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ABSTRACT 

Semi-empirical calculations (CND0/2) on the structure of the uronium ion 
are presented. Assuming a planar ion with fixed bond lengths, the bond angles 
involving the heavy atoms can be calculated with fair accuracy, Changes in bond 
length and angles, which occur upon protonation of the urea molecule, can be 
explained by the calculations. 

INTRODUCTION 

The site of protonation in the amide group (carbony oxygen or amine 
nitrogen atom) has been the object of a number of studies. The results obtained 
by different methods and even by different workers using the same experimental 
techniques are controversial. The infrared spectra of uronium nitrate have been 
used to prove 0-protonation’s 2 as well as N-protonation3*4, The results of in- 
vestigations by nuclear magnetic resonance have been reviewed recently by 
Stewart and Siddall’. Theoretical calculations using ab inifio electrostatic mole- 
cular potential&’ favour 0-protonation. On the whole, surveying the work in this 
field, it can be concluded’ that there is much more evidence for 0-protonation 
than for N-protonation. 

THE URONIUM ION 

In the case of uronium nitrate the existence of O-protonated uronium ioiis, 
in the solid state, has been established both by neutron’ and X-ray diffractiong. 
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TABLE 1 

BOND LENGTHS (A) AND ANGLES (“) IN URONIUM NITRATE COMPARED WITH THE CORRESPONDING 

VALUES IN UREA 

Bond a b AngIt? a b 

C-O 1.311 (3) 1.352 (2) N (1)-C-N (2) 122.2 (3) 116.6 (I) 
C-N (I) I.312 (3) N (1)-C-0 116.3 (3) 
C-N (2) 1.301 (3) I 

1.260 (2) 
N (2)-C-O 12I.5 (3) f 

121.7 (1) 

a: Uranium nitrateg, bond lengths not corrected for thermal motion. 
b: Urea”, bond lengths corrected for thermal motion. 

H(21 H(3) 

Fig. I. The geometry of the uronium ion. 

0- (or S-) protonated ions have aIso been found in the crystal structures of N- 
methyluronium nitrate’ o and thiouronium nitrate’ ‘. The diffraction studies on 
uronium nitrate show that the uronium ion is planar within experimental accuracy. 
Bond lengths and angles as determined by X-ray diffraction are given in Table 1 
together with the corresponding values for the urea molecule”. The numbering 
of the different atoms is given in Fig. 1. From the table it can be seen that the 
following changes occur when urea is protonated at the oxygen atom: 

1. The C-O bond becomes longer 
2. The C-N bond is shortened 
3. The two N-C-O angles, which are equivalent in the urea molecule, 

become significantly different. 

The same changes in bond lengths and angles are also found in N-methyl- 
uronium nitrate1 O and t~ouronium nitrate”, 

SEMI-EMPIRICAL CALCULATIONS 

In order to see whether semi-empirical calculations might be successful in 

466 L Mol. structure, 12 (1972) 



predicting the changes in geometry which occur when urea is protonated, we car- 
ried out a number of calculations by the CND0/2 method13. The program used 
was a slightly modified version of a program written by Segal14 and distributed 
by the Quantum Chemistry Program Exchange. 

As the number of parameters which can be varied in the uronium nitrate 
structure is too large to make a complete minimalization of the energy feasible, 
we used a model with a number of constraints. In accordance with experimental 
evidence the uronium ion was assumed to be planar. The C-O and C-N bond 
lengths were kept fixed at the experimental values. Bond lengths and angles in- 
volving hydrogen atoms were set equal to 1.00 Hi and 120” respectively. By these 
assumptions the number of parameters which can be varied independently is 
reduced to two: the angles a and /3 defined in Fig. 1. In the urea molecule, where 
the two O-C-N angles are equivalent, only one parameter, the angle CL, remains 
when the constraints are applied_ 

BOND ANGLES 

The total energy (sum of electronic energy and core repulsion terms) was 
calculated for the urea molecule for different values of a. The bond lengths in the 
urea molecule were assumed to be the same as in the uronium ion. Values of the 
total energy computed are given in Table 2 and Fig. 2. As seen from Fig. 2 the 

TABLE 2 

TOTAL ENERGY OF THE UREA MOLECULE AS FUNCTION OF CL 

a E (au.) ci E (arc.) 

100 -51.6989 125 -51.7711 
105 -51.7299 130 -51.7534 
110 -S1.7561 135 -51.7103 
115 - 5 1.7692 140 -51.6101 
120 -51.7757 

-51.78 - 

E(au3 1 , , , , , 
100 120 140 

- a (degree) 

Fig. 2. Total energy of the urea molecule as a function of a. 
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TABLE 3 

P a 

100 II0 1.20 I30 140 

100 -52.2591 - 52.2850 - 52.2990 -52.3010 -52.2912 
110 - 52.2955 -52.3177 -52.3267 - 52.3221 - 52.3037 
120 -52.3175 - 52.3346 -52.3371 - 52.3240 - 52.2936 
130 - 52.3268 -52.3371 -52.3310 - 52.3059 - 52.2535 
140 -52_3295 - 52.3278 - 52.3095 - 52-2625 - 52.1546 

TABLE 4 

TOTALENERGY (a.U.)FORTHEURONIUMIONATDIFFERENTVALUESOFCZAND~. 

ZIO 113.3 116.6 120 

120 -52.3346 -52.3372 -52.3380 -52.3371 
123.3 -52.3396 -52.3413 -52.3412 -52.3393 
126.6 -52.3384 - 52.3392 - 52.3383 - 52.3354 
130 -52.3371 - 52.3370 -52.3350 -52.3310 

120‘ 

130 

Fig. 3. Contour diagram giving the torai energy of the uronium ion as a function of o1 and #L The 
energy difference between two lines is 0.001 a-u. The experimental value of a and 8 is denoted by 
I-. 

total energy has a minimum at about 121”. The experimental value for this angle 
is 121.7” l2 . The dipole moment (including atomic dipole moments) cakulated was 

* 5.4 D. Values of the dipole moment of urea measured in different solvents range 
from 4.2 to 6.4 D”. Subsequently calculations were performed on the uronium 
ion. The total energy was calculated as a function of the angles CI and /.? defined in 
Fig. 1. Values of the energy computed are given in Tables 3 and 4 and in Fig. 3. 
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From Fig. 3 it becomes evident that the calculated energy minimum is not far from 
the experimental one. 

Summarising the results of this section it can be stated that-using the above 
mentioned constraints on the geometry-the CND0/2 method is capable of 
predicting the changes in bond angles which occur on protonation. 

BOND LENGTHS 

When urea is protonated measurable changes in bond lengths take place. 
The shortening of the C-N bond and the lengthening of the C-O bond can be 
readily explained by a Valence Bond (resonance) model as shown by Worsham 
and Busing*. A simple Molecular Orbital model involving x electrons only, also 
gives an explanation for the experimental facts. The urea molecule is a 7~ system, 
containing 6 electrons. The 7~ system extends over the C, N and 0 atoms, ac- 
counting for the planarity of the molecule and the Iengths of the C-N and C-O 
bonds, which are intermediate between a single and a double bond. When urea 
is protonated at the oxygen atom, the n electrons will become more localized at 
that atom. The resulting effects on the bond orders are: an increase in the C-N 
bond order and a decrease in the C-O bond order. 

n bond orders calculated by means of the CNDO/2 procedure are given 
in Table 5. The figures given are consistent with the experimental result on bond 
lengths in the urea molecule and the uronium ion. 

TABLE 5 

??Z BOND ORDERS CALCULATED BY THE CNDO/Z. METHOD FOR THE UREA MOLECULE AND THE URONIUM 

ION 

Computations were performed at the point of minimal total energy using the constraints on ge- 
ometry described in the text. 

Bond Urea Uronilrm ion 

C-N (I) 0.478 0.597 

C-N (2) 0.478 0.593 

c-o 0.687 0.443 
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