The electrochemical investigation of inclusion complexes of the selected succinimides with β-cyclodextrin and (2-hydroxypropyl)-β-cyclodextrin

Jelena Lović1,  Milka Avramov Ivić1*, Bojan Božić2, Jelena Lađarević3,  Dušan Mijin3
1Institute of Electrochemistry, University of Belgrade, Belgrade, Serbia

 2Faculty of Biology, University of Belgrade, Belgrade, Serbia

3Department of Organic Chemistry, Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia

*Corresponding author: jlovic@tmf.bg.ac.rs, jelena.lovic@ihtm.bg.ac.rs
Abstract

The inclusion complexes of the selected, potentially biologically active, succinimides with β-cyclodextrin (CD) and (2-hydroxypropyl)-β-cyclodextrin (HPCD) were prepared. the formation of the inclusion complexes of the investigated monophenyl and diphenyl succinimide derivatives was confirmed using attenuated total reflection (ATR) study. Their electrochemical behavior was examined by square wave voltammetry (SWV) in 0.05 M NaHCO3 on a gold electrode. The difference between the peak current of free compounds and corresponding inclusion complexes is discussed. The impact of chlorine atom in the phenyl moiety of succinimide derivatives on the activity in electrooxidation reaction is presented. Among the studied succinimides, according to SWV measurements, the most active is the monophenyl succinimide derivative (compound 1) in complex with CD.
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1. Introduction
succinimides are derivatives of pyrrolidine-2,5-dione which can be modified by the introduction of various alkyl and/or alkyl groups on nitrogen or carbon atoms. Some of the modifications can be illustrated by the structures presented in Fig. 1. The presented compounds and other succinimides were investigated from biomedical, pharmaceutical, electrochemical and quantum analysis point of view. Evaluation of their pharmacokinetic properties and in vitro cytotoxic activity showed that all compounds were predicted for good permeability and solubility, oral absorption rate and moderate volume of distribution even for blood brain permeation, followed by acceptable observed toxicity.1,2 succinimides also exhibit antioxidant, antitumor, cytostatic, antispasmodic, muscle relaxant, hypotensive, analgesic, anti-convulsant, antiepileptic, antitubercular, antimicrobial and antifungal abilities.3-12 
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Figure 1. The structure of the investigated succinimides: (1) R1=H, R2=Ph, X=H; (2) R1=Ph, R2=Ph, X=H;    (3) R1=H, R2=Ph, X=4-Cl; (4) R1=Ph, R2=Ph, X=4-Cl;  (5) R1=H, R2=Ph, X=3-Cl;    (6) R1=Ph, R2=Ph, X=3-Cl.  

The synthesis and physico–chemical properties of the succinimides given in Fig. 1, classify as monophenyl succinimide derivatives (1, 3, 5) and 3,3-diphenyl succinimide derivatives (2, 4, 6) have been reported earlier.13,14 Recently, the results obtained from cyclic and square wave voltammetry, on the gold electrode, combined with computational studies, revealed that these compounds are electrochemically active and oxidized by the mechanism involving the conversion of COCHPh or –CH2– group in free radical by the loss of one proton in one electron process.15 

The aim of this work is to compare the already observed electrochemical activity of six selected succinimides with their activity in the form of inclusion complexes with cyclodextrines. Cyclodextrines (CD) are widely applied as a non toxic encapsulated materials for a variety of guest molecules in order to improve their physico-chemical properties.16-20 The results of electrooxidation ability of  the selected succinimides complexated with β-cyclodextrin (CD) and (2-hydroxypropyl)-β-cyclodextrin (HPCD) will be presented.
2. Experimental
2.1. Material and methods

All investigated compounds have been previously synthesized.14 All used chemicals were p.a. grade (sodium hydrogen carbonate and sulphuric acid) obtained commercially from Sigma. 18 MΩ cm deionised water was obtained from a Milipore Waters Milli-Q purification unit.

ATR spectra of the investigated succinimides were collected on a Nicolet™ iS™ 10 FT-IR Spectrometer (Thermo Fisher SCIENTIFIC) with Smart iTR™ attenuated total reflectance sampling accessories.

2.2. Preparation of inclusion complexes 

The inclusion complexes of the investigated succinimides were prepared by mixing of the succinimides solution (5 mmol in 100 cm3 of 0.05 M NaHCO3) with cyclodextrines solution (5 mmol in 50 cm3 of 0.05 M NaHCO3) to obtain 150 cm3 of 1:1 succinimide:cyclodextrine complex in 0.05 M NaHCO3. The resulting mixture was shaken thoroughly and allowed to equilibrate at room temperature for 30 min before introduced to the electrochemical cell for electrochemical analysis. 

2.3.  SWV measurements

Electrochemical studies were performed using three-electrode cell with an Au working electrode (surface area 7 mm2), an Au wire auxiliary electrode and a calomel reference electrode. The Au working electrode was polished with diamond paste, cleaned with a mixture of 18 MΩ water and sulfuric acid and further cleaned with 18 MΩ deionized water in an ultrasonic bath.

The accumulation of the succinimides and the inclusion complexes at the Au electrode was carried out for 0.2 s at - 0.45 V. After that a square-wave voltammetric stripping initiated in the positive potential direction was performed. Square-wave voltammetry was carried out using PGZ 402 Volta Lab (Radiometer Analytical, Lyon, France). The following instrumental parameters were used to record the square-wave voltammograms: step size 5 mV, pulse size 75 mV, frequency 10 Hz, scan rate 50 mV s-1.

3. Results and discussion
In the first part of the work, inclusion complexes were prepared by dissolving corresponding succinimide and CD in 0.05 M NaHCO3. The solutions were shaken for 15 min, and then evaporated under vacuum and dried. In order to study the formation of inclusion complexes, ATR analysis was performed. For illustration, Fig. 2 depicts ATR spectra of the relevant samples for the study of the inclusion complex of the compound 1 with HP(CD. The spectrum of HP(CD (b) displays characteristic bands at 3280 and 2926 cm–1 originating from O–H and C–H stretching vibrations, respectively and 1659 cm–1 as a result of H–O–H bending vibrations. The most prominent peaks at 1080 and 1021 cm–1 are ascribed to composition of the valence vibrations C–O–C, C–C–O and C–C–C. ATR spectra of 1 (c) show characteristic vibrations of carbonyl groups at 1775 and 1701 cm–1. The spectrum of the physical mixture (d) represents the simple sum of the spectra of the succinimide molecule and HP(CD implying that this mixture do not provide inclusion of the guest molecule into the host molecule cavity. On the other hand, spectrum of inclusion complex (e) significantly differ from all of the spectra (a-d). Bands at 1425 and 878 cm–1 of the inclusion complex appear from NaHCO3, since the complexes are prepared in bicarbonate solution. The disappearance of the some corresponding peaks originating from succinimide ring and HP(CD is observed in this spectrum due to the restricted vibrations of the groups after the insertion of succinimde into HP(CD cavity. The decrease of the intensity and the shift from 1701 to 1685 cm–1 of the vibrations of the carbonyl group is observed in the spectrum of the inclusion complex as a result of the intermolecular hydrogen bonds between host and guest molecules. Furthermore, a broad band at 3280 cm–1 of HP(CD significantly decreased intensity and moved to 3458 cm–1 in complex clearly indicating the formation of inclusion complex. The same conclusions are derived for the inclusion complex of 1 with (CD as well as for other compounds (not presented). 
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Figure 2. ATR spectra of (a) NaHCO3; (b) HP(CD; (c) compound 1; (d) physical mixture of the compound 1 and HP(CD and (e) the inclusion complex of 1 with HP(CD.
Figure 3a shows the square wave voltammograms (SWV) of the selected succinimides recorded at the Au electrode in 0.05 M NaHCO3. Their 1:1 inclusion complexes with β-cyclodextrin are presented in Fig. 3b and their 1:1 inclusion complexes with (2-hydroxypropyl)-β-cyclodextrin are presented in Fig. 3c.
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Figure 3. SWVs of investigated compounds (a); of the inclusion complexes of the investigated compounds with βCD (1:1) (b) and of the inclusion complexes of the investigated compounds with HPCD (1:1) (c), obtained on Au electrode using 0.05 M NaHCO3. Accumulation time: 0.2 s at E = - 0.45 V; step size 5 mV, pulse size 75 mV, frequency 10 Hz, scan rate 50 mV s-1.
The SWV measurements reveal well defined peak at potential Ep = ~ 60 mV (Fig 3,abc) and the higher currents at Ep for both inclusion complex of the succinimides (Fig 3b and 3c) comparing to succinimides presented in Fig. 3a. It indicates that the complexation of succinimides improves their electrooxidation ability.
According to Fig. 3a higher currents of the SWV signal for the compounds 1 and 5 in the region of Ep are observed.The highest peak current is observed for compound 1 complexated with ßCD as is presented in Fig. 3b. Concerning the inclusion complexes with HPßCD, the highest peak current is observed for compound 5 according to Fig. 3c. 
The difference between the peak current of free compound and inclusion complex   (jp, Table 1) is a characteristic of improved electrooxidation ability.  Regarding the inclusion complexes of succinimides with ßCD, the highest j is noticed for compound 1, while for the inclusion complexes of succinimides with HPßCD the highest jp is observed for compound 6. According to the computational analysis for the free compounds reported earlier,15 the obtained improved electrooxidation ability of the investigated succinimides was ascribed to the influence of the structural parameters. Namely, the monophenyl succinimide derivatives (1, 3, 5) were characterized by the formation of radical and anion at position C3, while  3,3-diphenyl succinimide derivatives (2, 4, 6) can form only one species of radical and anion as consequences of deprotonation at position C4.15 Since the CD interior is hydrophobic, the inclusion complex formation can be achieved either by succinimide molecule entrance through a wider or narrower rim, most probably oriented in such way that phenyl ring(s) are inside the CD cavity.21,22 The complex stabilization is probably due to the van der Waals interactions and/or hydrogen bonds formation.23  The complex formation also induces change in molecule conformation,22  which leads to the increased electrochemical activity (Table 1).

As can be seen from the data given in Table 1, except for compound 1, where inclusion complex with CD showed higher electrochemical activity, inclusion complexes with HPCD were more electrochemically active. The presence of hydroxypropyl groups additionally stabilize complex through interaction with the succinimide molecule. The presence of chlorine atom in the phenyl moiety of succinimide derivatives (3, 4, 5, 6) showed positive impact on the activity in electrooxidation reaction. It seems that flexible hydroxypropyl groups of HPβCD interact with chlorine atom as electron accepting group of the guest molecule thus enhancing the electrooxidation ability.17
The difference in electrochemical activity of CD inclusion complex of compound 1 in comparison to other complexes might be due to the lack of one phenyl ring and chlorine atom which makes this complex more reactive. Insertion of phenyl ring (compound 2) or chlorine atom (compounds 3 and 5) decline the electrochemical activity of CD, due to the change in succinimide molecule conformation or interactions with CD, especially of chlorine atom with hydrophilic groups outside the cavity.  This hinders the formation of radicals and anions during the electrooxidation of molecule. On the other hand, inclusion complex of compound 1 with CD, has the highest reactivity due to the additional delocalization of spin density of the obtained radical on the carbon C3,15 as a result of possible conformational change due to the van der Waals interactions and/or hydrogen bonds formation.23   

Table 1. Reaction current at peak potential (jp) and the difference between peak current for complexated and non complexated compound (jp) 
	succinimide
	jp / µA cm-2
	jp

	compound 1
	47
	-

	compound 1 + βCD
	82.2
	35.2

	compound 1+ HPβCD
	53.3
	6.3

	compound 2
	29.3
	-

	compound 2 + βCD
	39.7
	8.4

	compound 2+ HPβCD
	50
	20.7

	compound 3
	27.7
	-

	compound 3+ βCD
	33.7
	6

	compound 3+ HPβCD
	45.6
	21.9

	compound 4
	28.6
	-

	compound 4+ βCD
	51.4
	22.8

	compound 4+ HPβCD
	60
	31.4

	compound 5
	43.5
	-

	compound 5 + βCD
	53.7
	10.2

	compound 5 + HPβCD
	65.8
	22.3

	compound 6
	23.8
	-

	compound 6+ βCD
	41.5
	17.7

	compound 6 + HPβCD
	56.9
	33.1


4. Conclusions

The complex formation between selected succinimides and β-cyclodextrin and (2-hydroxypropyl)-β-cyclodextrin was confirmed with ATR spectral analysis. The SWV measurements reveal well defined peak at potential Ep = ~ 60 mV and the higher currents at Ep for both inclusion complex of the succinimides comparing to the free compounds. It indicates that the complexation of succinimides improves their electrooxidation ability. The highest peak current in this study is observed for compound 1 complexated with ßCD. Inclusion complexes with HPCD of succinimide derivatives (2, 3, 4, 5, 6) were more electrochemically active in regard to the inclusion complexes with CD since the presence of hydroxypropyl groups additionally stabilize complex through interaction with the succinimide molecule. The presence of chlorine atom in the phenyl moiety of succinimide derivatives (3, 4, 5, 6) showed positive impact on the activity in electrooxidation reaction.
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