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I. Introduction 

Protonation of organic molecules has been the subject of 
many experimental1-10 and theoretical11-19 studies in the last 
7 years. Some factors involved in the protonation process (ef
fects of hybridization,7 substituent effects,5b>8b'19 polarization15 

and solvation86 effects, etc.) have also been investigated. 
In most calculations the geometry of the protonated species 

was determined by means of electrostatic potential 
maps. 12,i 5,16,18 Jj1J5 s i m p | e treatment is qualitatively valid15 

as a first-order prediction of protonation sites and affinities. 
It is, in general, accepted that the bare proton perturbs the 
molecule to a considerable extent. However, the effect of 
protonation on molecular geometry and electrostatic potentials 
(therefore on the protonation energies calculated) has not been 
well studied. 

Three-membered rings have received particular attention 
mainly because their size make them very suitable for ab initio 
calculations. 

Protonation is sometimes followed by ring opening leading 
to different recombination products.20 Stohrer and Hoff
mann14 postulated that protonation or other coordination of 
the heteroatom lone pair, in oxiranes and aziridines, 
strengthens the C-C bond. However, this theoretical conclu
sion is not in complete agreement with experimental results. 
The structure of aziridinium salts21 show no shortening of the 
C-C bond and when aziridine forms a coordination compound 
with borane, the shortening of the C-C bond (from 1.48 A22 

to 1.46 A23) is not significant. 
In this paper we present the results of an ab initio study of 

the effects of protonation on the structure of oxirane and az
iridine (the first member of each family) and 2-azirene. We 
also investigate the influence of geometry on the calculated 
electrostatic potentials and the proton affinity values obtained 
by computing the SCF energy with the proton placed at the 
position of the electrostatic potential minimum. 

Reference should be made to this paper for the structures of the amide 
molecules and their hydrogen-bonded complexes with water. 
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II. The Effect of Protonation on Geometry 

To establish the effects of protonation on a given molecule 
it is necessary to know the structure of the neutral and pro
tonated species. We use experimental geometries for neutral 
oxirane and aziridine. Since experimental information on the 
structure of 2-azirene and all the protonated species is not 
available we have chosen the SCF optimized geometry for 
those species. This procedure leads, in general, to geometries 
in good agreement with the experimental ones.24 

In order to save computation time the optimization process 
was divided into two parts: (a) full optimization with a 
(STO-3G) minimal basis set25 and (b) full optimization of the 
geometry of neutral molecules using the final result of (a), as 
a starting point, and a split-valence (6-31G) basis set.26 For 
the protonated species only those parameters directly involved 
in the possible shortening of the C-C bond (CXC angle and 
CX bonds) were optimized in this step. 

Figure la contains the results of part (a) for aziridine27 

along with experimental values (in parentheses) determined 
by microwave spectroscopy.22 The agreement is excellent. We 
have found27 that the dihedral angle between the CH2 groups 
and the ring is 87°. This value is also found in the most recent 
microwave studies.22 These planes do not bisect the NCC 
angle, but divide it into two parts (see Figure Ic), a = 33.6° 
and 0 = 26.5°, again in good agreement with experimental 
values;22 a = 33.7°, /3 = 26.2°. 

Step (b) introduces no significant changes in the geometry 
obtained in (a). The most important one is the change in y 
(Figure la), whose value is now 61°. 

The results of Figure 1 b correspond to the protonated mol
ecule. It is clear that some changes have taken place. 7 de
creases by 9°, owing to the change in the nitrogen atom, when 
the second proton is bound to the lone pair. 

The changes in the ring affect mainly the CNC angle that 
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Figure 1. Optimized geometry for aziridine. (a) neutral molecule, (b) 
protonated molecule, (c) intersection of a CH2 and the NCC planes. 

Table I. 6-3IG Overlap Popi 

Aziridine 
Oxirane 
2-Azirene 

lations of the C-C Bond 

A AH+ 

0.123 0.204 
0.184 0.189 
0.203 0.388 

closes by 1 °, but as the CN bond increases 0.029 A, the C-C 
bond is practically unchanged. 

Geometry optimization with the 6-3IG basis set does not 
change the CNC angle or the CN bond length in any appre
ciable way. 

The STO-3G results for oxirane appear in Figure 2. The 
agreement with experimental values28 (in parentheses) is very 
good for the neutral molecule (Figure 2a). The calculated 
values of a and /3 (see Figure 1 c) are in this case 34.4 and 24.6°, 
respectively, in fairly good agreement with experimental de
terminations28 (a = 31.2° and /3 = 22.6°). 

The main change caused by the 6-31G basis is in the COC 
angle that comes down to 61.45° and the C-C bond distance 
that is now 1.466 A. 

In the protonated form (Figure 2b) the CH2 planes are now 
"twisted" 2° with respect to the perpendicular plane (neutral 
molecule), owing to the presence of the proton bound to the 
oxygen atom. The COC angle closes 1.3° and the C-O bond 
lengths 0.047 A and correspondingly the C-C bond increases 
only 0.019 A. However, when using the 6-3IG basis set the 
COC angle is 59.3° and C-C distance 1.464 A, 0.002 A shorter 
than in the neutral molecule. 

The results obtained for 2-azirene are shown in Figure 3. 
Comparing Figures 3a and 3b it is clear that in this case the 
changes produced by the protonation are not significant and 
only 7 varies by 1.5°. 

With the 6-3IG basis the results for neutral molecule are 
CNC = 50.2° and C-C distance = 1.271 A and for the pro
tonated form CNC = 49.7° and C-C distance = 1.269 A 
(0.002 A shorter). 

In conclusion, the structural changes of oxiranes and azir-
idines due to protonation are not very important. The greater 

Figure 2. Optimized geometry for oxirane. (a) neutral molecule, (b) pro
tonated molecule. 

Figure 3. Optimized geometry for 2-azirene. (a) neutral molecule, (b) 
protonated molecule. 

variations involve the parameters related to the heteroatom 
(angle 7, angle CXC, and CX bonds). In the three systems 
considered here, the CX bond is more labile than the C-C 
bond, which remains unchanged. 

To complete our discussion, we present in Table I the (6-
31G) overlap populations of the C-C bond for neutral and 
protonated species. The overlap population increases in going 
from the neutral to the protonated system, in agreement with 
other calculations,12'14 although that increase is very small for 
oxirane.29 

In the systems we studied we find no relationship between 
increase in the overlap population and shortening of the C-C 
bond. This result is not surprising if we consider that three-
membered rings are very rigid structures. 

III. Protonation Energies 

In Table II we present the 6-13G total and protonation 
energies. According to these results aziridine and 2-azirene 
present a very similar basicity. Both are stronger bases than 
oxirane. The agreement between the calculated and experi
mental7 values is fairly good. Unfortunately we could not find 
in the literature any experimental value of PA for 2-azirene, 
but other calculations" indicate that its proton affinity is 
practically equal to that of aziridine. 

The small values obtained by Ghioet al.15 (fifth column in 
Table II) when the proton is placed at the minimum of elec
trostatic potential corresponding to the neutral system are 
discussed in section IV. 

IV. Molecelar Electrostatic Potentials 

In this section we present molecular electrostatic potentials 
corresponding to a symmetry plane perpendicular to the ring 
(Figures 4, 5, and 6, respectively), calculated using the 6-3IG 

Table II. 6-3IG Energi 

Aziridine 
Oxirane 
2-Azirene 

es and Proton Affinities 

A 
£ , au 

-132.9638 
-152.7825 
-131.6954 

AH + 
£ , au 

-133.3424 
-153.0903 
-132.0771 

PA, kcal/mol 

237.6 
193.2 
239.2 

PA" 

220.1 
185.0 

PAA 

186.5 
141.0 

" Experimental values from ref 7. * Theoretical values from ref 15. 
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Figure 4. (6-3 IG) Electrostatic potential map for aziridine in the symmetry 
plane perpendicular to the ring. 

Figure 5. (6-3 IG) Electrostatic potential map for oxirane in the symmetry 
plane perpendicular to the ring. 

results of section Il and the equations from ref 30. The quali
tative predictions on the basicity of the three molecules are in 
perfect agreement with those obtained in section III. 

For aziridine, our minimum—due to the nitrogen lone 
pair—is deeper, and that corresponding to the carbon region 
is shallower and away from the CNC bisector than those re
ported in ref 15. This fact is, no doubt, a consequence of the 
"twisting" of the CH2 groups. 

Figure 6. (6-31G) Electrostatic potential map for 2-azirene in the sym
metry plane perpendicular to the ring. 

Table III. Values 
the Electrostatic 

Aziridine 
Oxirane 
2-Azirene 

of the Parameters 7 and X-H Obtained from 
Dotential of the Neutral Molecules 

T, deg 

54.5 
45 
54.5 

X-H, A 

1.14 
1.12 
1.14 

Table IV. 6-3IG Energies and Proton Affinities Using the 
Geometry Obtained from the Electrostatic Potential of the 
Neutral Molecule 

AH+, 
au 

PA, 
kcal/mol 

Aziridine 
Oxirane 
2-Azirene 

-133.3303 
-153.0721 
-132.0699 

229.0 
182.0 
235.0 

For oxirane our results predict a single protonation site, in 
the region of the oxygen lone pairs. In the carbon region we 
found a repulsive minimum justified by the net charge (—0.002 
electrons) on the carbon atoms. 

The coordinates of the potential minima are presented in 
Table III. The values of 7 are always smaller and the bond 
lengths a little longer than those obtained optimizing the en
ergy. 

Protonation energies are calculated placing the proton on 
these heteroatom minima. The results obtained appear in Table 
IV. 

All protonation energies are very close to those obtained with 
the optimized geometry, indicating that they are not much 
influenced by geometrical changes. 

It has been established31 that minimal basis sets significantly 
overestimate protonation energies. We have found that ex
tended basis give results a good agreement with experimental 
values. As the small values reported in ref 15 were obtained 
with a basis set intermediate between minimal basis and the 
extended basis we used, the differences must be due not only 
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to the basis set used, but perhaps to the geometry used for the 
neutral molecule, not indicated in the paper. 

It seems that a split-valence basis set produces reliable in
formation on this type of process because it is flexible enough 
to describe the charge transfer to the proton and lead to ac
curate values of the protonation energies, even when the 
electrostatic potential model is used. 

Acknowledgments. All calculations were performed in the 
IBM 360/65 computer at the UAM/IBM Center (Ma
drid). 
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coupled nucleus, S, the nucleus under observation, I, "sees" 
only the average spin state of S and therefore appears as a 
singlet with no observable coupling (e.g., H-Cl coupling in 
CHCI3 is not observed owing to rapid relaxation of 35C! and 
37Cl). A further complication is that under certain circum
stances, the rapid relaxation of the spin S may act as a spin-
spin relaxation mechanism for the spin I, thereby adding 
broadness to the peak (owing to shortening of T2) which may 
be misinterpreted as unresolved coupling. 

In an attempt to overcome the resolution problem, a recent 
study3 employed a line-shape analysis program to extract 
"B- 1 1 B coupling constants from experimental spectra, such 
as that of B4H10, that failed to yield to the line narrowing 
technique. The program in that work considered only unre
solved coupling, neglecting collapsed coupling and scalar 
contributions to T2 (and hence line width). The justification 
offered for this procedure was based on measurements of 10S 
spin-lattice and spin-spin relaxation times in " B ^ i o . 

In this paper we examine the origin of line width in the ' ' B 
spectra of B4Hi0 and B5H9 and demonstrate that (1) scalar 
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