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The e lec t ron ic  s t ruc tu res  of benzoic] [ 1,2,5] oxadiazole, benzoic] [ 1,2,5]thiadiazole, 
benzo[c][1,2,5]selenadiazole,  naphtho[1,2-c][1,2,5]oxadiazole,  naphtho[1,2-c] [1,2,5]thi- 
adiz ole, naphtho [1,2- c ] [1,2,5 ] s e lenadiaz ole, naphtho [2,3-c ] [1,2,5 ]oxadiazo le, naphtho- 
[2,3- c ] [1,2,5 ]thiadiazole, and naphtho [2,3- c ] [1,2,5 ]selenadiazole have been investigated 
in the 7r-electronic approximation by the P a r i s e r - P a r r - P o p l e  method. Molecular  
d iagrams have been calculated and the energ ies  of the f i r s t  singlet t ransi t ions  have 
been calculated.  A cor respondence  has been found between the calculated resu l t s  and 
those obtained by exper iment  (UV spect ra ,  react iv i t ies ,  etc.) .  

The e lec t ron ic  s t ruc tu re  of he terocycl ic  molecules  containing e lements  of group VI in the chain of 
conjugation is widely d iscussed in the l i t e ra tu re .  The O, S, and Se atoms can each supply two e lec t rons  
to the general  r - e l e c t r o n  sys tem of the molecule .  It appeared of in teres t  to investigate how the degree of 
par t ic ipat ion of this pa i r  in conjugation changes as a function of the nature of the he teroa tom.  

In the p resen t  paper,  using the P a r i s e r - P a r r - P o p l e  (PPP) method [2] in the multiconfigurational  
approximat iont  this problem has been solved for  the case of benzoandnaphtho der ivat ives  of 1,2,5-oxadi- 
azole, 1,2,5-thiadiazole,  and 1,2,5-selenadiazole .  The following compounds have been considered:  benzo-  
[c][1,2,5]oxadiazole (I); benzo[c][1,2,5]thiadiazole {II); benzo[c][1,2,5]selenadiazole (TII) (group A); naphtho- 
[1,2-c][1,2,5]oxadiazole (IV); naphtho [1,2-e][1,2,5]thiadiazole iV); naphtho[1,2-c][ l ,2 ,5]selenadiazole (VI) 
(group B; naphtho [2,3- c ] [1,2,5 ] oxadiazo le (VII); naphtho [2,3- c ] [1,2,5 ]thiadiaz ole ( VIID; naphtho [2,3- c ] [1,2,5 ]- 
selenadiazole (IX) (group C). 

The e lec t ron ic  s t ruc tu re  of compounds (I-III) and also of the anion radicals  corresponding to them, 
have been studied repeatedly by the Hiickel method (see, for  example [3, 4]). The e lec t ron ic  s t ruc ture  of 
compound (I) has been studied by the P P P  method [5]. However, the authors  concerned [5] assumed that 
the s ix-  and f ive-membered  rings in the molecule are  regular  polygons with sides 1.395 A long, which does 
not cor respond  to the actual geomet ry  [6]. 

The exis tence  of voluminous exper imenta l  mate r ia l  on the physical and chemical  p roper t i e s  of the 
molecules  q-IX) makes  an investigation of their  e lec t ronic  s t ruc tu res  by the methods of quantum chem- 
i s t ry  par t icu la r ly  a t t rac t ive .  

Choice of P a r a m e t e r s .  The values of the f i r s t  and second ionization potentials Ix(J) iv) (J = 1, 2) and 
of the e lec t ron  affinity Ax(V) of the valence state v of the atom X iX=O, S, Se) used in the const ruct ion of 
the effective Hamiltonian in the P P P  method were taken f rom the l i t e ra ture  [7]. The values of the f i rs t  

* For  Communication x v m ,  see [1]. 
tConfigurat ions corresponding to all the one-e lec t ron  t ransi t ions f rom MOs occupied in the ground state 
of the molecule to vacant MOs were taken into account.  
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[Ix(i) (v)] and second [Ix (2) {v)] ionization potent ia ls  of the Se a tom in the valence s tate  v = t r2 t r t r~  2, which 
are  not given in this source  [7], were  evaluated in the following way. According to [7], we have 

lso O) (V) =/Se0 } (v0) + Pse + (tr2lrtr~) -- POse (lr2trtr~2), 

Is,, e~ (v) = Is,~(2) (v0) + Ps~ 2+ (tr2lrtr) -- Psr (trY-trim), 

where Ise(k)(v0) is the k- th  ionization potential  of the ground state of the Se atom, and Psek+(v) is t h e e n e r g y  
of the promot ion  of the Se a tom f r o m  the ground state of the cat ion (k+) into its valence state v. The values 
of PSe+ (tr2trtrTr) and PSe ~ (tr2trtr~r ~) were  taken f r o m  [7]. In the de te rmina t ion  of PSe2+(tr2trtr),  we a s su med  
that 

psc.2+([r2trfr)= PAs+(tr2trtr) 
P.,~+(trtrtr~) Ps~2+(frtrtrn)" 

The values of ISe(q (v0) and Ise (2)(v0) were  de te rmined  f rom tables  [8]. Finally,  it was found that ISe (0 (v)= 
12.0 eV and ISe (z)(v)= 22.14 eV. 

To es t ima te  the one -cen te r  Coulomb in tegra ls  YXX we used the approximate  fo rmu la s  T x x = L  0 ) ( v ) -  
Ax(V) (for X a toms supplying the 7r-electronic s y s t e m  with one e lec t ron  each) and V X X = I x  (2) (v)-Ix~l)  (v) 
(for X a toms supplying the ~r-electronic s y s t e m  with two e lec t rons  each).  The two-cen te r  Coulomb inte-  
g ra l s  were  de te rmined  by the M a t a g a - N i s h i m o t o  fo rmulas  [9]. The values of the resonance  in tegra ls  firs 
for  the r - s  bond were  calculated f r o m  the fo rmula  #rs=f l r s~176 -1, where  f i r s  ~ is the s tandard  value 
of the resonance  integral ,  and Srs ~ is the over lap  integral  cor responding  to this resonance  integral .  The 

0 o following values were  used for  ~rs~ f lCC~ eV at R=1.397 A[10], flCN =-2 .576  eV at R=1 .36  A, 
and f lCS~ eV at R= ].74 A [1I]. Fo r  ni t robenzene a value of f lNO~ eV is r ecommended  [12]. 
We used a somewhat  s m a l l e r  value, namely  - 2 . 5  eV, for  flNO~ * The values of fiNS and BNS e were  eva l -  
uated f r o m  the following fo rmulas :  

Nso ~Ns = [3%s 
SNSe ~ S N S  SOcs 

The over lap in tegra ls  were  de te rmined  f r o m  published tab les  [13]. 

Fo r  the molecu les  of group A, the in te ra tomic  dis tances  and valence angles were  taken as equal to 
the i r  expe r imen ta l  values [6, 14]. F o r  the molecu les  of groups  B and C we a s sumed  that in the naphthalene 
moie t ies  of the molecules  {IV-IX) the bond lengths and the ang le s  between the bonds a re  the s ame  as in 
naphthalene [15], and that in the f i v e - m e m b e r e d  moie t ies  of the molecules  (IV-IX) the lengths of the C - N  
and N - X  (X=O, S, Se) bonds are  equal to the cor responding  magni tudes in the benzo[c][1,2,5]oxadiazoles 
and the cor responding  thia  and se lena  compounds;  for  the XNC and NCC valence angles the following values 
were  chosen: 104030 ', 110~ ' (IV); 105~ 10 ',  115003 ' (V); 101~ ,, 120053 ' (VI); 105~ ', 109~ , (VII); 
106 ~ 23', 113 ~ 50' (VIII) 102 ~ 54', 119 ~ 34' (IX). 

The results of the calculations of the electronic structures of the molecules (I-IX) are given inTables 
1 and 2 and in Fig. 1. 

The calculation was performed by a published program [16] on a BI~SM-3 computer in the Computing 
Center of the Academy of Sciences of the USSR. 

D i s c u s s i o n  o f  t h e  R e s u l t s  o f  t h e  C a l c u l a t i o n s  

UV Spectra .  The exper imenta l  r e su l t s  for  the e lec t ron ic  absorpt ion  s p e c t r a  of the molecules  of 
groups A and B indicate that within each  group on pass ing  f r o m  O to S and to S~ a ba thochromic  d i sp lace -  
ment  of the long-wave absorpt ion  m a x i m u m  takes  place [17-19]. The r e su l t s  of our calculat ion (Table 1) 

*If  the value of flNO is de te rmined  f r o m  the re la t ion  (BNO/flCO) -: (SNo/Sco)  where riCO and SCO c o r r e -  
spond to the C - O  bond in furan,  /3NO mus t  be given a value of - 1.887 eV. The value of flNO that  we se -  
lected is close to the a r i thmet ic  mean  between this value and that p roposed  by Peacock  [12]. 

TABLE 1. Wavelengths of the F i r s t  Singlet Trans i t ions  for  the 
Molecules (I-XII) 

J29, 22S ! 
kmax, nm, exptl. ' 270 i 305 i 330 325 340 I 350 -- ~ 460 -- 220 253 : 285 
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TABLE 2. Half-Wave Potentials of the Revers ible  One-Elec t ron  
Reduction, el/2, (experimental  results) and Electron Affinities 
(calculated by the P P P  method) for  the Molecules (I-IX) 

M o l e c u l e  JI I I I II I II  IV V Vt  VII VIII  IX 

-~, eV -2,46 -2,88 -2,99 -2,55 -2,91 -3,05 -3,34 -3,65 -3,79 
~l/2,ev ! -1,41 -1,45 -1,32 -i,43 -1,64 -1,48 -- -- -- 

are in full agreement  with these conclusions.  Fur the rmore ,  the calculated wavelengths ~max of the f i rs t  
singlet t ransi t ion are close to the corresponding experimental  values. For  the molecule of (VIII), which 
belongs to group C, the wavelength of the f i rs t  singlet t ransi t ion that we found is also close to the value 
obtained exper imental ly  [20]. There is no information in the l i terature  on the UV spect ra  of the molecules 
of (VII) and (IX). Consequently, on the basis  of the good agreement  between the resul ts  of the calculation 
of the molecules of groups A and B and the experimental  f igures it may be assumed that for the molecules  
of (VII) and (IX) the values of )max should be close to 403 nm and to 480 rim, respect ively.  

For  comparison,  Table 1 gives the calculated and experimental  [21] wavelengths of the lowest singlet 
t ransi t ions  for  the monocyclic  sys tems of 1,2,5-oxadiazole (X), 1,2,5-thiadiazole (XI), and 1,2,5-selenadi-  
azole (XII).* The bond lengths and valence angles for these sys tems  were taken f rom the l i tera ture  [23, 
24]. It can be seen f rom Table 1 that in the 1,2,5-X-diazole se r ies  on passing f rom X=O to X=S and to 
X = Se (from X to XII) a bathochromie shift is again observed.  The agreement  of the calculated and exper i -  
mental values of ~max in this ease proved to be worse than for groups A and B, which is apparently con- 
nected with the considerably smal le r  number  of configurations taken into account than was done for  the 
molecules  (I-IX). 

By comparing the resul ts  of the calculations of the r -e lec t ron ic  spec t ra  of the molecules (I-IX), it 
may be concluded that the long-wave shift of ~max on passing f rom O to S and to Se is due mainly to the 
nature of the key heteroatom of the f ive-membered ring of the molecule.  

Charges on the Atoms and Bond Orders .  Figure 1 gives molecular  d iagrams for the molecules  (I-IX). 
The value of the r - e l ec t ron ic  charge qx  on the heteroatom X may serve as a quantitative charac te r i s t ic  of 
the degree of part icipat ion of this atom in conjugation. Within each group, the ~-electronie  charges  qx  on 
the atom X decrease  {n the sequence X =O, S, Se, i.e., the degree of part icipation in conjugation falls f rom 
O t o  S and Se. 

The influence of the s ix -membered  ring (or the naphthalene moiety) in the molecules  (I-IX) on the 
degree of part icipat ion of the key heteroatom in conjugation can be evaluated f rom the changes in the charge 
of this atom as comparedwi th the  eo r respond ingf ive -membered  heterocycle  (X-XII). It follows f rom a com-  
par ison of the charges  (Fig. 1) that in the compounds of group A the influence of the s ix -membered  ring on 
the charge on the key heteroatom is not very substantial,  although it also increases  in the sequence X=O, 
S, Se. Similarly, the naphthalene moieties affect the charges  on the heteroatoms of the compounds of groups 
B and C. It must  be noted that the degree of part icipation of the key heteroatom in conjugation is less in 
the case of angular r ing-fusion (group B) than in the ease of l inear  r ing-fusion (group C). 

The benzene moiet ies  (in the compounds of group A) and the naphthalene moieties (groups B and C) 
are 7,-electron donors.  In all the molecules  eonsidered, the bulk of the negative charge is localized on the 
nitrogen atoms.  The N - X  bonds have the lowest order ;  the orders  of these bonds decrease  in the sequence 
X=O, S, Se. In the molecules  of group A, the o rde rs  of the 2-3, 4-5, 6-7, and 8-9S bonds (Fig. 1) are close 
to the o rders  of double bonds, and this indicates that the s t ructure  of these molecules approximates  to the 
quinoid type. However, some authors - for  example [4, 20] - assume that in the molecules  (H) and (III) the 
S and Se atoms are te travalent  and the N - S  and N - S e  bonds are multiple. It follows f rom our ealeulation 
that such a hypothesis is incor rec t :  the N - S  and N - S e  bonds have the lowest o rders  and, moreover ,  the 
o rders  of the C - N  bonds are close to the o rders  of double bonds. 

Electron Affinity and Ionization Potential.  A quantitative charac te r i s t ic  of the ease of e lec t rochem-  
ical reduction is the half-wave potential el/2.  In MO theory,  the values of the e lectron affinity of-the mol-  

*The e lect ronic  s t ruc tures  of the molecules  of (X) and (XI) have been investigated by the PPP  method by 
Phan-Tan-Luu [22], for  example, but using a different method for  evaluat ing the pa rame te r s .  
Sin Fig. 1, the numbers  of the atoms, beginning with the key heteroatom and including the C atoms of the 
adjacent bonds, run counterclockwise.  
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Molecular  d i ag rams  of the molecu les  (I)-(X1D. 

ecule calculated by means  of Kupman'  s [sic;  Kooyman'  s ? ] t h e o r e m  a r e  gene ra l ly  compared  with 91/2 of r e v e r s -  
ible one -e lec t ron  t rans i t ions .  Table  2 gives the values  ~1/9 found for  the molecu les  of group A exper imenta l ly  [25] 
a n d c o n f i r m e d b y t h e w o r k o f o t h e r a u t h o r s  [26]. IngroupA,  the molecule  ( I I I ) h a s  the highest  e lec t ron  a f -  
finity (2.99 eV), and for  (II) this value is 2.88 eV, which is  in ha rmony  w i t h t h e e x p e r i m e n t a l  r e su l t s .  At 
the same t ime,  according to calculation, (I) is cha rac t e r i zed  by a s m a l l e r  e l ec t ron  affinity (2.46 eV) than 
ffII). This  does not co r r e spond  to the re la t ionship between the exper imen ta l  values  of the half-wave poten-  
t ia ls .  It is  poss ib le  that fo r  the s y s t e m s  cons idered  with the f igures  for  the p a r a m e t e r s  that we selected,  
the values  of ~1/2 should be compared  quanti tat ively not with the energy  of the lowest  vacant  orbi ta l  (which 
gives a fa i r ly  rough es t ima te  of the e lec t ron  affinity of the molecule)  but with the magnitude obtained as 
the difference in the energ ies  of the gound state  of the molecule  and the ene rgy  of the ground s t a t e  of the 
anion radica l  cor responding  to it calculated by the PlOP method fo r  s y s t e m s  with open shel ls .  However,  
we did not p e r f o r m  such a calculat ion in the p re sen t  work,  and we propose  to do it in the future .  
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As can be seen f rom Table 2, the available experimental  values of ~1/2 for  the molecules  of groups B 
and C [26-28] do not fully cor re la te  with the calculated values. 

The calculation of the limiting e lec t ron  densiti t ies qm,r=2Cm,  r 2, where Cm, r is the coefficient for 
the highest occupied MO at the AO of the r - th  atom, showed that, for  the molecules  of group A, atoms 4 and 
7 have the highest values of qm,r" According to the l i tera ture  [29], positions 4 and 7 should prove the most  
favorable for  electrophil ic  attack. This conclusion is in full agreement  with the experimental  resul ts  [17]. 
For  the molecules  of group B, positions 11 and 6, and for  the molecules  of group C,positions 4 and 11 are 
also the most  favorable for electrophil ic  attack f rom the point of view of limiting e lec t ron densit ies.  It is 
poss ib le to  explain cer ta in  experimental  facts [20, 30-32] in this way. In the sulfonation and chlorination of 
(IV), substitution takes place mainly in position 11 [30, 31]. The brominat ion and sulfonation of (V) are also 
directed to posit ion 11 [32]. The nitration of (IV) gives, mainly, the 6- and 8-nitro derivat ives [13] andthat  
of (V) gives the 5- and 8-nitro derivatives [32]. Experiment shows that in the p rocesses  of electrophil ic  
substitution the most  active positions are 11 and 6. The entry of a nitro group into the ~ position of the 
molecule (IV) and of (V) is apparently explained by the specific nature of nitration. As a rule, in the n i t ra -  
tion of naphthalene derivat ives the ni tro group binds just to a carbon atom in the ~ position. This rule is 
apparently also valid for the naphthalene moiety of the naphthodiazoles. 

Known facts on the reactivi ty of (VIII) are also in harmony with our predict ions.  On its react ion with 
N-phenylmaleimide and on its rapid oxidation with sodium dichromate in acetic acid, the C 4 and C n atoms 
are involved [20]. 

In the present  work no use was made of the vacant d orbitals for the S and Se atoms, and therefore  
their  influence on the resul ts  of the calculations is not discussed.  At the same time, it can be seen that 
for  the molecules (I-IX) it is possible to manage without broadening the basis and with involving the d 
orbitals  of the S and Se atoms and to obtain resul ts  agreeing with those of experiment .  

In conclusion, we express  our gratitude to D. A Bochvar and A A. Bagatur 'yants  for  a discussion of 
the resul ts  obtained. 
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