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Microbial infection is a kind

of commonly and frequently 

occurring infective disease worldwide. So far, a great number of 

antibiotics and synthetic drugs have been extensively used in 

clinic and have played a significant role in the treatment of 
microbial infections. However, along with the widespread use of 

antimicrobial drugs, the emergence of multidrug-resistant strains 

like methicillin-resistant Staphylococcus aureus (MRSA), 

Staphylococcus epidermidis (MRSE), vancomycin-resistant 

Enterococccus faecium (VRE) makes many traditional 

antibiotics and synthetic drugs decrease their effects or totally 
lose activities.

1
 Therefore, the pursuit of structurally novel drugs 

with more efficiency, less toxicity and less resistance remains to 

be a highly challenging topic with much interest in medicinal 

chemistry. 

Berberine (1, Fig. 1) is a well-known natural isoquinoline 

alkaloid from many kinds of medicinal plants such as Hydrastis 
canadensis, Coptis rhizome, Coptis chinensis etc. The alkaloid 

has been commonly used in the clinic to treat various diseases 

such as bacillary dysentery, acute gastroenteritis, cholera and 

other related diseases.
2
 Its importantly clinical uses stimulate the 

continuing researches in antimicrobial field. Specially, literature 

revealed that berberine could exert antimicrobial effect not only 
by DNA breakage but also through accumulation of NorA 
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substrate in bacterial cells.
3
 Numerous efforts have been made to 

develop more effective berberine-based antimicrobial agents.
4
 

Our previous work showed that the introduction of heterocycles 

into C-9 position of berberine backbone could enhance the 
antimicrobial activities and broaden antimicrobial spectrum.

5 

However, structural modification of the C-12 position in 

berberine backbone has been rarely reported.
6
 

 

Figure 1. Structure of berberine 1. 

Imidazole nuclus has been attracting increasing interest in 

drug design. The unique structure of imidazole ring is beneficial 

for its derivatives to readily interact with diverse biological 

molecules such as DNAs, enzymes and receptors in organism, 

thus exhibiting wide medicinal potentiality.
7
 Meanwhile, the 

presence of imidazole ring may be favorable for improving water 

solubility to some extent. The introduction of imidazole has 

become an efficient approach for the natural product 

modification to improve bioactivity. Considering the potentiality 

of berberines in anti-infection field and as an extension of our 

studies on the development of azole compounds, herein we 
incorporated imidazole and its alkyl substituted derivatives into 
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A series of novel berberine-based imidazole derivatives as new type of antimicrobial agents 

were developed and characterized. Most of them gave good antibacterial activity towards the 

Gram-positive and negative bacteria. Noticeably, imidazolyl berberine 3a exhibited low MIC 

value of 1 μg/mL against E. typhosa, which was even superior to reference drugs berberine, 
chloromycin and norfloxacin. The cell toxicity and ROS generation assay indicated that 

compound 3a showed low cell toxicity. The interactive investigation by UV–vis spectroscopic 

method revealed that compound 3a could effectively intercalate into calf thymus DNA to form 

3aDNA complex which might further block DNA replication to exert the powerful 

antimicrobial activities. The binding behavior of compound 3a to DNA topoisomerase IB 

revealed that hydrogen bonds and electrostatic interactions played important roles in the 

association of compound 3a with DNA topoisomerase IB. 
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the C-12 position of berberine ring to develop a novel class of 

potential antimicrobial agents. 

The synthetic route of berberine-derived imidazoles was 

outlined in Scheme 1. Berberrubine 2 could be efficiently 

prepared in yield of 88.4% by selective demethylation of 

berberine chloride 1 at 9-position heated at 190 °C under vacuum 

(20 mm Hg) for 30 minutes.
8
 The obtained berberrubine 2 was 

further treated with imidazole and formaldehyde in dry n-butanol 

at 110 °C to produce the 12-substituted berberine imidazole 

derivatives 3a–j in yield of 42–55%. It manifested that 
introduction of electron-withdrawing substituents including nitro 

or phenyl group on imidazole ring was unfavorable for the 

synthesis of target compounds. Moreover, the solvents and 

temperature also significantly affected the formation of products. 

Temperature less than 100 °C or changing the solvent all resulted 

in quite poor yield. 

 

 

Scheme 1. Reagents and conditions: (i) 190 
o
C in vacuum (88.4% yield); (ii) imidazoles, formaldehyde aqueous solution (37%), hydrochloric acid (36%, 

catalytic amount), n-butanol (42–55% yield). 

The newly synthesized compounds were evaluated for their 

antimicrobial activities in vitro against four Gram-positive 

bacteria (S. aureus ATCC25923, S. aureus N315, B. subtilis 

ATCC6633 and M. luteus ATCC4698), four Gram-negative 

bacteria (E. coli JM109, P. aeruginosa ATCC27853, E. typhosa 
ATCC14028 and B. proteus ATCC13315) as well as five fungi 

(C. utilis ATCC9950, A. flavus ATCC204304, B. yeast, 

ATCC9763, C. albicans ATCC10231, C. mycoderma 

ATCC9888) using the standard two folds serial dilution method 

in 96-well microtest plates according to the National Committee 

for Clinical Laboratory Standards (NCCLS).
9
 Minimal inhibitory 

concentration (MIC, μg/mL) was defined as the lowest 

concentration of new compounds that completely inhibited the 

growth of microbes. Currently available antimicrobial drugs 

berberine, chloromycin, norfloxacin and fluconazole were used 

as the positive control. The values of ClogP were calculated 

using ChemDraw Ultra 10.0 software. The antibacterial and 

antifungal data as well as ClogP values were depicted in Table 1. 

The antimicrobial activity showed that the new berberine-

based imidazoles 3a–j showed effective activities against all the 
tested bacteria and fungi with MIC values of 1–256 μg/mL, 

which were better than their precursor berberine. Excitingly, 

some prepared compounds were even more active than the 

reference drugs, especially better than chloromycin and 
norfloxacin. Particularly, compound 3a showed excellent 

antimicrobial activities with broad antimicrobial spectrum in 
comparison with other compounds. Furthermore, the results also 

demonstrated that the imidazole fragment was important to exert 

excellent antimicrobial activity. 

 

Table 1 In vitro antimicrobial data as MIC (μg/mL) for compounds 3a–j
a,b,c,d

 

Compds ClogP 

Gram-negative bacteria Gram-positive bacteria Fungi 

E. 

coli 

B. 

proteus 

P. 

aeruginosa 

E. 

typhosa 
MRSA 

S. 

aureus 

B. 

subtilis 

M. 

luteus 

C. 

utilis 

A. 

flavus 

B. 

yeast 

C. 

albicans 

C. 

mycoderma 

3a -1.09 32 64 64 1 32 32 8 16 32 64 32 64 128 

3b -0.83 32 64 64 32 32 16 64 16 32 32 16 64 128 

3c -0.83 32 32 128 64 32 8 32 16 64 64 32 128 128 

3d -0.30 32 64 64 64 16 8 32 16 64 128 16 64 256 

3e 0.23 64 64 128 64 32 16 64 32 128 128 32 64 128 

3f 0.76 128 128 128 128 32 32 64 32 256 64 64 64 256 

3g 4.46 256 128 256 256 64 128 128 128 256 256 128 128 128 

3h - 256 256 256 512 128 256 256 256 512 256 256 256 256 

3i -0.56 128 128 128 128 64 64 128 64 128 128 256 128 128 

3j -0.03 128 128 128 128 64 64 128 64 128 128 128 128 128 

A -0.77 512 256 256 512 128 512 512 512 256 512 128 512 128 

B -1.79 16 32 16 32 64 8 32 64 - - - - - 

C -0.78 16 4 2 4 8 2 1 2 - - - - - 

D - - - - - - - - - 8 256 16 32 32 
a 
Minimum inhibitory concentrations were determined by micro broth dilution method for microdilution plates.  

b 
A = Berberine, B = Chloromycin, C = Norfloxacin, D = Fluconazole. 

c
 MRSA, Methicillin-Resistant Staphylococcus aureus N315; S. aureus, Staphylococcus aureus ATCC25923; B. subtilis, Bacillus subtilis ATCC6633; M. luteus, 

Micrococcus luteus ATCC4698; E. coli, Escherichia coli JM109; P. aeruginosa, Pseudomonas aeruginosa ATCC27853; B. proteus, Bacillus proteus 

ATCC13315; E. typhosa, Eberthella typhosa ATCC14028; C. utilis, Candida utilis ATCC9950; A. flavus, Aspergillus flavus ATCC204304; B. yeast, Beer yeast 

ATCC9763; C. albicans, Candida albicans ATCC10231; C. mycoderma, Candida mycoderma ATCC9888. 
d 
ClogP values were calculated by ChemDraw Ultra 10.0. 

 

Table 1 showed the obvious effects of the types of 

substituents on the imidazole ring on biological activity. Among 

all the berberine derivatives, compound 3a gave the most potent 

antibacterial activity against E. typhosa, B. subtilis and MRSA 

with MIC values of 1–32 μg/mL, which was more active than 

chloromycin (MIC = 32–64 μg/mL) and berberine (MIC = 128–

512 μg/mL). The introduction of alkyl substituted imidazole into 

12-position of berberine yielded compounds 3b–j, which 



  

displayed weaker antibacterial activity than compound 3a 

towards the tested strains. Only compounds 3c and 3d gave good 
anti-S. aureus with MIC value of 8 g/mL, which was equivalent 

to chloromycin. These results suggested that the introduction of 

bulky alkyl group substituted imidazole fragment at C-12 

position of berberine would decrease the antibacterial activity, 

possibly, the steric hindrance of the compounds makes it difficult 

to access the active site of validated target. 

Specially, the in vitro antifungal evaluation revealed that the 

berberine-based 2-methylimidazole 3b exhibited better activities 

against B. yeast (MIC = 16 μg/mL) and A. flavus (MIC = 32 

μg/mL) than reference fluconazole. Noticeably, all prepared 

compounds exhibited better efficacy than fluconazole against A. 

flavus. The results indicated that the introduction of imidazoles 
into 12-position of berberine can remarkably improve the 

bioactivity against tested microbial strains. 

In view of above discussion, the antimicrobial efficacies 

should be closely related to imidazole ring to some extent. For 

this serial compounds, imidazolyl moieties contributed to the 

antibacterial activities in the order of unsubstituted imidazolyl > 
2-methylimidazolyl > 4-methylimidazolyl > 2-ethylimidazolyl > 

2-propylimidazolyl > 2-butylimidazolyl > 2,4-

dimethylimidazolyl > 2-ethyl-4-methylimidazolyl > 2-

undecylimidazolyl > 2-heptadecyl- imidazolyl. 

Table 2 The molecular electrostatic potential (MEP) surfaces of some target 

compounds. 

 

  

  

  

  
 

  

The lipid/water partition of drugs played an important role in 

exerting bioactivities by influencing the transportation, 
distribution, metabolism and secretion in organisms.

10
 The 

calculated lipid/water partition coefficients (ClogP) of all 

prepared compounds by ChemDraw Ultra 10.0 were shown in 

Table 1. The ClogP values have been widely employed to predict 

transportation and bioactivities of drugs and it was revealed that 

compounds with lower values of ClogP exhibited more efficient 
antimicrobial activities. The berberine-based imidazoles 3a–c 

showed lower ClogP values in contrast to its precursor berberine 

meaning that the newly synthesized compounds possessed more 

reasonable water solubility, which was favorable for them to 

permeate through biological membrane and to be delivered to the 

binding sites. 

The molecular electrostatic potential (MEP) surface gives an 

indication of the charged surface area, an idea of the 

hydrophilicity of the compounds and the orientation of drug 

candidate for their activity.
11

 Therefore, MEP maps are generated 

to investigate the key structural features for the target 

compounds such as steric, electrostatic interactions, hydrogen 
donor/acceptor properties and lipophilicity. Table 2 shows a 

comparison of the molecular electrostatic potential surfaces, 

which are generated for a selection of relevant studied 

compounds at the DFT-B3LYP level of theory for the neutral 

state. As shown in Table 2, the MEP surface of the berberine-

based imidazoles, one electronegative area can be observed at 
the imidazole ring and the substituent at 2- or 4-position of 

imidazole ring can influence the electronegative site. In 

compound 3a, the nitrogen atom in 3-position of imidazole is 

more electronically available with the lone pair, which probably 

orient toward the outer part of the molecule and therefore more 

accessible to interact with a variety of enzymes and receptors in 
biological system. However in the alkylimidazole substituted 

analogues such as compounds 3c and 3j, the nitrogen lone pair is 

only partially available. Owing to steric hindrance, this lone pair 

is buried in the structure and unavailable for interaction with 

solvents or other biomolecules. Therefore, the result showed that 

the 12-imidazolyl substituted berberine possessed larger 
conjugated system and electron rich properties than berberine 

and the substituent on imidazole had unfavorable effects on 

biological activities. 

 

Figure 2. Cytotoxic assay of target compound 3a and berberine on HepG2 

tested by MTT methodology. Each data bar represents an average of three 

parallels, and error bars indicate one standard deviation from the mean. 

The most bioactive compound 3a was further examined for 

cytotoxic properties on HepG2 lines using the colorimetric cell 

proliferation MTT assay. Berberine was selected as a positive 

control. Cytotoxic results showed that the cell viability of 
compound 3a against HepG2 cells was at least more than 87% 

within concentration of 100 µg/mL. Compound 3a did not affect 

the cell viability of HepG2 within the MIC value. Overall, the 
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cell viability of compound 3a was higher than berberine in the 

concentrations of 6.25, 12.5, 25, 50 and 100 µg/mL, which 
indicated that the novel compound showed lower cell toxicity 

than its precursor berberine. 

DMSO                       100 M H2O2 

   

6.5 M Compound 3a          6.5 M Berberine 

   

12.5 M Compound 3a       12.5 M Berberine 

   

25 M Compound 3a        25 M Berberine 

   

50 M Compound 3a          50 M Berberine 

   

100 M Compound 3a       100 M Berberine 

   

Figure 3. Compound 3a and berberine-induced ROS formation in HepG2 

cells and H2O2 as positive control. 

The relation between antimicrobial mechanism and cell 

toxicity has not been fully elucidated, but it is thought to involve 

the photo-excitation of endogenous porphyrin molecules, a 

process which generates reactive oxygen species (ROS).
12

 The 

excessive ROS could cause cellular injury, thus led to cell death 
and DNA damage. ROS level was investigated using DCFH-DA 

as a fluorescence probe and imaged by fluorescence microscope. 

As shown in Figure 3, target compound 3a showed lower ROS 
generation than berberine at concentration of 6.25, 12.5, 25, 50 

and 100 M, respectively. Therefore, the newly synthesized 

compound 3a exhibited better safety profile than clinically used 

berberine by down regulating ROS generation. 

DNA is a significant information molecule encoding genetic 

instructions, which has been regarded as an important target for 
studies of bioactive molecules like antimicrobial drugs.

13
 The 

interactive studies of compound 3a with calf thymus DNA on 

molecular level were carried out in vitro by UV–vis method. 

With a fixed concentration of DNA, UV–vis absorption spectra 

were recorded with the increasing amount of compound 3a. As 

shown in Figure 5, the UV–vis spectra showed that the 
maximum absorption peak of DNA at 260 nm exhibited 

proportional increase and slight red shift with the increasing 

concentration of compound 3a. Meanwhile, the phenomenon 

indicated that the measured value of 3a–DNA complex was a 

little greater than the absorption value of the simply sum of free 

DNA and free compound 3a. This suggested a conformational 
change in the DNA duplex. This change is characteristic of non-

covalent interactions between the complexes and DNA resulting 

in some uncoiling of the DNA helix and the exposure of some 

previously embedded DNA bases. The observed spectral effects 

can be explained by the electrostatic interaction of the complexes 

with DNA. 
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Figure 4. UV absorption spectra of DNA with different concentrations of 

compound 3a (pH = 7.4, T= 303 K). Inset: comparison of absorption at 260 

nm between the 3a–DNA complex and the sum values of free DNA and free 

compound 3a. c(DNA) = 5.27 × 10
-5 

mol/L, and c(compound 3a) = 0–2.25 × 

10
-5 

mol/L for curves a–j respectively at increment 0.25 × 10
-5 

mol/L. 

Based on variations in the absorption spectra of DNA upon 

binding to 3a, equation (1) can be utilized to calculate the 

binding constant (K) 

    (1) 
A

0
 and A represent the absorbance of DNA in the absence and 

presence of compound 3a at 260 nm, ξC and ξD-C are the 

absorption coefficients of compound 3a and 3a–DNA complex 

respectively, [Q] is the concentration of compound 3a. The plot 
of A

0
/(A-A

0
) versus 1/[compound 3a] is constructed by using the 

absorption titration data and linear fitting (Fig. 5), yielding the 

binding constant, K = 5.22  10
3 

L/mol, R = 0.99994, SD = 

0.04258 (R is the correlation coefficient, and SD is standard 

deviation) 

It was apparent that the absorption peak of the Neutral Red 
(NR) at around 460 nm displayed gradual decrease with the 

increasing concentration of DNA, and a new band at around 530 
nm developed. This was attributed to the formation of the new 

DNA–NR complex. An isosbestic point at about 504 nm 

0
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provided evidence of DNA–NR complex formation. To further 
understand the interaction between compound 3a and DNA, the 

absorption spectra of competitive interaction of compound 3a 
were investigated. NR is a planar phenazine dye, which is 

structurally similar to other planar dyes like thiazines and 
xanthenes with higher stability, lower toxicity and more 

convenient application. In recent years, it has been demonstrated 
that the binding of NR with DNA is an intercalation binding.

14
 

Therefore, NR was used as a spectral probe to investigate the 
binding mode of 3a with DNA in this work. The absorption 

spectra of the NR dye upon the addition of DNA (Supplementary 

data: Fig. S1) revealed that the absorption peak of the NR at 
around 460 nm exhibited gradual decrease with the increasing 

concentration of DNA, and a new band at around 530 nm 
developed. This was attributed to the formation of the new 

DNA–NR complex. 
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Figure 5. The plot of Ao/(A-Ao) versus 1/[compound 3a]. 
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Figure 6. UV absorption spectra of the competitive reaction between 3a and 

neutral red with DNA. c(DNA) = 4.11×10
-5

 mol/L, c(NR) = 2×10
-5

 mol/L, 

and c(compound 3a) = 0–4.5×10
-5

 mol/L for curves a–j respectively at 

increment 0.5×10
-5

. Inset: Absorption spectra of the system with the 

increasing concentration of 3a in the wavelength range of 350–600 nm 

absorption spectra of competitive reaction between compound 3a and NR 

with DNA. 

As shown in Figure 6, the competitive binding between NR 

and 3a with DNA was observed in the absorption spectra. With 

the increasing concentration of compound 3a, an apparent 

intensity increase was observed around 460 nm. Compared with 

the absorption around 460 nm of free NR in the presence of the 
increasing concentrations of DNA (Fig. 6), the absorbance at the 

same wavelength exhibited a reverse process (inset of Fig. 6). 

The results suggested that compound 3a intercalated into the 

double helix of DNA by substituting for NR in the DNA–NR 

complex. In addition, increase of absorbance at 276 nm provided 

evidence for intercalation of compound 3a into DNA. 

To rationalize the observed antibacterial activity and 

understand the possible mechanism of the target imidazolyl 

berberine, a flexible ligand receptor docking investigation was 

undertaken. The crystal structure data (topoisomerase IB–DNA 
complex, PDB code: 3m4a) were obtained from the Protein Data 

Bank, which was a representative target to investigate the 

antibacterial mechanism of berberines. Target compound 3a was 

selected to dock onto the topoisomerase IB–DNA complex. 

 

Figure 7. Three-dimensional conformation of compound 3a docked in 

bacterial topoisomerase IB–DNA complex. 

The docking mode with the lowest binding free energy (-7.00 

kJ/mol) is shown in Figure 7 (Supplementary data: Fig. S2 and 

S3). The docking result of compound 3a with topoisomerase IB–
DNA complex might rationalize the possible antibacterial 

mechanism. The methoxyl group in the 9-position of berberine 

was in close proximity to the residue ALA-182 through 

hydrogen bonds with distance of 1.913 Å. Moreover, this 

molecule 3a could also form hydrogen bonds with HIS-180 of 

topoisomerase IB–DNA complex with distance of 2.164 Å 
through the nitrogen atom of imidazolyl moiety, which indicated 

the necessity of imidazole group for the increased bioactivity. In 

addition, electrostatic interactions exist between the aromatic 

ring of compound 3a and GLN-253, GLU-249, TYR-250, LEU-

246, PHE-273, ASP-277, PHE-273, LYS-181, ALA-134 in DNA 

topoisomerase IB. These hydrogen bonds might be beneficial to 
stabilize the compound–DNA–enzyme complex, which might be 

the important reason that compound 3a displayed strong 

inhibitory efficacy against tested strains. 

In conclusion, a novel series of berberine-derived imidazole 

compounds were successfully synthesized by a convenient and 

efficient procedure. Their structures were confirmed by 
1
H 

NMR, 
13

C NMR, MS, IR and HRMS spectra. The in vitro 

antimicrobial evaluation revealed that most of the synthesized 

compounds exhibited good bioactivities against the tested Gram-

positive and Gram-negative bacteria. Especially compound 3a 

against E. typhosa, B. subtilis and MRSA with MIC values of 1–

32 μg/mL was superior to reference drugs. Structure-activity 
relationship suggested that imidazolyl group was important for 

exerting antibacterial and antifungal efficacy and the 

introduction of bulky alkyl substituted imidazole fragment into 

C-12 position of berberine would decrease the antibacterial 

activity. The cell toxicity and ROS generation assay displayed 

that compound 3a showed low cytotoxicity by down regulating 
ROS generation. The interactive investigations revealed that 

compound 3a could effectively intercalate into calf thymus DNA 

to form 3aDNA complex which might further block DNA 

replication to exert the powerfully antimicrobial activities. 

Molecular docking indicated that compound 3a could bind with 

DNA topoisomerase IB through hydrogen bonds and 
electrostatic interactions. Further research, including the 

introduction of other azoles (eg. aminoimidazole, triazole) into 

C-12 position of berberine as well as in vivo biological studies 



  

are currently in progress, and all these will be discussed in the 

future paper. 
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LCMS–2010A and the high-resolution mass spectra (HRMS) 

were recorded on an IonSpec FT-ICR mass spectrometer with ESI 
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was recorded at room temperature on a TU-2450 
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(expressed as molarity of phosphate groups) by Bouguer–

Lambert–Beer law. The purity of the DNA was checked by 

monitoring the ratio of the absorbance at 260 nm to that at 280 

nm. The solution gave a ratio of > 1.8 at A260/A280, which 

indicates that DNA was sufficiently free from protein. All of the 

solutions were adjusted with Tris-HCl buffer solution (pH = 7.4), 

which was prepared by mixing and diluting Tris solution with 

HCl solution. All chemicals were of analytical reagent grade, and 

doubly distilled water was used throughout. 
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isoquinolin-7-ium chloride (3a) 

To a solution of imidazole (340.4 mg, 5.0 mmol), formaldehyde 

aqueous solution (37%, 0.4 mL, 5.0 mmol) and hydrochloric acid 

(catalytic amount) in anhydrous n-butanol (5.0 mL) was added 

hydrochloride berberrubine (357.8 mg, 1.0 mmol). The resulting 

mixture was stirred at 110 
o
C for 5 h. After the reaction was 

completed (monitored by TLC, chloroform/methanol (10/1, 

V/V)), concentrated under reduced pressure to give the crude 

product, which was purified using silica gel column 

chromatography (chloroform/methanol = 20:1) to give 223.3 mg 
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-
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cm
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1
H NMR (600 MHz, MeOD) δ 9.22 (s, 1H, 8-H), 7.96 (s, 
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+
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