
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 7

:1
8:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Diagnostically an
aKey Laboratory of Bioactive Substances and

Medicine, Ministry of Education, Institute o

Academy of Medical Sciences, Peking Union

China. E-mail: gding@implad.ac.cn
bZhengzhou Key Laboratory of Synthetic B

International Research Laboratory of Drug

Science and Technology College, Zhengzhou
cCollege of Plant Sciences, Jilin University, C
dBiology Institute, Qilu University of Techn

Jinan 250103, Shandong Province, P. R. Ch

† Electronic supplementary informa
10.1039/c9ra10434h

‡ These authors made equal contribution

Cite this: RSC Adv., 2020, 10, 1946

Received 12th December 2019
Accepted 30th December 2019

DOI: 10.1039/c9ra10434h

rsc.li/rsc-advances

1946 | RSC Adv., 2020, 10, 1946–195
alyzing 1H NMR spectra of sub-
types in chaetoglobosins for dereplication†

Chen Lin,‡ab Jian-chun Qin,‡c Yong-gang Zhang*d and Gang Ding*a

1H-NMR spectra provide abundant diagnostic information including chemical shift values, splitting patterns,

coupling constants, and integrals. Thus some key functional groups, and even planar structures could be

elucidated on the basis of carefully analyzing the corresponding 1H NMR spectrum. In this paper, the

different sub-types of chaetoglobosins are classified according to the structural features, of which the 1H

NMR spectra are systematically summed up. Thus diagnostically analyzing the 1H-NMR spectra could

identify possible sub-types of chaetoglobosins, which could be used for dereplication. According to the

analysis of this report, it implies that different new sub-types or new sub-type combinations in the key

skeleton of chaetoglobosins might exist in nature. More importantly, dereplication based on 1H NMR

spectral analysis will not only provide a useful approach to determine the chaetoglobosins structures

quickly, but also could set a good example for structural dereplication of other NPs.
1. Introduction

Natural products (NPs) play a pivotal role in drug discovery and
development, and many drugs in prescriptions directly or indi-
rectly originate from NPs.1,2 Nowadays purication of NPs is not
a laborious task due to the combination of different chromato-
graphic technologies, whereas structural elucidation of NPs is
still a manual job, which needs much time (even several months)
to characterize the complex structures. To date, several tech-
niques including HR-MS (High Resolution Mass), MSn, NMR
(Nuclear Magnetic Resonance) spectroscopy, X-ray diffraction,
and even bioinformatics approaches are used to elucidate the
structures of NPs. HR-MS can give exactmolecular weight leading
to the molecular formula, and provides unsaturation degrees of
target NPs; MSn can produce precursor and product ions, which
help to deduce possible structural fragments. Combination of
HR-MS andMSn techniques is akin to piecing together a complex
jigsaw puzzle by assembling the molecular weight, molecular
formula and structural fragments to elucidate structures. Most of
the time this approach could not establish the planar structure
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especially for complex structures; X-ray diffraction can obtain the
direct structural information including planar, relative and
absolute congurations, whereas not all NPs could be grown to
be a suitable crystal for X-ray diffraction experiment. Recently,
bioinformatics approaches were also used to predict the possible
substrates of secondary metabolites such as polyketide synthases
(PKSs) or nonribosomal peptide synthetases (NRPSs) bio-
synthesized compounds.3 Considering the different post-
modication reactions in the biosynthetic pathways, using bio-
informatic way to elucidate the NPs structures is still not a reli-
able method now. NMR techniques such as 1D NMR (1H, and 13C
NMR spectra), and 2D NMR such as HMQC, 1H 1H-COSY, HMBC,
and NOESY spectra are the main tools to elucidate the structures
of different NPs. Actually, 1H NMR spectral analysis is the rst
and key step in the structural elucidation of NPs. Compared with
other NMR spectra, 1H NMR spectrum has a wealth of diagnostic
information including chemical shi values, splitting patterns,
coupling constants, and integrals, which reect the structural
features.4

Chemical shi values are the direct reection of different
functionalities in the structure. For example, usually the
chemical shi values of aromatic or olenic proton are 6.0–9.5
or 4.5–7.5 ppm, respectively.5 If there are electron withdrawing
groups (such as keto-group) near the aromatic proton or olenic
proton, the chemical shi values of these protons nearby will be
shied to be more down-elded, vice versa. Thus according to
different chemical shi values, the possible functional groups
in the structure could be predicted.

Splitting patterns can tell us how many protons connecting
the corresponding groups. If a proton is a triplet (t) or a doublet
doublet (dd), implying that a –CH2– unit or two different
protons might be connected near by the proton.
This journal is © The Royal Society of Chemistry 2020
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Analysis of coupling constants can help determine the
conguration of corresponding protons with others. Usually big
coupling constant indicates trans-conguration, vice versa. For
example, if the coupling constant of olenic protons is over
15.0 Hz, indicating the Z-conguration of the double bond,
otherwise E-conguration.

Integrals could give the proton numbers of a natural
product, but the intergrals are different in different deuterated
solvents. Usually, the integrals (in DMSO-d6) could reect the
total proton numbers including exchangeable protons.

Then detailed analysis of chemical shi values, splitting
patterns, coupling constants, and integrals in the 1H NMR
spectrum can characterize structural fragments, and even
establish the possible planar structures. If the deduced struc-
tures are known compounds by searching different data bases
such as SCInder, Dictionary of Natural Products (DNP) or
others, there is no need to process the next steps (13C, HMQC,
1H 1H-COSY, HMBC, and NOESY spectra) further, which can
save a lot of time and resources. In this paper, the different sub-
types of chaetoglobosins are classied according to the struc-
tural features, of which the 1H NMR spectral are systematically
summed up. Finally, two examples are given in details for der-
eplication by diagnostically analyzing the 1H NMR spectra on
this member of mycotoxins (other eight examples are included
in ESI†).
2. Results and discussion
2.1 Structural features of chaetoglobosins

Chaetoglobosins are a large member of mycotoxins bio-
synthesized by a PKS�NRPS hybrid megasynthetase.6,7 The
structural features of these compounds are a highly substituted
perhydro-isoindolone moiety bearing an (indol-3-yl) methyl
group to which typically a macrocyclic ring – is fused (Fig. 1).
The different substitutions, connectivity patterns and oxygena-
tion sites on the perhydro-isoindolone moiety and macrocycle
ring increase the chemical diversity. Up to date, 56 analogs (See
ESI†) containing the key nucleus of chaetoglobosin (perhydro-
isoindolone moiety and macrocycle ring Fig. 1) were isolated
different fungi mainly from Chaetomium spp.7,8

According to the structural features of chaetoglobosins, 9
sub-types in the perhydro-isoindolone moiety are summed up
Fig. 1 Chaetoglobosin nucleus: (indol-3-yl) methyl unit, perhydro-
isoindolone moiety, and macrocyclic ring.

This journal is © The Royal Society of Chemistry 2020
on account of the different variations at C-3, C-5, C-6, C-7 and C-
12 (Fig. 2), whereas 14 sub-types in the macrocycle ring are
classied according to the diverse variations at C-17, C-18, C-19,
C-20, C-21, C-22 and C-23 (Fig. 3).

2.2 1H NMR spectral characteristics of perhydro-isoindolone
moiety

From the postulated biogenetic pathway of chaetoglobosins, the
Diels–Alder reaction forms the key cyclohexene ring (C-4-C-5-C-
6-C-7-C-8-C-9), and then a series of post-modication reactions
mainly oxygenations at C-3, C-5, C-6, C-7 and C-12 construct
nine sub-types in the perhydro-isoindolone part. This leads to
chemical environment variations of different protons in the
perhydro-isoindolone ring, which produces different chemical
shi values, splitting patterns, coupling constants (of H-7,
–CH2-10, CH3-11, and CH3-12), and different integrals. Thus
according to different chemical shi values, splitting patterns,
coupling constants, and integrals of those protons, it could, in
return, deduce the structural fragments on the perhydro-
isoindolone moiety.

A-type. This sub-type contains seven analogs namely chae-
toglobosins J,9 T,10 penochalasin G,11 cytoglobsin D,12 prochae-
toglobosins I-II13 and armochaetoglobin K.14 11-Me and 12-Me
in these compounds are observed as a doublet (chemical shi
value under 1.50 ppm) and a singlet connected on a double
bond (chemical shi value over 1.50 ppm), respectively. The
olenic proton (H-7) usually as a broad singlet peak (the dihe-
dral angle between H-7/H-8 close to 90�) is observed in the low-
eld (5.00–6.00 ppm), and the signal of H-8 is located around
2.00–3.00 ppm with a big coupling constant (J8, 13 z 10 Hz).
Usually, –CH2-10 is displayed as two doublet doublets (2.50–
3.00 ppm), and the chemical shi value of H-3 (multiplet) is
oen around 3.00–4.00 ppm, whereas the protons H-4 and H-5
is located between 2.00–3.00 ppm as a doublet doublet, and
a multiplet, respectively.

B-type. This sub-type of chaetoglobosins includes 3 analogs
cytoglobsin E,12 armochaetoglobosin L,14 and
armochaetoglobin W,15 which is the corresponding oxidized
product of the 12-Me to –CH2O-12 from sub-type A. The chem-
ical shi value of this group (–CH2O–12 as a broad singlet peak)
is at 3.80–4.20 ppm. Thus B-type analogs have an additional
oxymethylene unit and a less singlet methyl compared with that
of A-type ones.

C-type. Fourteen compounds (chaetogolobosins A,16 C,17 F,17

and U,18 prochaetoglobosins III-IV,13 20-dihy-
drochaetogolobosins A,19 penochalasins A,20 D-F,11 armochae-
toglobins P-Q14 and armochaetoglobin Y15) are included in this
sub-type with the double bond (C-6/C-7) oxygenated to be the
corresponding epoxide group compared with A-type. In the 1H
NMR spectrum, the 11-Me and 12-Me groups as a doublet and
a singlet are located at the upeld zone (1.00–1.50 ppm),
respectively. The chemical shi values of 12-Me in these A and
C-types are different. Usually 12-Me in A-type is over 1.50 ppm,
and 12-Me in C-type is under 1.50 ppm due to its connection
with a double bond. In addition, owing to the effect of the
epoxide group, the proton signal H-7 (J7, 8¼ 6.0 Hz) as a doublet
is located between 2.50–3.00 ppm.
RSC Adv., 2020, 10, 1946–1955 | 1947
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Fig. 2 Nine sub-types in the perhydro-isoindolone moiety.
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D-type. This sub-type of compound is the hydrolytic product
of C-type, in which the epoxide group is hydrolyzed to be the
corresponding diol moiety. Six compounds chaetoglobosins Q-
R,10 armochaetoglobin S,15 7-O-acetylarmochaetoglobin S,15

armochaetoglobin U,15 and armochaetoglobin X15 are contained
in this sub-type. The main difference between C and D-types is
that the chemical shi value of H-7 in D-type is located in
a more down-eld (3.10–3.60 ppm) with a big coupling constant
(J7, 8 ¼ 10.0–12.0 Hz) compared with that of C-type.

E-type. One new terminal double bond at C-6/C-12 in E-type
is formed by loss of a molecule of H2O from D-type. This sub-
type of chaetoglobosins has two additional olenic protons as
broad singlet peaks with chemical shi values around 5.00 ppm
in the 1H NMR spectrum. Thus the singlet methyl group (12-Me)
is absent in the 1H NMR spectrum compared with that of D-
type. There are nine analogs (cytoglobsoins A, B, F, G,12 chae-
toglobosin D,17 isochaetoglobosin D,17 chaetoglobosin Fex,19

penochalasin C,20 and armochaetoglobin R14) in the E-type.
F-type. This sub-type of chaetoglobosins is the oxidized and

dehydrated products of D-type, which possesses a unique ether
bond between C-3 and C-6 forming an additional furan ring in
the perhydro-isoindolone moiety. This variation leads to both
H-10a andH-10b to be two doublets (at 3.00–3.50 ppm), which is
1948 | RSC Adv., 2020, 10, 1946–1955
distinct from all other analogs. In addition, the peak of H-4 is
changed to be a singlet, and the NMR signal of H-3 is absent
compared with D-type. F-type possesses two analogs armo-
chaetoglobin M14 and chaetoglobosin W.21

G-type. Thirteen compounds are contained in this sub-type
of chaetogolobosins including chaetoglobosins B,16 E,17 G,9

O,22 V1,21 Vb,23 V2,24 prochaetogolobosin IIIed,24 cytoglobosin C,12

armochaetoglobins N–O,14 penochalasin B,20 and armochaeto-
globin Z.15 G-type analogs are originated from D-type by loss of
a molecule of H2O, which shapes a double bond at C-5 and C-6.
Thus both 11-Me and 12-Me display as singlet peaks with
chemical shi values at 1.00–2.00 ppm different from all other
sub-types, and the oxymethine H-7 as a doublet peak (J7, 8¼ 10.0
Hz) is located at 3.50–4.50 ppm in the 1H NMR spectrum, which
usually leads to the peak of H-8 to be a triplet (t) or a doublet
doublet (dd) with big coupling constants (J7, 8; 8,13 ¼ 7–10.0 Hz).

H-type. This sub-type might come from G-type by oxidizing
C-7 to be a keto-group, and reducing the double bond C-5 and C-
6 to be two methine units. The diagnostic characteristics of this
type in 1H NMR is that both 11-Me and 12-Me are doublet peaks
in high-eld zone (1.00–2.00 ppm) different from all other sub-
type chaetoglobosins, and the C-7 is further oxygenated to be
a keto carbonyl group leading to the chemical shi value of H-8
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Fourteen sub-types in the macrocyclic ring.
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to be down-elded (3.65 ppm, doublet, J ¼ 9.4 Hz). Only one
compound chaetoglobosin Y is included in H-type.25

I-type. The last sub-type (armochaetoglobin V) is the isomer
of D-type with hydroxylization at C-5 not C-6.15 These changes
lead to different splitting patterns, and coupling constants of H-
4 and H-7 in these two sub-types. H-4 is a multiplet in D-type not
a broad doublet in I-type, whereas H-7 is a doublet in D-type not
a doublet doublet (dd) in I-type (in CD3OD).
2.3 1H NMR characteristics of macrocyclic ring

In the macrocyclic ring of chaetoglobosins, C-8, C-9, C-13, C-14,
C-16, 16-Me, and 18-Me are usually not changed. Considering
different oxygenation degrees at C-19 and C-20, the double bond
formation at C-21/C-22, the carbon–carbon connectivity at C-17/
This journal is © The Royal Society of Chemistry 2020
C-21, or pyrrole ring formed by C-20, 21, 22 and 23 in the
macrocylic ring, 14 sub-types (a–n) are summed up (Fig. 3),
which are distinct from each other according to their diagnostic
1H NMR features.

a-type. This sub type of compounds contain only an analog
namely chaetoglobosin T,10 which might be originated from its
precursor by reducing the keto group C-19 to the corresponding
hydroxyl group with chemical shi value at 4.38 ppm (–OCH–19,
multiplet in CDCl3) (Fig. 3). A doublet methyl and a singlet
methyl in the 1H NMR spectrum belong to 16-Me (0.95, d, J¼ 7.0
Hz) and 18-Me (1.52, br. d, J ¼ 1.0 Hz), respectively. The olenic
protons H-13 and H-14 are located at 5.96 (dd) and 5.10 (ddd).
The methylene group –CH2-15 and methine –CH-16 are located
in the high-eld (2.0–2.50 ppm) as multiplet peaks. In addition,
this sub-type possesses a specic a, b-unsaturated trans-double
RSC Adv., 2020, 10, 1946–1955 | 1949
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bond at C-21]C-22–C]O-23 with chemical shi values at
6.80 ppm (m, H-21) and 6.89 ppm (d, J ¼ 16.0 Hz, H-22).

b-type. Three analogs prochaetoglobosins I,13 IV13 and
chaetoglobosin V2 (ref. 24) are included in this sub-type, which
might be the dehydrated and reductive products from a-type
(Fig. 3). Thus this type of chaetobglobosins is absent an oxy-
methine unit (H-19) with one more methylene unit in the high-
elded zone compared with that of a-type analogs.

c-type. This type contains 4 compounds namely cytoglobo-
sins B-D12 and 20-dihydrochaetoglobosin A19 with an additional
hydroxyl group anchored at C-20 compared with a-type. Thus an
extra oxymethine proton signal (–CHO–20) with chemical shi
values at 4.00–4.50 ppm is observed, which lead to the signal of
olenic proton H-21 to be as a doublet doublet (dd) not
a multiplet (m) or a doublet triplet (dt) present in a and b-types.
This change makes c-type have a less methylene unit than that
of a-type analogs.

d-type. There are 3 analogs including prochaetoglobosins II,
III13 and IIIed24 in this type with an additional keto carbonyl
group at C-20 compared with b-type. This variation brings the
chemical shi value of H-22 to the low-eld (>7.50 ppm) as
a doublet, which distinguishes it from a, b, c-types. In addition,
the signal of methylene-19 is observed between 3.50–4.00 ppm.

e-type. This sub-type of chaetoglobosins might be originated
from c-type by oxidizing C-20 or from d-type by oxidizing C-19.
Thus compared with sub-type d, e-type has a more hydroxyl
unit at C-19 with chemical shi values at 5.00–6.00 ppm as
a singlet or doublet (in DMSO-d6), whereas compared with c-
type, e-type has remarkably different chemical shi values
and splitting patterns at H-19, H-21 and H-22. Six analogs
chaetogolobosins A, B, D,16 J,9 Q and R10 are contained in this
type.

f-type. This type of compounds is the reductive products of c-
type at the double bond C-21/22. Thus the chemical shi values
of H-19 and H-20 are relatively in upeld zone compared with
those of c-type (c-type: H-19 at 4.00 ppm, br.s, H-20 at 4.50 ppm,
br.s; f-type: H-19 at 3.39 ppm, br.s, H-20 at 3.20 ppm, br.s). The
corresponding double bond protons H-21 and H-22 are dis-
appeared in this type, and two additional methylene units are
observed in upeld zone. Only one compound cytoglobosin G11

is found in f-type.
g-type. Nine analogs are contained in this sub-type including

chaetogolobosins E-F,17 Fex,19 Y,25 W,21 armochaetoglobin S,15 7-
O-acetylarmochaetoglobin S,15 armochaetoglobin V15 and
armochaetoglobin W.15 The 19-OH was further oxidized to the
corresponding keto carbonyl group compared with f-type, and
the chemical shi value of H-20 is down-elded to be 4.50–
500 ppm as triplet (in CDCl3). Owing to the effect of a, b-
unsaturated keto carbonyl group (C-17–C-18–C]O-19), the
chemical shi value of H-17 in the 1H NMR spectrum is in
down-elded zone between 6.00–6.50 ppm compared with the
a–f types (<5.70 ppm).

h-type. This sub-type chaetoglobosins could be bio-
synthesized from e-type through reducing the double bond C-
21/22 or from f-type by oxygenating C-20. So compared with
the 1H NMR spectrum of e-type, one less double bond is
observed in h-type with two additional methylenes in high-eld,
1950 | RSC Adv., 2020, 10, 1946–1955
whereas compared with that of f-type, h-type has two less
protons, and the oxymethine unit (H-19) is transferred to be
4.00–4.50 ppm as a singlet (s) or a doublet (in DMSO-d6). Five
compounds chaetoglobosin O,22 cytochalasin F,12 penochala-
sins E–G11 are contained in this sub-type.

i-type. From the biosynthetic view, this type of compounds is
the further oxygenated products of g or h-type analogs with two
keto carbonyl group found at C-19 and C-20. Thus i-type chae-
toglobosins possesses a less oxymethine than that of g or h-
types. Five compounds cytochalasin E,12 chaetogolobosins C,
G, isochaetoglobosin D17 and armochaetoglobin U15 are
included in this sub-type.

j-type. This type of analogs is the intramolecular Michael-
addition products of i-type chaetoglobosins at C-17 and C-21.
Thus the olenic proton of H-17 is disappeared, and the
chemical shi value of 18-Me is down-elded to 1.90–2.00 ppm
in the 1H NMR spectrum, which is distinct from all other
analogs. In addition, there is a unique enol-hydroxyl signal with
chemical shi value at 9.05 ppm (s, in DMSO-d6). This type
contains ve compounds named chaetogolobosins U,18 V1,21

Vb,23 cytochalasin A,12 and armochaetoglobin X.15

k-type. This type of chaetoglobosins possesses a unusual
pyrrole ring formed by C-20, 21, 22 and 23, which might be
originated from i-type analogs by coupling with one molecule of
NH3 and then losing twomolecules of H2O. Thus in the 1H NMR
spectrum of k-type, there are two coupled olenic protons with
chemical shi values around 6.30–7.50 ppm (H-21 and H-22),
and an additional free proton is located at 10.0–12.0 ppm
(–NH–, br.s, in CDCl3). In addition, due to the effect of 19-keto
carbonyl group, the chemical shi value of H-17 and 18-Me is
down-elded around 5.50–6.00 ppm and 1.90 ppm, respectively.
Six analogs including penochalasins A–C,20 and armochaeto-
globins K–M14 are contained in this sub-type.

l-type. Five analogs armochaetoglobins N–R14 are in this of
sub-type, which is the reductive product of k-type at the olenic
carbons C-17 and C-18. Thus this type of compounds has an
additional methyl group as doublet peak in the high eld
around 1.00–1.50 ppm and a less double bond proton (H-17)
compared with k-type.

m-type. This sub-type compounds might be originated from
i-type through reacting with NH3 to shape a 3,4-dihydro-2H-
pyrrole ring. Compared with i-type analogs, j-type has an addi-
tional methine signal (H-20) with chemical shi value around
4.19 ppm as doublet doublet triplet (ddt) peak. In addition, the
chemical shi value of olenic proton H-17 in these two types is
also different. There is only one analog penochalasin D11 con-
tained in this sub-type.

n-type. Two analogs armochaetoglobins Y15 and Z15 are
included in this sub-type, which might be biogenetically come
from j-type by reduction and dehydration reactions. The main
difference between these two sub-types is that n-type has an
additional singlet (H-19) with chemical shi value at 5.90–
6.10 ppm (s, in CD3OD), whereas j-type analogs have a free
hydroxyl group at 9.05 ppm (s, in DMSO-d6).

According to the classication of different sub-types in
chaetoglobosins, theoretically, there exist 126 analogs (9 � 14),
which include all the 56 known chaetoglobosins possessing the
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The full spectrum of chaetoglobosin A in CDCl3.
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nucleus: indol-3-yl methyl unit, perhydro-isoindolone moiety,
and macrocyclic ring (Fig. 1). All these known chaetoglobosins
are the different assembly of A–I types in perhydro-isoindolone
moiety combined with a–n types in macrocyclic ring. Thus
according to the 1H-NMR rules of sub-types, analyzing the 1H-
NMR spectra of chaetoglobosins can deduce the correspond-
ing structures fast. The purpose of the following 10 examples
(eight examples are included in ESI†) is to explain how to
analyze 1H NMR spectral to elucidate the structures of chaeto-
globosins, and then to dereplicate known analogs.
2.4 Analysis of 1H NMR spectra to dereplicate known
chaetoglobosins

Chaetoglobsin A (1) ¼ (C-type + e-type) (2.4)

The full 1H NMR spectrum (in CDCl3) of analog (1) is depicted in
Fig. 4. From the down-elded zone, there existed typically a set
of indole ring proton signals. A pair of trans-olenic protons
with chemical shi values at 7.75 (d, J ¼ 17.0 Hz, H-22) and
6.50 ppm (d, J ¼ 17.0 Hz, H-21) were observed, which implied
the existence of an a, b-unsaturated ketone group (20C]O–
21CH]22CH). The signal at 5.04 ppm (J ¼ 4.5 Hz, H-19)
coupled the one at 3.86 ppm (J ¼ 4.5 Hz, 19-OH) revealed the
structural features of 19-OH and 20-keto-group in the macro-
ring. In addition, the olenic protons H-13/H-14/H-17
together with the 16-Me (doublet) and 18-Me (singlet) in high
eld were observed in the 1H NMR spectrum, which conrms
that this compound must possess the e-type of macrocyclic ring
(Fig. 5a and b). The proton signals of H-7 (dH ¼ 2.80, d, J ¼ 5.0
Hz) along with the 11-Me (dH ¼ 1.26, d) and 12-Me (dH ¼ 1.30, s)
in the up-eld indicated the existence of a peroxide at C-6 and C-
7. In addition, the H-3, H-4, H-5, H-8, and –CH2-10 were also
were observed in the 1H NMR spectrum, which completely
This journal is © The Royal Society of Chemistry 2020
matched the C-type in perhydro-isoindolone moiety. Thus
detailed analysis of the 1H NMR spectrum revealed that this
chaetoglobosin belongs to the combination of e-type plus C-type
(Fig. 5a and b). Searching the structural types of all known
analogs, it demonstrated that only does chaetoglobosin A
possess the combination of e-type and C-types.16 Finally, this
conclusion was conrmed by 2D NMR spectra (Fig. 6).

The 1H NMR spectra analysis of other known analogues (2–9)
were provided in ESI.†
2.5 Analysis of 1H NMR spectra to target new chaetoglobosin
analog

Analyzing the 1H NMR spectrum of chaetoglobosins can
discriminate the differently combinatory types of the 56 known
analogs. Thus new characteristics or combinations in the 1H
NMR spectra different from those of 56 analogs will imply new
chaetoglobosins. Recently, we isolated a series chaetoglobosins
from OE::CgLaeA C. globosum (CBS148.51).26 Detailed analyzing
the 1H NMR spectra of these compounds revealed that one of
analogs contained different combination of sub-types, and it
implied that this compound might be a new chaetoglobosin.
This hypothesis was further supported by 2D NMR spectra. The
following example will explain the characteristics of 1H NMR
spectrum of this new compound with different sub-types found
in this analog.

Chaetoglobosin Z (10) ¼ (D-type + e-type)

In the 1HNMR spectrum of chaetoglobosin Z (10) (Fig. 7a), the
diagnostic proton signals of an indole-ring are observed in the
down-elded zone (Fig. 7b). The trans-olenic protons with
chemical shi values at 8.06 ppm (H-22, J ¼ 16.5 Hz) and
6.59 ppm (H-21, J ¼ 16.5 Hz) implied that C-20 must possess
a keto-group leading the chemical shi value of H-22 to be
RSC Adv., 2020, 10, 1946–1955 | 1951
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Fig. 5 (a and b) Expanded 1H NMR spectrum of chaetoglobosin A (1).
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signicant down-eld (Fig. 7c). Three signals of olenic protons
including H-13 (5.95 ppm, dd, J¼ 15.0, 10.0 Hz), H-14 (5.15 ppm,
ddd, J ¼ 15.0, 11.0, 3.5 Hz) and H-17 (d) are observed between
5.00–6.00 ppm. Considering the chemical shi value of H-17
(5.65 ppm), this revealed that C-19 do not possess the keto-
group (if C-19 is oxidized to be corresponding keto-group,
which will lead the chemical shi value of H-17 to be more
down-elded, < 6.00 ppm). The oxymethine proton (5.10 ppm, J¼
Fig. 6 1H-1H COSY, and key HMBC and NOESY of chaetoglobosin A (1)

1952 | RSC Adv., 2020, 10, 1946–1955
3.5 Hz) coupled with the corresponding proton (3.88 ppm, J¼ 3.5
Hz) conrms that the C-19 might contain a free hydroxyl group
same as those of chaetoglobosins A, B, J and others (Fig. 7d). On
accounting of the fact that signals of 16-Me (doublet) and 18-Me
(singlet) are not changed in the upeld zone, together consid-
ering the information above-mentioned, it implied that chaeto-
globosin Z (10) must contain the e-type in macrocyclic ring.
.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) The full spectrum of chaetoglobosin Z (10) in CDCl3. (b–f) Expanded
1H NMR spectrum of chaetoglobosin Z (10) in CDCl3.
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Two doublet peaks (11-Me and 12-Me) except 16-Me
(doublet) and 18-Me (singlet) in the high eld are observed
(Fig. 7e), which implies that the C-5 and C-6 must be two
methine groups. In addition, the chemical shi value of H-8 is
down-elded to 3.16 ppm as a doublet peak (J ¼ 10.0 Hz)
coupled with olenic proton H-13 (5.95 ppm, dd, J ¼ 15.0, 10.0
Hz) (Fig. 6e), which denotes that the C-7 must be oxidized to be
This journal is © The Royal Society of Chemistry 2020
the corresponding keto-group. The splitting patterns of H-3, H-4
and –CH2-10 are not changed, and the chemical shi values of
these protons (H-3, H-4 and –CH2-10) show small differences
(Fig. 7f), which reveals that perhydro-isoindolone moiety in
chaetoglobosin Z (10) must be D-type. Thus, chaetoglobosin Z
(10) contains the combination of D-type plus e-type, which is
different from those found in other 56 known chaetoglobosins,
RSC Adv., 2020, 10, 1946–1955 | 1953
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Fig. 8 1H–1H COSY, and key HMBC and NOESY of chaetoglobosin Z (10).
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implying that this compound might be a new chaetoglobosin
analog. Finally, the planar, and relative conguration of this
new compound were determined by 2D NMR spectra (Fig. 8).26
3. Conclusion

In conclusion, compared with other techniques, 1H NMR
spectrum contains a wealth of diagnostic information, and
analysis of 1H NMR spectrum is the rst and key step, which can
infer the structural fragments and even characterize the
possibly planar structures. In this report, the different sub-types
of perhydro-isoindolone moiety (A–I types, 9 sub-types) and of
macrocyclic ring (a–n, 14 sub-types) in the chaetoglobosins are
classied according to their possibly biogenetic pathway and
structural features. Attempts to summarize the relationship
between structural features and 1H NMR spectral are tried,
which can dereplicate known analogs, and target new ones.
According to the structural features of chaetoglobosins in this
paper, new chaetoglobosins with different sub-type combina-
tions or new sub-types are waiting to be found in future. More
importantly, the results in this report will not only provide
a useful approach to determine the different chaetoglobosins
structures fast, but also could set a good example for other NPs
structural elucidation.
4. Experimental section
4.1 Samples

The compounds in this report have been isolated and charac-
terized previously in the authors' laboratories.26–28
4.2 NMR Spectroscopy
1H, 13C and 2D NMR data were acquired with a Bruker 600
spectrometer using solvent signals (DMSO-d6: dH 2.50/dC 39.9;
CDCl3: dH 7.26/dC 77.6) as references.
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4 M. Badertscher, P. Bühlmann and E. Pretsch, 1H NMR
Spectroscopy, Structure Determination of Organic
Compounds, 2000, pp. 1–86.

5 G. F. Pauli, S. N. Chen, D. C. Lankin, J. Bisson, R. J. Case,
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