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ABSTRACT

The experimental information of imidazolium-basedid liquids in the extraction of natural producfsom
literatures was firstly collected to summarize éhxtraction rules of natural products in ionic ligis. The structures
of ionic liquid, water and natural products weretiopized by Gaussian03 to obtain the optimal confdiom. Then
AutoDock 4.0 was employed to calculate the inteecwdbr interactions between the ILs and the natyralducts,
and the docking simulation results and the expentaledata were compared. The specific interactiorergy
between gallic acid and ionic liquid 1-butyl-3-mgtmidazolium octylsulfate ([¢€nim][CgH;,SQ)]) was analyzed
to further investigate the extraction mechanise T@sults demonstrated that the higher absolutaeraf binding
free energy was, the easier natural products cdal@xtracted by ionic liquid. This study was expedod provide a
new method for fast selecting specific ionic ligmdhe extraction of target natural products.
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INTRODUCTION

Liquid-liquid extraction has often been a favordwice for the separation of the natural productadifional
natural products extraction [1-3], however, oftempéoys an organic solvent selected through indmssri
experiments and an aqueous solution as the two doilphe phases, which often led to serious emutgific in
some cases [4]. Moreover, the increasing emphasithe adoption of environmentally benign technaésgimay
make current processes seem increasingly anacticdmésause of high usage of toxic, flammable, tlelarganic
solvent. Therefore, it is desired to develop soafe and environmentally benign extraction solvents.

lonic liquids (ILs) have aroused increasing intefes their promising role as alternative medisséparation [5, 6].
They can dissolve a wide range of organic and guig compounds [7, 8]. Also, they have negligibkgpoer
pressure and are relatively thermal stable, whah avoid environmental and safety problems du&dousage of
conventional organic solvents. Therefore, theyesqgected to be novel liquid-liquid extraction soltgeto replace
those traditional solvents. Recently, ILs have mand more been used in separation and purificaifonatural
products with its unique advantage. For instance, &t al. reported that 1-methy-3-butyl-limidzolium
hexafluorophosphate ([BMIM][P) could be used as extraction solvent for sepamafrulic acid and caffeic acid
[9]. It also demonstrated that ILs can be recycletich could reduce harm to environment and opesato another
study, the gallic acid was been successfully etdchcby 1-butyl-3-methylimidazolium methylsulfate
([BMIM][CH 3S0y])-H,0 solution with relatively high extraction rate5.81% [10].

Although ILs are applied in extracting various matuproducts, few related extraction mechanismsehlgen

explored, especially for the selecting specific lhshe extraction of natural products. In thisdstubased on the
experimental information of imidazolium-based Ibdracting natural products from literatures, molacwocking

was firstly explored to investigate the extractimechanism, which also provided a kind of new methbdast

selecting specific ILs for exacting target natymalducts.
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EXPERIMENTAL SECTION

Preparation of the experimental data

Considering imidazolium-based ILs had been curyewidely used in extracting natural products, théraction
data collected from the literatures were all alibig type. Ten typical groups (Table 1) were selédb investigate
the relationship between the structure and extradtield, which involved six kinds of natural prads containing
aromatic ring and six imidazolium-based ILs. Thgiuctures are shown in Fig.1.
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Fig 1 The structures of natural products (a) and ionic liquids (b)

Table 1 The experimental data of ionic liquids extracting natural products

Entry | Natural products Solvent of Source lonic idju Yield /% Ref.
1 catechinic acid BD + wine substrate [Bmim][RF 98.9 [11]
2 resveratrol standard solution + wine substrate mifBj[PF] 98.1% | [11]
3 caffeic acid HO [Bmim][PF] 45.7% [9]
4 ferulic acid HO [Bmim][PF] 91.9% [9]
5 coumarin HO [Bmim][PF] 94.55% | [12]
6 gallic acid NaSQssolution [Emim][CRSQOy)° 14.7% | [10]
7 gallic acid NaSOssolution [Bmim][CESQ;]° 34.66% | [10]
8 gallic acid NaSQssolution [Bmim][CHSQOY] 52.81% | [10]
9 gallic acid NaSQssolution [Bmim][GH1,SQy] | 18.53% | [10]
10 gallic acid NgSQssolution [Bmim][N(CN}Y] 26.02% | [10]

a: 1l-ethyl-3-methylimidazolium trifluoromethanesokte;
b: 1-butyl-3-methylimidazolium methylsulfate
c¢: 1-butyl-3-methylimidazolium dicyanamide

Optimization of the molecular structure

The 3D structural coordinates of the RTILs andria&ural products were obtained from the Cambridmec&iral
Database (CSD) [13]. In order to get the prefeatntionformation as the molecular structure for diogk
Gaussian03 (revision C.02, Gaussian, Inc., WaltirdjyfCT) was employed to optimize the moleculaucttire.

Docking simulation

In this study, AutoDock 4.0 (freely available atpotwww.autodock.scripps.edu/) was employed tacuate the
intermolecular interactions between the ILs and rtaéural products. AutoDock performed the dockirigtiee
analytes to a set of grids which are used to desd¢hie natural products and AutoGrid precalculdtese grids. The
grid box was all the same for the ILs and the aeoterid box was fixed on macromolecular, so thace was the
same for the natural products. And the grid box am@larged until the lowest binding free energy aelsieved. In
the LGA calculation, the parameters in AutoDockdrewith ‘ga’ (genetic algorithm) [14]. In this stydhe number
of ga_run was set in 100 considering a few rotafidronds. The ga_num_evals was set in long (R&ed the
ga_pop_size was set in 300 [15]. All above docldogditions were the same for all of the ILs to m#i@ results
comparable. The results from the docking were atatliaccording to their energy scores, which wdopted by
most references [16-18]. At the same time, theestdlwnolecules from raffinate phase were also doekittd the
natural products.
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RESULTSAND DISCUSSION

Preferential confor mation of the ILsand natural products

Preferential conformation of the ILs and naturaldarcts (see Fig.2) was achieved by the densitytitumad theory
(DFT) method and DFT calculations were performed the B3LYP "% 2%6-31G(d) level of theory

using Gaussian 03 software.
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Fig 2 The privileged structures of natural products (a) and ionic liquids (b)

Docking results

The binding free energies in Table 2 between IL¢ matural products were all negative, which indidathat the
selected ILs were inclined to combining with natymaducts. Compared to the same ILs used to extnacnatural
products, it was found that the absolute valuéheftiinding free energy increased as the extragi®d increased,
which was in the order of catechin resveratrol commarin > ferulic acid > caffeic acid. Therefatlee binding free
energy of ILs could reflect the extraction abilityne higher the absolute value of binding free gyevas, the more
easily natural products could be extracted by It grovided a method of fast screening specific itus exacting

natural products.

Table-2 The binding free ener gy of docking

Entry | Natural products AGY (}Ijégl.m o) | AGL/ (:(I;:Sal.m oY) Extraction rate/%
1 catechinic acid -1.41 -2.80 98.9
2 resveratrol -2.08 -2.10 98.1
3 caffeic acid -1.76 -1.22 45.7
4 ferulic acid -1.62 -1.35 91.9
5 coumarin -1.47 -1.85 94.55
6 gallic acid -1.57 -1.72 14.7
7 gallic acid -1.57 -1.87 34.66
8 gallic acid -1.57 -1.80 52.81
9 gallic acid -1.57 -2.33 18.53
10 gallic acid -1.57 -1.56 26.02

While the different ILs were used to extract gadiicid, it was unable to achieve the consistencyéet binding
free energy and extraction yield, which could ressifrom small energy gap between different kintiewic liquids
in the docking. However, compared [Bmim][§F©;] with [EmiIm][CF;SO;], as the two ILs with same anion and
different carbon chain length on cation, it confethto the rule that the higher the absolute vafueiraing free

energy is, the easier natural products can beagtidy ILs.

Detailed analysis of binding free energy

There were seven groups of data in Table 2 thatodstrated the binding free energy between ILs aatdral
products was greater than that between water aindahproducts; in the other words, most of thested ILs have
stronger binding affinity than water. However, radt the groups had high extraction capability. Boprder to
further investigate the extraction mechanism, tbmited analysis of binding free energy was illattd by taking

the ninth group as an example.

In AutoDcok output files, the binding free ener@ifaing Was divided into seven parts: vanderwaals en@egy,),
electrostatic energy (), hydrogen bonding energy (&nJ, desolvation energy ), torsional free energy (£,
final total internal energy (. ) and unbond system energy,463.9- For convenience, the total ofdz , Gypongand
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Gsor in this text was expressed byqtanbond+sol The binding free energy can be expressed asafsllo

G‘binding = C':‘\/dw+Hbond+sol'|' C':‘elec"' Gfinal + Gtor - C':‘unbond

In the seven energies, the difference gf,f ILs and HO was 0.93 kcal/mol, which could directly lead te t
energy reduction in the process of combinationWlith gallic acid. The biggest difference of bindifrge energy
was attributed to the Gvdw+hbond+sol and Gtor. @a@bshowed that {gy+Hpond+saWas the key factor for theyfging

of ILs significantly lower than kO. Obviously, the G, of ILs was higher than 0 due to higher molecular weight.
Considering the G, and G, had the relatively smaller impact oRifgng GrsongWas investigated. In the calculation
result, ILs formed two H-bond with the gallic acihen they were combined in the form of the loweastrgy
conformation (see Fig. 3). By contrast, there wasHibond formed in the lowest energy conformatidn o
combination HO with gallic acid. However, H-bond was formed lie tother energy conformation. It indicated that
H-bond played a key role of inducing the differen€&s, g +Hbond+sol

Moreover, G, of this IL was 1.57 kcal/mol. It indicated the egpevas increased due to the rotation of relatedi®on
in the process of combination, which decreasedrblecular affinity between the IL and gallic acid.

Table 3 Comparison of interaction energy between natural productswith ionic liquid and H,0O, respectively

Bincing free energy P4 (G ot ot | 4G, (keal mof)
AGvdw+Hbond+sol -2.45 -1.31
AGelec -0.32 -0.26
AGiinal -0.93 0.00
Gtor 157 0.00
AGunbond 0.00 0.00
AGb\nding '233 '157

CONCLUSION

In this study, a simple method was developed tbdakect specific ionic liquid in the extractionmdtural products
and it was convenient to common researchers foer@ents. Ten groups of imidazolium-based ioniwilig
extracting natural products from literature wermstfy selected and docked by AutoDock softwares found that
the higher the absolute value of binding free enégthe more easily natural products can be etathby ILs. An
elaborative analysis of the interaction energy leetwnatural product with ionic liquid and® respectively, could
provide more detailed mechanism of extraction dbira products. Despite all this, further studysi#l needed to
fully understand the extraction mechanism.
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