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Abstract: In order to study hydrogen bond strength changes in Dihydroxynaphthazarin in comparison with Naphthazarin, the 

full geometry optimization of these molecules have been performed by Density Functional Theory (DFT) method, at B3LYP 

theoretical level, using 6-311++G** basis set. Also, 1HNMR calculations were carried out by using GIAO methodand 

vibrational frequency calculations were performed for light and deuterated molecules.To support extracted results, NBO 

calculations(bond order, electron density, electron delocalization and steric effects) were also done at the same level of theory. 

In this study, we concluded that hydrogen bond strength in Dihydroxynaphthazarin is more than Naphthazarin when there is 

only one hydroxyl group in the vicinity of OH but when there is an OH group in the vicinity of carbonyl (even if there is 

another OH in the vicinity of hydroxyl groups) the related hydrogen bond strength is decreased.   
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Introduction 

Investigation of hydrogen bonding has attracted 

significant attention over the years. 5,8-Dihydroxy-1,4-

naphthoquinone, commonly known asNaphthazarin 

(NZ) is an interesting molecule from several points of 

view. It provides good models to investigate the nature 

of hydrogen bonds and the proton transfer reactions. It 

shows antimicrobial, cytotoxic, antiviral [1-5], anti-

tumor [6-9] and antifungal [10] activities and its 

molecular structure are present in a number of 

molecules with important biological activity such as 

perylenequinones, alkannin, and shikonin. These are 

biological active pigments obtainable from natural 

sources [11].  

The relative simplicity of the molecular structure of 

NZ together with its role as a model compound for 

biologically active molecules makes it an attractive 

target for both experimental and theoretical studies. 

 
 

*Corresponding author. Tel.: +98 21 8569x2610; fax: +98 

21 88041344; E-mail: zahedi@alzahra.ac.ir. 

The structure of NZ has been the subject of many 

theoretical [12-14] and experimental studies such as 

neutron and X-ray diffraction [15-20], mass 

spectrometry [21], 1H [22], 13C [23-25], and 17O [26] 

NMR, IR, and Raman [12,27-33] spectroscopy.The 

neutral form of NZ can exist in three different groups 

of symmetry (C2v, C2h, D2h), The high-resolution IR 

and laser-induced fluorescence experiments led to the 

conclusion that main form of NZ has C2v symmetry. 

This is in accordance with computational studies, so 

far realized only for gas phase, which unanimously 

prefers C2v symmetry [13]. 

Currently, there is much interest in the study on 

hydroxylated naphthazarins because of their use in the 

development of cardioprotective preparations [34-36] 

and other applications [37-38]. 2, 3-

dihydroxynaphthazarin (spinazarin) has been extracted, 

for the first time, from sea urchin scaphechinus 

mirabilis in small amounts. Natural products are often 

available in small amounts, which hinder the use of 

chemical methods in the establishment of their 
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structures since the available physiochemical methods 

do not allow unambiguous conclusions about the 

arrangement of the substitutes in the quinoid moiety. 

The known difficulties in the study of substituted 

hydroxyl naphthazarins are related to the question of 

prototropic tautomerism. Indeed, 1H, 13C, and 17O 

NMR studies have shown that hydroxylated 

naphthazarins undergo rapid proton exchange between 

the -hydroxyl and carbonyl groups giving rise to 

time-averaged spectra [39-41].IR-spectroscopy is 

definitely more rapid in comparison with NMR time 

scale and time averaging of the spectral parameters is 

not generally observed because the characteristic time 

of the IR method is shorter than the time of the 

vibrational transition [42].The effect of electron 

acceptor substitution (Cl) on the intramolecular 

hydrogen bond of NZ has been already reported [43]. 

According to difficulties encountered in 

experimental studies of these compounds and the 

importance of hydrogen bonding in determining the 

structure and behavior of these compounds, we have 

decided to study hydrogen bonding in 

dihydroxynaphthazarins by means of computational 

methods. Literature reveals that to the best of our 

knowledge DFT calculations of 

Dihydroxynaphthazarins(DNZ) have not been reported 

so far. Therefore, the present work deals with IR, NMR 

and NBO calculations, of DNZ and NZ to investigate 

hydrogen bond strength of DNZ in comparison with 

NZ, utilizing DFT (B3LYP) method with 6-311++G 

(d, p) as the basis set. 

Results and discussion 

Geometrical parameters: 

 Figure1. shows the numbering system and the 

structure of NZ and its hydroxyl substitutions. All 

molecules have been optimized at B3LYP level with 6-

311++G(d,p) basis set that is shown in Figure 2. The 

optimized geometry parameters of NZ and DNZs are 

summarized in Table 1. 

 

Figure 1: Numrering system and the structure of NZ and its 

hydroxyl substitutions.  

 

NZ, X2, X3, X6, X7 = H. DNZ1, X2, X3 = OH, X6, X7 = 

H. DNZ2, X2, X7 = OH, X3, X6 = H. DNZ3, X2, X6 = OH, 

X3, X7 = H.DNZ4, X2, X3 = H, X6, X7 = OH. HNZ1, X3, 

X6, X7 = H, X2 = OH. HNZ2, X2, X3, X6 = H, X7 = OH. 

 

            
 

 

             
    

       DNZ3                                DNZ4                                                        
 

 

According to the calculated results, in DNZ1, DNZ2 & 

DNZ3, presence of OH group in the neighborhood of 

carbonyl group decreases the O––H bond lengths and 

the O––H…O bond angles, and increases the O…O 

and O…H distances, which suggests weaker hydrogen 

bond in these compounds than that in NZ. On the other 

hand in DNZ2 & DNZ3 presence of these OH groups 

increase O4––H5 bond length and the O5––H5…O4 

bond angles, and decreases the O4…O5 and O4…H5 

distances which refers to stronger hydrogen bond. In 

DNZ4, O––H bond lengths increases, but O…O and 

O…H distances change slightly. This can be related to 

the opposite effects of OH groups. These groups have 

an electron donating effect in one side and on the other 

side is the formation of another hydrogen bond 

between H7and O8 or O5and H6.  

DNZ1 DNZ2 
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Table 1: Some optimized parameters of optimized molecules 

Bond Length (Å) NZ DNZ1 DNZ2 DNZ3 DNZ4 

O1…O8 2.5890 2.6211 2.6242 2.6394 2.5910 

O5…O4 2.5890 2.6211 2.5856 2.5603 2.5910 

O1…H8 1.7069 1.7512 1.7649 1.7679 1.7073 

O4…H5 1.7069 1.7511 1.6946 1.6696 1.7070 

C1–O1 1.2421 1.2486 1.2453 1.2489 1.2443 

C4–O4 1.2421 1.2486 1.2454 1.2462 1.2443 

O8–H8 0.9893 0.9853 0.9856 0.9844 0.9934 

O5–H5 0.9893 0.9853 0.9922 0.9981 0.9934 

Bond Angle (°)      

O1…H8–O8 146.34 145.18 143.602 145.58 145.98 

O4…H5–O5 146.34 145.19 147.265 146.27 145.98 

 

NMR analysis: 

The molecular structures of the titled molecules were 

optimized. Then, The absolute shielding for NZ, 

DNZs, and tetramethylsilane (TMS) have been 

obtained using the gauge-including atomic orbital 

(GIAO) method by using B3LYP functional with 6-

311++G(d,p) basis set. The predicted 1H chemical 

shifts are derived from equation  = , where  is 

the chemical shift,  is the absolute shielding, and  

is the absolute shielding of TMS. The calculations 

were performed in the gas phase and the reported 

values are shown in Table 2. In DNZ1 calculated 

chemical shifts of hydrogen have been reduced. The 

chemical shift of H8 in DNZ2 and DNZ3 is also less 

than NZ but H5 chemical shift in both of them is more 

than NZ. Finally, chemical shifts of hydrogen in DNZ4 

are more than NZ.    

NBO analysis: 

NBO (Natural Bond Orbital) analysis provides an 

efficient method for studying intra and intermolecular 

bonding and the interactionamong bonds and also 

provides a convenient basis forinvestigation charge 

transfer or conjugative interactions in the 

molecularsystem [52]. 

Charge analysis: 

The charge distribution calculated by the NBO method 

for the optimized geometries of NZ and DNZs are 

given in Table 3. The natural charge on O1 atom in all 

of the molecules is more than NZ. This is because of 

electron donating effect of OH groups especially the 

ones near O1. The charge on O8 in DNZ1, DNZ2, and 

DNZ3 is less than NZ and in DNZ4 is more than NZ. 

Reduction of charge in DNZ1, DNZ2, and DNZ3 is 

because of less engagement of H8 with O1 (because 

O1 is engaged with H2) so the charge on O8 will 

reduce in comparison with NZ. The charge on O4 is 

increased in all of the molecules and thecharge on O5 

is increased in DNZ2, DNZ3, and DNZ4 but decreased 

in DNZ1. The reason for this chargereduction, in this 

case, is the same as the reduction of charge on O8 in 

DNZ1, DNZ2, and DNZ3.These results are in good 

agreement with the calculated geometrical parameters 

results and the calculated chemical shifts of the 

hydroxylic proton for all molecules. 
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Table 2: Calculated hydrogen chemical shifts 

 NZ DNZ1 DNZ2(H5) DNZ2(H8) DNZ3(H5) DNZ3(H8) DNZ4 

δ(ppm) 12.74 12.33 13.13 11.92 13.42 11.64 12.96 

 
Table 3: Selected natural charges (e) for NZ and DNZs optimized at the B3LYP/6-311++G** level. 

Charge 

atom DNZ1 DNZ2 DNZ3 DNZ4 NZ 

C1 0.465 0.482 0.461 0.456 0.502 

C8 0.397 0.346 0.425 0.325 0.391 

C9 -0.196 -0.190 -0.230 -0.128 -0.193 

O1 -0.649 -0.638 -0.651 -0.611 -0.601 

O8 -0.656 -0.690 -0.653 -0.698 -0.660 

H8 0.509 0.519 0.509 0.516 0.507 

C4 0.477 0.503 0.513 0.456 0.502 

C5 0.382 0.387 0.318 0.325 0.391 

C10 -0.183 -0.203 -0.155 -0.128 -0.193 

O4 -0.650 -0.615 -0.618 -0.611 -0.601 

O5 -0.656 -0.661 -0.699 -0.698 -0.660 

H5 0.509 0.508 0.519 0.516 0.507 

Table 4: Comparison of selected Wiberg bond orders of NZ and DNZs. 

Bond order 

bond DNZ1 DNZ2 DNZ3 DNZ4 NZ 

C1–C9 1.1103   1.1242 1.1766   1.1274   1.1068   

C8–C9 1.3428   1.3428 1.2759   1.3293   1.3318   

C8–O8 1.1210   1.0798 1.1193   1.0964   1.1203   

O1–C1 0.0267   1.5697 1.5396   1.5717   1.5986   

O8–H8 0.6584   0.6557 0.6677   0.6259   0.6526   

H8–O1 0.0689 0.0399 0.0591   0.0938   0.0769   

C4–C10 0.0192   1.0997 1.0641 1.1270   1.1063   

C5–C10 1.3418   1.3263 1.4049   1.3280   1.3307   

C4–O4 1.5317   1.5692 1.5679   1.5716   1.5985   

O4–H5 0.0686   0.0828 0.0933   0.0937   0.0768   

O5–C5 1.1186   1.1244 1.0881   1.0936   1.1181   

H5–O5 0.6580   0.6460 0.6244   0.6256   0.6522   
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Table 5: Selected second order perturbation energies(kcal/mol)  E2 (donor–acceptor) for NZ and itshydroxylsubstitutions 

optimized at the B3LYP/6-311++G** level. 

Donor type Accepter type NZ DNZ1 DNZ2 DNZ3 DNZ4 

C3-C4 
 

C4-O4 
 

0.97 0.66 1.19 1.11 1.25 

C2-C3 
 

C4-O4 
 

2.06 1.54 0.55     2.35 2.36 

C2-C3 
 

C4-O4 
 

19.26 23.64 5.44     25.80 21.05 

C2-C3 
 

C1-O1 
 

19.26 23.63 19.93     17.33 15.75 

O5-H5 
 

C5     RY*(1) 2.74 2.77 2.46     2.14 1.9 

O8-H8 
 

C8     RY*(1) 2.63 2.73 2.04     2.75 3.03 

O4 LP (1) O5- H5 
 

2.85 3.34 3.05     3.42 3.43 

O4 LP (1) O3- H3 
 

- 0.6 - - - 

O4 LP (2) O5- H5 
 

19.10 16.23 20.74     23.28 23.43 

O4 LP (2) O3- H3 
 

- 2.87 - - - 

O1 LP (1) O2-H2 
 

- 0.6 0.52     0.71 - 

O1 LP (2) O2-H2 
 

 2.86 2.62     3.43  

O1 LP (1) O8- H8 
 

2.92 3.37 2.91     2.89 3.43 

O1 LP (2) O8- H8 
 

19.13 16.40 13.88     13.61 23.43 

O8 LP (1) O7- H7 
 

- - 0.99     - 1.16 

O5 LP (1) O6- H6 
 

- - - 2.32 0.74 

 
Table 6: Important pairwise steric exchange energies ∆E (i,j) (kcal/mol) interactions between NLMOs i,j for NZ and its 

hydroxyl substituents. 

 
NLMO(i) Type NLMO(j) Type NZ DNZ1 DNZ2 DNZ3 DNZ4 

C3-O3 
 

C4-O4 
 

- 1.02 - - - 

C5-O5 
 

C6-O6 
 

- - - 0.97 0.94 

C6-O6 
 

C7-O7 
 

- - - - 0.72 

C7-O7 
 

C8-O8 
 

- - 0.83 - 0.75 

C6-O6 
 

O5 LP(1) - - -  0.57 

C3-O3 
 

O4 LP(2) - 1.32 - - - 

C4-O4 
 

O5-H5 
 

0.80 0.77 0.81 0.83 0.99 

C4-O4 
 

O3 LP(2) - 1.34 - - - 
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C1-O1 
 

O8-H8 
 

0.80 0.85 0.73 0.79 0.99 

C1-O1 
 

O2 LP(2) - 1.34 1.42 1.59 - 

C2-O2 
 

O1 LP(2) - 1.31 1.19 1.21 - 

C5-O5 
 

C6-H6 
 

- 1.44 1.54 - - 

C1-O1 
 

C2-H2 
 

1.25 - - - 1.2 

C4-O4 
 

C3-H3 
 

1.25 - 1.21 1.05 1.57 

C8-O8 
 

C7-H7 
 

1.41 1.35 - 1.31 - 

O5-H5 
 

O6 LP(1) - - - - 2.26 

O6-H6 
 

O7 LP(1) - - - - 1.23 

O7-H7 
 

O8 LP(1) - - 2.04 - 1.70 

O5-H5 
 

O4 LP(1) 1.51 2.02 1.42 1.55 1.52 

O5-H5 
 

O4 LP(2) 15.65 13.59 16.28 17.99 18.54 

O8-H8 
 

O1 LP(1) 1.51 1.9 1.86 1.78 1.52 

O8-H8 
 

O1 LP(2) 15.65 13.64 12.10 11.74 18.54 

O2-H2 
 

O1 LP(1) - 0.98 0.84 0.97 - 

O2-H2 
 

O1 LP(2) - 4.03 3.87 4.60 - 

O3-H3 
 

O2 LP(1) - 1.07 - - - 

O3-H3 
 

O2 LP(2) - 4.02 - - - 

O2 LP(2) O3 LP(2) - 0.93 - - - 

 
 

Bond orders 

The calculated Wiberg bond orders for NZ and its 

hydroxyl substituted derivatives are collected in Table 

4.This table shows that the O…H bond order in NZ 

with the substitution of OH in the vicinity of carbonyl 

groups is less than that in NZ, which suggests weaker 

hydrogen bond in these compounds than that in NZ. 

However, the O…H bond order in NZ by substitution 

of OH near the hydroxyl groups is more than that in 

NZ, which suggests stronger hydrogen bond in these 

compounds than in NZ. It is noteworthy that in the 

molecules with two OH, one near the carbonyl group 

and one near the hydroxyl group, the effect of OH 

which is near carbonyl group is more than the other 

one. 

Electron delocalization: 

The second order Fock matrix was carried out to 

evaluate donor (i)–acceptor (j) interaction in the NBO 

analysis [53]. The result of the interaction is a loss of 

Lewis structure into an empty non-Lewis orbital. For 

each donor NBO (i) and acceptor NBO (j), the 

stabilization energy E(2) associated with delocalization 

("2e-stabilization") i j is estimated as 

 
where qi is the donor orbital occupancy, i, j are 

diagonal elements (orbital energies) and F(i,j)is the 

off-diagonal NBO Fock matrix element. Delocalization 

of electron density between occupied Lewis-type (bond 

or lone pair) NBO orbitals and formally unoccupied 

(anti-bond or Rydberg) non-Lewis NBO orbital 

corresponds to a stabilizing donor-acceptor interaction. 

The larger E(2) value, the more intensive is the 

interaction between electron donors and acceptor i.e. 

the more donation tendency from electron donors to 

electron acceptors and the greater the extent of 

conjugation of the whole system [54].The NBO 

analysis has demonstrated the charge transfer from the 

lone electron pair of proton acceptor (NY) is directed 

to the antibonding orbital of the proton donor 

(r*XAH). The increase of electron density in 

antibonding orbital weakens XAH bond, which leads 

to its elongation and concomitant lowering of the XAH 

stretch frequency. The stabilization energy (E(2)) due 

to NY and r*XAH interaction can reflect attractive 

interaction in H––Y bonding. So it offers us a 

theoretical approach to characterizing H-bond strength. 

From the NBO study, we state that the atom having 

the lone pair of electrons transfer higher energy to its 

acceptors. Some of the E (2) values and types of the 

transitions are shown in Table 5. According to this 

table, there is the significant difference between the 

interaction energies of NZ and its hydroxyl 

substitutions. The interaction energy between LP (2) of 

O1 atom and the  orbital of O8––H8 in DNZ1, 
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DNZ2 and DNZ3 are decreased in comparison with 

NZ but this interaction is increased in DNZ4. These 

results lead to weaker O1…H8 hydrogen bond in 

DNZ1, DNZ2 and DNZ3 but stronger O1…H8 

hydrogen bond in DNZ4. Another interaction which is 

of great importance is LP (2) O4→ σ* (O5—H5). The 

E2 energy related to this interaction is decreased in 

DNZ1 and is increased in DNZ2, DNZ3, and DNZ4. 

These changes refer to weaker and stronger O4…H5 

hydrogen bond respectively. 

Steric effect: 

The qualitative concept of ‘‘steric repulsion’’ 

iscommonly used in chemistry, but the quantitative 

abinitio characterization of this concept is still 

incomplete. From the theoretical standpoint, steric 

repulsions arisefrom Pauli's exclusion principle and 

can be viewed asthe ‘‘quantum pressure’’ that resists 

crowding too manyelectrons into the same special 

region. In the natural stericanalysis, the steric 

repulsions are formulated in terms ofthe energy 

difference between filled NBOs and thecorresponding 

non-orthogonal ‘‘pre-NBOs’’ (PNBOs).It should be 

stressed that all occupied NLMOs makesignificant 

contributions to the total steric effect becauseall are 

involved in the mutual orthogonality associatedwith 

full N-electron antisymmetric state[55-56]. 

Some of the most important pairwise steric exchange 

energies, ∆E (i,j), interactions between NLMOs are 

summarized in Table 6. Among these interactions, the 

interactions betweenσ O8—H8 and LP (2) O1 and σ 

O5—H5 and LP (2) O4, are the most important ones. 

As it is obvious from Table 6, the interaction between 

σ O8—H8 and LP (2) O1 is decreased in DNZ1, 

DNZ2, and DNZ4 and is increased in DNZ3. Also the 

σ O5—H5 and LP (2) O4 interaction is increased in all 

of the molecules except DNZ1. These changes are in 

good agreement with the previous results. Considering 

these results, we concluded thatpresence of OH group 

in the neighborhood ofhydroxyl group makes the 

oxygen atoms come closer to each other, which results 

in the shorter O…O distance and strongerhydrogen 

bond. 

Computational details 

 For meeting the requirements of both accuracy and 

computing economy, theoretical methods and basis 

sets should be considered. DFT has proved to be 

extremely useful in treating electronic structure of 

molecules. The density functional three-parameter 

hybrid model (DFT/B3LYP) [44-46] at 6-311++G 

(d,p) basis set level was adopted to calculate the 

properties of the molecules in this work. For hydrogen 

bonding, it is expected that both diffuse and 

polarization functions may be necessary for the basis 

sets. All the calculations were performed using the 

Gaussian 03w program package [47]. The geometry 

optimization of the structures, IR and NMR 

calculations have been carried out.The 1H chemical 

shifts of NZ and its hydroxyl substituents have been 

achieved using the gauge-including atomic orbital 

(GIAO) method [48-50].To gain a more detailed 

insight into the nature of H-bond interaction, natural 

bond orbital (NBO) calculations have been applied 

using NBO5.0 program [51]. The results obtained at 

this level of theory were used for the interpretation of 

the hydrogen bond strength changes of DNZ in 

comparison with NZ. 

Conclusion 

The full geometry optimization of NZ and DNZs 

have been obtained from the DFT-B3LYPmethod 

using 6-311++G** basis set. Geometrical parameters 

along with proton chemical shift results support the 

results of NBO analysis. These results show that 

O1…H8 hydrogen bond strength is decreased in 

DNZ1, DNZ2, and DNZ3 and in DNZ4 is increased in 

comparison with NZ. Also, we concluded that O4…H5 

hydrogen bond is increased in all of the molecules 

except DNZ1.  All of the 1HNMR chemical shift 

calculations are in agreement with these results.   
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