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ABSTRACT 

 

Full Name : Abdulmujeeb Toluwase Onawole 

Thesis Title : Quantum chemical and spectroscopic studies of clotrimazole and 

resorcinol 

Major Field : Chemistry 

Date of Degree : May, 2017 

 

Bioactive compounds such as clotrimazole and resorcinol are important antimicrobial 

agents. Clotrimazole is effective against Candidiasis while Resorcinol is used in treating 

acne. Quantum chemical studies such as Density Functional Theory (DFT) and molecular 

docking are important tools in understanding the molecular properties of bioactive 

compounds most especially the mode of action by which they act as drugs. Understanding 

these properties would help in future drug development especially now that most microbes 

are developing resistance to already approved drugs.  Computational analysis and 

spectroscopic characterizations of clotrimazole, resorcinol, resorcinol -OD isotopomer, 

and resorcinol dianion salt were investigated. Infrared and Raman spectroscopic techniques 

were used for the structural characterization. Conformational analysis using potential 

energy surface scans via DFT was done for both clotrimazole and resorcinol. The 

energetically minimized forms and vibrational spectra were computed using ab initio and 

DFT quantum chemical techniques utilizing 6-311++G(d,p) basis sets. The unit cell of the 

room-temperature stable α-resorcinol and its –OD isotopomer were optimized at the 

B3LYP/6-311+G (d,p) level of theory and was shown to adopt a near Cs symmetry. 

Assignments of local vibrational modes associated with the crystal structure were also 

carried out. Relative stability analysis from the MP4 level, the syn-syn (S) form of 

resorcinol is predicted to be about 0.8 kcal/mol higher in energy than the most stable anti-

syn (AS) form. The out-of-plane vibrational modes of the solid sample exhibit some 

spectral shifts as compared to the gaseous phase as a result of the strong intermolecular 

packing forces. Molecular docking study exhibited that resorcinol is keratolytic active and 
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tends to form a stable complex in its near-AS form with Keratin-7. The conformational 

analysis of clotrimazole gave rise to three possible conformers. The geometrical parameters 

calculated at (B3LYP/6-311++G(d,p)) of the clotrimazole were in agreement with the XRD 

results. The calculated FMO energies gave insight into the molecular properties which 

disclosed that charge transfer occurs in the molecule and showed that the HOMO occurred 

on the imidazole ring while the LUMO occurred on the benzene rings. The MEP map 

showed that the negative region is localized in the imidazole ring and hence prone to 

electrophilic attack. The protein-ligand interaction of the title compound with Secreted 

Aspartic Proteinase 2 of C. albicans using molecular docking studies gave insight into its 

mode of action in treating Candidiasis. 
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 ملخص الرسالة

 
 

 عبدالمجيب تلويس أوناوول             :االسم الكامل
 

 دراسة التحليل الطيفى وكيمياء الكم لمركبات كلوترايمازول والريسورسنيول          :عنوان الرسالة
 

 علوم الكيمياء               التخصص:
 

 2017مايو   :تاريخ الدرجة العلمية
 

نول هما من المركبات ذات الفاعلية الحيوية التي تلعب دوراُ مهما كعوامل متضادة الكلوترايمازول والريسورسي

الكلوترايمازول فعال ضد فطريات الجلد بينما الريسورسينول تكمن فعاليته في معالجة حب الشباب.  وتعتبر للميكروبات. 

كأدوات مهمة لمعرفة الخصائص الجزيئية  دراسات كيمياء الكم مثل نظرية الكثافة الوظيفية ونظرية اإللتحام الجزيئية 

لهذه المركبات ذات الفعالية الحيوية وباألحرى معرفة طريقة عملها كأدوية. معرفة خصائص هذه المركبات قد تمكن 

في المستقبل من تطوير االدوية خصوصا مع تطوير الميكروبات لمقاومتها ضد األدوية المسموح بها حاليا. تم تشخيص 

ترايمازول والريسورسينول والريسورسينول المتناظر باألضافة إلى الريسورسينول ثنائى الملح بواسطة مركبات الكلو

التحليل المحوسب والتوصيف الطيفى. وكذلك أستخدمت  تقنية مطيافية األشعة تحت الحمراء  ومطيافية رامان في 

ازول والريسورسينول أجرى بماسح طاقة السطح التوصيف التركيبى لهذه المركبات. تحليل التكوين الجزيئى للكلوترايم

الموضعية بأستخدام نظرية الكثافة الوظيفية. األطياف األهتزازية واالنماط المخترلة بالطاقة حوسبت بواسطة تقنيات 

 نظرية الكثافة الوظيفية وابانيشو بأستخدام                                            

 6- 311++G(d,p) basis sets  .  
  وحدة الخلية المثلي الستقرار الريسورسينول والريسورسينول المتماثل فى درجة حرارة الغرفة تم ضبطها بواسطة

  B3LYP/6-311+G (d,p) level of theory  والتي تتخذ عرض ذرات الكربون المتماثلة القريبة                           

  

ية المرتبطه بالشكل البلورى. تحليل االستقرارية النسبية من كما تم تحديد أنماط األهتزازات المحل

 مستوى                                           

و   MP4 and the syn-syn (S) form 

كيلو سعر لكل مول  له طاقة أكثر من 0.8للريسورسينول قدر بحواالى            

the most stable anti-syn (AS) form.



xv 

 

هتزازات خارج السطح للعينة الصلبة أوضحت تغيرات طيفية مقارنة بالحالة الصلبة نتيجة لقوة الجزيئات البينية لقوي أنماط اال 

التعبئة. دراسة إلتحام الجزيئات أوضحت ان الريسورسينول نشط للقرنية وله ميل لتكوين مركب مستقر فى متشاكله اي اس  مع 

.       7-الكيراتين  

زيئ للكلوترايمازول اعطي ثالثة متشاكالت محتملة. تم حساب عوامل الشكل الهندسى على تحليل التكوين الج

 قاعدة                           

(B3LYP/6-311++G(d,p))      

بالنسبة  ى المحسوبةللكلوترايمازول والتى لها توافق مع نتائج حيود االشعة السينية. طاقات اوربتاالت جزيئات فيرم

جزيئية أوضحت حدوث إنتقال الشحنة فى الجزيئ وبناًء عليها فإن االوربتاالت الجزيئية الممتلئة العليا للخصائص ال

تحدث علي حلقة االميدازول بينما االوربتاالت الجزيئية الفارغة الدنيا تحدث علي حلقات البنزين. أوضحت خريطة ام 

الالقطة بالنسبة  -ة للهجوم االلكتروفيلى. تفاعل البروتيناي بي  إن المنطقة السالبة تقع على حلقة االميدازول نتيج

المستخلص من سى ألبيكان بإستخدام دراسات إلتحام الجزيئات  2-للمركبات موضوع الدراسة مع أسبارتك بروتينيز

اعطى نظرة فاحصة لطريقة عمل هذه المركبات لعالج فطريات 

                                                                                                                                 الجلد.   
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1 CHAPTER 1 

INTRODUCTION 

Antimicrobial agents which are compounds that destroys microorganisms including fungi, 

bacteria and other microbes are often classified based on the microorganism they act upon. 

Clotrimazole acts on the fungus Candida albicans which is the pathogen for candidiasis[1] 

and hence it is called an antifungal while Resorcinol is active against Propionibacterium 

acnes the bacterium that causes  hidradenitis suppurativa (acne)[2], [3] hence, it is an 

antibacterial drug. Quantum chemical studies which includes Density Functional Theory 

(DFT) and Molecular docking have been widely used in studying bioactive compounds 

and classified under in silico methods [4] in drug discovery which is literally means in 

silicon referring to the silicon chips in computers.  

Designing drugs used to be a very expensive and cumbersome process. However, the 

advent of Computational Chemistry has proved a very useful tool in Medicinal Chemistry 

and in understanding the mechanisms by which drugs function. This information is 

important because it helps in the designing of new drugs [5]. Also Computer-Aided Drug 

Designing (CADD) has helped in reducing the cost in both time and money of drug 

development [6] Stereochemical behavior often influences the physicochemical properties 

of a compound [7]. For bioactive compounds, they have a particular influence on a 

molecule’s ability to interact with a protein target. Molecular docking involves predicting 

the most preferred conformation or orientation of a small molecule (bioactive compound) 
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when it bounds to a large molecule (protein). The way the small molecular binds to the 

protein can help predict the binding affinity and also the mode of action of that small 

molecule. Spectroscopy is also an important tool in drug design especially when it comes 

to characterization during drug delivery and drug formulation [8]. This is very important 

in how a drug is absorbed in the body. DFT complement the experimental spectra in 

assigning vibrational bands so as to distinguish the different functional groups present in 

bioactive compounds. Upon the application of molecular docking in understanding the 

mode of action of resorcinol and clotrimazole which are approved drugs. Molecular 

docking was applied in methimazole and ketoconazole and also newly synthesized 

piperazine and inorganic complex compounds which showed promise as anti-stress and 

anticancer agents respectively. 

1.1 Clotrimazole 

Clotrimazole (CTZ), 1-[(2-Chlorophenyl)(diphenyl)methyl]-1H-imidazole is a derivative 

of imidazole and is being used to treat fungal or yeast infections that affects the skin areas 

such as the feet (Athlete’s foot) and even the vagina. It is mainly used to treat candidiasis, 

a fungal disease, which is caused by the pathogen Candida albicans (C. albicans).  CTZ is 

applied as a cream on the affected areas of the skin or it is taken orally in tablet form. It is 

presumed that it inhibits the proteins in the fungal cell membrane which leads to the 

permeability of the membrane and ostensible disturbance of the enzymes bound to the 

membrane [9], [10]. C. albicans is an important agent of infection, which engages in a 

parasitic relationship with its host especially when the hosts have deficient immune system 

such as HIV/AIDS (Human Immuno-deficiency Virus/Acquired Immuno-deficiency 

Syndrome). Several studies have been directed on understanding the cell surface of C. 
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albicans mainly because of the two main functions of the cell surface which includes 

maintenance of the shape of the fungus acting as a permeable membrane and secondly, the 

interaction of the fungi with its external environment which include its host [11]. The latter 

part of the function of the cell surface highlights the reason why most research is on the 

cell surface of C. albicans. Candida albicans is the most common strain of Candida which 

is the pathogen for Candidiasis [12]. Over 150 species of Candida exist some of which 

include C. tropicalis, C. krusei and C. glabrata. Candida can be found in all humans. Their 

cell walls are thin and they are about 6 microns in length. They actually exhibit a 

commensal relationship in humans [13]. However, when they reproduction is in excess 

they become parasitic. The presence of virulent secreted aspartic proteases (SAPs) and 

other metabolites lead to a disruption in the energy cycle and hence fatigue in the host. 

Curd-like discharge from the vagina and white patches in the tongue area are a few 

symptoms of Candidiasis [14].  Anti-fungal agents such as CTZ and other Imidazole related 

compounds like fluconazole and ketoconazole are used in treating Candidiasis [15]. CTZ 

has been known to display its antimycotic activity by inhibiting the fungi cytochrome p450 

14α-lanosterol-demethylase (14-LD) commonly referred to as CYP51 [16]. This is done 

by restraining the biosynthesis of the sterol in particular the sterol auxotrophic strain 

including the demethylase [17]. This makes the membrane permeable and leads to a 

disruption between the enzymes and the membrane it bounds on. This action of CTZ 

prevents the further division and growth of C. albicans. However, there are speculations 

that CTZ may also interact with phospholipids and other proteins in the cell membrane of 

C. albicans [10]. Bilensoy et al [18]  and Robbe et al [19]  reported the experimentally 

observed IR and Raman spectra of CTZ respectively  while Dhudashi et al [20] used HPLC 
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method to estimate the CTZ in lotion and cream dosage form. Song and Shin [1] reported 

the XRD crystal structure of the title compound.  In this present work, the conformational 

analysis, molecular and spectroscopic properties including vibrational assignments have 

been reported which to the best of our knowledge has not been done till date. Molecular 

docking studies of CTZ with a virulent protein present in C. albicans using the possible 

conformations was also reported to give insight into the possible mode of action of CTZ in 

the cell membrane of C. albicans 

1.2 Resorcinol 

Resorcinol (1,3-dihydroxybenzene) is a fundamental organic compound that finds several 

applications in pure and applied fields of science [6,7]. Because of its pharmacological and 

biological importance, especially as a potent antibacterial agent [1], resorcinol remained a 

subject of extensive studies for its electronic ground and excited states from experimental 

and theoretical points of view.  Resorcinol is a simple chemical compound that has been in 

use for more than a century. Nevertheless, it is not widely known despite its many 

applications except among non-specialist in the field  of resorcinol chemistry [21], [22]. 

Resorcinol is a white crystalline solid which often exist in both α and β form which are 

both formed by the crystallization of resorcinol from ethanol and benzene respectively [21]. 

Resorcinol is a relatively less toxic compound compared to phenol [23]. Hence, its use in 

the pharmaceutical industry. It can easily be absorbed by the skin and causes irritation upon 

exposure to the eyes and during inhalation. However, it is stable under flammable 

conditions [24]. 2-methoxy resorcinol is a derivative of pyrogallol, a toxic natural product 

[25] mostly found in plants. However, its applications are found in supramolecular 
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photochemistry [26] and also has a uremic retention solute used in recognizing protein-

bound compounds [27]. 

Halogenated resorcinols are one of the most useful derivatives in resorcinol chemistry. 

They are formed via electrophilic aromatic substitution with the respective halogen atom. 

The presence of two hydroxyl groups cause higher activation, which consequently allows 

easy halogenation of resorcinol at the 2, 4 and 6 positions. Fluoro resorcinols are used in 

dye preparation, particularly fluorescein and rhodol dyes, 2-chloro resorcinol is a precursor  

in preparing 1,2-benzisoxazoloxy acetic acids, which is an antihypertensive drug while 4-

chloro resorcinol is used in preparing photoactive compounds which are applied in 

photolithography. Brominated and iodinated resorcinol compounds are used to alleviate 

the impact caused by fires and in radiology diagnosis respectively [22]. 

During the past decades resorcinol exhibited a number of medical applications, especially 

as it is used as a starting material to prodcue derivatives of Active Pharmaceutical 

Ingredients (API) for treating Alzheimer’s disease, sickle cell anemia and alcoholism [22]. 

However, resorcinol itself has been also used as a topical agent in treating dermatological 

diseases such as eczema, acne and Hidradenitis Suppurativa (HS) [29,30]. Molecular 

docking is a useful tool used in structure-based drug design (SBDD) to predict binding 

affinities of an API with specific protein targets [30] that play a role in the pathology of a 

disease. Resorcinol possess keratolytic properties and hence is known to target the 

follicular keratin plug which is the initiation stage of several HS lesions [29]. Therefore, a 

molecular docking analysis is useful to provide insights on the modes of action of 

resorcinol in treating HS.  
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Clotrimazole 

3 Candida albicans is one of the popular fungal pathogens responsible for causing 

Candidiasis. It engages in a parasitic relationship with its host even though it initially 

engages in a commensal  relationship[11], [31]–[33]. This parasitic relationship is often  

worse when it occurs in that hosts have deficient immune systems, such as HIV/AIDS 

because they have T-cell deficiencies[11]. Though it is still unclear in mycology how the 

relationship changes from commensal to parasitic[31]. Candidiasis also particularly affects 

about 75% of the women population experience candidiasis in the form vulvovaginal 

candidiasis[34]. C.albicans are also known to play a role in early childhood caries which 

is the presence of decayed cavities in a child  of equal or less than 6 years of age [35]. Other 

fungal pathogens aside C. albicans that cause yeast infections include C. tropicalis and C. 

glabrata. However, C. albicans is the most renowned amongst them all [31].  Several 

studies have been directed at understanding the cell surface of C. albicans mainly because 

of the two main functions of the cell surface which include shape maintenance of the fungus 

and secondly, the interaction of the fungi with its external environment which include its 

host [11]. The latter part of the function of the cell surface highlights the reason why most 

research is focused on the cell surface of C. albicans.  The virulence attributes of C. 

albicans includes phenotypic switching, dimorphism,  hyphal formation and secretion of 

extracellular hydrolytic enzyme which includes aspartyl proteinases which are also called 

aspartic proteinases[36], [37].  
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4 Secreted Aspartic Proteinases (SAPs) are known to be located at the surface of the cell. 

They are encoded by a multigene family which is includes the presence of 10 SAP genes 

(SAP1-10)[38]–[42] which have been detected under many laboratory conditions[43]. 

Asides been among the virulence factors in Candidiasis, the activities of SAPs also 

contribute to tissue damage of the host, particularly SAP 1-3[44]. Removal of SAP1-6 have 

been suggested to assuage virulence in candidiasis keratitis [45]. Nevertheless, SAP1-10 

are contributing factors when it comes to vaginal candidiasis[46], [47]. The activities of 

SAP depend on pH, SAP1-3 are more active in lower pH(3-5) while SAP4-6 are more 

active at higher pH values (5-7)[32]. Though the normal pH of blood is neutral (7.4). 

However, the pH values vary through the body, such as the vagina area which is more 

acidic and the oral cavities which is neutral. Hence, the reasons why some SAP thrive more 

in certain areas of the body[32]. Since, SAPs plays a major role in many stages of infection 

of candidiasis, this makes it a potential drug target for treating Candidiasis infections[48], 

[49]. Pepstatin A has been used to inhibit SAPs[11]. However, there is need for new SAP 

inhibitors as there are new pathogenic fungal species, antifungal resistance, drug 

interactions and bioavailability amongst many other factors[48]. 

5 Azole based compounds alongside, polyenes are the most popular anti-fungal drugs used 

in treating candida infections[50]. However, polyenes have shown to be toxic hence the 

decrease in their use in treating candidiasis as compared to azole based compounds which 

are much safer[51].  Amphotericin B (AMB) is the most popular amongst the polyenes 

primarily because of the low occurrence of fungal resistance against it. However, it is 

nephrotoxic[50]. The known mode of action of  antifungal drugs is to target the cell wall 

or membranes of the pathogen[10]. Hence  the polyenes bind to ergosterol, the major sterol 
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of fungal membranes while the azoles inhibit of the fungal cytochrome P450-dependent 

lanosterol-14-α-demethylase which consequently leads to ergosterol reduction[16], [50], 

[51]. This action makes the membrane permeability and consequently leads to the 

disruption of enzyme systems bound to the membrane[52]. However, recent studies have 

shown that SAPs contribution to C.albicans virulence and hence are a potential drug 

target[31], [44], [53]. Many azole compounds have been designed over the years to 

improve the treatment of candidiasis. Ketoconazole proved to have superior in vivo activity 

and lower degree of inactivation after being absorbed as compared to other azole antifungal 

drugs such as clotrimazole[54]. Ketoconazole is also the only known antifungal drug to 

bind to the androgen receptor[55], [56]. Fluconazole and Itraconazole are also proven to 

be more effective than Clotrimazole and Nystatin(a polyene) when it comes to treating 

oropharyngeal candidiasis[57]. However, Clotrimazole has also shown to be successful in 

treating vaginal candidiasis as compared to the popular polyenes (AMB and Nystatin). 

Nevertheless a demerit of Clotrimazole is its side effect neurological  reactions and gastro-

intestinal troubles[58]. Itraconazole is very active against mucosal form of candidiasis and 

it is quite similar to Fluconazole with respect to its activity. However, the latter has 

different pharmacological properties  and does not violate any of the Lipinski’s rule of five 

(RO5)[59], [60] alongside voriconazole[61], [62]. Azole based compounds have also 

recently been applied in  corrosion inhibition[63] and Surface Enhanced Raman 

Spectroscopy (SERS)[64], [65]. 

2.2 Resorcinol  

Resorcinol (1,3-dihydroxybenzene) is an important building block in organic synthesis 

and finds several applications in pure and applied fields of science [66], [67]. Because of 
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its pharmacological and biological importance, in particular its use as a potent antibacterial 

agent [68], resorcinol has been a subject of extensive interest both from experimental and 

theoretical points of view [22]. In the solid and gas phases, three possible rotamers of 

resorcinol are known (Scheme 1). 
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Scheme 1. Atom numbering and the three possible rotamers of resorcinol 

In case of solid-phase resorcinol, intermolecular interactions are stronger, which is due to solid 

packing arrangement. Based on x-ray crystallographic analysis, resorcinol exists in two forms 

i.e., α- and β-resorcinol. The crystal structure of α-resorcinol, the stable form at the room 

temperature and atmospheric pressure, was first reported by Robertson [69]. The study 

revealed that molecules in α-resorcinol maintain the anti-configuration (A) of C2v symmetry 

[69]. The crystal phase structure of α-resorcinol is stabilized by intermolecular hydrogen 

bonding with a distance in the order of 2.7 Å.  Two years later, the crystal structure of β-

resorcinol, which arose due to phase change  at 347 K, was also disclosed [70]. In the case of 

β-resorcinol, the molecular conformation interconverts into the Cs anti-syn (AS) 

configuration. β-Resorcinol was shown to have a denser phase with a nearly 3% volume 

contraction [70]. In both systems (α & β-resorcinols), the unit cell contains four resorcinol 

molecules with different molecular packing and lattice parameters [22], [69]. Raman 
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spectroscopy has been used to characterize the α to β phase change and study different nature 

of intermolecular hydrogen bonding networking as the resorcinol changes from one 

crystalline phase to another [70], [71].  

Moreover, studying the properties of the three possible rotamers of resorcinol in the 

gas phase has been of great interest. In previously reported spectroscopic studies, anti-syn 

(AS) and anti (A) rotamers were readily identified due to their comparable stabilities. The 

free-jet spectrum of resorcinol with only a single origin in the near-UV region was first 

disclosed in 1950 [72]. This was followed by a report by Dunn et al [72] on high-resolution 

laser resonant two-photon ionization (R2PI) spectra of resorcinol, which permitted the 

identification of three distinct rotamers of the compound. The resonance-enhanced 

multiphoton ionization (REMPI) and hole-burning (HB) spectra of resorcinol were also 

recorded by Gerhards et al [73] wherein both AS and A rotamers were identified. In 1996, 

Melandri et al [74] confirmed the coexistence of the three configurations of the compound in 

the gas phase by free-jet millimeter wave (MW) spectrum [75]. The study revealed that A and 

AS forms possess relatively similar stability whereas the S form lies at least 400 cm-1 higher 

in energy. The careful assignments of the vibronic states in the dispersed fluorescence (DF) 

spectra of resorcinol confirmed the presence of the more stable A and AS forms although 

there was a little variance in the spectral features between the two rotamers [76]. Moreover, 

the A and AS rotamers of resorcinol and its deuterated analogs in their S0 and S1 electronic 

states were also confirmed by the high-resolution UV spectroscopy [75]. However, the study 

did not cover investigation of the S rotamer. In the same study [75], automated assignments 

have been performed using a genetic algorithm approach with an asymmetric rotor 

Hamiltonian. Later, Gerhards et al [76] have reported the mass analyzed threshold ionization 
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(MATI) and infra-red photo induced Rydberg ionization (IR-PIRI) spectra of resorcinol and 

its cationic species wherein they observed the A and AS conformers of the compound 

(Claudio and Ha, 1990; Gerhards et al., 1998). Thus, it can be concluded that the AS and A 

forms of resorcinol are more stable in the gas phase compared to the S form. These findings 

were further supplemented by theoretical calculations together with some of the 

aforementioned structural and conformational spectroscopic investigations [76]–[78] 

Additional computational studies on the energetics and structural properties of resorcinol have 

also been reported [77]. The predicted energy differences between the three isomers (AS, A 

and S) of resorcinol at the HF/4-31G* level was found to be smaller (0, 84 and 378 cm-l, 

respectively) with a rotational barrier around the C-OH bond in the order of 2-3 kcal/mol [78]. 

Computational studies have been extended to the crystal phase of resorcinol. The crystal 

morphology and solvent effect on the crystal habit of resorcinol and other organic systems by 

ab initio calculations were studied [79]. Moreover, the stability and lattice parameters of the 

two crystalline phases of resorcinol were explored by molecular dynamics calculations in an 

NPT ensemble [80], showing good agreement between the predicted properties and 

experimental data earlier reported. Moreover, theoretical methods have been employed to 

understand the nature of interaction between resorcinol and different solvents [81]–[83]. 

Blanco et al have explained the overlapping pKa values of resorcinol determined by UV-Vis 

spectroscopic techniques with the help of HF and DFT-B3LYP calculations [84]. The 

theoretical data enabled to explore the molecular conformations and solute–solvent 

interactions of the resorcinate anions. Moreover, B3LYP method was employed [85] to 

interpret the solvation effect by predicting total energies, dipole moments, reactivity 

parameters and transition states involved in resorcinol-solvent species. A theoretical 
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resorcinol-water model of 1:2 stoichiometry was investigated to explain the high dipole 

moment (8.6 D) of resorcinol in water [85].  

The assignments of the vibrational modes of resorcinol in crystal and gaseous 

phases by a number of spectroscopic techniques were also carried out, which provided 

deeper understanding of the electronic and rotameric nature of resorcinol. The vibrational 

assignments based on its infrared and Raman spectra in the solid phase were first reported 

by Penot et al [81] and Hidalgo et al [82]. Later on, a number of these assignments were 

revised by Green et al [83].  The gas-phase infrared spectrum of resorcinol in the range 

4000-625 cm-1 at 190°C was recorded by Wilson [86]. Detailed assignments of the IR 

bands revealed that the single molecule adopts a Cs symmetry structure that corresponds to 

the AS rotamer. In a recent gas-phase study [87], the analysis of the vibrational states by 

the dispersed fluorescence (DF) spectrum of resorcinol in the free jet revealed the 

coexistence of AS and A rotamers. Moreover, the polarized infrared spectrum of α-

resorcinol crystals in the lattice mode and internal vibration regions at lower temperatures 

have been reported [88]. Particularly, O-H stretching frequencies have been investigated 

by means of infrared photo induced Rydberg ionization (IR-PIRI) [89] and non-resonant 

ionization detected (NID) infrared and near-infrared (IR-NIR) spectroscopic techniques 

[78]. The assignments of the νOH stretching overtones of resorcinol clearly confirmed the 

existence of the two nonequivalent O-H bonds associated with the AS rotamer. In addition, 

the other two rotamers could also be assigned in the overtone spectra with the help of 

harmonic oscillator local mode calculations performed at the B3LYP/6-311++G(3df,2pd) 

level [89]. 
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Herein, we wish to report our study based on extensive vibrational frequency 

calculations based on both the single molecule and unit-cell system of crystalline resorcinol. 

The infrared, Raman and 1H NMR analyses of resorcinol-OD and resorcinol dianion salt 

have also been performed and compared with the resorcinol. The conformation of 

resorcinol has been explored at different calculation levels for a more accurate energetic 

description and to achieve reliable understanding of the molecular docking mechanism 

towards keratin-7. 
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6 CHAPTER 3 

METHODOLOGY 

3.1 Experimental Details 

The studied of clotrimazole and resorcinol were purchased from Sigma Aldrich and used 

without any additional refinement for spectroscopic analyses. The mid-infrared spectra 

(4000-400 cm-1) were collected at room temperature using a Nicolet 6700 FT-IR 

spectrometer equipped with a globar source, a KBr beam splitter, and a DTGS KBr detector 

at one-wavenumber resolution using a KBr window. The Nicolet 6700NXR FT-Raman 

module equipped with a CaF2 beam-splitter and an InGaAs detector was used to collect 

the Raman spectra (4000-100 cm-1) of the three compounds at room temperature. The He-

Ne laser source operating at 1064nm with 0.2 W was used for sample excitation.  

3.2 Computational Details 

All the computational calculations of the studied molecules were done with the Gaussian 

09 program [90] using the Density Functional Theory.  The molecules were optimized at  

the B3LYP method using the 6-311++G(d,p) as the basis set. The vibrational frequencies 

were calculated for all the studied molecules and no imaginary frequencies were present. 

The VEDA program [91] alongside GaussView [92] were used to assign the vibrations of 

all the molecules. The frequencies calculated were scaled to have a reasonable comparison 

with the experimentally determined ones using the method developed by Saadi and Laane 

[93]. Frequencies within the range of 2700 cm-1 and 4000 cm-1 used a scaling factor of 

0.961 while those within the range of 0 to 1800 cm-1 used 0.985 as the scaling factor.  The 

proteins structures were downloaded from the protein data bank (PDB) [94] and were 
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validates using Ramachandran plots via the Moleman 2 program [95]. All the  molecular 

docking studies were calculates using the CLC drug discovery workbench 3.0.2 [96]and 

the molecular interactions were viewed using Discovery studio [97]. 
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7 CHAPTER 4 

RESULTS AND CONCLUSION 

4.1 Clotrimazole 

4.1.1 Molecular structure 

CTZ is a non-planar compound that contains 4 ring structures which include two benzene 

rings, a chlorobenzene and an imidazole ring. The four rings are connected by a quaternary 

carbon   at the center as seen in Fig.1 which gave the structure a C1 symmetry point group. 

Song and Shin [1] had described the crystal structure of CTZ. The Potential Energy Surface 

(PES) Scans depicted in Figs 5 and 6 showed rotations around the C6-C7 and C7-N10 bonds 

respectively. The PES resulted in four energy conformations; A B and C (Fig. 2). It was 

observed that CTZ had low stability whenever the chlorine atom was close to any of the 

aromatic rings as seen in conformers A and C (Figs. 3 and 4). This might be due to steric 

crowding which also involves the repulsion between the negative electrons of the chlorine 

atom and the pi-electrons present in the aromatic rings and hence the most stable structure 

conformation occurred when the rings where most far apart (conformer B) to minimize 

repulsion. The energy difference between the most stable conformer and the least unstable 

conformers is about 5kcal/mol.  In the first PES scan (Fig. 3) which has C6-C7 has its rotational 

bond, it was observed that the chlorobenzene moved about 180° from conformers A to B. The 

relative energy difference was about 5kcal/mol though the energy. However, in the second 

PES scan (Fig. 4) which has its rotational bond at C7-N10, it was observed that a 180° flip in 

the imidazole ring from conformer A led to a lower energy conformer C which had a relative 

energy difference of less than 1kcal/mol. The PES was also carried out in aqueous phase and 



17 

 

the results showed the same conformations as in gas phase except that the energies were 

slightly higher (Table 1). Hence, CTZ is less stable in aqueous phase than in gas phase. The 

PES revealed Conformer B has the most stable while conformer A and C had similar 

stabilities. Conformer B’s stability is due to the absence of steric crowding and repulsive effect 

between the chlorine atom and the benzene ring. 
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Figure 1. The optimized geometry (DFT) of CTZ 
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Figure 2. The three possible minimal energy conformations of CTZ 
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Figure 3. Potential energy scan resulting from the rotation about the C1–C6–C7–N10 bond 

as calculated at the B3LYP/6-311++G (d,p) level of theory. 
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Figure 4. Potential energy scan resulting from the rotation about the C6–C7–N10-C25 bond 

as calculated at the B3LYP/6-311++G(d,p) level of theory. 
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Table 1. The relative energies from the three possible conformers of clotrimazole in gas 

and aqueous phases. 

Conformers 
Gas 

phase 
(kcal/mol) 

Aqueous 
phase 

(Kcal/mol) 

A 
5.195 5.265 

B 
0.000 0.000 

C 
4.808 4.958 

 

4.1.2 Geometrical parameters 

The bond angle and bond distances of the chlorobenzene and imidazole ring were used as 

the selected parameters in CTZ and were compared to other reported works. The bond 

length of the chlorobenzene ring (Table 2) showed a good agreement between the XRD [1] 

and the DFT. The C11-C1 which is the longest bond length was 1.743 and 1.764 for both 

XRD and DFT respectively. This was also in agreement to the single molecule of 

chlorobenzene which was determined experimentally to be 1.725 by Roussy et al [98] and 

theoretically calculated to be 1.762 [99], though at a lower basis set of 6-311G* as 

compared to the 6-311++G(d,p) basis set used in this work. The bond angle C2-C1-Cl11 was 

depicted to be 116° and 115.4° for the XRD and DFT respectively and this was lower 

compared to the single chlorobenzene molecule which was 119.801° and 119.308° for both 

the experimentally observed [98] and DFT calculated [99] respectively. The difference in 

bond angle is possibly due to the orientation of the chlorine atom to minimize the steric 

crowding due to the presence of the other three aromatic rings present in the title 

compound. For the imidazole ring, the DFT calculated bond lengths were slight higher than 
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the XRD. However, there was a very good agreement between N12-C24 and N12-C25 which 

were 1.372 and 1.315 respectively for the XRD and 1.375 and 1.314 for the DFT calculated. 

This also concurred to the experimental data [100] of single imidazole molecule and 

theoretically calculated [99] (though at a lower basis set of 6-311G**) which gave 1.314 

and 1.312 respectively for N12-C25. The bond angles N10-C23-C24 and N10-C25-N12 had a 

perfect agreement in both the XRD and DFT of 106.1° for the former and a very good 

agreement of 112.5° and 112.3° for the latter respectively. This also concurred to the single 

imidazole theoretically calculated which gave 105.072° and 111.650° for N10-C23-C24 and 

N10-C25-N12 respectively. 
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Table 2. Some selected structural parameters of clotrimazole calculated using 

DFT/B3LYP at the 6311++G(d,p) basis set with XRD data. 

Label XRD DFT 

Bond length (Å)   

Cl11-C1 1.743 (2) 1.764 

C1-C2 1.381 (3) 1.394 

C1-C6 1.400 (3) 1.409 

C2-C3 1.375 (3) 1.390 

C3-C4 1.373 (4) 1.389 

C4- C5 1.386 (3) 1.392 

C5-C6 1.390 (3) 1.402 

C6-C7 1.552 (3) 1.558 

C7-N10 1.498 (2) 1.500 

N10-C23 1.371 (3) 1.388 

C23-C24 1.345 (3) 1.368 

N12-C24 1.372 (3) 1.375 

N12-C25 1.315 (3) 1.314 

N10-C25 1.356 (3) 1.376 

Bond Angle (°)   

C2-C1-Cl11 116.0 (2) 115.4 

C6-C1-Cl11 122.1 (2) 122.7 

C2-C1-C6 121.9 (2) 121.9 

C3-C2-C1 120.0 (2) 120.3 

C3-C4-C5 120.0 (2) 120.0 

C4-C5-C6 121.8 (2) 122.5 

C6-C7-N10 106.7 (2) 109.6 

N10-C23-C24 106.1(2) 106.1 

C24-N12-C25 104.1 (2) 105.5 

N10-C25-N12 112.5 (2) 112.3 
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4.1.3 IR and Raman Spectra 

The experimental Raman and IR bands (Figs 5 and 6) along with the calculated wavenumbers 

are depicted in Table 3. The wavenumbers were scaled using a factor of 0.961 for frequencies 

greater than 2700 cm-1
 and 0.985 for frequencies less than 1800 cm-1 [93].. CTZ has 42 atoms 

and hence using the 3N-6 formula for the degree of freedom for a non-linear molecule, where 

N is the number of atoms it has 120 vibrational modes. The peak at 3302cm-1 are -CH stretch 

vibrations. This is because the vibration is symmetric and hence has a low activity in IR 

spectroscopy whereas it is highly active in Raman spectroscopy. The imidazole ring in CTZ 

has no N-H vibrations since the first Nitrogen atom is bonded to the quaternary carbon while 

the other is contributing to the aromaticity of the ring. The C-N stretch has been 

experimentally reported in imidazole to be in 1325 cm-1 to 1486 cm-1 [101] whereas it is 

observed to be in be at 1478 cm-1 and calculated to be at 1476 cm-1
. The difference in frequency 

is probably because of the quaternary carbon attached to the Nitrogen atom. The imidazole  

ring deformation was reported by Ramasamy to be at 891 cm-1 and 899 cm-1 for observed and 

calculated respectively [101]. However, in CTZ the imidazole ring deformation was seen at 

883 cm-1 and 901 cm-1 for both observed and calculated respectively. The C-H stretch has 

been reported to  be in the range of 3001-3091 cm-1 for Toluene [102]. Nevertheless, in CTZ 

the range is 3040- 3173cm-1 for the two benzene rings. However, at both 1156 cm-1 and 1145 

cm-1 for both observed and calculated respectively, a C-H ring stretch is common to the three 

benzene derivatives simultaneously.  The C-C ring stretch in Toluene is stated to be 1487-

1624 cm-1 [102] while in CTZ it is observed to be in 1472- 1613 cm-1
 for the two benzene 

rings. The chlorobenzene ring is responsible for the frequency observed at 1617 cm-1
. The ring 

deformation for the two benzene rings occurs at  1001 and 1002 cm-1 
 for both observed and 

calculated respectively this is much lower compared to what was reported for by Ramasamy 
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et al for Toluene [102] which occurs at 1032 and 1042 cm-1 for both observed and calculated 

respectively. The frequency seen at 1036 cm -1 is exclusively for the ring deformation of 

chlorobenzene. The Cl-C stretch was seen at 438, 434 and 447 cm-1 for the calculated, and 

experimentally determined IR and Raman respectively. 
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Figure 5. The IR spectra of CTZ 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The FT-Raman spectra of CTZ 
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Table 3. Calculated and observed infrared, Raman frequencies (cm-1), and vibrational 

assignments for clotrimazole 

Calculated Observed  

Sym

. 

Scaled Freq 

(cm-1). 
IR Int. 

Raman 

Act. 
IR (cm-1) 

Raman 

(cm-1)  
Assignment 

A 3173.526 3.838 59.939 3164 3166 97% CH sym str 

A 3134.548 0.611 33.010 - - 99% CH sym str 

A 3111.337 6.139 
143.66

6 
3110 3112 97% CH sym str 

A 3093.172 0.829 
136.96

6 
- - 82% CH sym str 

A 3092.989 4.926 66.043 - - 80% CH sym str 

A 3089.065 3.137 89.999 3082 - 95% CH sym str 

A 3077.598 4.010 
174.61

6 
- - 78% CH sym str 

A 3067.881 
10.92

6 

146.56

9 
- - 40% CH sym str 

A 3066.992 
10.41

2 

332.58

1 
- - 31% CH sym str 

A 3065.126 
10.07

0 

155.84

1 
- 3063 53% CH sym str  

A 3060.562 
22.32

6 
88.133 3061 - 37% CH sym str 

A 3059.402 
20.25

0 
62.008 - - 45% CH sym str 

A 3051.101 2.266 66.999 - - 53% CH sym str 

A 3050.147 8.484 
129.13

9 
- - 44% CH sym str 

A 3048.924 5.964 
116.97

4 
- 3049 45% CH sym str 

A 3041.044 0.119 41.838 - - 38% CH sym str 

A 3040.535 0.373 46.689 - - 34% CH sym str 

A 1617.597 1.953 20.880 1627 - 28% ring breadth 

A 1613.609 4.862 33.103 - - 21% sym ring str 

A 1603.927 3.146 24.747 - - 24% sym ring str  

A 1599.329 1.206 20.310 - - 20% sym ring str 

A 1595.778 0.236 9.615 - - 19% sym ring str  

A 1580.799 5.457 14.520 1587 1585 33% sym ring str  

A 1514.917 
18.32

5 
5.767 -  24% N-C str; 18% 

CH bend 

A 1503.513 7.570 1.239 - 1506 14% ring breath 

A 1502.462 
22.41

0 
0.357 1490 1494 13% ring breath 
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A 1476.056 
20.70

0 
18.533 - 1478 19% ring breath  

A 1472.070 
28.98

7 
7.941 1466 - 17% ring breath 

A 1456.836 
15.63

8 
1.090 - - 13% ring breath 

A 1449.998 8.552 1.135 - - 14% ring breath 

A 1439.663 
33.60

2 
0.399 1436 - 12% ring breath 

A 1355.133 0.689 20.136 - 1351 47% N-C str 

A 1344.594 0.538 1.117 1349 - 22% sym ring str 

A 1338.681 0.551 1.690 1326 1336 23% sym ring str 

A 1310.377 6.833 1.619 - 1306 12% asym ring str  

A 1301.693 3.252 5.643 - - 21% asym ring str 

A 1295.868 
10.53

9 
8.168 - - 11% N-C str  

A 1283.454 5.075 4.414 - - 13% asym ring str  

A 1277.552 6.888 1.751 1276 - 33% asym ring str  

A 1267.707 5.704 5.300 1271 1271 34% N-C asym bend 

A 1201.256 
18.18

1 
6.379 1210 - 12% ring bend 

A 1198.683 
53.27

1 
11.467 - - 19% ring breath  

A 1196.513 4.229 6.977 - 1193 18% CH asym bend 

A 1181.188 6.142 12.480 - 1188 
15% CC sym str; 

24% CH asym. bend 

A 1174.707 7.087 4.496 1171 1171 
15% CC sym bend; 

21% -CH asym bend 

A 1167.151 0.552 2.284 - - 29% CH asym bend 

A 1166.798 0.042 3.082 - - 33% CH asym bend 

A 1164.270 4.799 3.474 - 1166 
17% CC sym str; 

13% CH asym bend 

A 1145.774 8.530 43.027 - 1156 

15% ring breath; 

17% CH asym bend; 

18% CC sym str 

A 1134.455 7.451 3.361 - - 
18% ring breath; 

25% CH asym bend 

A 1122.622 
13.03

7 
3.391 1114 1114 

45% N-C str; 31% 

CH asym bend 

A 1099.413 1.882 0.481 - - 11% ring breath 

A 1094.768 1.513 0.899 - - 10% ring breath 

A 1079.087 
68.88

7 
18.154 1081 1080 

13% ring breath; 

48% CH asym bend 
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A 1060.069 3.551 27.990 - - 

32% ring breath; 

20% CC sym str; 

12% CH asym bend 

A 1040.846 
13.96

9 
5.835 1039 - 15% ring breath 

A 1038.514 1.952 65.053 - - 
16% ring breath; 

20% CC asym str 

A 1036.829 
50.20

2 
19.195 - - 

14% Cl-C sym str; 

28% ring def 

A 1016.050 4.811 6.504 - - 34% N-C asym str;  

A 1004.218 0.796 66.310 - - 15% ring def 

A 1002.458 2.248 6.000 - 1001 17% ring def, 

A 997.079 0.046 5.471 - - 40% CH twist 

A 994.543 0.021 0.168 995 - 51% CH twist 

A 986.865 0.114 0.032 - - 76%  CH twist  

A 985.731 0.323 0.587 - - 57% CH twist 

A 980.242 0.536 0.471 - - 60% CH twist 

A 958.160 0.062 0.698 - - 76 % CH twist 

A 942.116 0.302 1.048 - - 45 % CH twist 

A 938.770 0.479 1.134 938 938 62% CH twist 

A 917.797 7.344 3.801  - 

11% CH twist; 15% 

ring breath; 33% CC 

sym str 

A 903.646 
11.97

1 
4.494 905 904 

20 % CC sym str; 

11%  ring breath; 

11% CH wag 

A 901.291 8.340 0.729 883 - 52% N-C ring breath 

A 865.908 4.803 5.796  - 
36 % N-C sym str; 

10% CH twist 

A 863.021 0.904 1.377  864 50 % CH twist 

A 859.903 0.608 1.362 860 - 54% CH twist 

A 853.208 0.467 0.049  - 49% CH twist 

A 847.591 0.692 0.566 849 849 64% CH twist 

A 821.967 
20.97

5 
0.770 823 - 74% CH wag 

A 763.446 
12.58

3 
0.410 764 770 12% CH wag 

A 755.799 
55.41

7 
0.509  - 57% CH wag 

A 749.431 
40.05

2 
0.553  745 20 % CH wag  

A 734.893 
21.87

9 
0.619  - 66% CH wag 

A 728.307 3.890 0.549  - 28% CH twist 
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A 712.118 
64.56

2 
0.983  - 

10% Cl-C sym str; 

15% ring breath, 

11% CH wag  

A 710.053 
31.19

6 
0.469  707 11% CH wag  

A 701.304 
14.81

7 
0.503 705 - 32% ring breath 

A 676.056 
11.82

8 
6.303  681 

26 % ring breath; 

21% CH wag 

A 666.747 
13.92

2 
3.952 669 660 

13% ring breath; 

29% CH wag  

A 642.789 5.946 1.648  648 
19% CH twist; 15% 

ring breath 

A 638.744 9.153 3.490 633 634 
26% ring breath; 

10% CH wag  

A 627.640 0.451 2.712 - - 
49% ring breath, 

12% CH wag  

A 623.786 0.527 3.632 - - 64 % ring breath 

A 620.859 0.893 4.129 620 621 
25% N-C wag; 12% 

ring breath 

A 540.857 0.893 0.255 531 531 
22% CH twist; 11% 

CH wag 

A 516.816 3.067 0.575 - - 
34% CH wag; 11% 

CH twist 

A 505.983 1.096 0.558 495 498 
17% Cl-C wag; 11% 

CH twist 

A 465.239 3.399 0.137 466 - 
19% CH twist; 31% 

Cl-C wag  

A 438.359 5.473 6.772 434 447 
41% Cl-C sym str; 

17% ring breath 

A 421.038 0.061 0.068 - - 46% CH twist 

A 411.586 0.489 0.209 412  47% CH twist 

A 396.270 1.023 5.183 -  45% -Cl-C sym 

bend; 11% C-C bend 

A 338.257 0.332 1.429 -  12% C-C asym bend; 

33% N-C sym bend  

A 317.007 0.690 2.018 -  10% C-C rock; 21% 

N-C wag 

A 304.150 1.054 0.474 -  
24% C-C asym str; 

29% Cl-C bend 

scissors 

A 294.938 0.448 3.045 -  
11% out of plane 

ring def.; 13% Cl-C 

wag 



33 

 

A 289.721 0.091 2.579 -  11% C-C bend; 10% 

N-C bend  

A 263.293 0.306 3.124 -  10% C-C bend; 10% 

N-C bend  

A 258.312 0.375 1.194 -  
19% C-C bend 

scissors; 10% -N-C 

bend  

A 250.517 1.014 3.895 -  11% N-C bend 

scissors 

A 176.884 0.222 2.180 -  24% C-C bend; 29% 

Cl-C wag  

A 153.152 0.125 1.665 -  15% ring rock; 21% 

Cl-C twist 

A 119.855 0.257 5.364 -  
31% C-C out of 

plane bend; 14% N-C 

out of plane bend 

A 107.287 1.094 1.018 -  10% N-C tors; 36% 

CC tors  

A 95.706 0.669 0.622 -  25% C-C tors; 30% 

N-C tors 

A 81.099 0.987 1.955 -  34% C-C tors; 18% 

N-C tors 

A 73.731 0.453 8.034 -  36% CC tors; 15% 

NC tors  

A 63.533 0.099 3.878 -  11% CCN rock; 10% 

CCC rock  

A 58.757 0.231 3.460 -  27% N-C twist; 20% 

C-C twist 

A 52.406 0.388 6.308 -  44% N-C twist; 10% 

C-C twist 

A 37.707 0.526 0.355 -  25% C-C twist; 41% 

N-C twist  
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4.1.4 Frontier molecular orbitals 

The HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied 

Molecular Orbital) are collectively known as the FMO (Frontier Molecular Orbital). They are 

an important quantum chemical parameter which help in understanding the bonding and 

adsorption properties of a compound especially when it comes to the use of compounds as 

corrosion inhibitors. The energy of the HOMO relates to ability of a compound to bind to a 

metal surface. A high HOMO energy indicates a good electron donation ability while a small 

HOMO-LUMO gap encourages the donation between the molecular orbitals of the compound 

and the orbitals of the metal surface such that a high adsorption will be detected [103]. The 

FMO values for CTZ are -6.155 eV and -1.277 eV for the HOMO and LUMO respectively 

while the energy band gap is 4.878 eV. It is observed that the HOMO occurs in the imidazole 

ring and this is mainly due to the presence of the nitrogen atoms while the LUMO occurs on 

the benzene rings which is due to the pi-electrons (Fig. 7). The FMO results indicated that 

CTZ has a good potential as a corrosion inhibitor and this has been reported in its ability to 

reduce the corrosion rate of Aluminum [63], [104].  
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Figure 7. The HOMO (A) and LUMO (B) maps of CTZ 
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4.1.5 Molecular Electrostatic Potential  

The Molecular electrostatic potential (MEP) map indicates the charge distribution in a 

molecule which is useful in knowing the potential sites for nucleophilic and electrophilic 

attacks. The blue region is positive and indicates nucleophilic reactivity while the red and 

yellow regions are negative and denote electrophilic reactivity. The electronegative regions 

occurred on N12 of the imidazole ring (red) and the chlorine atom (light yellow) though the 

former is more electronegative while the blue region occurred on the hydrogen atoms of the 

benzene rings (Fig. 8). The most reactive region of CTZ occurred on the nitrogen atom of the 

imidazole ring. 
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Figure 8. The MEP map of CTZ 
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4.1.6 Molecular docking studies 

Recent studies [44], [45], [49], [105]–[107] suggest that secreted aspartic proteinases 

(SAPs),  particularly SAPs 1-10 are virulent proteins which play an important role in the 

infection  caused by C. albicans and hence should also be a drug target. These proteins are 

mostly found in the cell membrane [32] which implies they can easily interact with the host 

cells. Unfortunately, most of the crystal structure of the SAP proteins are not available in 

the protein database. For this study, the SAP2 protein was used with PDB ID: 1EAG [108]. 

Docking, which is the technique that predicts the best possible orientation known as a pose 

by which a ligand (drug) can interact a protein to form a steady complex [109]. This method 

is relatively new as it is one of the Computer Aided Drug Design (CADD) methods and it 

has also been used in the study of CTZ with CYP121 of another pathogen responsible for 

Tuberculosis, Mycobacterium tuberculosis [110]. MOLEMAN 2 was used to validate the 

target protein (SAP2) using Ramachandran plot (Fig. 9b). For a protein to be valid, it is 

recommended that the outlier percentage does not exceed 5% [111]. The outlier percentage 

of the target protein was detected to be 2.6% and hence was valid to be used for molecular 

docking analysis. The CLC drug discovery workbench program [96] was used for the 

molecular docking studies. The optimized structure of all the three conformers from 

Gaussian 09 were used as the ligand input file for the docking process while the complex 

A70450 present in the initial structure of the target protein was set as the reference ligand 

to establish the binding site (Fig. 9a) which gave the following binding parameters; 41.480,  

22.670 and  12.460 for the X,Y and Z axes respectively. All the water molecules and ligand 

present in the initial structure were all removed from the target protein before docking the 

ligands and the docking was done with a radius of 13 Å in the binding site. The total 

docking score is a sum of the Hydrogen Bond (HB), Steric Interaction (SI) and ligand 
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Conformation Penalty (LCP) score values. All the three possible conformers showed good 

binding scores since they all had negative values when bound to the target protein. The 

steric interaction score had the highest contribution to the final docking score. Though, 

there was no significant difference in their score values (Table 4). The Drug discovery 

studio program [97] was used to visualize the binding mode and molecular interactions of 

CTZ with the target protein. However, since they all had similar docking scores only the 

binding mode of conformer B which is the most stable was depicted (Fig. 10).  The 

molecular interactions of CTZ with the target protein includes two carbon-hydrogen bonds 

with SER 118 and ASP 120; Pi-alkyl interactions with ILE 30, ILE 119 and ILE 123; Pi-

pi T-shaped interaction with TYR 84 and Pi-anion with ASP 120.  

Table 4. The docking result of the clotrimazole conformations in SAP2 (PDB ID:1EAG) 

protein 

Conformations 

HB 

Score 

SI 

Score 

Ligand 

conformation 

penalty 

Final 

Docking 

Score 

A 0.00 -42.14 1.70 -40.44 

B -2.00 -39.86 1.63 -40.23 

C 0.00 -41.47 1.70 -39.77 
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Figure 9. (A)The tertiary structure (binding site in yellow sphere) and (B) Ramachandran plot of the target protein SAP2 (PDB ID: 

1EAG). 
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Figure 10. (A) The binding mode and (B) molecular interactions of the most stable conformer in SAP2 protein of C. albicans (PDB 

ID: 1EAG). 
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4.1.7 Conclusion 

DFT studies using potential energy scan gave rise to three possible conformations of 

clotrimazole in both gas and aqueous phases. Extensive vibrational analysis was done to 

assign the spectroscopic bands. The molecular electrostatic map indicated that the positive 

region around the benzene rings while the negative region occurred on the imidazole ring. 

The frontier molecular orbitals revealed that the HOMO occurred on the imidazole ring 

while the LUMO occurred on the benzene rings. Molecular docking showed that all the 

possible conformers had good binding affinities with the target protein (SAP2). The 

molecular interactions include hydrogen bonding and steric interactions with the amino 

residues TYR, ASP and ILE present in the binding site. This molecular interactions could 

provide insight to the mode of action in which CTZ acts on C.albicans in treating 

candidiasis. 
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4.2 Resorcinol  

4.2.1 Structure and vibrational properties 

All theoretical levels employed in this study have predicted consistently that AS is the most 

stable form which is around 0.2 and 0.7 kcal/mol more stable than A and S forms, 

respectively. The prediction on the rotational constants with respect to the x, y and z 

coordinates are also in excellent agreement with experimental values (Table 6). Whereas 

the B3LYP level predicted the existence of three rotamers strictly planar with no imaginary 

frequencies, free-of-symmetry-constrain more accurate MP2 and MP4 optimizations 

predicted the hydroxyl group to very slightly tilt from the plane of the molecule. Like 

phenol, resorcinol in its electronic ground state adopts a planar configuration as it keeps 

the oxygen lone pairs of electrons in a position encountering the least possible 

intramolecular repulsion. The rotational barrier around the C-O bond predicted from the 

MP2 and B3LYP levels was found to be 3.5 and 3.8 kcal/mol, respectively.  

To attain a better understanding of the nature of the intermolecular hydrogen 

bonding in the crystal phase of resorcinol and the bioactivity of the resorcinol molecule 

towards the target protein, we focused on the conformational properties arising particularly 

from the internal rotation by the two hydroxyl groups.  The derived PES scan (Fig. 14) in 

terms of both CC-OH dihedral angles (denoted as φ1 and φ2) revealed that in non-condensed 

phases resorcinol molecule interchanges from one form into another through the AS route, 

i.e., in the AS ↔ A ↔ AS or AS ↔ S ↔ AS interchange patterns. On the other hand, at 

least 7 kcal/mol is required for the A ↔ S ↔ A or S ↔ A ↔ S types of conformational 

interchange which is less likely to take place. The MP2/6-311++G(d,p) characterized the 
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three possible minimum forms to be more flat than that predicted by the B3LYP/6-

311++G(d,p) level of theory. This supported the assumption that the molecule in the solid 

lattice is capable of adopting an internal arrangement that maximizes the extent of the 

intermolecular hydrogen bonding, whose influence in turn can be clearly observed from its 

high melting point and low solubility. The structural parameters of the optimized unit cell 

of -resorcinol were in good agreement with those have been determined by the x-ray 

experiment [112] Furthermore, the unit cell (Fig. 11) adopts an overall near Cs symmetry, 

wherein some of the hydroxyl groups tend to deviate from planarity (Table 7) to facilitate 

O-HO intermolecular bonding. The difference between the calculated non-bonded HO 

distances (in the order of 1.9 Å) and that reported experimentally (1.7 Å [112]) implies the 

very strong packing forces facilitated by intermolecular hydrogen bonding in resorcinol.  

The comparison between the calculated B3LYP/6-311++G(d,p) and the 

experimental (gas [10] and solid [32]) bond lengths, bond angles and dihedral angles of the 

most stables forms of resorcinol (anti A and anti-syn AS), its dianion salt and the α-unit 

cell has been listed in Table 7. The bond lengths and most of the bond angles do not vary 

much between the two rotameric forms, nor deviate much from those reported for the solid 

phase.  The changes of the structural properties for the benzene ring in going from 

resorcinol to its dianion salt are quite interesting and some insights could be noticed by 

carefully comparing the obtained computational and spectroscopic data. The aromatic C-

C bonds in the dianion salt were predicted to be in average 0.05 Å longer than compared 

to the parent molecule. The transformation to the dianion form makes the electron pairs on 

oxygen tend to delocalize more, resulting in the development of a trace -character across 

the C-O bonds, which in turn distort the uniformity of the electron density of the benzene 
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ring. This can be viewed from the variation in the calculated C-C bond distances and CCC 

angles as well as from the lesser sp2 character depicted by the deviation of the hydrogen 

atoms from the planar configuration. The observed shifts in the infrared and Raman 

spectral bands associated with the ring and C-O modes (Tables 8-10) support the 

calculation findings and are clarified further in the next section. The 1H NMR data support 

the structural influence of abstracting the hydroxyl hydrogens from the resorcinol ring.   

The resonance peak at  4.72 ppm due to hydrogen of hydroxyl function in resorcinol 

disappeared in both resorcinol-OD and dianion. In addition, the aromatic signals in dianion 

exhibited slight upfield shift compared to parent compound. This was indicative of electron 

shielding effect due to increased flux of electron density from oxygen lone pairs into the 

aromatic ring.  

The assignments of local vibrational modes of resorcinol, its deuterated isotopomer 

and dianion salt derivatives in the solid phase were given in Tables 3-5. While a number 

of reports had proposed the vibrational assignments of resorcinol in the condensed and gas 

phases [6, 11,13,15,24,25,26,29] , the assignments presented here were made on a 

comparative basis with resorcinol derivatives. An overview of the previous infrared and 

Raman vibrational assignment reports [76]  performed on resorcinol showed that most of 

the features of the solid-phase and gas-phase spectra are of high similarities. In the current 

study, the assignments of vibrational modes associated with the hydroxyl groups were 

affirmed by monitoring the isotopic shifts in the spectra the -OD isotopomer and the 

disappearance of such modes in the dianion salt spectra, supported by theoretical 

frequencies. To insure more reliable assignments and account for possible intermolecular 

interactions, the infrared and Raman wavenumbers of -resorcinol and its –OD derivative 
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were compared with the calculated ones for the optimized unit cell structure (Tables 8 and 

9). 

The 36 vibrational modes in resorcinol and its -OD derivative, which adopt C2v 

symmetry for the A form, span the irreducible representations: 13 A1 + 4 A2 + 12 B1 + 7 B2, 

while in the case of the dianion salt, due the absence of the two alcoholic hydrogens, there 

are 30 vibrational modes that span the irreducible representations: 11 A1 + 3 A2 + 10 B1 + 

6 B2. According to the symmetry selection rules A2 modes are expected to be only Raman 

active. However, since in the solid phase resorcinol was reported [33] and calculated at the 

MP2 and MP4 levels to be slightly non-planar, some of the A2-symmetry modes, namely 

ν14 and ν15, absorb very weekly in the infrared spectra. Such modes, however, could be 

located for the dianion salt only in the Raman spectrum due to its strictly planar 

configuration. Calculated frequencies for single molecules agree in most of the cases with 

those experimentally observed in the solid phase vibrational spectra. However, the values 

of some of the computed frequencies were noticed to be smaller than the corresponding 

observed ones. These vibrations belong mainly to A2 and B1 symmetries which describe 

out-of-plane modes. The higher experimental values of the solid phase facilitated by strong 

packing forces are somehow due to hindrance of out-of-plane vibrations and hence requires 

slightly greater vibrational energies. This motivated us to recalculate the vibrational 

frequencies for -resorcinol (rotamer A) but in the environment of the unit cell (Fig. 11) 

rather than a single molecule. The deviated frequencies in the case of the isolated molecular 

system were improved and showed better agreement with experimental values of the solid 

phase especially for the bending modes below 1000 cm-1 (Tables 8 and 9). For instance, 

the O-H wagging (O-D wagging for the OD isotopomer) mode, ν16 , were calculated to be 
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in the range of 337-350 cm-1 (250-252 cm-1) in the case of unit cell and 304 cm-1 (219 cm-

1) for isolated molecules, compared to the observed 358 cm-1 (249 cm-1) values.  

The observed broad infrared band nearly at 3180 cm-1 which is associated with the 

stretching modes of the intermolecular hydrogen-bonded –OH group was shifted upon 

deuteration down to 2387 cm-1 with the band pattern and intensity being retained indicating 

the existence of appreciable hydrogen bonding in the case of the isotopomer sample. The 

asymmetric and symmetric O-D stretching vibrations were resolved in the Raman spectrum 

as by the weak lines observed at 2452 cm-1 and 3033 cm-1, respectively. The in-phase in-

plane O-H wagging mode observed as a medium intensity infrared band at 1166 cm-1 (DFT 

is 1188 cm-1) in the resorcinol spectrum was shifted to 951 cm-1 (DFT is 929 cm-1) as a 

strong infrared band in the spectrum of the isotopomer derivative. The isotopic shifts 

associated with the hydroxyl groups in the solid phase and defined as νResorcinol/ νResorcinol-

OD were found to be greater for the stretching vibrations (1.33) compared to the bending 

ones (1.23) which could be attributed to the more significant involvement of the stretching 

modes in the hydrogen bonding compared to the corresponding bending ones. 

Moreover, some vibrational frequency shifts were noticed because of the 

abstraction of the acidic protons from the resorcinol molecule (Figs. 12 and 13). The C-O 

in-phase (ν7 at 1281 cm-1 with 67% PED) and out-of-phase (ν27 at 960 cm-1 with 33% PED) 

were shifted to higher frequencies (1404 and 1236 cm-1, respectively) and become less 

coupled with other modes (75% calculated PED vales). This is due, as indicated earlier, to 

the more pronounced -electron character associated with the C-O bonds and hence shorter 

bond lengths in the case of the dianion salt. This is accompanied with non-uniformity of 

the electron cloud across the benzene ring as supported by noticeable downward shifts of 
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the observed wavenumbers for the C-C stretching as going from resorcinol to its dianion 

derivative. For instance, the ring breathing mode observed as the strongest Raman line at 

998 cm-1 for resorcinol has shifted to 977 cm-1 in the Raman spectrum of the dianion salt 

(Fig. 13). This is also true for other ring stretching modes such as ν5 , ν6 , ν20 and ν21 . 

Optimized DFT structures (Table 7) predicted an average increase in the C-C bond distance 

from 1.40 to 1.45 Å, and a decrease in the C-O bond distance from 1.356 to 1.296 Å, in 

going from resorcinol to its dianion salt. In addition, the C-H bonds was shown to be 

slightly less stiff in the case of the dianion salt where they absorbed as low as 2978 cm-1 in 

the infrared spectrum with excellent agreement with the theoretical values (Table 10). 

Table 5.  Calculated relative stabilities (kcal/mol) for the anti-syn (AS), anti (A) and syn 

(S) conformations of resorcinol1
. 

 
B3LYP MP2 MP4SDQ 

Rotamer 6-311G 

 

6-311++G 

 

6-311G 

 

6-311++G2 

 

6-311G 

 

6-311++G 

 

AS 
0.000 0.000 0.000 

0.000 

(0.000) 
0.000 0.000 

A 
0.188 0.112 0.210 

0.103 

(0.109) 
0.230 0.132 

S 
0.689 0.730 0.704 

0.733 

(0.745) 
0.715 0.746 

1.The calculated structures at the MP2 and MP4 levels are for C1 symmetry of resorcinol. 

2.Values in brackets are calculated for strictly planar structures of resorcinol                             

 

 

 

Table 6. Rotational Constants calculated at different levels of theory for the anti-syn 

(AS), anti (A) and syn (S) conformations of resorcinol in GHz compared with 

experimental values.  
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                           Coordinates 

 

 

 

 

 

 

 

Rotamer 

6-311G(d,p) 6-311++G(d,p) 

X Y Z X Y Z 

Experimental AS 3.758 1.831 1.231 - - - 

 A 3.755 1.834 1.233 - - - 

 S 3.766 1.824 1.229 - - - 

B3LYP AS 3.766 1.830 1.232 3.737 1.802 1.225 

A 3.762 1.834 1.233 3.758 1.833 1.232 

S 3.776 1.823 1.230 3.772 1.822 1.229 

MP2 AS 3.748 1.824 1.227 3.742 1.822 1.225 

A 3.738 1.829 1.228 3.719 1.812 1.223 

S 3.766 1.815 1.225 3.759 1.812 1.223 

MP4SDQ AS 3.751 1.826 1.228 3.745 1.824 1.227 

A 3.746 1.829 1.229 3.740 1.829 1.228 

S 3.760 1.819 1.226 3.755 1.817 1.225 
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Table 7.  Structural parameters of the Resorcinols A, AS and the α-unit cell from both observed and calculated at the B3LYP/6-311++G 

(d,p) levels of theory. All bond lengths are in Å and angles in degrees 

  A AS α-Unit Cell 

Salt 
Bond 

Lengths Obs. a Calc. Obs. a Calc. Obs.b Calc.c 

C1 - C2 1.394 1.396 1.388 1.4 1.396 1.393 1.436 

C2 - C3 1.396 1.401 1.388 1.397 1.399 1.398 1.451 

C3 - C4 1.407 1.397 1.408 1.402 1.397 1.392 1.402 

C4 - C5 1.407 b 1.397 - 1.393 1.393 1.392 1.402 

C5 - C6 1.396 b 1.401 - 1.402 1.400 1.398 1.451 

C6 - C1 1.394 b 1.396 - 1.395 1.395 1.393 1.436 

C1 - H11 1.086 1.085 1.091 1.087 1.088 1.083 1.094 

C2 - O7 1.357 1.369 1.371 1.37 1.378 1.371 1.296 

C3 - H9 1.086 1.087 1.091 1.087 1.089 1.084 1.092 

C4 - H12 1.086 1.087 1.091 1.087 1.087 1.084 1.099 

C5 - H10 1.086 1.087 1.091 1.085 1.087 1.085 1.093 

C6 - O8 1.357 1.369 1.371 1.369 1.374 1.371 1.296 

O7 - H13 0.955 0.96 0.959 0.96 1.003 0.966 - 

O8 - H14 0.955 0.96 0.959 0.96 1.005 0.966 - 

Bond Angles 

C1-C2-C3 120.68 120.92 120.68 120.8 121 120.32 115.2 
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C2-C3-C4 119.41 118.93 119.41 118.9 118.5 119.51 120.2 

C3-C4-C5 120.14 121.12 120.14 121.4 121.6 121.12 123 

C4-C5-C6 119.41c 118.91 - 118.8 118.8 119.03 120.2 

C5-C6-C1 120.68c 120.92 - 120.9 120.7 120.32 115.2 

C6-C1-C2 119.68 119.21 - 119.3 119.3 119.12 125.7 

C3-C2-O7 119.6 122.33 119.6 122.8 122.4 121.83 121.5 

C5-C6-O8 122.18 122.33 119.6 117.1 122 121.83 121.5 

C2-C1-H11 120.16 120.42 120.16 119.2 120.2 120.42 117 

C6-C1-H11 120.29 120.42 - 121.5 120.5 120.42 117 

C2-O7-H13 108.55 108.63 - 108.5 111.8 109.92 - 

C6-O8-H14 108.55 c 108.63 - 108.8 111.8 109.91 - 

C2-C3-H9 120.29 120.42 - 120.4 120.9 120.42 118.2 

C6-C5-H10 120.29 c 120.42 - 119.4 120.8 120.42 118.2 

Dihedral Angles 

C3-C2-O7-H13 - 0 - 180 6.9 4.75 - 

C5-C6-O8-H14 - 0 - 0 9.7 5.21 - 

C5-C6-C1-H11 - -180 - 180 180 180 180 

C2-C3-C4-H12 - 180 - 180 180 180 180 

C1-C2-C3-H9 - 180 - 180 180 180 180 

C1-C6-C5-H10 - 180 - 180 180 180 180 
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Figure 11. Structure of α-resorcinol unit cell as optimized at the B3LYP/6-311g(d,p) 

level of theory 
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Figure 12. Mid-infrared spectra of (a) α-resorcinol (solid), (b) α-resorcinol unit-cell (calculated), (c) α-resorcinol-OD isotopomer 

(solid), (d) α-resorcinol-OD isotopomer unit-cell (calculated), (e) resorcinol dianion salt (solid), and (f) resorcinol dianion salt 

(calculated). 
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Figure 13. Raman spectra of (a) α-resorcinol (solid), (b) α-resorcinol unit-cell (calculated), (c) α-resorcinol-OD isotopomer (solid), (d) 

α-resorcinol-OD isotopomer unit-cell (calculated), (e) resorcinol dianion salt (solid), and (f) resorcinol dianion salt (calculated).
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Figure 14. (a) 3D potential energy scan and (b) contour plot describing the relative 

energy changes with respect to the internal rotation of the hydroxyl groups (1 and 2) in 

resorcinol. 
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Table 8. Experimental and calculated wavenumbers of resorcinol. 

Sym 

 

Description 
 

Calculated 
Experimental 

DFT/B3LYP 

Single 

molecule 

(cm-1) 

Unit cell 

(cm-1) 

DF for 

single 

molecule 

(gas)c 

(cm-1) 

IR 

(solid) 

(cm-1) 

Raman 

(solid) 

(cm-1) 

A1 ν1   O-H str.(100%) 

3704 

3582-3699 

 

~318

3 

vs,br  

 ν2   C-H str.(100%) 
3095 

3090-3093 
  3071 ms 

 ν3   C-H str.(93%) 
3074 

3073-3082 
  3056 ms 

 ν4   C-H str. ip (93%) 
3047 

3044-3056 
  3043 w 

 ν5   Ring str.(65%) 

1614 
1605-1622 

1617 

1605 

s 

1604 m 

 ν6   Ring str.(40%) 

1507 
1505-1515 

1509 

1508 

vw 

1509 w 

 ν7   C-O str. ip (67%) 

1303 
1291-1308 

1305 

1281 

ms 

1280 w 

 ν8   O-H wag ip 

(74%) 1188 
1198-1202 

1196 

1166 

m 1167 w 

 ν9   C-H wag ip 

(41%) 1090 
1088-1092 

1083 

1083 

w 1084 ms 

 ν10  Ring 

breath(45%) 994 
993-997 

999 

998 

vw 998 vvs 



57 

 

 ν11  Ring bend(27%) 

742 
740-745 

740 

739 

m 740 s 

 ν12  Ring bend(62%) 

538 
536-541 

534 

543 

m 

544 m 

 ν13  CCO def. ip 

(77%) 328 
333-361 

329 

421 

w 

~417 w,br 

A2 

ν14  C-H wag 

op(76%) 805 
527-833 

 

801 

vvw 

~798 

vvw,br 

 ν15  Ring def.(76%) 

610 
603-634 

 

612 

w 

614 m 

 ν16  O-H wag op 

(95%) 
304 

337-

350,584,663 
  358 w 

 ν17  Ring def. (76%) 
227 

231-237 
  244 s 

B1 

ν18  O-H str. op 

(100%) 3704 
3582-3699 

 

~318

3  

 ν19  C-H str. op 

(100%) 3052 
3056-3065 

  3116 w 

 ν20  Ring str. (66%) 

1637 
1632-1635 

1636 

1622 

m 

1624 m 

 ν21  Ring str. (100%) 

1495 
1491-1500 

1492 

1484 

s 

 

 ν22  Ring str.(56%) 

1350 
1351-1384 

1353 

1374 

ms 

~1373 

vvw,br 

 ν23  C-H wag op 

(64%) 1324 
1326-1328 

1320 

1310 

m 

1312 m 

 ν24  O-H wag op 

(31%) 1207 
1231-1260 

1207  ~1230 w,br 

 ν25  C-H wag(68%) 
1165 

1165-1170 
1179  1162 w 
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 ν26  C-H wag(36%) 

1137 
1137-1151 

1134 

1147 

s 1143 vw 

 ν27  C-O str. op(33%) 

958 
954-963 

936 

960 

ms 957 w 

 ν28  Ring bend (74%) 
522 

521-527 
520 

 530 m 

 ν29  CCO def. 

op(84%) 468 
471-487 

475 

 499 vw 

B2 ν30  C-H wag (86%) 912 
943-952 

905 

~927 

vw,br  

 ν31  C-H wag (68%) 

835 
845-864 

846 

841 

m 

~844 

vw,br 

 ν32  C-H wag ip 

(83%) 723 
747-753 

729 

771 

ms 766 w 

 ν33  Ring def. (59%) 

629 
676-682 611 681 

m 

678 w 

 ν34  Ring def. (80%) 

449 
456-459 

437 

461 

m 459 w 

 ν35  O-H wag ip 

(97%) 
293 

321-

323,594,637 
   

 ν36  Ring def. (95%) 
216 

226-231 
  193 w 

* Given in terms of a C2v-symmetry structure. 

** Abbreviations: ip = in-phase, op = out-of-phase,  
b The calculated wavenumbers are scaled and are for rotamer A with C2v symmetry. 

c[12] 
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Table 9.  Experimental and calculated wavenumbers of resorcinol-OD.a 

 

Sym Description 

 

Calculated Experiment(Solid) 

B3LYP 

Single 

(cm-1) 

Unit Cell 

(cm-1) 

IR 

(cm-1) 

Raman 

(cm-1) 

A1 ν1   O-D str.(100%) 2696 2609-2693 2387 vvs 2452 w,br 

 ν2   C1-H str.(100%) 
3095 

3090-3093 3068 m 3066 ms 

 ν3   C4-H str.(93%) 
3074 

3073-3082  3050 w 

 ν4   C-H str. ip (93%) 
3047 

3049-3056  3034 m 

 ν5   Ring str.(65%) 
1604 

1595-1612 1597 vs 1597 ms 

 ν6   Ring str.(65%) 
1481 

1480-1481 1465 s 1468 vw 

 ν7   C-O str. ip (40%) 
1303 

1299-1307  1301 ms 

 ν8   O-D wag ip 

(83%) 914 
921-929   951 s ~953 

vw,br 

 ν9   C-H wag ip 

(44%) 1095 
1091-1097 1086 w,br 1087 ms 

 ν10  Ring breath 

(45%) 995 
994-998    999 vvs 
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 ν11  Ring bend 

(43%) 733 
731-737   730 m   734 vs 

 ν12  Ring bend 

(62%) 527 
526-532   529 m   532 m 

 ν13  CCO def. ip 

(77%) 312 
316-335    395 w 

A2 

ν14  C-H wag op 

(76%) 806 
827-833 

  793 vvw 

 

 ν15  Ring def. (76%) 
608 

611-622    616 m 

 ν16  O-D wag op 

(95%) 219 
250-252,422,442    341 w 

 ν17  Ring def. (76%)  
232 

206-228    180 w 

B1 

ν18  O-D str. op 

(100%) 2696 
2609-2693 

2387 2452 

 ν19  C-H str. op 

(100%) 3052 
3056-3065  3080 w 

 ν20  Ring str. (66%) 
1632 

1625-1634  1612 sh 

 ν21  Ring str. (100%) 
1494 

1491-1499 1484 s  

 ν22  Ring str.(56%) 
1334 

1332-1334 1339 vw 1330 vw 

 ν23  C-H wag ip 

(64%) 1296 
1288-1297 1286 s 1285 vw 

 ν24  O-D wag op 

(36%) 920 
942-967   

 ν25  C4-H wag (31%) 
1173 

1173-1177 1169 sh 1167 vw 

 ν26  C1-H wag (68%) 
1150 

1146-1152 1147 s 1150 w 
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 ν27  C-O str. op (33%) 
971 

967-988   995 ms   989 m 

 ν28  Ring bend 

(74%) 517 
515-521    521 m 

 ν29  CCO def. op 

(84%) 443 
461-483    490 vw 

B2 ν30  C4-H wag (86%) 912 
943-952 

 
 

 ν31  C1-H wag (68%) 
834 

844-862   841ms   842 w 

 ν32  C-H wag ip 

(83%) 723 
746-752   767 ms   766 w 

 ν33  Ring def. (59%) 
629 

676-680   678 ms   681 w 

 ν34  Ring def. (80%) 
449 

457-459   455 m   460 w 

 ν35  O-D wag ip 

(95%) 189 
263-266,420,445   

 ν36  Ring def. (97%) 

240 
222-232 2495 

 

 

 
a See footnotes of Table 8. 
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Table 10. Experimental and calculated wavenumbers of the resorcinol dianion salt. 

Sym. Description 

 

Calculated 

DFT/B3LYP 

(cm-1) 

Experiment (solid) 

IR 

(cm-1) 

Raman 

(cm-1) 

A1 ν1   O-H str.  -   

 ν2   C-H str.(90%) 2980  3012 m 

 ν3   C-H str.(93%) 2902 3041 vm 3042 w 

 ν4   C-H str. ip (84%) 2992 2978 vm  

 ν5   Ring str.(31%) 1482 1461 

ms,br 

1475 vm 

 ν6   Ring str.(34%) 1306   

 ν7   C-O str. ip (74%) 1385 1404 w 1407 w 

 ν8   C-H wag ip (47%) 1043 1063 w 1067 s 

 ν 9  Ring breath 

(66%) 

939 

  965 m   977 vs 

 ν11  Ring bend (56%) 738   771 w   769 w,sh 

 ν12  Ring bend (69%) 529   510 vw  

 ν13  CCO def. ip 

(68%) 

364    407 w 

A2 ν14  C-H wag ip (55%) 577    

 ν15  Ring def. (955) 722    757 vvs 

 ν16  Ring def. (89%) 191    185 

B1 ν17  C-H str. op 

(100%) 

2982 

 3031 w 

 ν20  Ring str. (67%) 1540 1551 ms  1556 m 
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 ν21  Ring str.(33%) 1442 1448 ms  

 ν22  Ring str.(49%) 1281 1318 m 1332 m  

 ν23  C-H wag ip (76%) 1043   

 ν24  O-H wag op 

(76%) 

- 

  

 ν25  C4-H wag  (43%) 929   927 w,br  

 ν26  C1-H wag (42%) 1184  1142 m 1148 m 

 ν27  C-O str. op (75%) 1241 1236 m 1237 m 

 ν28  Ring bend (88%) 496   467 br,w   463 vw 

 ν29  CCO def. op 

(75%) 

521   510 vw   515 w 

B2 ν30  C-H wag (58%) 791   832 m   770 w 

 ν31  C-H wag (25%) 730   713 m   710 vm 

 ν32  C-H wag ip (74%) 635   618 br,m   627 brw 

 ν33  Ring def. (94%) 576   546 vm   549 m 

 ν34  Ring def. (76%) 290    251 m 

 ν36  Ring def. (79%) 133    154 ms 
* Same normal mode descriptions as in resorcinol and its isotopomer are used for easier comparison. 

** See footnotes of Table 8 for abbreviations.  
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4.2.2 Molecular docking analysis 

During the past decades resorcinol exhibited a number of medical applications, 

especially as it is used as a starting material to prodcue derivatives of Active 

Pharmaceutical Ingredients (API) for treating Alzheimer’s disease, sickle cell anemia and 

alcoholism [22]. However, resorcinol itself has been also used as a topical agent in treating 

dermatological diseases such as eczema, acne and Hidradenitis Suppurativa (HS). 

Molecular docking is a useful tool used in structure-based drug design (SBDD) to predict 

binding affinities of an API with specific protein targets [30] that play a role in the 

pathology of a disease. Resorcinol possess keratolytic properties and hence is known to 

target the follicular keratin plug which is the initiation stage of several HS lesions [29]. 

Therefore, a molecular docking analysis is useful to provide insights on the modes of action 

of resorcinol in treating HS. The structure of  the target protein, keratin-7, was obtained 

from the protein database bank with PDB ID-4XIF [113], and Ramachandran plot was 

carried out to validate its structure where target protein should maintain a Ramachandran 

outlier less than  5% [95].  The Ramachandran plot gave an outlier value of  2.769% which 

indicated a good quality protein which  can be used to accomplish conclusive molecular 

docking scenarios.   

The optimized structures of the three resorcinol rotamers (Scheme 1) were trailed 

for docking with keratin-7 (Fig. 15). The binding affinities in terms of score values of the 

generated pose structures of resorcinol after binding with the protein are listed in Table 11. 

The three conformers of resorcinol showed similar binding affinities towards keratin-7 

indicating that the stable mode of action of resorcinol with the target protein is irrelevant 

of the rotameric form it undergoes. Moreover, the steric interactions were expected to play 
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the major role in the docking process compared to hydrogen bonding. Due to the small size 

of the resorcinol molecule, keratin-7 seems to be capable of availing sterically favored 

regions to accommodate stable protein-ligand binding. Steric interaction is made up of non-

polar, polar to non-polar, repulsive interactions, etc. that other than hydrogen bonding 

interaction [96].  

Docking analysis, moreover, showed that while hydrogen bonding is not the most 

significant factor compared to steric interaction as discussed above, yet it shows an 

appreciable contribution to the stable protein-ligand long-distance binding. For example, 

in the case of rotamer AS, the computed favorable possibilities included three different 

hydrogen bonding interactions represented in Fig. 16 and were carefully tracked. Due to 

their high electronegativity, the two oxygen atoms of resorcinol exhibited a significant role 

in the biological activity of the ligand towards keratin-7. The molecule of resorcinol acts 

as both a hydrogen bond donor and acceptor towards ASN 557 giving rise to a stable 

conventional hydrogen protein-ligand bonding. Non-conventional O···HC interaction 

between resorcinol and THR 809 with a calculated distance of 2.6 Å was also predicted 

[114]. On the other hand, a hydrophobic interaction of pi-alkyl type with LYS 898 is well-

maintained within an approximity of 4.5 Å. These four interactions account for the binding 

affinity for AS and, with the remarkable facilitation of the steric factor, are responsible for 

the keratolytic properties of resorcinol with keratin. Other two rotamers also showed 

similar types of interaction resulting with comparable overall docking scores. 
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Table 11. Binding affinities of different conformers of resorcinol with Keratin (PDB ID: 

4XIF) 

Rotamer 

Binding Site  
HB 

Score 

SI 

Score 

LCP 

Final 

Docking 

Score 

AS 

A -9.53 -27.75 0.00 -37.28 

B -9.69 -26.99 0.00 -36.68 

C -7.56 -27.64 0.00 -35.20 

D -10.00 -27.56 0.00 -37.56 

A 

A -9.38 -27.45 0.00 -36.83 

B -9.60 -27.04 0.00 -36.63 

C -9.61 -26.96 0.00 -36.57 

D -10.00 -27.27 0.00 -37.27 

S 

A -9.50 -27.85 0.00 -37.34 

B -9.40 -27.13 0.00 -36.53 

C -9.99 -26.33 0.00 -36.32 

D -9.69 -27.83 0.00 -37.52 
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Figure 15. The tertiary structure of keratin-7 (PDB ID -4XIF). The binding site is 

indicated with a yellow sphere. 
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Figure 16. (a) The binding modes, and (b) molecular interactions of AS rotamer with the 

amino residues of keratin-7 (PDB ID: 4XIF). Interactions labelled as green, red and 

purple refer to hydrogen-bonding, carbon-hydrogen, and -alkyl types of interaction, 

respectively.  Bond distances are given in Å. 
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4.2.3 Conclusion 

The B3LYP/6-311++G(d,p) computational method was utilized to optimize the unit cell of 

the crystal structure of -resorcinol and to calculate the associated harmonic frequencies 

helped in understanding some spectroscopic differences in the infrared and Raman spectra 

between the solid and the gas phases. The potential energy distribution of the normal 

vibrational modes was done using the VEDA program. The AS rotamer is the most stable and 

also was the best pose in which the resorcinol molecule bound to the target protein keratin-

7(PDB-4XIF) in the molecular docking analysis which gave an insight to the keratolytic 

property of resorcinol in HS lesions. 

 

 

4.3 Molecular Docking of other Bioactive compounds 

4.3.1 Molecular Docking of MNPE 

The validation of the structure of the target protein is an essential step in the drug discovery 

process [115]. The crystal structure of a human GABA receptor  (PDB ID: 4COF) shown 

in Fig. 10a was done at a resolution of 2.97 Å and was used as the target protein [116]. The 

target protein contains 5 possible binding sites, namely chains A, B, C, D and E. Each chain 

is consisted of about five α-helices which are spiral in shape and about 8 β-pleated sheets. 

Ramachandran plot (Fig. 17b) checked a total number of 1574 residues out of the 1665 

amino residues present in the target protein, which is tantamount to about 95% of the total 

residues. The total number of core regions and outliers are 1546 and 28 respectively, which 

gave a rise to a percentage outlier of 1.8 %. The Ramachandran plot uses percentage outlier 

to ascertain the validity of a protein structure. The recommended range for the percentage 

outlier for  a valid protein structure is between 0 to 5 % [95]. Hence, the target protein 

(PDB ID: 4COF) used for the molecular docking was valid. The five binding sites of the 
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benzamidine molecule, A, B, C, D and E, complexed with the crystal structure of the target 

protein (PDB ID: 4COF) were used for docking analysis. Benzamidine is an agonist for 

the human GABA receptor [116] and hence its binding site was used as a reference for the 

molecular docking analysis. Table 12 lists the molecular docking results of (4-(3-methoxy-

4-nitrophenyl)piperazin-1-yl)ethanone (MNPE) and human GABA receptor. Binding site 

C which is the reference site for BEN C in the original crystal structure had the highest 

total docking score value which implies that MNPE exhibits the best binding affinity 

towards the target protein within this binding site. The total score value is the sum of the 

Hydrogen Bond (HB) score, the Steric Interaction (SI) score and the ligand penalty 

conformation.  It was also predicted that the ligand in binding cite C has the lowest ligand 

conformation penalty value (7.910) and the most negative steric interaction score (-59.781) 

among the different binding sites. Four types of favorable interactions (Fig. 18) between 

MNPE and the target protein could be established.  The favorable interactions between 

MNPE and the target protein included conventional hydrogen bonding with amino acids 

THR 202 and GLN 64, π-π stacking and π-alkyl interactions with PHE 200, TYR 62 and 

TYR 205, and carbon hydrogen bond with ASP 43 and TYR 157 (Fig. 18). The molecular 

docking analysis involved the generation of five low energy conformational scenarios 

known as poses. Unlike regular conformations, a pose structure is dependent on the target 

protein. Each pose was screened against the target protein in each of the five binding sites, 

A thru E. The binding mode conformation of MNPE in a binding site C have shown the 

best binding affinity (Fig. 18). During molecular docking analysis, the molecule orientated 

itself such that there exists an intramolecular hydrogen bonding between one of the 

hydrogens of the piperazine ring and the oxygen of the carbonyl group. The comparison 
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between the most stable conformer (B4) and the best binding pose from the molecular 

docking analysis is depicted in Fig. 19. It was evident that the docked pose and most stable 

conformer of MNPE were similar with respect to the position of the various functional 

groups except that the structure of the binding pose is contracted due to the presence of 

intramolecular hydrogen bonding along with its orientation of the flexible bonds in the 

molecule. The difference in the structure of the binding pose arises because in molecular 

docking the molecule would orientate itself such that it best-fit into the binding pocket of 

the target protein to ensure adequate binding. 

 

Table 12: The docking results of the title compound with the human GABA receptor. 

 

 

 

 

 

 

 

 

 

 

 

 

Binding 

Sites 

HB score SI score Ligand 

conformation 

penalty 

Total 

Score 

A -6.000 -53.167 6.611 -52.556 

B -5.513 -52.730 6.671 -51.572 

C -6.596 -59.781 7.910 -58.468 

D -8.628 -51.792 6.624 -53.795 

E -5.886 -53.699 6.687 -52.898 
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Figure 17. (A) The crystal structure of a human GABA receptor (PDB ID: 4COF). (B) 

The Ramachandran plot of the crystal structure of a human GABA receptor (PDB ID: 

4COF). 
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Figure 18. (A) Docked conformation of the title compound in binding site C of GABA 

(PDB ID: 4COF). (B) The molecular interactions of MNPE and amino acids in binding 

site C of GABA 
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Figure 19. (A) Docked conformation of the title compound in binding site C showing the 

presence of intra-hydrogen bond (shown as yellow color). (B) The most stable 

conformation, B4 of the title compound 
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 4.3.2 Molecular Docking of Gold Complexes 

The inhibition of thyroxine (TrxR) is important as a chemotherapeutic treatment, especially 

with the use of gold and platinum complexes especially the former which has been noted 

to be responsible in enzyme activity inhibition [117]. However, selenium has also proved 

to be useful in cancer treatment[118], [119].  Hence, the choice of docking the synthesized 

gold(1) complexes which all contain selenium with the target protein,  thioredoxin 

reductase (PDB ID: 3EAN) [120]. The protein was validated using the Ramachandran plot 

with the Moleman 2 [95] to check for the percentage outlier. For a valid protein, the 

percentage outlier should be between the range of 0 to 5 % [95]. The target protein proved 

to be valid by having a percentage outlier of 2.7 %.  
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Table 13. The docking results of gold(I) complexes (1-5) with human thioredoxin reductase-thioredoxin 

Compound 

Molecular 

mass HBD HBA cLogP 

Rotatable 

bonds 

Ro5 

violation 

Docking 

Score 

Distance 

from Sec 

498(Å) 

1 735.6 2 4 7.05 8 2 -25.75 6.638 

2 763.7 1 4 6.87 9 2 -30.20 6.514 

3 777.7 1 4 8.41 10 2 -33.87 6.413 

4 763.7 1 4 7.67 8 2 -34.45 2.135 

5 791.7 1 4 8.84 10 2 316 7.675 
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       The CLC drug discovery workbench [63] program was used to dock the gold complexes to 

the TrxR (PDB ID: 3EAN). However, the initial ligands were extracted from the target 

protein before being docked with the gold complexes.  The active site in TrxR has been 

known to include Sec 498  (selenocysteine) which would lead to the formation of the gold-

selenolate specie [121] . Hence this was used as the binding site.    The complexes were all 

minimized using Spartan 16 program [122] before being docked in the binding site.  The 

Discovery studio program [97] was used to observed the binding mode and interactions 

present in the binding pocket of the docked results. All other amino acid interactions 

present in the binding mode were discarded except for Sec 498. The bond distance between 

the gold atom present in each complex and the Selenium atom in the Selenocysteine amino 

acid (Sec 498) was observed using the GaussView program [92].  Complex 4 had the 

shortest distance of 2.13 Å (Fig. 4) between the gold and selenium which implied that it 

had the best potential to form the gold-selenolate specie. This bond distance is in fact 

shorter than what was observed between Auranofin and selenocysteine [123]  which is 

5.897Å.  All the complex showed negative docking scores except complex 5 which implied 

that there was no binding affinity between the complex and the target protein (TrxR) since 

the more negative a docking score, the stronger the binding affinity. Moreover, the docking 

scores correlated with the bond distances between the gold and selenium atoms such that 

complex 4 which had the shortest bond distance also had the highest docking score and 

same applied to complex 5 (Table 13). 

All the complexes violated the Lipinski’s rule of five, by having a molecular mass and 

calculated logP (clogP) greater than 500 and 5 respectively. However, this does not deter 
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them from being used as potential anticancer therapeutics since they can all be optimized 

into lead compounds[124], [125]. 

 

 

 

Figure 20. The interaction of complex 4 with Sec 498 in the binding site of TrxR (PDB 

ID: 3EAN). 
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4.3.3 Molecular Docking of Ketoconazole 

The docking analysis of ketoconazole (KCZ)  with the crystal structure of an androgen 

receptor, PDB ID: 2AX6 [126]  was done using CLC drug discovery workbench 3.0 [96]. 

Ketoconazole is the first non-steroidal compound to bind competitively to a sex steroid 

globulin. Amongst other antifungal imidazole derivatives such as clotrimazole and 

fluconazole, ketoconazole is the only one which interacts with the androgen receptor [55]. 

It acts as an antagonist thereby making it useful in the treatment of androgen-dependent 

prostate cancer [126]. However, the mode of action of ketoconazole has not really been 

understood. Molecular docking is an in-silico method that is used in understanding the 

interactions between ligand in this case, ketoconazole and a target protein (androgen 

receptor). The validity of the target protein using Ramachandran plot gave an outlier of 

0.9%, which falls within the recommended range of 0-5% for a good quality protein [95]. 

The water molecules were removed before binding the ligand to the receptor and the initial 

ligand in the crystal structure of the target protein was used as the reference binding site 

within a radius of 13 Å. The number of iterations was set to 100 to get the best binding 

mode. After docking the ketoconazole to the androgen receptor, the ligand was optimized 

to give a docking score of -57.55 which implied a strong binding between the ligand and 

the receptor since the higher the negative value of a docking score the stronger the binding. 

The interactions between the ligand and the receptor showed many favorable interactions 

such as pi-alkyl, pi-cation, hydrogen bond and halogen bond with the amino acids found 

in the binding site and only two unfavorable interactions with MET 745 and GLN 711 (Fig. 

21). The binding mode and molecular interactions between ketoconazole, and the androgen 

receptor may help understand the former’s role in treating prostate cancer.  
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Figure 21. (A) Docked conformation of ketoconazole in the active site of the androgen 

receptor (PDB: 2AX6). (B) The molecular interactions between ketoconazole and the 

androgen receptor 
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4.3.4 Molecular Docking of Methimazole 

Methimazole (MTZ) is one of the popular anti-thyroid drugs alongside propyl thiouracil. 

It acts by inhibiting the  enzyme thyroid peroxidase [15] which is responsible for the 

synthesis of thyroid hormone. Molecular docking helps in understanding the mode of 

action of methimazole on thyroid peroxidase. The structure of thyroid peroxidase was got 

from the protein database with PDB ID-1VGE [127]. Ramachandran plot which is a simple 

and popular way of validating protein structures [128] was used to confirm if the target 

protein was of good quality before docking it with the ligand (MTZ) using  Moleman2 

[95]. The percentage Ramachandran outlier for the enzyme thyroid peroxidase is 4.27%. 

This falls within the accepted range from a good quality protein, which is between  0-5% 

[95].  The AutoDock Vina [129] tool was used for the docking analysis. The ligand was 

first minimized before being docked with the target protein. The grid was maximized with 

a binding center of -22.3540, 26.5288 and 63.0403 for X, Y and Z axes respectively via 

the PyRx software [130]. The grid covered the whole target protein to ensure that all 

possible binding sites were considered to get the best binding mode. MTZ had a score value 

of -4.5 kcalmol-1 which showed good binding affinity with the target protein since negative 

values implies presence of binding affinity while positive values means no binding exist 

between the ligand and the protein. The Discovery studio visualizer [97] was used to view  

the possible interactions between MTZ and the target protein,  thyroid peroxidase as shown 

in Fig. 21. The CLC Drug Discovery workbench [96] was used to view the protein-ligand 

complex between MZM and the target protein. There were three types of favorable bonds 

present in the protein-ligand interaction of MTZ with thyroid peroxidase. The favorable 

bonds include the conventional hydrogen bonding to ASP167 and GLU165; a pi-sulfur 

with HIS 173 and a pi-donor hydrogen bond with THR164.  
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Figure 22. (A) Docked conformation of MZM in thyroid peroxidase (PDB ID: 1VGE). 

(B) The molecular interactions MZM and amino acids in thyroid peroxidase 
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4.3.5 Conclusion 

The molecular docking analysis of MNPE showed that binding site C had the best binding 

affinity towards the human GABAA receptor. For the novel anti cancer seleno-complexes 

The molecular docking studies indicated that complex 4 had the highest binding affinity 

(−34.45) and showed the molecular interactions such as, van der Waals, pi-cation and alkyl 

with the amino group present in the target protein. Complex 4 also had the shortest bond 

distance between gold atom and Sec 498 of TrxR (2.13 Å), while complex 5 has the highest 

(7.68 Å). The molecular docking results of the complexes with human thioredoxin 

reductase enzyme would be helpful to explore their mechanism of action. The molecular 

interactions between Ketoconazole and the androgen receptor showed many favorable 

interactions such as pi-alkyl, pi-cation, hydrogen bond and halogen bond with the amino 

acids found in the binding site and only two unfavorable interactions with MET 745 and 

GLN 711 while the molecular docking studies of Methimazole with thyroid peroxidase 

revealed three types of favorable bonds including, the conventional hydrogen bon to 

ASP167 and GLU165; a pi-sulfur with HIS 173 and a pi-donor hydrogen bond with 

THR164. 
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