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Abstract: The electronic structures of drug molecules busulfan (BSU) and  

nabumetone (NAB) have been investigated by HeI and HeII UV photoelectron 

spectroscopy (UPS), quantum  chemical calculations and virtual docking studies. 

Their biological activities are discussed in the framework of their electronic and 

molecular structures, reactivity and drug-enzyme binding.  
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1. Introduction 

    Busulfan (BSU) is an anticancer drug: alkylating agent [1]. Alkylation of DNA 

results in the generation of alkyl bridge (link) between DNA strands. The generated 

DNA intra-strand cross-link subsequently leads to cell death apoptosis). BSU can be 

used for the treatment of certain types of leukemias. Nabumetone (NAB) is non-

steroidal anti-inflammatory drug used for the treatment of arthritis [2]. We studied the 

electronic structure of these drugs in order to correlate them with their biological 

activities. 

2. Experimental methods 

    The sample compounds were purchased from Aldrich and used without further 

purification after checking their identity and purity by NMR spectroscopy. 

    The HeI/HeII photoelectron spectra (UPS) were recorded by a Vacuum Generators 

UV-G3 spectrometer and calibrated with small amounts of Xe or Ar gas being added 

to the sample flow.  The resolution of the HeI and HeII spectra was 25 meV and 70 

meV, respectively being measured as FWHM of the 3p-1 2P3/2 Ar+ ← Ar (1S0) line. 

The samples were introduced with the inlet probe heated to 1300 and 160oC, 

respectively. The spectra obtained were reproducible and showed no signs of 

decomposition. Decomposition is usually discernible from the appearance of sharp 

intense peaks which are due to the presence of small molecules (decomposition 

products) in the spectrometer's ionization chamber. We did not detect any 

decomposition peaks. Quantum chemical calculations were performed with the 

Gaussian 03 program [3] in order to assign the spectra. We used the Greens functions 

method (GF) and 6-31G* basis set for the calculation of vertical ionization energies 

[4]. The calculated molecular geometries, fully optimized at the B3LYP/6-31G* level 

were used as inputs into GF calculations. The optimized geometries are in good 
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agreement (to within 0.01 Å and 1o) with experimentally determined structures of 

BSU and NAB [5]. All optimized structures corresponded to minima on their 

potential energy surfaces with all real vibrational frequencies.  

3. Results and Discussion 

    The photoelectron spectra of BSU and NAB are shown in Figs. 1-2, respectively. 

The spectral assignments summarized in Table 1 are based on HeI/HeII intensity band 

variations [6], GF calculations and comparison with the assigned spectra of related 

molecules [7-9]. HeII/HeI atomic photoionization cross section ratios for C2p, O2p, 

S3p orbitals are 0.31, 0.64 and 0.14, respectively. We therefore assume that the bands 

whose relative intensity increases on going from HeI to HeII radiation correspond to 

orbitals with O2p character. The BSU and NAB can exist in several conformations 

generated by rotations around C-C or C-O bonds (Fig. 3) and Table 2 [10]. We have 

performed ionization energy (GF) calculations for several conformers to determine if 

their existence may lead to band broadening or the appearance of additional bands.  

Photoelectron spectrum of BSU 

    In the ionization energy region below 12.7 eV we observe a broad unresolved band 

manifold comprising ten oxygen lone pair ionizations. These ionizations comprise 

eight lone pairs from four nonbridge oxygen atoms and one lone pair from each 

bridge oxygen atom (Fig. 4) [11a]. The band at 12.7 eV decreases in intensity and can 

thus be attributed to σ orbitals of alkane chain while the 10.8-11.7 eV manifold 

comprises orbitals best described as oxygen lone pair combinations located on mesyl 

groups. 
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Fig. 4  structure of mesyl group and reactions involving alkylating agents  

     No UV photoelectron spectra of compounds containing mesyl group have been 

reported. However, the assignment of oxygen lone pairs to the 10.8-11.7 eV region in 

our spectra is consistent with the assignment of oxygen lone pairs in the spectrum of 

methyl phenyl sulfone to the 10.52-11.90 eV region [8]. The presence of two terminal 

mesyl groups in busulfane leads to quasi-degeneracy of oxygen lone pairs, band 

broadening and overlap producing the 10.8-11.7 eV manifold observable in the 

spectra. There is significant difference between experimental S-Obridge and S-Ononbridge 

bond lengths in BSU which are 1.566 and 1.427 Å, respectively [5a]. The non-

equivalence of oxygens is also consistent with broad 10.8-11.7 eV spectral manifold. 

Ghermani et al. [11b] have studied electron density distribution in BSU using high 

resolution X-ray diffraction and theoretical, topological analysis of electron density. 

They found that S-Obridge bonds have much less negative values of Laplacian 

compared to S-Ononbridge  bonds and that Obridge  net atomic charge is -0.27 compared to 

-0.54 for Ononbridge. Also, there is no negative electrostatic potential around Obridge 
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atom which is dominated by the positive electrostatic potential of the alkane chain.  

This is consistent with the known susceptibility of carbon in C-Obridge bond to 

nucleophilic attack.  The S-O bonding in mesyl groups can be described by two 

effects: polarized (bonding) interactions of S+ − O- type and reciprocal 

hyperconjugative interactions of nO → σ*
SC  type [11a]. S-Ononbridge  bonds are shorter 

due to attractive electrostatic interactions between negatively charged Ononbridge (-0.54 

net atomic charge) and positively charged sulphur (+0.93 net atomic charge) [11a] 

(Fig. 4). Mesyl group electronic structure is almost identical (in terms of ionization 

energy span) to the sulfone group (R-SO2-R). This suggests that one type of oxygen 

(Ononbridge) is similar to sulfone group and does not interact strongly with the other 

type (Obridge). Obridge has small negative charge and is capable of accommodating 

additional electron and a negative charge. This is consistent with mesyl group being a 

good leaving group in nucleophilic substitution reactions [1b, 11]. 

    The maximum difference between ionization energies of different BSU conformers 

is 0.2 eV which does not (in view of the broad unresolved manifolds in the spectra) 

enable us to determine relative amounts of conformers present in the BSU spectrum. 

We propose, on the basis of relative conformer energies (Table 2) that conformer c) is 

most prominent in the gas phase and that the observed spectra correspond to the 

mixture of conformers a) and c).  

Photoelectron spectrum of NAB 

    The photoelectron spectrum of nabumetone contains several well resolved bands 

below 11.0 eV. The bands at 9.53 and 9.86 eV show increase in relative HeII/HeI 

intensity compared to the rest. They can be assigned to ionizations of oxygen lone 

pairs localized on methoxy and keto groups. The remaining bands can then be 

associated with π-orbitals localized on the naphthalene skeleton. This assignment is in 
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agreement with the results of GF calculations and is also consistent with the assigned 

photoelectron spectra of 2-methoxynaphthalene and 2-naphtaleneacetic acid [9]. The 

NAB molecule is conformationally flexible [10]. The half-folded conformation which 

incorporates ketone-π intramolecular interaction between aromatic system and the 

keto group is favoured in the water solution [10]. We have calculated ionization 

energies of three important conformers of NAB (Fig. 3; Table 2) [10]. We found 

using linear regression analysis of GF vs. experimental ionization energies that folded 

and extended conformations are preferred in the gas phase. However, the maximum 

difference between correlation coefficients (GF vs. Ei) for the three conformers is 

±0.003 while the maximum energy difference between the conformers is 8 kJ/mol so 

we cannot rule out the presence of half-folded conformer in the gas phase i.e. all three 

conformers may be present.   

Electronic structure and biological activity 

    We compare the observed biological activities and electronic structures of BSU and 

NAB with antitumor alkylating agent thio-TEPA and anti-inflammatory drug 

paracetamol [12]. The biological activity (alkylation of DNA) of BSU involves 

nucleophilic substitution (SN2 concerted mechanism) by guanine nucleotide at BSU 

with mesyl groups as leaving groups (Fig. 4) [11]. The biological activity of thio-

TEPA is based on nucleophilic substitution (SN1 stepwise mechanism) which involves 

the creation of aziridinium ion intermediate (Fig. 4) [13]. The photoelectron spectra of 

thio-TEPA [12a] and BSU show that in thio-TEPA the lone pair of sulphur (whose 

ionization energy of 8.5 eV is lower than nitrogen lone pair’s 9.6 eV) can stabilize 

positively charged nitrogen of aziridinium ion while in BSU negative charge on mesyl 

leaving group cannot be stabilized intramolecularly (all oxygen lone pair energies are 

similar). This may partly account for the fact that thio-TEPA is better antileukemic 
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agent than BSU [14].  

    NAB is first metabolized in the body by cytochrome enzyme CYP1A2 into the 

active substance: 6-methoxy-2-naphthylacetic acid [15]. The structure of the active 

site of CYP1A2 is known from X-ray diffraction studies of the enzyme complexed 

with aromatic molecule α-naphthoflavone [16]. The CYP1A2 active site is compact 

and narrow, suitable for binding long flat aromatic molecules which are anchored in 

the site by non-bonding π-π stacking interactions with two phenylalanine residues 

(Phe125 and Phe226). We performed docking of NAB into the active cavity of 

CYP1A2 using docking software [17] and keeping cavity side chains and ligand itself 

flexible during docking. The docking result shown in Fig. 5 reveals that NAB prefers 

folded conformation in the active site. NAB experiences not only non-bonding π-π 

stacking interactions, but also hydrogen bonding of its keto group to enzyme residues.  

We compare observed biological activities of nabumetone and paracetamol to their 

electronic structures deduced from photoelectron spectra [12b]. The lowest π-

ionization energy in NAB (7.7 eV) is smaller and hence more suitable for π-π 

stacking interactions than in paracetamol (8.04 eV), yet paracetamol is approximately 

50 times more potent than NAB [18]. The rationale can be outlined as follows. NAB 

first undergoes metabolic transformation by CYP1A2 inside the cavity which is 

narrow and compact (flat). The active cavity of cyclooxygenase (COX) enzymes 

where anti-inflammatory action takes place is cylindrical in shape, broader and does 

not comprise phenylalanine as in CYP1A2, but instead has arginine and valine as the 

important residues [19]. NAB therefore less readily forms binding π-π interactions in 

the COX cavity. NAB is also more rigid molecule which reduces its capability to fit 

into the small side pocket near the mouth of the central channel of the main binding 

pocket [19].  
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Table 1. Experimental (Ei/eV) vertical ionization energies, computed vertical 

ionization energies (GF/eV) and orbital assignments for I, II and related  

compounds 

Compound Band Ei/eV GF/eV Assignment        

busulfan  X-I 10.8, 11.7 10.93, 10.96, 11.26, 

11.50, 11.73, 11.74, 

11.94, 12.19, 12.21 

12.22 

 nO(SO2) 

 J 12.7 12.82 π, nP+π, π, π 

nabumetone X 7.7 7.25 πAr 

 A 8.35 7.89 πAr 

 B 9.35 9.53 nOMe  

 C 9.65 9.86 nOAc 

 D 10.2 10.35 πAr 

 E 11.0 11.44 πAr σ 
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Table 2. Conformations of BSU and NAB studied with relative energies and 
ionization energies 
Conformation-symmetry Band GF/eV Erel/kJmol-1 

BSU-a) X-I 11.41, 11.49, 11.81, 11.85, 

12.08, 12.25, 12.24, 12.31, 

12.61, 12.8 

11.9 

 J 12.82  

BSU-b) X-I 11.42, 11.51, 11.71, 11.86, 

12.15, 12.24, 12.25, 12.32 

12.58, 12.70 

22.8 

 J 13.18  

BSU-c) X-I 11.13, 11.43, 11.52, 11.81, 

11.86, 12.13, 12.29, 12.51, 

12.82, 12.89,  

0.0 

 J 13.22  

NAB-d) X,A,B,C,D,E 7.25, 7.89, 9.54, 9.86, 

10.35,11.44, 11.93, 11.98 

2.8 

NAB-e) A-B 7.15, 7.79, 9.44, 9.84, 

10.22, 11.32, 11.53, 11.98 

0.0 

NAB-f) C-F 7.32, 7.94, 9.62, 9.63, 

10.36, 11.50, 11.82, 12.06 

5.3 
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Fig. 1 HeI and HeII photoelectron spectra of busulfan  
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Fig. 2 HeI and HeII photoelectron spectra of nabumetone  
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                                 a)                                                           b) 
 

 
                                    c)  
 

 
 
                                   d)                                                             e) 
 

 
                                 f) 
 
Fig. 3 conformers of busulfan a)-c) and nabumetone: extended (d), folded (e) half-
folded (f). The nabumetone conformer nomenclature was taken from [10]. 
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Fig. 5 nabumetone docked into the active site of CYP1A2 cytochrome enzyme; dotted 
lines indicate H-bonds between receptor residues Asp313, Ser122, Thr118 and the 
ligand’s keto group 
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