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Mrtrrt-Tbc Exlcndcd Hikkcl T&ory (EHT) has been applied 10 a se&a of nitrogen hcterocyclic 
mokcuks. and rhcir anions and mono- and di-protonatcd derivatives. In particular, pyrrok and the 
pyrrok anion, imidazok anion, neutral tnokcuk and cation, pyridix~ and its protonated cation, 
andthediazinu and their protonaM and diprotonatcd rations a~ dM in this paper. A 
considcrabk polarization of the sigma-bond franxnv ork is observed in all cawx The total ekctron 
densities am not &an+ apprcciabiy by u3c of a hydrw Slater exponent of l-3. rather than 19. 
or by the use of real, rather than ideal, geometries. The gcncral &ct of prolonation of a nitrogen 
atom is cakulated to be an izrcase in the total ekuron density at the ad-t carbon atom(s). but 
a slight &crease in ekctron density 81 the ortho hydrogen atoms. These results are shown 10 be 
in accord with experimental data. since good correlations are obtained between the total carbon 
ekctron densities and (a) proton chemical shifts and (b) carbon-13 chankal shifts. 

A PRINCIPAL difficulty in obtaining a reliable description of the electron density dis- 
tribution in heterccyclic molecules has been the fact that the great majority of such 
calculations have been made in the n-electron approximation.’ While such an 
approach has yielded excellent results in homocyclic systems, there has been an 
increasing preoccupation with the neglect of u-bond polarization in heterocyclic 
systems.* Attempts can be made to take some account of u-bond polarization by 
the use of variable parameters in the r-electron approach,1 but it is still doubtful to 
what extent the results represent the actual overall electronic distribution, rather than 
that of the r-framework under the effect of the a-bond perturbation. The problem 
becomes compounded when we ask what may bc the changes in the electronic dis- 
tribution when a proton is added to the heteroatom or heteroatoms in the ring system. 
The reason for this difficulty is that, considering pyridine as an example, the proton 
is added to what was formally a pure lone pair of electrons on an sp2 hybridized 
nitrogen atom, thus forming a nitrogen-hydrogen single bond. This is purely a u- 
effect, and there have been no direct changes in the n-framework of the molecule. 
The only way that an account can be made of this change, in the n-approximation, 
is to use different parameters for the protonated nitrogen atom, introducing a further 
problem in parameter choice. 

l This work was supported in part by a research grant from the Unitity of Puerto Rico. 
The Puerto Rico Nuclear Center is operated by the University of Puerto Rico through a contract 
witi the U.S. Atomic Energy Commission. 

’ A. Streitwiacr Mole&v Orhilol Theory fw Organic Chtmivs Chap. S. Wiky, N.Y. (1961). 
’ P. Lykos Ahes in Quunrum Chetirry Vol. 1; p. 181. Acadanic Prws, N.Y. (1964). 
u R. D. Brown and M. L. HefTeran. Ausrr. 1. Gem. 13.49 (1960); ) M. K. Orloff and D. D. Fitts. 
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An alternative approach has been that if we keep the one-electron Hamiltonian, 
and use some appropriate approximation for the off-diagonal Hamiltonian elements 
H~J, modern computing techniques render it perfectly reasonable to consider u/l 
valence electrons in reasonably-sized organic molecules and retain all overlap integrals. 
One such method is the Extended Hiickel Theory developed by Hoffmann? This has 
been used successfully on some heterocyclic systems,* and shown to give a reasonable 
account of the u- as well as the n-electron distribution in these systems. The hetero- 
atom effect is introduced only through the use of an appropriate Slater orbital exponent 
and Valence-State Ionization Potential, and the same values are used for one particular 
heteroatom in any molecule, and in an), state of ionization or protonation. This 
method therefore seemed the simplest approach capable of giving a reasonable de- 
scription of the electron density changes resulting from protonation. This problem 
is a particularly important one to any chemist interested in the effects of hydrogen 
bonding solvents on, for example, nitrogen heterocyclics. The effect of hydrogen 
bonding gives a state resembling a configuration between the neutral molecule and 
the fully protonated cation, resembling the latter more or less depending on the hydro- 
gen donating ability of the solvent. We have therefore applied the EHT method to 
the five-membered ring systems pyrrolc, imidazole and pyrazole, their anions, and 
their protonated derivatives, and to pyridinc, the diazines, and their protonated 
derivatives. 

Derails of the calculation 

In this LCAOMO method, as described previously,‘.* the basis set for the linear 
combination of atomic orbitals, QI = 1 C,, 4, is extended to include all valence shell 

atomic orbitals. Thus, in the case of byrrole the Is Slater orbitals for hydrogen and 
the 2s and three 2p Slater orbitals for carbon and nitrogen are used. Minimization 
of the energy, in the Huckel approximation of the total Hamiltonian as a sum of 
one-electron effective Hamiltonians, gives the secular determinant, 

det (HIJ - E&J) = 0 

where i, j go from 1 to n, i.e. through the total number of valence atomic orbitals. 
All overlap integrals SIJ arc retained, and calculated from standard sources6 The 
exchange integrals HIJ are computed using the approximation: 

HIJ = 0.5KU-h + HJJ)~IJ, where K - 1.75. 

The Coulomb integrals Hi1 are taken as the appropriate valence state ionization 
potentials. A Mulliken Population Analysis’ finally yields the o- and n-electron 
densities, and bond overlap populations. A program for carrying out these calcula- 
tions on the IBM 7094 computer is available.8+ 

l A microfilm copy of the compktc computer output, including wave functions, is avaihbk 
on request from the authors. Interpretation of this output is aided by a listing of the program, 
obtainabk from the source indicated in Ref. 8. 

’ R. HofTmann, J. Chcm Phys. 40.2745 (1964). 
h W. Adam and A. Grimison, Tetrahedron 21, 3417 (1%5): L R Hoffmann. Ibid. 22,539 (1964); 
* W. Adam and A. GrimLson, Ibid. 22,835 (1%). 

’ R. S. Mulliken. C. A. Rkke, P. Orloff and H. Orloff, 1. Chem. P~JT. 17, 1248 (1949). 
’ R S. Mulliken. J. Chcm. Phys. 23, 1833. 2338.2343 (1955). 
@ Quunfum Chemiisrry Propm Exchaqe QCPE #30. Chemistry Department. Indiana University. 
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The valence state ionization potentials were those used previously,6 H( 1 s) : - 13.6 eV, 
C(2s): -21.4 eV, C(2p): .- 11.4 eV, N(2s): -26.0 eV, and N(2p): - 13.4 eV. The 
Slater orbital exponents were H: 1.00 or I.30 (see below), C: 

The calculations on pyridine and the diazines were carried 
mations : 

11625 and N: 1.950. 
out in three approxi- 

(I) using a hydrogen exponent of 1.0 and ideal geometries 

(2) using a hydrogen exponent of 1.3 and ideal geometries 

(3) using a hydrogen exponent of 1.3 and real geometries. 

The calculations on the remaining molecules were made using the first two approxi- 
mations only. The ideal geometries used were to approximate the five- and six- 
membered ring systems as regular pentagons and hexagons respectively. All ring 
bond lengths were taken as 1.40 A and all carbon and nitrogen to hydrogen bond 
lengths as 1.10 A. The real geometries used for pyridine, pyrimidine, pyrazine, and 
pyridazine were taken from the best available experimental values.@ 

Results and discussion 

The CJ- and n-electron densities obtained for pyridine by the use of the three 
different approximations are shown in Table 1. It is clear that there is no major 

TABLE 1. F~.LT OF CHANonW INDRooEN UATER OnnrrAL ExFoNzNr AND 
MOLECULAR OEDMTRY ON THE EHT ELECIRON oe- of WiuDlNe 

Approximation* 
(1) (2) (3) 

Position n a -+ II n ain n a+* 
_. _ _- -~ -.. _-._-.._ -~ 

2 0.840 3.69 0840 3.63 0.848 3.64 
3 1.01 4.12 1.01 4.05 1.02 4.07 
4 0.870 3.96 0.871 3.89 0.882 3.91 

l For a description of the approximations see Dctaik of the calculation. 

difference between the results of these three approximations. The same similarity was 
found for the diazincs, and their ions, so that only valuesobtained using approximation 
(2) will be reported here. Tables 2 and 3 give the u-, w-, and total electron densities 
for all of the molecules computed. These results indicate an appreciable polarization 
of the u-framework in all cases. Further, opposite directions of polarization may bc 
found for the g- and tire n-framework. A similar effect has been observed for form- 
aldehyde,‘O using an all valence electron self-consistent molecular orbital metbod.1’ 

Since the EHT method makes no attempt to correct for electronic repulsions, the 
degree of polarization indicated is probably overemphasized. However, the reliability 
of the relative ordering of electron densities can be demonstrated by a comparison 
with experimental proton chemical shifts. The chemical shift of a proton should bc 

M B. Bak, L. Hansen-Nygaard, and J. RastrupAndersen. J. Mol. Spzctr. 2,361 (19S8); @ W. Gxhran, 
Physicd Metti in Hetcrocyclic Chemisrry (Edited by A. R. Katritsky) Vol. 1; p. 164. Academic 
Press. N.Y. (lW3); ’ H. Kim and H. F. Ham&a, 1. Am. Chem. Sot. 85, 1398 (1963); ‘ C.A. 
Co&on. J. Chrm. Sk. 5893 (1963). 

I* J. A. Pople and G. A. Segal, J. Chem. Phyr. 43, S136 (1965). 
I’ J. A. Popk. D. P. Santry. and G. A. Scgal, J. C&m. Phys. 43. S129 (l%S). 
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TABLI! 2. CALCULATED EHT FJJK?R~N ~ep0rt-t~ I*)R ~-MLWBFXEZI RNG 
HJxERocYcLtQ 

.~- 
Mokcuk Position u n (J .:. n 

- -_ - .-._ - - .-..- -- .-- _ 
Pyrrok anion 2 2.79 1.08 3.87 

3 3.03 1.13 4.16 
Pyrrok 2 2.82 1.08 3Jw 

3 3.03 1.13 4.16 
Imidazok anion 2 2.57 0.833 340 

4 2.80 1.06 3.86 
l Imidaz.ok 2 2.60 @833 3.43 

4 2.81 1.06 3.87 
Imidazok cation 2 2.62 0,833 3.45 

4 2.82 I.06 3.88 
PyTazok anion 3 2.80 a898 3.70 

4 3.05 I.11 4.16 
.PYT820k 3 2.81 0.898 3.71 

4 3.04 I.11 4.15 
Py-razok cation 3 2.83 Q898 3.73 

4 304 1.11 4.15 

l Two nitrogen atoms actually equivalent through facik tautomeric proton 
shift. 

TAB~B 3. CALCULATFQ QCT ELECTRON DENSlTlFS roR 6-NEMBEWD RINO 

HrlzmCYcLlCs 

Mokcuk Position I7 n a+n 
_ -.. .-- -. .-. --.. - _- -. __ 
q7idinc 2 2.79 O&W G 

3 3.04 1 .Ol 4.05 
4 3.02 @871 3.89 

Pyridinium cation 2 2.82 0.840 366 
3 3.03 141 4.04 
4 392 0.871 3.89 

pyrazim 2 2.80 0.840 3.66 
l Pyra&ium 2 2.81 0.840 3.65 
Pymzinium dication 2 2.82 0.840 3.66 
Pyrimidim 2 258 0651 3.23 

4 2.79 0.734 3.52 
5 3.05 1.02 4.07 

l midinium cation 2 2.60 0.651 3.25 
4 2.80 w34 3.53 
5 3.04 1.02 4.06 

Pyrirnidinium dication 2 2.63 a651 3.28 
4 2.82 0.734 3.53 
5 3.03 1.02 4.06 

vidazine 3 2.79 0.7% 3.58 
4 3.03 0.874 3.90 

l Pyridazinium cation 3 2.81 0.786 3.58 
4 3*3 0.874 390 

Pyridazinium dicatioo 3 2.82 0.786 3.61 
4 3.03 @874 390 

l Two nitrogen atoms actually cquivaknt through facik tautomerk proton 
shift. 
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an approximate measure of the electron density on the atom to which the proton is 
bonded.12 Fig. 1 shows the result of plotting EHT total electron densities against 
literature values of the proton chemical shifts for the various positions in the neutral 
molecules studied here.‘3 To give an indication of the general reliability of the tech- 
nique, values are included from calculations” not specifically discussed here, such as 
furan, furazan, and 1,3,4oxadiazole, 1.2,~triazole, methylsydnonc, isoxazole, cyclo- 
pentadienyl anion, and benzene. An excellent correlation is obtained, whereas Gawer 
and Dailey 16 have previously concluded from a study of the proton chemical shifts 
for the neutral molecules of eleven heteroaromatic compounds that “the proton 
chemical shifts appear to be a somewhat unreliable measure of n-electron densities, 
especially in positions adjacent to a nitrogen atom”. Reasonable correlations have 
been obtained,r” but referred principally to comparisons of different positions in the 
same molecule. 

In Fig. 1 two separate straight lines, with the same slope of -2.6 ppm/electron, 
arc obtained for the 5- and 6-membered ring systems. This shows that the functional 
relationship between proton chemical shift and electron density is the same for the 
5- and &membered rings. However, the magnitude of the chemical shift at a given 
electron density is greater for the 6-membered rings. This displacement is probably 
due to an increased ring current in the larger ring systems. A naive calculation of the 
magnitude of this effect using the Pople equation” shows the increase to be of the 
correct order of magnitude when compared to the perimeter distances of the ideal 
ring systems. 

With this indication of the value of the calculated electron densities, we can consider 
the effect of protonation on the total electron densities of the ring atoms.* It can be 
seen that the effect of protonated is to increase the electron density at the carbon atom 
adjacent to the nitrogen. This trend continues uniformly where a second protonation 
occurs. The intuitive approach is to consider that “by protonation, electronic charge 
is withdrawn toward the nitrogen from all positions of the ring’*,‘” or “essentially the 
electronegativity of nitrogen has been somewhat increased’*.rs evidence taken for 
this viewpoint has been the small downfield shift observed in the proton resonance of 
pyridine on protonation. to However, the change of solvent effects from neutral to 
acidic solution renders this shift rather uncertain. 

l ThcwknsitksinTabks2and3arc necessarily unchaa@ on protonation, since the EHT 
asulna u-w orthogonality. 

” G. K. Fracakel, R. E. Carter, A. Mchchlan, and J. H. Rkhards,I. Am. Chem. Sot. 82, XI46 (1960). 
lr J. N. Murrcll and V. M. S. Gil, 7hu. Furaf. &c. 61,402 (1965); b A. Veillard. 1. chum. Phys. 

59, 10% (1962); * K. D. Lawson, W. S. Brcy. and L B. Kkx. J. Am Chem. Sot. Ss, 463 (1964); 
‘T. SchaefTcrand W. G. Schntidcr, CandJ. Chem.41,966(1%3); ‘L.M.Jackman,AppUcorb~ 
o/ Nnckar Mqnrtic Resonance in Orpnic Chemistry. Macmillan, New Yor& (19S9). ‘R. A. 
Olofson and J. S. Michclman. J. Org. Chm. 30, 1854 (1965); * K. T. Potts and T. H. Crawford, 
1. Org. Chem. 27, 2631 (1962); ’ H. Fuur and S. Markorfsky. 1. 0~. Ckm. 29, 935 (1964); 
‘ C. Aimworth. J. Am. Chem. Sot. 87.5800 (1965). 

Ia W. Adam and A. Grim&n, unpublished data 
U A. H. Gawer and B. P. Daiky. J. C-hem. Phys. 4Z, 26S8 (1965). 
u B. M. Lynch, private commuoicatiw. 
I’ J. A. Popk, 1. Ckm. Phys. 24, 1111 (19%). 
US. Cutellnno. H. Gunther, and S. Ebawk, 1. Phyr. Ckm. 69.4166 (1965). 
I* R. Daudel, R. LcFctwrc. and C. Mow. Quonrum Chemfq p. 272. Intacicnce, N.Y. (1959). 
n A. Mathias and V. M. S. Gil. Terrolvdron Lerrers 3163 (1965). 



2518 W. ADAM, A. Gamma and 0. R~DRIWIX 

I I I I I I I I 
02 03 04 03 06 07 06 09 40 01 02 

Total rt6ctrm dmtity 

FIG. 1. Proton Chcmiil Shifts @pm) of Hcterocyclic Mokcuks versus EHT Total 
Ekctron Densitiu. 

open fir&s are 5-membcrcd rings, cloacd circks arc 6-rnanbcrad rings. In the index 
below, the Crst number indicates the particular point on the Fig., whik the number in 

parenthess designates a putkular position in the ring. 

1. Cyclopartadicnyl ani0n.l” 13. 1,2&Triazok (3-X” 
2. Isoxazok (4-b” 14. 1,3.#~diatok (2-).I” 
3. Pyrazok (4-).‘- 15. Pyrimidinc (2-).I- 
4. Furan (3-).l* 16. Py-rimidinc (6).I* 
5. Pyrrok (3-F).” 17. Fyridazinc (3-).‘L 
6. Imidazok (6).“@ 18. Pyridine (2-).- 
7. wok (Z),” 19. Pyrazim (2-x’- 
8. Mcthylsydnonc (6).“’ 20. Fyridinc (4-).*- 
9. Pyrazok (s).“’ 21. PyTidazinc (4-)._ 

10. Furan It).” 22. Benzene.“- 
11. Imidazk (2-).- 23, Fyridinc (3-).‘- 
12. Furazan (3-).‘*’ 24. Pyrimidine (5.).I” 

A much more direct measure of the electron density of a carbon atom is the actual 
carbon-13 chemical shift of that carbon atom.*l It has already been reportcd~ that 
the carbon-13 shift of the u-carbon atom in pyridinc and the diazines moves upfield 
on protonation of the nitrogen atom, suggesting an “unexpected” increase in the 
carbon efectron density. Fortunately, carbon-13 shifts have now been measured by 
Grant and Pugmire for all of the molecules calculated here, including the protonated 
and diprotonatcd species, with the exception of the protonated dication of pyridazine. 
In Figs. 2 and 3 the total electron densities of different positions in the neutral molc- 
cules and protonatcd species are piotted against the corresponding carbon-13 chemical 
shift from the data of Grant and Pugmire. A good correlation is obtained, where 

” I. B. Stothcrs. Quart. Revs. XIX, 144 (1965). 
” D. M. Grant and R. 1. Pugrnirc, private communication. 
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FKL 2. Carbon-13 Chemical Shifts (ppn) of S-Manbcsui Ring Hctemcyclia versus 
EHT Total Won Dcnsitbs. 

Open citxks indicate neutral mokcatks; hatched circks, cations; and hahwl cifcks. 
aniom. In the index hclowv, the index number refers to a porticulpr point io the Fig., 
andchtnumbtrintheparcnthesesderignrtuaprrticuht~tioainthcring. 

I. Imidazok anion (2-) 
2. IlnidazDk (2-) 
3. Imiduok cation (2-) 
4. Furan (2-) 
5. Pyrazok anion (3-) 
6. Pyrazok cation (3-) 
7. Pyrazok (3-) 
8. Fyrrob anion (2-) 
9. Imidazob anion (4-) 

IO. Imidazok (4-) 
1 I. 1-k ation (4-) 
12. wok (2-) 
13. Furan (2) 
14. Fymzok cation (C) 
IS. Pyrrok (E) 
16. Pyrrok anion (J-) 
17. Pyrazob (4) 
18. Pymzok anion (C). 

again some additional data is included, that for the nine positions in quinoline and in 
isoquinoline. The only arrangement where the electron density values consistently lie 
off the line is that of a carbon atom between two nitrogen atoms, i.e. the 2-position in 
imidazole and the 2-position in pyrimidine. Even here the same trends arc observed 
on protonation. 

Again two distinct lines with similar slopes of 60 and 64 ppm/electron are obtained 
for the 5- and dmembcrcd rings, respectively. However, in this instance the 5- 
membered rings exhibit higher chemical shifts. In the S-membered rings the average 
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FK~. 3. Carbon-13 Chemical Shifts (ppm) of CMcmbcred Ring He~erocyclics versus 
EHT Total Ekctron Densities. 

Open circles refer IO tuutral mokcuks, hatched circks to cations. In the index below, 
the in&.x number refers to a particular point in the Fig., and the number in parentheses 

designates a particular position in the ring. 
1. Pyrinlidinc (2-) 22. Pyridinc (4-) 
2. Pyrimidinium dication (t-) 23. Isoquinolinc (I&) 
3. Pytimidinium cation (t) 24. Quinolk (S-_) 
4. Pyrimidinium dkation (4-) 2s. IsoquMinc (7-) 
5. Fyrimidinium cation (4-) 26. Quinolinc (&) 
6. Pyrimidinc (4-) 27. Quiwline (9-) 
7. Pyridazinc (3-) 28. Pyridinium cation (3.) 
8. Isoquinoline (l-) 29. Isquinoliw (9-) 
9. Fyridazinium cation (3-) 30. Pyrimidinium dimlion (S-) 

10. Quinolinc (t-) 31. PyridaziDe(4-) 
11. Fyri&c(2-) 32. Quinoline (6) 
12 Quinolinc (lo-) 33. rsoquinoline (8-) 
13. Pyridinium cation (4-) 34. rsoquinolim (6-) 
14. Pyrazb (2-) 35 Quinolinc (7-) 
1% Pyrazinium dkation (2-) 36. FyrinMkum ation (S-) 
16. Isoquinolinc (3-) 37. Pyridinc (3-) 
17. Fyarinium cation (2-) 38. Fyimidinc (S-) 
18. ~dinium cation (2-) 39. Quifloliw (3-) 
19. Isoquinolinc (S-) 40. Isoquinolinc (4-) 
20. qTidazinium cation (4-) 41. &nLsae. 
21. Quinolinc (4-) 
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electron density is higher than in the corresponding 6-membered rings since each ring 
system has 6 nclectrons. We suggest that the higher chemical shift in the S-membered 
rings are due to an increased screening of the carbon atom being considered, brought 
about by the higher average electron densities of the other ring atoms. 

In conclusion, the theoretical suggestion, that an increase in the electron density 
of a carbon atom adjacent to a nitrogen occurs if the nitrogen atom is protonated, is 
consistent with the observed experimental data. 

The approximate nature of these calculations needs to be emphasized, but the 
results indicate no firm basis for the suggestion of an electron withdrawal from the 
a-position, although a slight decrease in the proton electron density does occur, for 
example in pyridine the change is from O-975 electrons in the neutral molecule to O-968 
electrons in the pyridinium cation. The proposal’* that improved results might be 
obtained from the use of actual geometries is not borne out, and we believe that the 
difficulty in their work lay in the omission of a-bond polarization. 
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