 (3.6 ppm).
Further, the calculated and experimental 'H and BC NMR

chemical shift values were subjected to DP4+ analysis, and the
results also indicated revised (+)-1 to be the more likely
structure with 100% probability (Figures 2 and S2, Table 1).
Collectively, the planar structures of (+)-1 were revised from
the 1,2-benzisoxazole-bearing structures to the indole-
anthranilic acid fused tetracyclic ring-bearing structures.

In our previous research, (+)-1 were initially isolated as a
racemic mixture and each enantiomer was further obtained by
the chiral separation technique.” The fact that the purified
(+)-1 and (—)-1 showed the exact mirror images in their
experimental ECD spectra (Figure 3A) confirmed that they are
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Figure 3. Determination of absolute configuration of (+)-1. (A)
Experimental ECD spectra of (+)-1 and simulated ECD spectra of
2R- and 2S-1. (B) Comparison of specific rotation values of (+)-1 and
the previously reported (+)-indigodole B.

enantiomerically pure. There is only one stereogenic center at
C-2 in (£)-1, and to determine its absolute configuration, we
simulated ECD spectra of (£)-1 at B3LYP/6-31G*, CAM-
B3LYP/TZVP, and CAM-B3LYP/SVP levels and compared
them to the experimental ECD spectra. As shown in Figure 3A,
the simulated ECD spectra of 2R- and 2S-1 matched with the
experimental ECD spectra of (+)-1 and (—)-1, respectively.
Therefore, we elucidated the structures of (+)-1 and (—)-1 as
(R)- and (S)-Sa-ethyl-5,5a-dihydroindolo[2,1-b]quinazoline-
6,12-dione, respectively.
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An extensive literature search revealed (+)-1 to have the
same chemical structure as indigodole B (Figure 3B)."
However, intriguingly, it showed no significant Cotton effect
in the ECD spectrum, indicating that indigodole B should be a
racemic mixture. While the R configuration at C-2 in
indigodole B was assigned by its positive specific optical
rotation value, [a]} = +9.9, we proposed that this small
specific optical rotation value would be attributable to
impurity. Consequently, we newly named (+)- and (—)-1 as
(+)- and (—)-tetrapolygonine, respectively, to distinguish them
from indigodole B, a probable racemic mixture.

Despite continuing development of modern sophisticated
analytical tools, there are still a large number of incorrect
natural product structures being reported.'” Our present work
is emphasizing again that a careful and thorough analysis of
NMR data is needed when natural product chemists solve the
structure of isolated compounds with these data.

3. EXPERIMENTAL SECTION

3.1. Computational Analysis. All conformers used in this
study were found using the Macromodel (version 2022-1,
Schrodinger LLC) module with “Mixed torsional/Low-mode
sampling” in the MMFF force field. The searches were
implemented in the gas phase with a 10 kJ mol™' energy
window limit and 10 000 maximum number of steps to explore
all potential conformers. The Polak—Ribiere conjugate
gradient (PRCG) method was utilized to minimize conformers
with 10 000 iterations and a 0.001 kJ (mol A)~™' convergence
threshold on the root mean square (RMS) gradient. All of the
conformers found were subjected to geometry optimization
using the Gaussian 16 package (Gaussian Inc.) in the gas phase
at the B3LYP/6-31G(d) level and proceeded to the calculation
of the gauge-independent atomic orbital (GIAO) nuclear
magnetic shielding tensor at the mPW1PW91/6-311G(d) level
in the PCM (methanol). The 'H and '*C NMR chemical shift
values were calculated from the Boltzmann-averaged shielding
tensor using the equation below.

X

_ 0 _ X
cale = O °c

The calculated NMR properties were used for calculations of
DP4+ probability analysis facilitated by the Excel sheet
(DP4+) provided by Grimblat et al."”

All of the conformers from revised 2S-1 were proceeded to
the calculation of excitation energies, oscillator strength, and
rotatory strength at B3LYP/6-31G*, CAM-B3LYP/TZVP, and
CAM-B3LYP/SVP levels in the polarizable continuum model
(PCM, methanol). The ECD spectra were Boltzmann-
averaged and visualized with SpecDis software (version 1.71,
https://specdis-software jimdofree.com) with a 6/y value of
0.25 eV (default value), and the resulting sfectra were
corrected based on the UV spectra (Figure $3).!
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