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Extended Hiickel calculations on the 5-membered heterocyclic molecules furan, pyrrole, 
imidazole, pyrazole, 1,2,3-triazole, and the four possible oxadiazoles suggest a significant 
polarization of the a-framework. This a-polarization appears to follow simple electronegativity 
considerations. The calculated z~-polarizations are independent of, and may be opposed to, the 
corresponding a-polarizations. For furan and pyrrole the above results reproduce the different 
direction of the experimental dipole moments of these two molecules. A good correlation is 
observed between the total (a + n) calculated electron densities and the experimental proton 
and carbon-13 chemical shifts in all of the systems studied. 

Rechnungen mit der erweiterten Hiickel-Methode fiber die Fiinferheterozyklen Furan, 
Pyrrol, Imidazol, Pyrazol, 1,2,3-Triazol und die vier m6gliehen Oxadiazole lessen eine be- 
tr~chtliche Polarisation des a-Gerfists vermuten. Die a-Polarisation scheint einfaehen Elektro- 
negativit~tsbetrachtungen zu folgen. Die ~-Polarisation ist unabhangig yon der entsprechen- 
den a-Polarisation und kann entgegengesetzt gerichtet sein. Fiir Furan und Pyrrol reprodu- 
zieren die oben genannten Ergebnisse die verschiedenen Richtungen der experimentellen 
Dipolmomente beider Molekiile. Eine gute Korre!ation wird zwisehen der gesamten (a + ~)- 
Elektronendiehte und der experimentellen ehemischen Verschiebung flit Protonen und C la in 
allen Systemen beobachtet. 

Des ealeuls par la m6thode de Hiiekel 6tendue portant sur les mol6cules ~ cycle pentago- 
naux: furane, pyrrole, imidazole, 1,2,3 triazole et les quatre oxadiazoles, suggbren~ l'existence 
d'une polarisation significative du squelette a. Cette polarisation a apparait en accord avec de 
simples eonsid6rations d'61eetron6gativit6. Les polarisations zt ealeul6es sont ind6pendantes 
des polarisations a correspondantes et peuvent leur gtre contraires. Pour le furane et le pyrrole 
les r6sultats ci-dessns reproduisent les directions diff6rentes des moments dipolaires exp6rie 
mentaux des deux mol6cules. On observe une bonne corr61ation entre les densit6s totales 
(a + ~) calcul6es et les d6placements chimiques exp6rimentaux du proton et du carbone 13 
dens tousles systbmes 6tudi6s. 

The  g rea t  m a j o r i t y  of  previous  calcula t ions  on 5 -membered  heteroeycl ie  r ing 
compounds  have  been  made  in the  z -e l ec t ron  app rox ima t ion .  Most  of  these  calcu- 
la t ions  were of  the  t t f ieke l  Molecular  Orb i ta l  (HMO) t y p e  [1], and  on ly  a few 
molecules,  i.e., pyr ro le  [2--4], th iophene  [4, 8], imidazole  [9], and  oxazole [10] 
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have been examined by  various approximate self-consistent field methods. The 
difficulty of applying the ~-electron approximation to overall molecular properties 
in heterocyclic molecules is well recognized [11]. While the use of a neutral a-core 
gives excellent results for homonuclear systems [12], in heterocyclle molecules it  
is necessary to account for the polarization of the a-framework caused by the 
heteroatom(s). In  the HMO theory, for example, the electronegativity effect of the 
heteroatom is introduced by adjusting the Coulomb integral of the heteroatom, 
ax. This is generally done by using the expression ax = ~o 9- hxfio, where ~0 and 
80 are the Coulomb integral for a neutral carbon atom, and the exchange integral 
for a carbon-carbon double bond, respectively, and hx is an arbitrary parameter 
related to the electronegativity of the atom in question [13]. 

Different vMues of the parameter hx must be chosen for a "pyrrole-type" 
nitrogen and a "pyridine-type" nitrogen in order to account adequately for the 
difference between the a-bond environment of the nitrogen atom in each situation 
[14]. Similarly in approximate SCF calculations, it is necessary to choose different 
Coulomb repulsion parameters for a "pyrroletype" and a "pyridine-type" nitrogen, 
since the valence state of the nitrogen atom depends on the a-framework in 
question [15]. Such parametrization can be carried out with a greater or lesser 
degree of arbitrary choice, and is capable of giving excellent accord with certain 
molecular properties depending specifically on the ~-electrons, such as the energy 
of ~-electron excitations [16]. However, the application of such methods to overall 
molecular properties is more suspect, and actually precludes obtaining information 
about the a-bond polarization from the calculation. 

Previous publications have described the application of the Extended ttfickel 
Theory (EHT), in the form developed by HO]~FMANN [17] to specific heterocyclic 
molecules or groups of molecules [18--20]. This method uses an extended basis set 
including all valence electrons, and can give information on a-electron, as well as 
~-electron, effects. The results obtained from E H T  calculations on pyridine, 
quinollne, and isoqninollne [18], and on imidazole [20], suggested (i) tha t  a con- 
siderable polarization of the a-framework occurs, and (fi) tha t  such a polarization 
may be opposite in direction to that  of the z-framework, and greater, so that  the 
a-polarization can predominate in the overall molecular polarization. This im- 
portant  suggestion of independent, or even opposed, o- and z-polarizations has 
been discussed previously by CL~.MENTI [21], P~.TE~S [22], and PoPnE [23]. 

The main purpose of the work reported here was to investigate the generality 
of the phenomenon of independent o- and ~-polarizations for a wide range of 
nitrogen and oxygen five-membered heteroeyclie ring systems, using the Extended 
Hfickel Theory. The molecules specifically considered were furan, pyrrole, pyrazole, 
imidazole, oxazole, isoxazole, the triazoles, and the oxadiazoles. Except  for 
pyrrole [24] and imidazole [20], no all-valence-electron calculations appear to have 
been reported on these molecules. 

Details of the Calculation 

The Extended Hiiekel Theory, an LCAO MO method developed by HOFF- 
MAma. [17], simultaneously calculates a- and z-electron distributions. In  this 
method, the basis set for the linear combination of atomic orbitals ~0~ = ~ C~r r 

r 
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is extended to include all valence shell atomic orbitMs. Thus, in the case of furan, 
the Is Slater orbitals for hydrogen, and the 2s and three 2p Slater orbitals for 
carbon and oxygen, are used. Minimization of the totM energy, in the Hfickel 
approximation of the total Hamiltonian as a sum of one-electron effective I-Iamil- 
tonians, gives the secular determinant 

det [H~ 1 -- E S~i] = 0 

where i, ] go from I to n, i.e., through the total number of valence atomic orbitMs. 
All overlap integrals S~j are retained, and are calculated from standard sources 
[25]. The exchange integrals Hij are computed using the approximation 

H~j = 0.5 K (H~l + HZ) Sli, where K = t .75 .  

The Coulomb integrals H~i are taken as the valence state ionization potentials. A 
Mulliken Population Analysis [26] finally yields the o- and ~r-electron densities. A 
program for carrying out these calculations on the IBM 7094 computer has been 
described [27a], and is available [27b]. 

The geometries of the 5-membered rings were approximated as regular penta- 
gons. All ring bond lengths were taken as 1.40 A, and all carbon-hydrogen and 
nitrogen-hydrogen bond lengths as L I0  A. The valence state ionization potentials 
were taken as I t ( is) :  -- i3.6 eV, C(2s): - 2 i . 4  eV, C(2p): - l i . 4  eV, N(2s): 
-26 .0  eV, N(2p): - i 3 . d e V ,  O(2s): -32 .30  eV, and O(2p): - i 4 . 8 0  eV. The 
Slater orbital exponents were }I: 1.00, C: t.625, N: 1.950, and O: 2.275. 

Results and Discussion 

The net a-, ~-, and (a § ~)-eharges are summarized in Tab. I. The values of the 
a-charges are exceedingly important  in tha t  they suggest a pronounced polariza- 
tion of the a-bond framework. In all cases studied, the a-charges are larger than 
the corresponding ~-charges. I f  attention is focussed on the formal a-charges on 
the heteroatoms, it  can be seen that  they exclusively follow the sequence of 
electronegativities, i.e., 0 > N > C. For example, the a-charges in the isoelec- 
tronic series furan, pyrrole, and eyclopentadienyl anion [17], are -0 .94,  --0.77, 
and - 0 A 0  electrons for the oxygen, nitrogen, and carbon atoms, respectively. 
When more than one heteroatom is present in the ring, as in pyrazole, imidazole, 
oxazole, isoxazole, the triazoles, and the oxadiazoles, the most eleetronegative 
atom still bears the greatest negative a-charge, but  the degree of charge localiza- 
tion also depends on the electronegativity of the neighboring atoms. In  Tab. 2 the 
averaged a-charges on oxygen, nitrogen, and carbon are arranged according to 
their neighboring atoms. The surprising constancy of these charges may be due to 
the use of identical, ideal geometries for all molecules. This simplifies discussion 
of these results, since only the immediate neighbors have to be considered. For 
example, three arrangements are possible for the oxygen atom: C-O-C in furan, 
oxazole, and 3,4-oxadiazole, N-O-C in isoxazole, 2,3- and 2,4-oxadiazole, and 
~q-O-~q in 2,5-oxadiazole. The averaged formal a-charges arc --0.92, --0.68, and 
--0.42 electrons, respectively. This indicates tha t  the oxygen atom locahzes elec- 
tronic charge most effectively when flanked by two carbon atoms, and that  the 
polarity of the a-bonds decreases in the order C-O-C, C-O-N, and N-O-N.  For 
nitrogen it  is necessary to distinguish between the "pyrrole-type" nitrogen, and 
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Table 1. Calculated EHT Net Charges 

Molecule Position Q~ ~= qa+= ~ 

3r t -0.77 +0.36 
2,5 +0.15 -0.05 

5 2 3,4 -0.04 -0.14 

N 
H 

1 -0.94 +0.18 
2,5 +0.36 -0.02 
3,4 -0.10 -0.07 

0 

Q N  1 -0.49 +0.43 
2 -O.28 -0.54 
3 +0.15 +0. t l  
4 -0 . t2  - 0 . t l  

I 
H 5 +0AI +0A0 

-0.41 +0.304 
+0.10 +0.095 
-0.18 +0.029 

-0.76 
+0.34 +0.105 
-0.17 +0.t06 

-0.06 +0.292 
-0.82 
+0.26 +0.112 
-0.23 +0.1t0 
+0.21 +0.112 

-~N ) t -0.74 +0.48 -0.26 +0.293 
2 +0.36 +0.15 +0.51 +0.110 
3 -0.50 -0.52 -1.02 - -  
4 +0.14 -0.06 +0.08 + 0 . t t i  

I 5 +0.11 -0.06 +0.05 +0.1tl  
H 

N 1 -0.91 +0.23 -0.68 - -  
~ ) 2 +0.57 +0.33 +0.90 +0.124 

3 -0.49 -0.50 -0.99 - -  
0 4 +0.14 -0.03 +0. t l  +0.115 

5 +0.33 -0.04 +0.29 +0.122 

C N  1 -0.68 +0.19 -0.49 - -  
2 -0.04 -0.56 -0.60 - -  
3 +0.15 +0.25 +0.40 +0.114 

0 4 -0.12 -0.07 -0.19 +0.114 
5 +0.34 +0.19 +0.53 +0.122 

N 1 -0.49 +0.61 +0.12 +0.295 
\ \  2 -0 .04  -0 .39  -0 .43  - 

i N  3 -0 .24  -0 .39  -0 .63  - 
" 4 +OAO +0.09 +0.19 +0.115 

5 +0.14 +0.08 +0.22 +0.1t6 

N t -0.50 +0.47 -0.03 +0.295 
/~,,,, ) i ~  2 -0.28 -0.50 -0.78 -~- 

3 +0.39 +0.26 +0.65 +0.t18 
4 -0.50 -0.50 -1.00 - -  

['l 5 +0.36 +0.27 +0.63 +0.t16 I 
H 

_ _  N 1 -0.67 +0.28 -0.38 - -  
.// \\ 2 +0.t9 -0.35 -0.16 - -  
~ O / N  3 -0.22 -0.23 -0.45 - -  

4 +0.14 +0.07 +0.21 +0.119 
5 +0.33 +0.2t +0.54 +0A24 
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Table 1. (continued) 

Molecule Position @ Q. Oa+~ 0~ 

N l -0.68 +0.22 -0.46 - -  /~)N 2 -0.04 -0.54 -0.58 - -  
3 +0.40 +0.35 +0.75 +0.126 
4 -0.49 -0.47 -0.96 - -  

0 5 +0.57 +0.44 +1.01 +0.t21 

N• 
l -0.46 +0.21 -0.25 - -  
2,5 -0.03 -0.37 -0.40 - -  
3,4 +0.t5 +0.26 +0.41 +0.119 

0 

N--N 1 -0.90 +0.26 -0.64 - -  h tl 
/ /  " 2,5 +0.56 +0.37 +0.93 +0.127 

o =  o o o  o =  

0 

The numbering indicated for pyrrole applies to all other molecules. 

t he  " p y r i d i n e - t y p e "  n i t rogen  a toms.  A l though  ident ica l  values  were employed  for 
the  S la te r  exponen t s  and  Valence S t a t e  Ion iza t ion  Poten t ia l s ,  the  final resul ts  
d i sc r imina te  be tween  the  two t y p e s  of  n i t rogen  a toms.  The a-charges  on the  
" p y r r o l e - t y p e "  n i t rogen  are  cons is ten t ly  more  nega t ive  t h a n  those  of  the  "pyr i -  
d i n e - t y p e "  n i t rogen.  This  can be reconci led  wi th  a g rea te r  d e m a n d  for  electronic 
charge in the  ~ l q - H  group c o m p a r e d  to  the  ~ N :  group due to  e lec t ron with-  
d rawa l  b y  h y d r o g e n  in fo rming  the  n i t rogen-hydrogen  bond.  This  is recognized 
impl i c i t ly  in  the  HMO t h e o r y  b y  the  use of  a h igher  va lue  of  hx for a pyr ro le  n i t ro-  
gen [14]. 

The ca lcu la ted  ~-eharges ,  c o n t r a r y  to  the  a-charges ,  do no t  reflect  the  electro- 
n e g a t i v i t y  values  o f  t he  he te roa toms .  F o r  example ,  in  the  isoelectronic series 
furan,  pyrro le ,  and  eyc lopen tad ieny l  an ion  [17], the  : t -charges  on oxygen,  n i t rogen,  
and  carbon,  are  respec t ive ly  + 0 . i 8 ,  +0 .36 ,  a n d  - 0 . 2 0 ,  whereas  the  p rev ious ly  
men t ioned  a-charges  were respec t ive ly  --0.94, --0.77, and  - -0 . i 0 .  There  is comple te  
d i sagreement  wi th  the  e l ec t ronega t iv i ty  sequence 0 > N > C, b u t  more  impor-  
t a n t l y ,  for  the  he t e roa toms  oxygen  and  n i t rogen  the  ~-charges  are  of  opposi te  

Table 2. Averaged a-Charges (in Electrons) as a Function o/the Electronegativity of the Neihg- 
boring Atoms 

Molecular a-Charges of Central Atom 
Environment X=C X=N X=NH X=O 

C-X-C -0 . t 0  -0.50 -0.76 -0.92 
C-X-NH +0.13 -0.28 - -  - -  
C - X - N  +0A4 -0.23 -0.49 -0.68 
C-X-O +0.34 - 0.04 - -  - -  
NH-X-N + 0.37 - 0.04 - -  - -  
N-X-N + 0.40 - -  - -  - 0.46 
N - X - O  +0.57 +0.t9 - -  - -  
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sign to the a-charges. The overall charge distribution, given by  the sum of the 
a- and ~r-charges, is thus dominated by  the a-charge distribution in these mole- 
cules. 

Recent molecular orbital calculations on formaldehyde, in which a-electrons 
have been explicitly included, bear out the same point. First, an "ab initio" 
calculation by  FOSTER and BoYs [28], then an approximate serf-consistent field 
calculation (CNDO method) by  POPLE [29], and finally a simulated Hartree-Foek 
calculation by  L~SCOMB et al. [24] all suggest tha t  the carbon-oxygen bond in 

formaldehyde is C - 0 polarized in the a-orbital, but  of opposite polarity in the 
n-orbitaL 

I t  is obviously desirable to check the conclusions of these theoretical calcula- 
tions as far as possible with experimental data  on the 5-membered heterocyclic 
ring systems. Considerable experimental data  on reactivity can be found in the 
literature [30], but  this is of no direct relevance to the isolated molecule calcula- 
tions reported here without specific consideration of the nature of the transition 
state in each case, as shown previously for imidazole [20]. In  Tab. 3 the calculated 
a-, ~-, and total  dipole moments are summarized together with the experimental 
values, for all molecules on which data is available. The calculated dipole moments 
are much too large, a discrepancy shared by  dipole moments calculated from exact 
SCF wave functions [31]. A more important  result is tha t  the correct direction of 
the dipole is obtained for furan and pyrrole. The calculations indicate tha t  in 
furan the dipole points towards the oxygen atom, while in pyrrole it points in the 
opposite direction, towards the Ca-Ca bond. This is in excellent agreement with 
the experimental results [32--35]. As illustrated in Fig. l ,  the most interesting 
result is tha t  the calculated a- and n-dipole moments are in opposite directions to 
each other in both furan and pyrrole. However, in furan the overall dipole direc- 
tion is tha t  of the larger a-moment,  while in pyrrole the n-moment  is larger, and 
gives the direction of the overall dipole moment.  This is presented as strong 
evidence tha t  independent a- and ~-polarization is a real phenomenon in these 
systems. 

Table 3. Dipole Moments (in Debye)a 

Molecule ,a~p ~u~ ~ ~ua+~ 

Furan 0.70 b t.60 (270 ~ 4.44 (90 e) 2.83 (90 ~ 
Pyrrole 1.80b 3.82 (270 ~ 0.65 (90 ~ 3.17 (270 ~ 
Imidazole 3.99 c 5.62 (275 ~ 2.00 (321 ~ 7A7 (286 ~ 
Pyrazole 1.47 d 3.24 (327 ~ 2.79 (34 ~ 5.05 (358 ~ 
1,2,3,-Triazole i.79 a 6.03 (314 ~ 4.20 (352 ~ 8.09 (330 ~ 
Izoxazole 2.76 a 3.01 (7 ~ 5.61 (66 ~ 7.63 (46 ~ 
1,2,5,-Oxadiazole 3.38 e 2.43 (90 ~ 6.34 (90 ~ 8.77 (90 ~ 

Numbem in parenthesis represents the angle that the dipole moment makes with the 
positive X-axis in the clockwise sense in the coordinate system of Fig. t. 

b Ref. [31---34]. 
c CA 62, 3494,. 
d McCL~LLAIr A. L.: Tables of experimental dipole moments. San Francisco: W. H. 

Freeman and Co. ~1963. 
e ReL [39f]. 
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Fig. I. Dipole Moments of Furan and Pyrrole 

A further useful test of the validity of the calculated charge distributions is the 
comparison between total electron densities and corresponding nuclear magnetic 
resonance chemical shifts. For homocyclie aromatic systems, a linear relationship 
has been established between proton chemical shifts and the z~-electron density of 
the carbon atom to which the proton is bonded [36]. An at tempt to extend this 
correlation to heterocyelic systems has ]cad in one instance to the conclusion that  
"the proton chemical shifts appear to be a somewhat unreliable measure of z- 
electron densities, especially in positions adjacent to a nitrogen atom" [37]. tIow- 
ever, we have indicated previously [18, 20] that  a linear correlation exists between 
EI tT  total electron densities in heterocyclic systems and experimental proton 
chemical shift. The carbon-~3 chemical shift should be an even more direct measure 
of the electron density of a carbon atom [38], so that  a similar correlation has been 
tested between EHT total electron densities and Carbon-13 chemical shifts. 

8 

~7 

;3 ?1~'.,.,~1o?z 
or 

7 ~ o 8  

l ~ r I r T r I ~ J I I 

3. I .2 .3 / /  .5 ,8  .7  .8  .3 ~ 0  J" .2 
fg/~'/ E/ecfron DeRs//~/ 

rig. 2. Proton Chemical Shifts (ppm) of Heterocyclie Molecules versus EHT Total Electron 
Densities. In the index below, the first number indicates the particular point on the figure, 
while the number in parenthesis designates a particular position in the ring. I. Cyclopenta- 
dienyl anion, [39a]; 2. Isoxazole (4 -), [39b]; 3. Pyrazole (4 -), [39c]; 4. Furan (3 -) ,  [39d]; 
5. Pyrrole (3 -), [39d]; 6. Imidazole (4-), [39v]; 7. Pyrrole (2 -), [39d]; 8. Methyl Sydnone 
(4-), [39e]; 9. Pyrazole (3-),  [39v]; i0. Furan (2-),  [39d]; li. Imidazole (2-),  [39~]; 
12. Furazan (3 -), [39/]; 13.1,2,4, -Triazole (3 -), [39g]; 14. 1,3,4, -Oxadiazole (2 -), [39h] 
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Fig. 3. Carbon-i3 Chemical Shifts (ppm) relative to benzene of 5-membered heterocyclie 
molecules versus EHT Total Electron Densities. In the index below, the first number indicates 
the point on the figure, while the number in the parentheses designates a particular position in 
the ring [40]. 1. Imidazole (2 - ) ;  2. Furan (2 - ) ;  3. Pyrazole (3 - ) ;  4. Imidazole (4 - ) ;  5. Pyr- 

role (2 - ) ;  6. Furan (3 - ) ;  7. Pyrrole (3 - ) ;  8. Pyrazole (4 - )  

In  Figs. 2 and 3 the calculated total  electron densities of carbon atoms in the 
various heterocyclic rings are plotted against the available experimental proton 
chemical shifts [39], and carbon-13 chemical shifts [40], respectively. A reasonable 
correlation is obtained in both cases, indicating tha t  the total  electron densities 
calculated from E H T  wave functions are qualitatively reliable. 

Point I in Fig. 3, which represents the 2-position in imidazole, is rather far 
from the straight line in a direction suggesting overestimation of the electron 
withdrawal from this carbon a tom by  the flanking nitrogen atoms. Similar 
discrepancies have been observed here in other systems [41], when a carbon a tom 
is in the a-position to two nitrogen atoms. The extension of these NMR chemical 
shift correlations is currently underway in these laboratories. Preliminary Carbon- 
13 chemical shifts calculated by  the KA~PLVS and DAS [42] and POPL~ [43] equa- 
tions using E H T  wavefunctions are in a reasonable correspondence with the 
experimental values for a wide range of heterocyelie molecules [44]. 

In  summary,  these E H T  calculations on five-mcmbered heterocyclie ring 
systems suggest pronounced, and independent, a- and g-electron polarizations. 
The results are supported by  the correlations between chemical shifts and calcu- 
lated total  electron densities, as well as by  the agreement between the direction 
of the c~lcu]ated and experimental dipole moments  for furan and pyrrole. The 
calculations strongly suggest tha t  the use of simple electronegativity considera- 
tions, while giving a reasonable guide to the a-polarization, may  lead to erroneous 
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conclusions for the z-polar izat ion,  or indeed for the overall molecular polarizat ion,  
in  such molecules. 
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