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Abstract 

Motivation. Substituted di–(4–hydroxycoumarin)s have distinct biological properties. The activity of this class 
of compound is closely related to their stereochemistry. To reveal the specific character of the structure–activity 
relationship of di–(4–hydroxycoumarin) derivatives, their molecular and electronic structures have to be known 
in details. Therefore, we present accurate DFT calculations of benzyl and pyridyl substituted di–(4–
hydroxycoumarin)s. Electron density distribution, molecular electrostatic potential, hardness, electrophilicity 
index and reactive sites of the compounds are also calculated and discussed. 
Method. The calculations were performed with DFT(B3LYP) method. Different basis sets were tested in the 
course of the calculations: 6–31G*, 6–31+G** and 6–311G*. 
Results. According to the calculated molecular electrostatic potential and Fukui functions, the most probable 
reactive sites for electrophilic attack and hydrogen bonds were predicted. All the species studied showed two O–
H…O asymmetrical intramolecular hydrogen bonds. The HB strengths were evaluated in the frame of the 
classical method as well as using the rotational barrier method. The effects of the methylene substituent (benzyl 
and pyridyl) on the HB strengths and on the electron density distribution in the coumarin fragments were 
evaluated. 
Conclusions. Steric, electronic and electrostatic factors (through the oxygens charge changes) were found to be 
responsible for the HB asymmetry in the compounds studied. The highest electronegativity, hardness and 
electrophilicity values were found for the para and the lowest ones for the ortho isomer, respectively. The Fukui 
functions showed that the carbonyl oxygen atoms are the most probable sites for electrophilic attack, whereas the 
MEP calculations indicate that the most suitable atomic site for electrophilic attack is the nitrogen. 
Keywords. Coumarins; reactive sites; molecular structure; DFT; PM3. 

Abbreviations and notations 
bhc, 3,3'–(benzylidene)–di–(4–hydroxycomarin) MEP, molecular electrostatic potential 
B3LYP, Becke’s three parameter method with  m–pyhc, 3,3'–(meta–pyridinomethylene)–di–(4–hydroxycoumarin) 
correlation functional of Lee,Yang and Parr o–pyhc, 3,3'–(ortho–pyridinomethylene)–di–(4–hydroxycoumarin) 
DFT, density functional theory p–pyhc, 3,3'–(para–pyridinomethylene)–di–(4–hydroxycoumarin) 
HB, hydrogen bond  
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1 INTRODUCTION 

The coumarins derivatives have diverse biological properties. They have been described as 
enzyme inhibitors or as agents with anticoagulant [1–4], spasmolytic [5–8], and anticancer activity 
[9–12]. A large number of structurally novel coumarin derivatives have been reported to show 
substantial in vitro and in vivo cytotoxic activity [1]. Recently, the hydroxycoumarin derivatives 
were reported as promising inhibitors of HIV integrase [13] and HIV–1 protease [14]. It was found 
that the minimum active pharmacophore consisted of a 4–hydroxycoumarin dimer containing an 
aryl substituent on the central linker methylene [15–18] (see Figure 1). Due to the presence of 
carbonyl and hydroxyl groups in the di–(4–hydroxycoumarin) fragment, two intramolecular O–
H…O HBs are formed. The simplest compound of this class, with unsubstituted central linker, di–
(4–hydroxycoumarin), has two equal in strength and symmetrical HBs [19]. The replacement of one 
methylene H atom of di–(4–hydroxycoumarin) with a benzyl substituent in bhc, led to asymmetrical 
molecular structure and different in strength, asymmetrical HBs, Figure 1 (1) [20]. Very recently, a 
new series of pyridyl substituted di–(4–hydroxycoumarin)s were synthesized (o–pyhc, m–pyhc and 
p–pyhc) and their lanthanide complexes showed significant biological activity [21]. In pyridyl 
substituted di–(4–hydroxycoumarin)s two different in strength O–H…O HBs were also expected 
and their strengths will depend on the nature and size of the methylene substituent. Due to the 
similarity of pyhc with some known HIV integrase inhibitors, it was also interesting to study their 
relative chemical reactivity. 

There is a lack of experimental and theoretical data about the new compounds in the literature 
and therefore the main aim of our theoretical study was to perform a detailed theoretical study of 
the molecular, electronic and vibrational structure of this series of compounds. In this paper we 
perform accurate DFT calculations at B3LYP/6–31G(d) level of the geometrical and electronic 
structure of a series of benzyl– and pyridyl–substituted di–(4–hydroxycoumarin)s. In addition 
several global and local molecular characteristics were calculated with the aim to point out to the 
most probable reactive sites for electrophilic attack, in particular for metal coordination. The 
molecular quantities as vertical ionization potential, electron affinity, electronegativity, hardness, 
electrophilicity indices and Fukui functions were calculated and discussed. Molecular electrostatic 
potential was considered as additional molecular characteristic. The results obtained will be used to 
estimate the coordination sites in the compounds studied when they coordinate to lanthanide metal 
ions and form complexes with cytotoxic activity [22]. 

2 METHODS 

All calculations were performed using density functional method with non–local three–
parameter hybrid exchange B3LYP density functional [23,24] as implemented in the Gaussian98 
package, Revision A7 [25]. The adequacy of B3LYP methods for studying hydrogen–bonding 
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structures like bhc and pyhc, conformational behavior, electron density distribution and other 
molecular properties, has been proved in some recent investigations [26–29]. To verify the 
reliability of the B3LYP/6–31G(d) results, we used larger basis sets, 6–31+G(d,p) and 6–311G(d), 
to optimize the neutral bhc molecule (as it was obtained from X–ray diffraction data [21]). 

A conformational analysis of the species studied was firstly done to obtain the lowest energy 
structures. The geometry optimization of the systems studied were performed without constrains. 
The minima on the potential energy surfaces were qualified by the absence of negative eigenvalues 
in the diagonalized Hessian matrix, giving imaginary normal vibrational mode. 

Net atomic charges have been obtained using the natural population analysis scheme of 
Weinhold [30]. The electronic structure and bonding features of the compounds studied were 
analyzed using natural bond orbital analysis [30,31]. The natural bond orbital analysis allowed us to 
describe the bonding in terms of the natural hybrids centered on each atom. For estimation of the 
probable reactive sites in the systems studied, two molecular descriptors were used, MEP and the 
Fukui functions. MEP is related to the electronic density and is considered as a fundamental 
determinant of atomic and molecular properties. Therefore, MEP has largely been used as a 
molecular descriptor of the chemical reactivity of a number of biological systems, which take part 
in both electrophilic and nucleophilic reactions as well as hydrogen bonding interactions [32–35]. 
MEP, V(r), at a given point r(x,y,z) in the vicinity of a molecule, is defined in terms of the 
interaction energy between the electrical charge generated from the molecule electrons and nuclei 
and a positive test charge (a proton) located at r. For the systems studied the MEP values were 
calculated as described previously, using the equation [36]: 

''/)'(/)( drrrrrRZrV A
A

A (1)

where ZA is the charge of nucleus A, located at RA, (r ) is the electron density function of the 
molecule, and r  is the dummy integration variable. 

The condensed Fukui functions, ƒk, were calculated using the simple procedure (based on 
Mulliken population analysis) given by Yang and Mortier [37]. For a system of N electrons, 
independent calculations are to be made for corresponding N – 1–, N–, and N + 1 electron systems 
with the same molecular geometry. Mulliken population analysis yields (gross charges) qk(N – 1), 
qk(N), and qk(N + 1) for all atoms k. In a finite–difference approximation, the condensed Fukui 
functions were given by the equations: 

for nucleophilic attack )()1( NqNqf kkk (2)

for electrophilic attack )1()( NqNqf kkk (3)

for radical attack )1()1(210 NqNqf kkk (4)
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The condensed–to–atom quantity, k  corresponding to local electrophilicity index, (r), was 

obtained as described previously [38]: 

kk f (5)

where  is the global electrophilicity index,  = +, –, and 0 refer to nucleophilic, electrophilic and 
radical reactions, respectively. 

The frontier–electron theory of chemical reactivity can be rationalized from DFT study of the 
electronic structure [39]. The electron density distribution is the fundamental concept for 
understanding the chemical reactivity and can explain the phenomena nucleophilic, electrophilic 
and radical attacks on a molecule. For a system of N electrons with ground–state energy ,NE

where  is the potential energy acting on an electron due to the presence of all nuclei, several 
quantities of fundamental importance were defined. The chemical potential µ of the electrons (the 
negative of the electronegativity ) is given by )(/ rNE  and has the same value everywhere 

[40]. In a finite–difference approximation: 

2/AI (6)

where I and A are the ionization potential and electron affinity. The change of µ with the number of 
electrons was defined by Parr and Pearson as a measure for the “absolute hardness” as 

)(
22

)( /21/21 rr NEN  [41]. The corresponding finite–difference formula is: 

2/AI (7)

The electrophilicity index was estimated as previously suggested [42,43]: 

2/2 (8)

3 RESULTS AND DISCUSSION 

3.1 Conformational Analysis of bhc, o–, m– and p–pyhc
A conformational search for bhc at the PM3 level showed that among the thirteen possible bhc 

structures, localized as minima on potential energy surface, only one was stabilized by two HBs and 
its energy was the lowest one [44]. Two high–energy structures were stabilized with one HB. All 
other structures of bhc have not revealed HBs and hence they showed significantly higher relative 
energy as compared to that with one and two HBs. B3LYP calculations confirmed the stabilization 
of bhc by two HBs with different O…O distances and strengths. The B3LYP/6–31G(d) optimized 
molecular structure of the lowest energy conformer of bhc is shown in Figure 1 (1).

For pyhc the conformational search showed one p–pyhc (4–pyhc), two m–pyhc (3–and 5–pyhc) 
and two o–pyhc (2– and 6–pyhc) conformers, localized as minima on potential energy surface. The 
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stability order of pyhc conformers was found on the basis of the electronic energies, zero–point 
corrected electronic energies and Gibbs energies in gas phase. The B3LYP/6–31G(d) optimized 
molecular structures of the lowest energy structures of o–, m– and p–pyhc are shown in Figure 1, 
structures 2, 3 and 4 respectively. 

Figure 1. B3LYP/6–31G(d) optimized geometries of bhc (1), 2–pyhc (2), 3–pyhc (3) and 4–pyhc (4). 
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3.2 Molecular Asymmetry of bhc, o–, m– and p–pyhc Species
The B3LYP/6–31G(d) calculated geometry parameters for bhc agree with available experimental 

data [21]. Two asymmetrical O–H…O intramolecular HBs were calculated; each links a coumarin 
hydroxyl and carbonyl group, Figure 1 (1). The HB strengths were evaluated with the classical 
method as well as using the rotational barrier method [29,45,46]. The HB energies of bhc obtained 
in the frame of the classical method were estimated of –55.46 kJ mol–1 and –52.32 kJ mol–1 for 
O10–H13…O27 HB and O9…H31–O28, respectively [44]. 

The values obtained correlated with the calculated (2.638 Å and 2.696 Å) and experimental 
(2.624 Å and 2.720 Å) O…O distances and predicted difference in the hydrogen bonding strengths 
in bhc. The calculated HB energies for O10–H13…O27 HB and O9…H31–O28 HBs in pyhc 
species are: in 4–pyhc (–57.23 kJ mol–1 and –51.65 kJ mol–1), for 3–pyhc (–59.27 kJ mol–1 and –
51.33 kJ mol–1), for 2–pyhc (–62.56 kJ mol–1 and –50.48 kJ mol–1), for 5–pyhc (–55.90 kJ mol–1 and 
–52.16 kJ mol–1) and for 6–pyhc (–47.53 kJ mol–1 and –56.25 kJ mol–1). With the exception of 6–
pyhc, the calculated HB energies for pyhc isomers predicted that the O10–H13…O27 HB was 
stronger than the O9…H31–O28 one as it was already found in bhc [46]. The highest HB 
stabilization energy was calculated for ortho (2–pyhc) and it was in agreement with its 
conformational stability. To check the reliability of the HB energies obtained, we estimated the HB 
strengths using the rotational barrier method. Although the calculated HB energies were more 
negative than those obtained using the classical method (with 9–17 kJ mol–1) they also suggested 
different in strengths HBs and confirmed the trends obtained with the classical method. 

The molecular asymmetry observed for the compounds studied was explained with different 
substituent effect on the HB rings. The calculated bond lengths showed that the substituent 
produced larger changes in the upper HB ring (H13–O10–C4–C3–C18–C21–C20=O27) as 
compared to the changes in the lower one (O9–C2–C3–C18–C21–C22–O28–H31) (Figure 1). Due 
to the substituent withdrawing effect, the C4–O10 and C20=O27 bond lengths became shorter, the 
O10 and O27 atomic charges were less negative and the electron repulsion between them 
weakened. As a result, O10…O27 distance decreased and the corresponding O10–H13…O27 HB in 
bhc and p–pyhc became stronger. 

At the same time, the benzyl– and p–pyridyl substituents produced smaller changes in the lower 
HB ring (O9–C2–C3–C18–C21–C22–O28–H31). Conversely to the trends obtained for the upper 
HB ring, the C2=O9 and C22–O28 bond lengths were longer, O9 and O28 atomic charges were 
more negative and due to the larger repulsion, the O9…O28 distance became longer. As a result, 
the corresponding O9…H31–O28 HB was weaker. Hence, the electron density on the O atoms, 
involved in the HBs changed upon the benzyl– and p–pyridyl substituents and through the O…O 
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electrostatic effect contributed to strengthening of O10–H13…O27 HB and to weakening of 
O9…H31–O28 one. On the basis of the results thus obtained one may conclude that steric, 
electronic and electrostatic factors are responsible for the asymmetrical HBs in bhc and p–pyhc.

3.3 Reactive Descriptors of bhc and pyhc Species 

3.3.1 Global reactivity parameters 

The molecular quantities vertical ionization potential (I) and electron affinity (A),
electronegativity ( , Eq. (6)), hardness ( , Eq. (7)), and electrophilicity index ( , Eq. (8)) for 2–, 3–, 
4–, 5–, 6–pyhc and bhc are presented in Table 1. 

Table 1. Calculated vertical ionization potential (I, eV), electron affinity (A, eV), electronegativity ( , eV), hardness ( ,
eV) and electrophilicity index ( , eV) for the systems studied 
Species I A 
bhc 7.52 0.41 3.97 3.56 2.21 
2–pyhc 7.40 0.33 3.87 3.53 2.12 
6–pyhc 7.58 0.33 3.86 3.53 2.11 
3–pyhc 7.63 0.51 4.07 3.56 2.33 
5–pyhc 7.62 0.51 4.07 3.56 2.32 
4–pyhc 7.69 0.57 4.12 3.57 2.38 

The calculated I and A values for o–, m–, and p–pyhc are close to those obtained for bhc. Hence, 
the substitution of benzyl with pyridyl substituent did not lead to significant changes of the 
electronegativity and hardness, Eqs. (6) and (7). The electronic chemical potential has the same 
equalization property as the macroscopic chemical potential. If free flow is allowed, electrons go 
from a region of high chemical potential to a region of low chemical potential, until both regions 
have the same chemical potential value [40]. The larger the difference in chemical potential 
between two molecules, the easier the reaction will be [47]. As it seen from Table 1, among the 
series of the systems studied, only ortho–derivatives have lower electronegativity values with 
respect to bhc. Among the pyridyl substituted isomers,  decrease in the order: p–pyhc > m–pyhc > 
o–pyhc.

It is generally accepted that a variety of acid–base reactions can be described by the principle: 
“hard likes hard and soft likes soft”. In agreement with this principle, it is expected that benzyl and 
pyridyl substituted di–(4–hydroxicoumarine)s will prefer to react with compounds having the same 
 values (Table 1). The hardness of the systems studied increase in the order: o–pyhc < bhc < m–

pyhc < p–pyhc.

Another useful reactivity descriptor is the electrophilicity index . When two molecules react, 
which one will behave as an electrophile will depend on that which one has higher electrophilicity 
index [38]. As in case of µ and , p–pyhc revealed the highest  value, whereas o–pyhc, the lowest 
one.
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3.3.2 Local reactivity indices – condensed Fukui functions and electrophilicities 

As it was mentioned above the presence of substituent (benzyl or pyridyl) linked to methylene 
C–atom (C18) induces asymmetry in di–(4–hydroxycoumarin) fragment. Thus, different 
substituents will produce smaller or larger differences between the charges of the two carbonyl or 
two hydroxyl oxigens. It is interesting to trace how the substituent effects change the reactivity 
indices as condensed–to–atom Fukui functions and electrophilicity indices. In bhc and pyhc isomers 
there is more than one donor atom suitable for electrophilic attack. To point out to the most 
probable sites, the condensed Fukui functions, kf  (according to Eq. (3), using Mulliken atomic 
charges) and electrophilicity indices, k  (Eq. (5)) governing electrophilic attack were calculated 

and discussed (Table 2). 

The results obtained showed that for bhc, 6–, 5–, and 4–pyhc, k  has the highest value in O9–

center indicating that this site would be the most favorable one for electrophilic attack. For 2– and 
3–pyhc, k  has the highest value in O27–center indicating that this is the most reactive site for 
electrophilic attack. In o–pyhc isomers, the N–centers have negative k  values, whereas in m–, and 
p–pyhc, the k  values are higher then those of O1 and O19. For all the molecules studied, the k

values of the carbonyl oxygens are higher then those obtained for hydroxyl oxygen, lactone oxygen 
and nitrogen atoms, i.e., they could be considered as the most favorable atomic sites for 
electrophilic attack. 

Table 2. Condensed Fukui functions ( kf ) and elecrtophilisity indices ( k ) at selected atoms k in bhc and pyhc 
species.
Species  O1 O9 O10 N O19 O27 O28 

kf 0.016 0.052 0.041  0.016 0.050 0.040 
bhc

k 0.035 0.114 0.091  0.035 0.110 0.088 

kf 0.015 0.044 0.039 –0.003 0.017 0.054 0.046 
2–pyhc 

k 0.032 0.093 0.083 –0.006 0.036 0.114 0.097 

kf 0.016 0.062 0.044 –0.008 0.015 0.044 0.039 
6–pyhc 

k 0.034 0.131 0.093 –0.017 0.032 0.093 0.082 

kf 0.015 0.048 0.038 0.030 0.016 0.052 0.043 
3–pyhc 

k 0.035 0.112 0.088 0.070 0.037 0.121 0.100 

kf 0.016 0.056 0.043 0.028 0.015 0.044 0.039 
5–pyhc 

k 0.037 0.130 0.100 0.065 0.035 0.102 0.090 

kf 0.016 0.054 0.043 0.025 0.016 0.054 0.041 
4–pyhc 

k 0.038 0.128 0.102 0.060 0.038 0.128 0.098 
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Figure 2. MEP colour map of o–pyhc (1) and p–pyhc (2). The scale values (in hartree) correspond to the interaction 
energy between the molecular electrical charge and the positive test charge (a proton) located at r.

3.3.3 Molecular electrostatic potential 

To predict reactive sites for electrophilic and nucleophilic attack in the systems studied, MEP 
was calculated at the B3LYP/6–31G(d) optimized geometries. The negative regions of V(r) were 
related to electrophilic reactivity and the positive ones – to nucleophilic reactivity (Figure 2). The 
V(r) values were obtained on molecular surface defined by electron density with 0.001 
electron/bohr3. The negative regions in the molecules studied were found around the carbonyl O9, 
O27, hydroxyl O10, O28 and lactone O1, O19 atoms and in pyhc isomers around the N atom in 
addition. In p–pyhc and m–pyhc isomers, the most negative V(r) values were associated with the N 
atom, –0.065 ÷ –0.064 and hence, it is expected that it will be preferred for electrophilic attack. The 
nitrogen was the most negative site in p–pyhc, Figure 2 (2), and it became less negative in m–pyhc.
In o–pyhc, however, the most negative value of V(r) was found for the carbonyl O atoms (–0.057 
and –0.059) and the nitrogen V(r) value was less negative (–0.052), Figure 2 (1). Therefore, in o–
pyhc, the preferred electrophilic sites are the carbonyl oxygens. It was further found that the V(r)
values of N atoms in p– and m–pyhc(s) are more negative than that of pyridine (V(r) = –0.060). 
Thus, it could be concluded that the electrophilic power of the nitrogen atoms increased in p– and 
m–pyhc(s), but not in o–pyhc. In all the systems studied, the hydroxyl O10 and O28 revealed also 
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significant negative V(r) values (–0.028 to –0.039) and hence, they could be considered as the next 
candidates for ellectrophilic attack. It is interesting to note further that the negative regions on the 
lactone O (–0.027 to –0.035 a.u.) were not well defined being extended to the carbonyl group. 

4 CONCLUSIONS 

Steric, electronic and electrostatic factors (through the oxygens charge changes) were found to 
be responsible for the HB asymmetry in the compounds studied. The highest electronegativity, 
hardness and electrophilicity were found for p–pyhc and the lowest ones for o–pyhc respectively. 
The Fukui functions showed that the carbonyl oxygen atoms are the most probable sites for 
electrophilic attack, whereas the MEP calculations indicate that the most suitable atomic site for 
electrophilic attack or for metal coordination is the nitrogen. 

Acknowledgment 
The authors acknowledge the financial support from the Medical University, Sofia, under Project 21/2003 as well as 

the fruitful discussions with Dr. Irena Kostova and Prof. I. Manolov. 

5 REFERENCES 

[1] H. O. Ammar, M. Ghorab, S. A. el Nahhal, T. S. Makram, Interaction of oral anticoagulants with methyl 
xanthines Pharmazie 1997, 52, 946–950. 

[2] C. M. Kam, J. E. Kerrigan, R. R. Plaskon, E. J. Duffy, P. Lollar, F. L. Suddath, J. C. Powers, Mechanism–based 
isocoumarin inhibitors for blood coagulation serine proteases. Effect of the 7–substituent in 7–amino–4–chloro–3–
(isothioureidoalkoxy)–iso–coumarins on inhibitory and anticoagulant potency, J. Med. Chem. 1994, 37, 1298–
1306. 

[3] L. E. Twigg, B. J. Kay, The effect of sub–lethal doses of bromadiolone on the breeding performance of house 
mice (Mus domesticus), Comp. Biochem. Physiol. Pharmacol. Toxicol. Endocrinol. 1995, 110, 77–82. 

[4] T. V. Smirnova, G. M. Vishnyakova, K. M. Lakin, N. V. Novikova, E. G. Lobanova, G. N. Zonova, V. I. 
Sklyarenko, V.I. New anticoagulants for injections, Tr. Inst. Mosk. Khim. Tekhnol. Inst. 1987, 149, 92–97. 

[5] Y. Yamada, M. Okamoto, H. Kikuzaki, N. Nakatani, Spasmolytic activity of aurapten analogs, Biosci.
Biothechnol. Biochem. 1997, 61, 740–742. 

[6] Y. Yamada, N. Nakatani, H. Fuwa, Spasmolytic activity of geranyloxycoumarin–related compounds, Agric. Biol.
Chem. 1987, 51, 1711–1713. 

[7] Z. Chen, F. Wang, H. Jiang, F. Liu, Pharmacological study of total coumarins in the fruit of Cnidium monnieri,
Zhongyao Tongbao 1986, 11, 114–117. 

[8] S. D. Aminov, A. A. Vakhabov, Pharmacology of some coumarins isolated from plant Haplophyllum, Dokl. Acad.
Nauk. UzSSR 1985, 8, 44–45. 

[9] F. Rosskopt, J. Kraus, G. Franz, Immunological and antitumor effects of coumarin and some derivatives, 
Pharmazie 1992, 47, 139–142. 

[10] P. McCulloch, W. D. George, Warfarin inhibits metastasis of Mtln3 rat mammary carcinoma without affecting 
primary tumour growth, Br. J. Cancer 1989, 59, 179–183. 

[11] T. Ichibagase, M. Ichikawa, S. Nagasaki, Japan Patent 1970, 70, 24, 985. 
[12] S. A. Akman, J. H. Doroshow, M. F. Dietrich, R. T. Chlebowski, S. J. Block, Synergistic cytotoxicity between 

menadione and dicumarol vs. murine leukemia L1210, J. Pharmacol. Exp. Ther. 1987, 240, 486–491. 
[13] H. Zhao, N. Neamati, H. Hong, A. Mazumder, S. Wang, S. Sunder, G. W. A. Milne, Y. Pommier, T. R. Jr. Burke, 

Coumarin–based inhibitors of HIV integrase, J. Med. Chem. 1997, 40, 242–249. 



N. Trendafilova and T. Mihaylov 
Internet Electronic Journal of Molecular Design 2005, 4, 591–602 

601 
BioChem Press http://www.biochempress.com

[14] P. J. Tummino, D. Ferguson, and D. Hupe, Competitive inhibition of HIV–1 protease by warfarin derivatives 
Biochem. Biophys. Res. Commun. 1994, 201, 290–294. 

[15] D. W. Hutchinson, J. A. Tomlinson, The structure of dicoumarol and related compounds, Tetrahedron 1969, 25,
2531–2537. 

[16] B. Schoett, B. B. Iversen, G. K. H. Madsen, T. C. Bruice, Characterization of the short strong hydrogen bond in 
benzoylacetone by ab initio calculations and accurate diffraction experiments. Implications for the electronic 
nature of low–barrier hydrogen bonds and enzymatic reactions, J. Am. Chem. Soc. 1998, 120, 12117–12124. 

[17] M. G. Viloca, A. G. Lafont, J. M. Lluch, Theoretical study of the low–barrier hydrogen bond in the hydrogen 
maleate anion in the gas phase. Comparison with normal hydrogen bonds, J. Am. Chem. Soc. 1997, 119, 1081–
1086. 

[18] J. A. Tomlinson, Ph.D. Thesis; University of Warwick, 1968.
[19] G. Bravic, J. Gaultier, C. Hauw, Structure crystalline et moleculaire du dicoumarol, C. R. Acad. Sci. Paris, Ser. C

1968, 267, 1790–1793.
[20] E. J. Valente, D. S. Eggleston, Structure of (phenyl)bis(4–hydroxybenzo–2H–pyran–2–one–3–yl)methane, Acta.

Cryst. C 1989, 45, 785–787. 
[21] I. Kostova, I. Manolov, G. Momekov, Cytotoxic activity of new neodymium(III) complexes of bis–coumarins, 

Eur. J. Med. Chem. 2004, 39, 765–775. 
[22] I. Kostova, N. Trendafilova, G. Momekov, Theoretical and spectroscopic evidence for coordination ability of 

3,3’–benzylidenedi–4–hyroxycoumarin. New neodymium(III) complex and its cytotoxic effect, J. Inorg. Biochem.
2005, 99, 477–487. 

[23] C. Lee, W. Yang, R. G. Parr, Development of the Colle–Salvetti correlation–energy formula into a functional of 
the electron density, Phys. Rev. B 1988, 37, 785–789. 

[24] A. D. Becke, Density–functional thermochemistry. III. The role of the exact exchange, J. Chem. Phys. 1993, 98,
5648–5652. 

[25] GAUSSIAN 98, A.7 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. 
G. Zakrzewski, J. A. Jr. Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. 
N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. 
Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. 
Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. 
Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al–Laham, C. Y. Peng, A. 
Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. 
Gonzalez, M. Head–Gordon, E. S. Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998.

[26] J. J. Novoa, C. J. Sosa, Evaluation of the Densityfunctional approximation of hydrogen bond interactions, J. Phys.
Chem. 1995, 99, 15837–15845. 

[27] D. R. Hamann, H2O hydrogen bonding in density–functional theory, Phys. Rev. B 1997, 55, R10157–10160. 
[28] C. Maerker, P.v.R. Schleyer, K. R. Liedl, T.–K. Ma, M. Quack, M. A. Suhn, A Critical Analysis of Electronic 

Density Functionals for Structural, Energetic, Dynamic and Magnetic Properties of Hydrogen Fluoride Clusters, J.
Comp. Chem. 1997, 18, 1695–1719. 

[29] M. Lonzynski, D. Rusinska–Raszak, H.–G. Mack, Hydrogen Bonding and Density Functional Calculations: The 
B3LYP Approach as the Shortest Way to MP2 Results, J. Phys. Chem. A 1998, 102, 2899–2903. 

[30] A. E. Reed, L. A. Curtiss, F. Weinhold, Intermolecular Interactions from a Natural Bond Orbital, Donor–Acceptor 
Viewpoint, Chem. Rev. 1988, 88, 899–926. 

[31] F. Weinhold, J. E. Carpenter, The Structure of Small Molecules and Ions; Plenum: New York, 1988.
[32] C. Munoz–Caro, A. Nino, M. L. Senent, J. M. Leal and S. Ibeas, Modeling of protonation processes in 

acetohydroxamic acid, J. Org. Chem. 2000, 65, 405–410. 
[33] F. J. Luque, J. M. Lopez, M. Orozco, Perspective on Electrostatic interactions of a solute with a continuum. A 

direct utilization of ab initio molecular potentials for the prevision of solvent effects, Theor. Chem. Acc. 2000,
103, 343–345. 

[34] N. Okulik and A. H. Jubert, Theoretical Analysis of the Reactive Sites of Non–steroidal Anti–inflammatory 
Drugs, Internet Electron. J. Mol. Des. 2005, 4, 17–30, http://www.biochempress.com.

[35] R. Soliva, F. J Luque, M. Orozco, Reliably of MEP and MEP–derived properties computed from DFT methods for 
molecules containing P, S and Cl, Theor. Chem. Acc. 1997, 98, 42–49. 



Molecular Structure and Reactive Sites of Substituted Di–(4–hydroxycoumarin)s Derived from DFT Calculations 
Internet Electronic Journal of Molecular Design 2005, 4, 591–602 

602 
BioChem Press http://www.biochempress.com

[36] P. Politzer, J. Murray, The fundamental nature and role of the electrostatic potential in atoms and molecules, 
Theor. Chem. Acc 2002, 108, 134–142. 

[37] W. Yang, W. J. Mortier, The use of global and local molecular parameters for the analysis of the gas–phase 
basicity of amines, J. Am. Chem. Soc. 1986, 108, 5708–5711. 

[38] P. K. Chattaraj, B. Maiti, U. Sarkar, A unified treatment of chemical reactivity and selectivity, J. Phys. Chem. A.
2003, 107, 4973–4975. 

[39] (a) R. G. Parr, W. Yang, Density functional approach to the frontier–electron theory of chemical reactivity, J. Am.
Chem. Soc. 1984, 106, 4049–4050; (b) W. Yang, R. G. Parr, R. Pucci, Electron density, Kohn–Sham frontier 
orbitals, and Fukui functions, J. Chem. Phys. 1984, 81, 2862–2867. 

[40] R. G. Parr, R. A. Donnelly, M. Levy, W. E. Palke, Electronegativity: The density functional viewpoint, J. Chem.
Phys. 1978, 68, 3801–3807. 

[41] R. G. Parr, R. G. Pearson, Absolute hardness: companion parameter to absolute electronegativity, J. Am. Chem.
Soc. 1983, 105, 7512–7516. 

[42] A. T. Maynard, M. Huang, W. G. Rice, D. G. Covell, Reactivity of the {HIV}–1 {NC}p7 zinc finger domains 
from the perspective of density–functional theory, Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 11578–11583. 

[43] R. G. Parr, L. Szentpály, S. Liu, Electrophilicity index, J. Am. Chem. Soc. 1999, 121, 1922–1924. 
[44] N. Trendafilova, G. Bauer, Tz. Mihaylov, DFT and AIM studies of intramolecular hydrogen bonds in 

dicoumarols, Chem. Phys. 2004, 302, 95–104. 
[45] G. Buemi, F. Zuccarello, Is the Intramolecular Hydrogen Bond Energy Valuable from Rotation Barriers, J. Mol.

Struct. (Theochem.) 2002, 581, 71–85. 
[46] G. Buemi, Ab initio DFT study of the rotation barriers and competitive hydrogen bond energies (in gas phase and 

water solution) of 2–nitroresorcinol, 4,6–dinitroresorcinol and 2–nitrophenol in their neutral and deprotonated 
conformations, Chem. Phys. 2002, 277, 241–256. 

[47] Y. Li, J. N. S. Evans, The Fukui functions: A key concept linking frontier molecular orbital theory and the hard–
soft–acid–base principle, J. Am. Chem. Soc. 1995, 117, 7756–7759. 

Biographies
Natasha Trendafilova is associated professor of theoretical chemistry at the Bulgarian Academy of Sciences (Ph.D. 

degree in theoretical chemistry obtained from the Bulgarian Academy of Sciences). The research interests and current 
scientific work of Dr. Trendafilova lie in the field of the computational and coordination chemistry. The objective of the 
research activities is to understand complex physico–chemical and biological phenomena relevant to the mastering and 
processing of intelligent materials with the help of theoretical and modeling tools. Since 1992 she has collaborated on 
projects with Professor Guenther Bauer at the Technical University of Vienna, Austria and Professor Helmut Yersin at 
the University of Regensburg, Germany, “Theoretical and spectroscopic study of complexes with biological activity”. 

Tzvetan Mihaylov is a Ph.D. student in computational chemistry at the Institute of General and Inorganic 
Chemistry, Bulgarian Academy of Sciences, Coordination Chemistry Department. 


