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Summary: Berberine hydrochloride is a natural alkaloid with significant antitumor activities against 

many types of cancer cells, can be synthesized by cyclic reaction with hydrochloride condensate and 

glyoxal as raw materials and copper chloride as catalyst. In this study, the transition and energy 

change for the each reaction step was calculated by the density functional theory program Dmol3 in 

Materials Studio 2017. and the results testified that there are two ring formation in the cycliztion 

process, and according to the result we proposed the mechanism of this cyclization reaction. We also 

use infrared and ultraviolet spectroscopy to monitor the reaction process in real time and prove the 

ring formation process. The reaction mechanism was firstly proposed at the basic results of above. 
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Introduction  

 

The copper-based catalyst has been widely 

used as an efficient oxidant in the cyclization reaction. 

especially, in coupling reactions through C-N or C-O 

bond coupling [1-8]. in the copper base catalysts, 

both CuCl2/copper()-chloride [9-16] and 

CuCl/cuprous-chloride [17-24]used as single electron 

oxidant in the cyclization reaction have been attracted 

more and more attention, as a result of the features 

such as inexpensive, readily available, high 

region-selectivity, easy operation, and good yields. 

Many research groups proposed the mechanism of 

the cyclization reaction catalyzed by CuCl2 or CuCl 

based on the experimental results and the 

computation study by the density functional theory 

(DFT). The catalytic cycle of Cu(/) replaced by 

CuCl2 or CuCl used respectively has been accepted 

generally [25-29]. The catalytic cyclization process is 

likely to be initiated by the nucleophilic addition, 

radical addition or electrophilic addition to produce a 

copper divalent complex or firstly reducing Cu 

divalent complex to Cu monovalent complex by 

condensation with an electron transfer, Subsequently 

oxidative addition of the Cu monovalent complex to 

form a Cu trivalent complex, the oxidation either by 

air or by Cu itself, finally the Cu trivalent complex is 

reduced, to regenerated the Cu divalent or Cu 

monovalent catalysts.  
 

The study on the catalytic action of copper 

chloride and cuprous chloride in the same cyclization 

reaction is rare [30, 31], the results indicate that the 

copper chloride is beneficial to the intramolecular, 

compared with the reaction of cuprous chloride in the 

intramolecular catalysis, and the copper chloride has 

a higher coordination capability and rate determining 

free energy barrier than cuprous chloride in the same 

cyclization reaction. So far, the combined or 

synergistic effects of CuCl2 and CuCl in the 

cyclization reaction have not been reported. 
 

Berberine hydrochloride is an agent with 

effective antibacterial, antituber, anti-inflammatory 

and anti-HIV et. Properties [32-35]. There are also 

lots of reports on anticancer properties of Berberine 

hydrochloride against a variety of different cells. Due 

to the ability to form strong complexes with nucleic 

acids, the anticancer activity of berberine 

hydeochloride appears [36, 37].The research on the 

cocrystal of Berberine hydrochloride and other 

anticancer compounds synergistic anticancer effect 

and the anticancer nanomaterials supported by 

berberine hydrochloride are hot topics nowadays 

[38-40]. Berberine hydrochloride has been 

synthesized for more than 40 years, and the 

CuCl2-catalyzed cyclization reaction mechanism has 

not been established. On the basis of the experimental 

results and relevant reports in the literature, we firstly 

proposed the reaction mechanism of CuCl2-catalyzed 

cycliaztion of N-(2’,3’-dimethoxy benzyl)-3,4- 

dioxy-methylene-phenylethylamine hydrochloride 

and glyoxal, and investigated by density functional 

theory (DFT) to understand the activity of 

CuCl2/CuCl in the cyclization reaction. 
 
Experimental and Computational Methods 
 
Chemicals 

 
Hydrochloride condensates(98%,Northeast 

Pharmaceutical Group Limited,China), Glacial acetic 

acid(99.5 ％ , Tianjin Damao Chemical Factory, 
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China), Acetic anhydride(99.5 ％ , Tianjin Yongda 

Chemical Reagent Co., Ltd, China), Glyoxal(99％, 

Tianjin Yongda Chemical Reagent Co., Ltd, China), 

Copper chloride (99％, Tianjin Yongda Chemical 

Reagent Co., Ltd, China), Copper chloride(99％ , 

Tianjin Yongda Chemical Reagent Co., Ltd, China), 

Hydrochloric acid (36％, Tianjin Yongda Chemical 

Reagent Co., Ltd, China), Hydrogen peroxide(≧30％, 

Tianjin Yongda Chemical Reagent Co., Ltd, 

China).All solutions were prepared using 18.2 MΩ 

deionized water (Millipore). 
 

Real-time analysis 
 

The study started with the reaction of 

copper() chloride, glyoxal, and N-(2’,3’-dimethoxy 

benzyl)-3,4-dioxy-methylene-phenylethylamine 

hydrochloride in acetic acid at 117°C for 2 hours. 

Then the intermediate was oxidized by the hydrogen 

peroxide under the presence of HCl at 30°C for 30 

mins. Finally, refined the product. And the yield was 

81%.The decrement control of water content in the 

system was achieved by adding acetic anhydride 

(Scheme-1) and real-time monitoring analysis by 

infrared and ultraviolet analysis was conducted in the 

cyclization reaction. 

 

DFT Calculation 
 

The simulation can be performed by the 

density functional theory program Dmol 3 in 

Materials Studio 2017 [36, 37]. During the simulation, 

spin unrestricted geometry optimization and 

single-point energy calculations are performed, the 

DNP double numerical basis set is used. The core 

electrons are treated with DFT semi-core 

pseudo-potentials (DSPP). The exchange-correlation 

energy was calculated using the Perdew- 

Burke-Ernzerhof (PBE) generalized gradient 

approximation (GGA). A Fermi smearing of 0.005 Ha 

and a global orbital cutoff of 4.0 Å are employed. 

The convergence criteria for the geometric 

optimization and energy calculation are set as follows: 

(a) a self-consistent field tolerance of 

1.0× 10-5Ha/atom, (b) an energy tolerance of 2.0× 10 

-5 Ha/atom, (c) a maximum force tolerance of 0.004 

Ha /Å, and (d) a maximum displacement tolerance of 

0.005 Å. The density mixing is used to accelerate the 

convergence, to explore the transfer of electric charge 

and the strength of the bond, the population is 

calculated. The transition state (TS) is determined by 

using of the linear and quadratic synchronous transi 

(LST/QST) complete search method. And the 

frequency is calculated to ensure the credibility of TS 

at the same time, and to consider the weak interaction, 

the TS method for DFT-D is used in the simulation 

process. 
 
Results and Discussion 
 

Real-time IR spectra 
 

The reaction process was monitored in real 

time, and the samples collected in the process were 

tested by infrared and ultraviolet spectroscopy. The 

infrared spectrogram is shown in Fig. 1. As can be 

seen from the IR spectra monitored in Fig. 1, the four 

peaks with different intensities, located at 1600 cm-1, 

1580 cm-1, 1500 cm-1 and 1450 cm-1, belong to the 

C=C skeleton vibration characteristic peak on the 

benzene ring, while 880-680cm-1 belong to the 

out-of-plane vibration of C-H, and C-H stretching 

vibration on the typical benzene ring located at 

3100-3000 cm-1. It belongs to Ar-O stretching 

vibration at 1270-1230cm-1 and C-O stretching 

vibration located at 1050-1000cm-1.The peaks locate 

at 3500-3100cm-1 belong to N-H vibration, and 

1420-1400cm-1 belong to C-N vibration .As the 

reaction time went on, the N-H stretching peaks 

which are at the position of 3400cm-1 changed from 

the constant obvious peak of N-H in the raw material 

to the non-obvious one, and then gradually 

disappeared, it shows that N-H bond condensed with 

copper chloride.The first ring formed at 80min after 

reaction, and then go on. the stretching vibration of 

the aldehyde groups (C=O) characteristic peaks are at 

1750-1700cm-1 gradually appeared, and reached the 

maximum at 80 minutes, this indicates that two 

aldehyde group of glyoxal condensed with copper 

chloride firstly, and then one aldehyde group of 

glyoxal at the other end of the intermediate was 

exposed with the first hydroxylation of a carbonyl 

group. The peak value at 1750-1700cm-1 disappears 

after the time of 120 minutes; it can prove that the 

reaction process is carried out in sequence. In other 

words, C-N bonded with one aldehyde group of 

glyoxal, complexde with copper chloride, and then 

oxidized with Ar-H on the benzene ring to form the 

first six-membered ring. Finally, the aldehyde group 

on the other end of glyoxal, under the synergistic 

action of copper chloride and cuprous chloride, 

oxidized with Ar-H on the benzene ring to form the 

second six-membered ring. 
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Scheme-1: The Cyclic Reaction of Berberine Hydrochloride. 
 
Real-time UV spectra 

 
Fig 2 shows the real-time monitoring of 

UV-vis Spectroscopic of the reaction. As can be seen, 

the UV-vis Spectroscopic of hydrochloride 

condensation compound displays at 275nm, which is 

characteristic absorption peaks of aromantic 

compounds. As the reaction time, goes on, the 

absorption peak displays at 500nm and 700nm 

gradually appear. According to this change trend, it 

proves that transition from aromatic ring to 

condensed ring in turn and the benzene ring structure 

formed in the process of reaction. This is consistent 

with the inference. 
 

 

 

Fig. 1: Real-time IR spectra.  

 

 

Fig. 2: Real-time UV-vis Spectroscopic. 
 

Reaction Steps 
 

A set of the transition state, energy barrier, 

and energy change for each reaction step calculated 

were shown in Table-1, it can be seen that the first 

six-membered ring intermediate formed via a 

transition state (TS5) with an activation energy of 

Ea=175.60kJ/mol, the calculated result indicates that 

this process is the rate determining step with the first 

six-membered ring formation and the second 

six-membered ring intermediated formed via a 

transition state(TS7) with an activation energy of 

Ea=146.66kJ/mol. The calculation shows that there 

are two steps to form the successive rings in the 

cyclic reaction process. 

 

Table-1: Transition state, required activation energy and free energy barrier of each step. 

 Reactions Transitions state Ea (kJ/mol) △H（kJ/mol） 

R1 CC and GlC complexation   -1.25 

R2 Drop HCl   -1.45 

R3 N and C connection TS1 12.54 -69.47 

R4 First cyclization TS2 20.26 1.35 

R5 Produce first OH TS3 42.45 31.84 

R6 Produce second OH TS4 57.89 -65.61 

R7 Break Cu-C   5.21 

R8 Drop first H2O TS5 175.60 21.23 

R9 Second cyclization TS6 68.50 -117.71 

R10 Break Cu-C TS7 146.66 33.77 

R11 Drop second H2O(with CuCl2) TS8 57.89 -152.45 
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Mechanism 

 

Scheme-2: Proposed Mechanism of the Cu-Catalyzed Reaction. 

 

On the basis of the experimental and 

calculated results and literature precedents, a 

proposed mechanism for the cyclization reaction was 

shown in Scheme-2. The Cu(/) catalytic cycle 

would proceed through the intermediate A, generated 

from a coordination of copper()-chloride and 

aldehyde and imino group in the reactants, 

subsequent a seven-membered ring intermediate B 

formed by proton transfer and dehydrogenation of 

intermediate A, and in this process HCl was dropped. 

The second seven-membered ring intermediate C 

formed through dehydration by synergistic catalytic 

action of Cu() /Cu(Ⅰ) with the first six-membered 

ring B formation.As a result of Cu-C broke and 

hydroxy generated, CuCl2 and H2O were dropped in 

this process.Finally, final product D provided by 

oxidation and elimination of Cu(Ⅰ) complexes 

underwent the presence of HCl and hydrogen 

peroxide(broke Cu-C), and the copper catalyst 

regenerated. The catalytic cycle and the transition 

state of the reaction process were shown with the 

removal and addition of HCl, H2O and CuCl2 were 

generated from the deprotonation and oxidation 

reaction, and the second dehydration and CuCl2 

regeneration assisted the hydrogen peroxide under 

the presence of HCl. 

 

Conclusion 

 

Discontinuous sampling analysis method 

was used to real-time analysis by infrared and 

ultraviolet analysis, the changes of the stretching 

vibration of N-H and the aldehyde group (C=O) 

indicate that the cyclization process was gradually 

formed as reaction time goes on. The DFT calculated 

results testify that there are two ring formations in the 

cyclization process, the first six-membered ring 

intermediate formed via a transition state with an 

activation energy of Ea=175.60kJ/mol and the second 

six-membered ring intermediated formed via a 

transition state with an activation energy of 

Ea=146.66kJ/mol. The cyclization mechanism which 

includes two cyclic steps is first proposed. 
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