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Optimum molecular geometries of 2-aminopyrimidine and 2-amino-4,6-dichloropyrimidine have been calculated
by using MP2 and B3LYP methods with different extended basis sets. Dimer interactions for these two pyrimidine de-
rivatives have been also investigated. Full geometry optimization at MP2 and B3LYP levels has been performed for the
dimers. BSSE correction was made using the counterpoise method, and the H-bond energies have been calculated.

The different electronic properties of nucleic acid bases and
their derivatives are very important for understanding many
structural aspects of DNA. Many of the nucleic acid bases
and their intermolecular complexes have been the subject of
extensive experimental studies1–10 as well as theoretical calcu-
lations of their electronic properties.11–14 Ab initio calculations
at the HF/6-31G�� level have been performed on dihydroxy-
pyrimidinone, uracil, thymine, and other nucleic acid bases.15

The nonrigidity of the pyrimidine ring has been discussed. The
interaction between two different pyrimidine bases and even
triplexes has been also investigated theoretically at various
levels of theory.16–36 Molecular geometries, tautomerism and
other one electron properties have been calculated.

In the present work, theoretical calculations using sever-
al state-of-the art methods on 2-aminopyrimidine (I) and 2-
amino-4,6-dichloropyrimidine (II) and some of their possible
intermolecular dimer interactions have been performed. Opti-
mum molecular geometries of monomers and dimers, H-bond
interaction energies with BSSE correction, electron density
distributions, amount of charge transferred, and site of electron
donation upon dimer formation have been investigated.

Methods of Calculations

Ab initio as well as density functional theory have proven to
be very powerful tools for obtaining optimum molecular ge-
ometries and calculating other molecular electronic properties.
We performed, here, ab initio and B3LYP37 calculations# on
I, II and their dimer interactions using the Gaussian 94 pack-
age.38 The default parameters of the G94 program were used
in all computations. The MP2 computations were performed
using the frozen core (FC) option where the correlation energy
calculations were excluded for the core electrons. The FC op-
tion in MP2 calculations substantially saves CPU time at the
expense of a small difference in the optimized geometries
and energies. The molecular geometries of I, II and their di-
mers were fully optimized in the gas phase. The basis sets used
were 6-31+G, 6-31++G, 6-31+G��, 6-31++G��, and 6-
311++G��. The basis set superposition error (BSSE) was es-
timated using the counterpoise method.39,40

Results and Discussion

The numbering of atoms adopted for 2-aminopyrimidine (I),
2-amino-4,6-dichloropyrimidine (II), and their dimers (III, IV,
and V) are shown in Fig. 1. The optimum molecular geometry
of compounds I and II calculated through a full geometry op-
timization by the MP2 and B3LYP methods and using differ-
ent extended basis sets are given in Tables 1 and 2.

Monomers. MP2 Calculations: The MP2 calculated
bond lengths (r), bond angles (a), and dihedral angles (d) of
compounds I and II (Table 1) are affected by the size of basis
set used in the calculations and show some general trends. The
r of the C(2)–N(1) and C(2)–N(3) bonds decreased as the size
of the basis set increased in the order 6-31+G, 6-31++G,
6-31+G��, 6-31++G��, and 6-311++G��. Their calculated
values are in the range of 1.346–1.375 Å for compound I and
1.347–1.377 Å for compound II. The average value of these
two bond lengths from X-ray data is 1.32 Å for II, 4-amino-
2,6-dichloropyrimidine, and 2-amino-6-chloro-4-methylpyr-
imidine.41–43 The same is true for r of the C(6)–N(1) and
C(4)–N(3) bonds. Their calculated values are in the range of
1.326–1.367 Å for compound I and 1.326–1.344 Å for com-
pound II. Their average value from X-ray data is 1.30 Å.41–43

On the other hand, the r for the C(2)–N(7) bond was found
to increase as the size of the basis set increased. Its calculated
values are in the range 1.375–1.377 Å for compound I and

Fig. 1. The numbering Schemes for 2-aminopyrimidine (I),
2-amino-4,6-dichloropyrimidine (II), and their dimers (III,
IV, and V).
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1.364–1.367 Å for compound II. These ranges show a reason-
able agreement with the value determined from X-ray analysis
(1.34 Å).43,44 This indicates that the C(6)–N(1) and C(4)–N(3)
bonds have higher double bond character than the C(2)–N(1)
and C(2)–N(3) bonds. This may be attributed to the presence
of the NH2 group that is attached to C(2), where r for the
C(2)–N(7) bond is calculated to be the longest. The r value
for the C(5)–C(4) and C(5)–C(6) bonds of I (1.395–1.410 Å)
and II (1.395–1.406 Å) slightly decreased as the size of the ba-
sis set increased. These ranges show the double bond character
of these two bonds. These two r values are similar to that de-
termined from X-ray data (1.40 Å).41–43 In addition, rC{H and
rN{H slightly decrease as the size of the basis set increased.
The calculated rC{H values are in the range of 1.084–1.089 Å
for compound I and 1.082–1.086 Å for compound II, and for
the rN{H values are in the range of 1.009–1.011 Å for com-
pound I and 1.008–1.011 Å for compound II. The values of
rC{Cl were calculated to be in the range of 1.729–1.823 Å for
compound II, and they decreased as the basis set size was

increased. This range is consistent with that from X-ray data
(1.77–1.78 Å).41–43 From the above comparison between the
calculated and experimental bond distances, the best agree-
ment is obtained by using the 6-311++G�� basis set.

The calculated a for the angle N(1)–C(2)–N(3) slightly in-
creased as the size of the basis set is increased: about 1� for
compound I and 2� for compound II. All other values showed
a very slight decrease, and the pyrimidine ring showed no de-
viation from planarity either for compound I or compound II.
The calculated a values for the N–C–N, C–N–C, N–C–C, and
C–C–C ring bond angles using the different extended basis sets
were found to be in the ranges 125.66–126.84, 115.73–116.27,
122.38–122.75, and 116.19–117.03�, respectively, for com-
pound I. The calculated ranges for these bond angles in com-
pound II are found to be 124.86–126.63, 115.32–115.90,
124.17–124.45, and 114.37–114.42�, respectively. These val-
ues show that the ring is not a perfect hexagon; however,
assuming a strictly planar structure, they show that the pyrimi-
dine ring is aromatic. The X-ray data41,42 gave values for these

Table 1. MP2 Optimum Geometries for Compounds I and II Using Different Extended Basis Sets

MP2

6-31+G 6-31++G 6-31+G�� 6-31++G�� 6-311++G��

I II I II I II I II I II
ra) 1-2 1.3755 1.3769 1.3755 1.3768 1.3493 1.3499 1.3494 1.3498 1.3465 1.3471

1-6 1.3673 1.3445 1.3672 1.3444 1.3411 1.3286 1.3412 1.3288 1.3384 1.3257
2-3 1.3758 1.3769 1.3755 1.3767 1.3495 1.3497 1.3496 1.3498 1.3465 1.3471
2-7 1.3752 1.3644 1.3754 1.3642 1.3754 1.3663 1.3755 1.3664 1.3768 1.3675
3-4 1.3672 1.3445 1.3672 1.3444 1.3411 1.3288 1.3411 1.3288 1.3384 1.3257
4-5 1.4099 1.4055 1.4098 1.4054 1.3938 1.3936 1.3938 1.3936 1.3953 1.3947
4-8 1.0887 1.8232 1.0886 1.8234 1.0841 1.7310 1.0841 1.7310 1.0882 1.7288
5-6 1.4099 1.4056 1.4098 1.4055 1.3938 1.3937 1.3938 1.3936 1.3953 1.3947
5-9 1.0893 1.0863 1.0893 1.0862 1.0805 1.0785 1.0805 1.0785 1.0837 1.0816
6-10 1.0886 1.8233 1.0886 1.8235 1.0841 1.7311 1.0841 1.7310 1.0882 1.7288
7-11 1.0113 1.0113 1.0114 1.0113 1.0083 1.0081 1.0084 1.0080 1.0094 1.009
7-12 1.0113 1.0113 1.0114 1.0113 1.0084 1.0081 1.0083 1.0080 1.0094 1.009

aa) 2-1-6 116.270 115.905 116.265 115.909 115.745 115.331 115.742 115.333 115.731 115.317
1-2-3 125.665 124.865 125.662 124.864 126.660 126.467 126.660 126.469 126.838 126.634
1-2-7 117.168 117.566 117.162 117.566 116.641 116.730 116.653 116.734 116.548 116.652
2-3-4 116.257 115.905 116.264 115.909 115.741 115.335 115.735 115.334 115.732 115.317
3-4-5 122.394 124.452 122.388 124.446 122.750 124.183 122.757 124.182 122.748 124.173
3-4-8 115.632 116.477 115.608 116.476 115.838 116.594 115.829 116.591 115.987 116.740
4-5-6 117.028 114.421 117.025 114.424 116.343 114.486 116.342 114.487 116.186 114.370
4-5-9 121.482 122.787 121.487 122.784 121.828 122.760 121.825 122.754 121.904 122.812
1-6-5 122.384 124.452 122.388 124.446 122.750 124.188 122.749 124.183 122.748 124.173
1-6-10 115.632 116.480 115.609 116.478 115.843 116.602 115.829 116.591 115.987 116.740
2-7-12 118.827 119.685 118.726 119.681 115.328 116.277 115.312 116.250 114.879 115.810
11-7-12 119.955 120.627 119.863 120.634 116.265 117.292 116.240 117.306 116.019 117.165

da) 7-2-1-6 178.093 179.923 177.906 179.914 175.981 176.202 175.980 176.151 175.78 175.948
7-2-3-4 178.079 179.928 177.907 179.920 175.983 176.169 175.967 176.140 175.780 175.949
11-7-2-1 171.914 179.782 171.412 179.738 161.338 163.661 161.279 163.603 160.564 162.763
11-7-2-3 9.489 0.263 9.994 0.313 21.3822 19.025 21.421 19.100 22.142 19.900
12-7-2-1 9.453 0.271 9.989 0.321 21.3578 19.193 21.425 19.187 22.140 19.893
12-7-2-3 171.950 179.774 171.417 179.730 161.362 163.492 161.275 163.515 160.566 162.770
1-2-3-4 0.385 0.024 0.553 0.025 0.986 0.848 1.025 0.859 1.195 0.311
2-3-4-5 0.108 0.006 0.133 0.008 0.001 0.082 0.022 0.103 0.041 0.449
3-4-5-6 0.558 0.027 0.737 0.031 0.840 0.889 0.925 0.916 0.933 0.236
6-5-4-8 179.468 179.969 179.305 179.965 179.022 179.116 178.973 179.039 178.855 179.779

a) r (Å), a (degree), d (degree).
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bond angles of 128, 114, 125.5, and 113�, respectively, which
are in reasonable agreement with the MP2 calculated a values
especially using the 6-311++G�� basis set.

From the calculated d values for H(11)–N(7)–C(2)–N(3) and
H(12)–N(7)–C(2)–N(1) for compound I, the HNH plane of the
amino group makes an angle with the ring with an average val-
ue of 9.471 and 9.992� using the 6-31+G and 6-31++G basis
sets, respectively, and an average value of 21.370, 21.423, and
22.141� using the 6-31+G��, 6-31++G��, and 6-311++G��
basis sets, respectively. For compound II, these average values
are 0.267 and 0.317� using the 6-31+G and 6-31++G basis
sets, respectively, and 19.109, 19.144, and 19.897�, respective-
ly. This indicates that if the cartesian gaussian polarization
functions are not used in the calculations, the amino group is
predicted to be nearly planar with the pyrimidine ring, espe-
cially for compound II. It is worth noting that the largest values
for these two dihedral angles are obtained using the 6-
311++G�� basis sets: 22.141� for compound I and 19.897�

for compound II. This indicates that the MP2/6-311++G��

predicted that the amino group adopts a nearly pyramidal
(non planar) geometry, as expected.

B3LYP Calculations: Table 2 summarizes the B3LYP
optimum molecular geometries of compounds I and II using
different extended basis sets. The calculated r, a, and d values
are also affected by the size of the basis set used and show
more or less the same general trends obtained by MP2 calcu-
lations. The r for the C(2)–N(1) and C(2)–N(3) bonds slightly
decreased as the size of the basis set used was increased in the
order 6-31+G, 6-31++G, 6-31+G��, 6-31++G��, and 6-
311++G��. The calculated values are in the range of 1.346–
1.362 Å for compound I and 1.347–1.362 Å for compound II.
The r values for the C(6)–N(1) and C(4)–N(3) bonds were also
found to decrease. The calculated values are in the range of
1.331–1.348 Å for compound I and 1.314–1.324 Å for com-
pound II. The r values of the C(2)–N(7) bond was found to in-
crease slightly as the size of the basis set increase. Its calculat-
ed values are found to be in the range of 1.360–1.363 Å for
compound I and 1.352–1.354 Å for compound II. The B3LYP

Table 2. B3LYP Optimum Geometries for Compounds I and II Using Different Extended Basis Sets

B3LYP

6-31+G 6-31++G 6-31+G�� 6-31++G�� 6-311++G��

I II I II I II I II I II
ra) 1-2 1.3625 1.3625 1.3625 1.3624 1.3495 1.3498 1.3495 1.3500 1.3461 1.3468

1-6 1.3476 1.3240 1.3476 1.3239 1.3342 1.3187 1.3343 1.3188 1.3307 1.3145
2-3 1.3622 1.3623 1.3623 1.3622 1.3494 1.3497 1.3495 1.3496 1.3461 1.3467
2-7 1.3601 1.3525 1.3601 1.3525 1.3642 1.3538 1.3642 1.3540 1.3629 1.3523
3-4 1.3478 1.3240 1.3478 1.3239 1.3342 1.3188 1.3342 1.3189 1.3307 1.3146
4-5 1.4001 1.3974 1.4001 1.3974 1.3958 1.396 1.3959 1.3962 1.3924 1.3926
4-8 1.0849 1.8137 1.0848 1.8138 1.0886 1.7522 1.0885 1.7520 1.0870 1.7528
5-6 1.4001 1.3975 1.4001 1.3974 1.3957 1.3961 1.3957 1.3961 1.3924 1.3926
5-9 1.0828 1.0788 1.0828 1.0787 1.0835 1.0799 1.0835 1.0798 1.0815 1.0778
6-10 1.0849 1.8139 1.0849 1.8139 1.0886 1.7521 1.0885 1.7525 1.0870 1.7528
7-11 1.0067 1.0073 1.0067 1.0073 1.0075 1.0068 1.0075 1.0068 1.0060 1.0053
7-12 1.0067 1.0073 1.0067 1.0073 1.0075 1.0068 1.0075 1.0068 1.0060 1.0053

aa) 2-1-6 116.604 116.541 116.597 116.545 115.919 115.625 115.910 115.615 115.977 115.706
1-2-3 125.198 124.038 125.204 124.035 126.316 125.867 126.323 125.855 126.253 125.721
1-2-7 117.394 117.976 117.391 117.977 116.834 117.064 116.840 117.059 116.870 117.138
2-3-4 116.616 116.551 116.609 116.554 115.921 115.62 115.920 115.644 115.977 115.707
3-4-5 122.508 124.584 122.511 124.583 123.002 124.603 122.999 124.596 122.963 124.609
3-4-8 115.853 116.713 115.849 116.714 115.934 116.632 115.938 116.632 116.014 116.666
4-5-6 116.551 113.695 116.553 113.693 115.832 113.682 115.833 113.668 115.863 113.646
4-5-9 121.718 123.146 121.717 123.147 122.083 123.164 122.073 123.153 122.068 123.178
1-6-5 122.524 124.591 122.527 124.589 123.005 124.601 123.009 124.622 122.962 124.610
1-6-10 115.863 116.710 115.860 116.713 115.933 116.636 115.930 116.621 116.013 116.667
2-7-12 119.560 119.649 119.566 119.657 118.157 119.569 118.180 119.569 118.122 119.552
11-7-12 120.874 120.700 120.861 120.681 119.384 120.856 119.372 120.843 119.384 120.890

da) 7-2-1-6 179.963 179.997 179.966 179.998 178.051 179.905 178.057 179.867 178.158 179.995
7-2-3-4 179.957 179.988 179.959 179.989 178.054 179.880 178.056 179.872 178.158 179.998
11-7-2-1 179.938 179.998 179.940 179.999 168.905 179.600 168.900 179.683 168.699 179.586
11-7-2-3 0.020 0.017 0.021 0.016 12.272 0.495 12.212 0.430 12.289 0.372
12-7-2-1 0.065 0.008 0.062 0.009 12.288 0.516 12.247 0.447 12.290 0.372
12-7-2-3 179.977 179.973 179.977 179.975 168.890 179.579 168.865 179.667 168.697 179.586
1-2-3-4 0.003 0.007 0.001 0.007 0.642 0.016 0.712 0.004 0.750 0.049
2-3-4-5 0.006 0.007 0.006 0.007 0.108 0.021 0.136 0.015 0.145 0.000
3-4-5-6 0.007 0.011 0.006 0.011 0.339 0.003 0.350 0.028 0.366 0.039
6-5-4-8 179.994 179.990 179.994 179.990 179.507 179.966 179.479 179.952 179.489 179.998

a) r (Å), a (degree), d (degree).
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results also indicate that the C(6)–N(1) and C(4)–N(3) bonds
have the highest double bond character, and the C–NH2 bond
is the longest, which indicates that it has sp3 hybridization. The
rC{C values (I, 1.392–1.400 Å; II, 1.393–1.397 Å) are only
slightly affected by the size of the basis set. The calculated
rC{H values are in the range of 1.082–1.087 Å for compound
I and 1.078–1.079 Å for compound II. The values of rN{H
are in the range of 1.006–1.007 Å for compound I and 1.005–
1.007 Å for compound II, showing almost no effect upon
increasing the size of the basis set used. The rC{Cl values
(1.753–1.814 Å for compound II) decreased as the basis set
size was increased. All of the above mentioned B3LYP calcu-
lated ranges of r are in good agreement with those from X-ray
data41–44 especially using the 6-311++G�� basis set.

The calculated a values for the angle N(1)–C(2)–N(3) had
an increase of approximately 2� as the size of the basis set in-
creased. All other ring a values are either unaffected or slightly
affected by the size of the basis set used. The pyrimidine ring
showed no deviation from planarity either for compound I or
compound II. The calculated a values for the ring angles N–
C–N, C–N–C, N–C–C, and C–C–C using different extended
basis sets are found to be in the ranges 125.20–126.25, 115.98–
116.62, 122.51–122.96, and 115.86–116.55�, respectively, for
compound I, and for compound II, they were 124.04–125.72,
115.71–116.55, 124.58–124.61, and 113.65–113.69�, respec-
tively. These B3LYP calculated values are in good agreement
with those from X-ray data (128, 114, 125.5, and 113�, respec-
tively).41,42 This indicates that the pyrimidine ring assumes a
somewhat deformed but strictly planar hexagon. As well, the
B3LYP as well as the MP2 methods confirm the aromaticity
of the pyrimidine ring.

The calculated d values for H(11)–N(7)–C(2)–N(3) and
H(12)–N(7)–C(2)–N(1) show that the HNH plane of the amino
group makes an angle with the pyrimidine ring with an average
value of 0.040 and 0.041� for compound I using the 6-31+G
and 6-31++G basis sets, respectively. The average values of
d are 12.28, 12.23, and 12.29� using the basis sets 6-31+G��,
6-31++G��, and 6-311++G��, respectively. In other words,
the addition of polarization functions to the basis set resulted
in the expected pyramidal geometry for the NH2 group. For
compound II, the average values of d are 0.012 and 0.012�

using the 6-31+G and 6-31++G basis sets, respectively, while
they are 0.506, 0.439, and 0.372� using the 6-31+G��, 6-
31++G��, and 6-311++G�� basis sets, respectively. These
results show that the B3LYP method predict nearly a totally
planar geometry for compound II. Better treatment of electron
correlation problem in the MP2 method resulted in more rea-
sonable values of d.

Generally, on going from the 6-31+G to the 6-31+G��
basis sets and also from 6-31++G to 6-31++G�� basis sets,
the calculated r values decreased using either the MP2 or the
B3LYP methods. This indicates that addition of d-type polar-
ization functions on non-hydrogen atoms and p-type polariza-
tion functions on hydrogen atoms leads to a decrease in the
values of the calculated r values. Also, the calculated values
of a increased with nearly no change in the ring planarity
shown by the calculated d going from 6-31+G to 6-31+G��
or from 6-31++G to 6-31++G��. The same findings are
found when using the 6-311++G�� basis set. It is well known

that the optimized geometries calculated at the MP2 and
B3LYP levels of theory have a higher accuracy than those pre-
dicted at the HF level. They are close to each other45–47 and in
good agreement with experimental geometries.

Basis Set and Ground State Properties: The MP2 and
B3LYP calculated ground state properties, namely, the total
electronic energy, energies of the HOMO and LUMO levels,
and the dipole moment for compounds I and II with all the
basis sets are reported in Table 3. As expected, the addition
of polarization functions leads to a stabilization of about
0.5 au using the MP2 method and about 0.1 au using the
B3LYP method. This may be related to better handling the
electron correlation in the MP2 calculations. It is worth noting
that the MP2 calculated HOMO and LUMO energies reported
in Table 3 indicate that the addition of highly diffuse s func-
tion on each hydrogen atom has a larger effect than that result-
ing from the addition of polarization functions on hydrogen
or non-hydrogen atoms. The HOMO–LUMO energy gap for
compound I was calculated to be 10.912, 10.145, 10.192,
and 10.923 eV using the basis sets 6-31+G, 6-31++G, 6-
31++G��, and 6-31+G��, respectively. For compound II
similar effects are found, and the energy gap was calculated
to be 11.446, 10.865, 10.743, and 11.283 eV using the same
basis sets, respectively.

On the other hand, the addition of either highly diffuse s
function on each hydrogen or polarization functions on hydro-
gen or non-hydrogen atoms was found to have a slight effect
on the HOMO–LUMO energy gap using the B3LYP method.
For compound I, the calculated HOMO–LUMO energy gap
was found to be 5.183, 5.182, 5.257, and 5.258 eV, while the
calculated values for compound II were 5.347, 5.347, 5.341,
and 5.340 eV, and all of the values were obtained using the
6-31+G, 6-31++G, 6-31++G��, and 6-31+G�� basis sets
respectively. In case of using the 6-311++G�� basis set, the
MP2 calculated HOMO–LUMO energy gap was found to be
10.197 and 10.75 eV for compounds I and II, respectively,
and the corresponding B3LYP calculated values were 5.255
and 5.354 eV, respectively.

Table 4 lists the calculated atomic charges using both MP2
and B3LYP methods. The values listed in this table indicate a
net electronic accumulation mainly on the nitrogen atoms and
the carbons attached to them. The net charge on the NH2 nitro-
gen is the largest, as expected, either for compound I or com-
pound II for all basis sets used. It seems that, as the basis set
becomes more extended, electron accumulation on the ring
atoms increases at the expense of the amino nitrogen atom
electrons. The MP2 calculated net atomic charge on the
amino nitrogen atom is calculated to be �0:705, �0:581,
�0:540, �0:446, and �0:286 electrons for compound I us-
ing the 6-31+G, 6-31++G, 6-31++G��, 6-31+G��, and
6-311++G��, respectively, while �0:740, �0:627, �0:535,
�0:442, and �0:306 electrons for compound II, respectively.
The smallest basis set used 6-31+G predicts the highest nega-
tive charge on the amino nitrogen atom. The same trend is ob-
tained using the B3LYP method with the highest negative
charges on the amino nitrogen atom being �0:655 and �0:664
electrons for compound I and II, respectively, using the 6-
31+G basis set. These changes in calculated net atomic charg-
es as the basis set is extended are compatible with different
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Table 3. MP2 and B3LYP Calculated Ground State Properties of Compounds I and II Using
Different Extended Basis Sets

MP2

E/au HOMO/eV LUMO/eV �/D

6-31+G
I �318:287160 �9:051 1.861 1.1994
II �1236:134800 �9:851 1.595 1.5923

6-31++G
I �318:287896 �9:054 1.091 1.2163
II �1236:135396 �9:850 1.015 1.5967

6-31+G�� I �318:783637 �9:092 1.831 1.3872
II �1236:839755 �9:670 1.613 1.2454

6-31++G�� I �318:784160 �9:092 1.100 1.3888
II �1236:840213 �9:670 1.073 1.2420

6-311++G�� I �318:884292 �9:119 1.078 1.4044
II �1237:009739 �9:684 1.066 1.2209

B3LYP

E/au HOMO/eV LUMO/eV �/D

6-31+G
I �319:610101 �6:513 �1:330 0.3597
II �1238:762609 �7:258 �1:911 2.1573

6-31++G
I �319:610370 �6:511 �1:329 0.3567
II �1238:762840 �7:258 �1:911 2.1596

6-31+G�� I �319:722319 �6:497 �1:239 0.5765
II �1238:915858 �7:019 �1:679 1.8010

6-31++G�� I �319:722466 �6:497 �1:240 0.5734
II �1238:915965 �7:020 �1:679 1.8003

6-311++G�� I �319:789464 �6:548 �1:293 0.5781
II �1239:040474 �7:068 �1:714 1.8151

Table 4. MP2 and B3LYP Mulliken Atomic Charges for Compounds I and II Using Different Extended Basis Sets

MP2

6-31+G 6-31++G 6-31+G�� 6-31++G�� 6-311++G��

Center I II I II I II I II I II
1 �0:237 �0:086 �0:245 �0:100 �0:274 �0:176 �0:287 �0:189 �0:150 þ0:006
2 þ0:093 þ0:195 �0:134 þ0:027 þ0:224 þ0:322 þ0:084 þ0:242 �0:223 þ0:059
3 �0:237 �0:086 �0:245 �0:100 �0:274 �0:176 �0:287 �0:189 �0:150 þ0:006
4 �0:128 �0:230 �0:037 �0:120 �0:058 �0:217 þ0:031 �0:153 �0:030 �0:679
5 �0:068 �0:301 �0:255 �0:470 �0:111 �0:059 �0:224 �0:165 �0:268 þ0:159
6 �0:128 �0:230 �0:037 �0:120 �0:058 �0:217 þ0:031 �0:152 �0:030 �0:679
7 �0:705 �0:740 �0:581 �0:627 �0:540 �0:535 �0:446 �0:442 �0:286 �0:306
8 þ0:205 þ0:193 þ0:238 þ0:178 þ0:151 þ0:108 þ0:150 þ0:100 þ0:210 þ0:311
9 þ0:219 þ0:264 þ0:230 þ0:264 þ0:170 þ0:205 þ0:147 þ0:174 þ0:173 þ0:237
10 þ0:205 þ0:193 þ0:238 þ0:178 þ0:151 þ0:108 þ0:150 þ0:100 þ0:210 þ0:311
11 þ0:391 þ0:413 þ0:414 þ0:444 þ0:310 þ0:318 þ0:325 þ0:337 þ0:271 þ0:287
12 þ0:391 þ0:413 þ0:414 þ0:444 þ0:310 þ0:318 þ0:325 þ0:337 þ0:271 þ0:287

B3LYP

1 �0:266 �0:097 �0:275 �0:122 �0:310 �0:187 �0:327 �0:214 �0:192 �0:024
2 þ0:088 þ0:185 �0:197 �0:012 þ0:286 þ0:494 þ0:051 þ0:374 �0:154 þ0:142
3 �0:266 �0:097 �0:275 �0:122 �0:310 �0:187 �0:327 �0:214 �0:192 �0:024
4 �0:118 �0:225 �0:016 �0:169 �0:068 �0:206 þ0:065 �0:197 �0:022 �0:707
5 þ0:002 �0:234 �0:222 �0:324 �0:009 �0:056 �0:211 �0:082 �0:221 þ0:065
6 �0:118 �0:225 �0:016 �0:169 �0:068 �0:206 þ0:065 �0:197 �0:022 �0:707
7 �0:655 �0:664 �0:516 �0:527 �0:530 �0:560 �0:403 �0:430 �0:266 �0:352
8 þ0:188 þ0:164 þ0:234 þ0:157 þ0:130 þ0:048 þ0:146 þ0:045 þ0:186 þ0:394
9 þ0:189 þ0:235 þ0:214 þ0:257 þ0:133 þ0:169 þ0:125 þ0:163 þ0:151 þ0:203
10 þ0:188 þ0:165 þ0:234 þ0:157 þ0:130 þ0:048 þ0:146 þ0:045 þ0:186 þ0:394
11 þ0:384 þ0:397 þ0:418 þ0:436 þ0:308 þ0:321 þ0:334 þ0:353 þ0:273 þ0:308
12 þ0:384 þ0:397 þ0:418 þ0:436 þ0:308 þ0:321 þ0:334 þ0:354 þ0:273 þ0:308
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bonding multiplicity and degree of electronic delocalization.
The calculated net atomic charges on N(1) and N(3) becomes
more negative while that on N(7) becomes less negative as
a highly diffuse s function and also p-type polarization func-
tions on the hydrogen atoms together with d-type polarization
functions on non-hydrogen atoms are added. The negative
charges on these N atoms are the smallest when using the 6-
311++G�� basis set.

Dimers. A full geometry optimization has been performed
to obtain the most favorable dimer interactions for com-
pounds I and II. The dimer formed between I and II is denoted
as III, while the dimer of I is denoted as IV and that of II is
donated as V. Calculations were performed at the MP2/6-
311++G�� and B3LYP/6-311++G�� levels. The triple zeta
valence AOs basis sets are suitable for electron correlation cal-
culations in compounds with a lone pair of electrons and hy-
drogen-bonded dimers and having significant electron density
at large distances from the nuclei. Because the 6-311++G��
basis set gave reliable geometrical parameters as discussed
in above section, for dimer III, MP2/6-311++G�� as well
as B3LYP/6-311++G�� calculations to determine the opti-
mum geometry were performed. It was found that the MP2/
6-311++G�� calculations on dimer III were very time con-
suming, while the B3LYP/6-311++G�� calculations took
much less computational time. Also, it is clear from Table 5
that the calculated optimum molecular geometries using these
two methods for dimer III are only slightly different. Since the
differences in calculated molecular geometries were small,
time consuming MP2/6-311++G�� calculations were not
performed on the other dimers. In other words, we performed
full geometry optimization for dimers IV and V using only
B3LYP/6-311++G�� calculations. The results of the calcula-
tions for the three dimers are reported in Table 5, and the op-
timized geometrical approaches of the monomers in the three
dimers are schematically shown in Fig. 2.

From a comparison of Table 5 with the optimum monomer
geometries in Tables 1 and 2, general trends in the changes in
monomer geometries upon dimer formation were determined.
As expected, appreciable changes took place in the environ-
ment of the >C–NH2 moiety in each interacting molecule,
while the other geometrical parameters showed only slight
changes. For example, the r values for C–C, C–H, C–Cl, and

Fig. 2. MP2 and B3LYP geometrical approaches of the
monomers in the dimers III, IV, and V using 6-311++G��
basis set.

Table 5. MP2 and B3LYP Optimum Geometries for the
Dimers III, IV, and V Using 6-311++G�� Basis Set

III IV V
MP2 B3LYP B3LYP B3LYP

ra) 1-2 1.3533 1.3551 1.3548 1.3563
1-6 1.3403 1.3334 1.3323 1.3173
2-3 1.3507 1.3512 1.3520 1.3513
2-7 1.3641 1.3477 1.3481 1.3411
3-4 1.3357 1.3266 1.3269 1.3105
4-5 1.3971 1.3952 1.3949 1.3959
4-8 1.0885 1.0872 1.0874 1.7524
7-11 1.0096 1.0057 1.0057 1.0063
7-12 1.0187 1.0166 1.0222 1.0197
13-14 1.3550 1.3558 1.3547 1.3563
13-18 1.3258 1.3161 1.3323 1.3173
14-15 1.3524 1.3527 1.3520 1.3513
14-19 1.3524 1.3410 1.3481 1.3411
15-16 1.3228 1.3103 1.3269 1.3105
16-17 1.3967 1.3953 1.3949 1.3959
16-20 1.7300 1.7542 1.0874 1.7524
19-23 1.0089 1.0064 1.0057 1.0063
19-24 1.0250 1.0272 1.0220 1.0197
12-13 2.0497 2.0851 2.0180 2.0442
1-24 1.9682 1.9687 2.0203 2.0435
7-13 3.0640 3.1006 3.0402 3.0635
1-19 2.9919 2.9960 3.0422 3.0629

aa) 2-1-6 116.281 116.409 116.405 115.974
1-2-3 125.766 125.123 125.154 124.654
1-2-7 117.048 117.646 117.618 117.782
2-3-4 116.205 116.519 116.477 116.297
3-4-5 122.981 121.439 123.200 124.784

2-7-12 116.709 120.403 121.568 121.442
11-7-12 116.890 116.012 120.853 120.324

14-13-18 115.761 124.605 116.407 115.974
13-14-15 125.574 124.840 125.154 124.655
13-14-19 116.931 116.272 117.611 117.771
14-15-16 115.714 117.871 116.476 116.295
15-16-17 124.501 121.776 123.201 124.785
14-19-24 118.044 120.772 121.563 121.419
23-19-24 119.367 116.409 120.846 120.335
7-12-13 173.502 176.638 179.450 178.038

12-13-14 120.609 121.475 121.419 122.707
1-24-19 176.424 179.999 179.373 178.111
2-1-24 121.556 123.157 121.383 122.693

da) 7-2-1-6 177.313 179.992 179.975 179.982
7-2-3-4 176.952 179.978 179.973 179.986
11-7-2-1 165.624 179.970 179.992 179.977
11-7-2-3 16.870 0.049 0.015 0.021
12-7-2-1 23.557 0.048 0.040 0.016
12-7-2-3 158.936 179.971 179.967 179.981

19-14-13-18 176.652 179.991 179.991 179.985
19-14-15-16 176.507 179.997 179.987 179.988
23-19-14-13 169.052 179.915 179.905 179.988
23-19-14-15 13.190 0.115 0.111 0.011
24-19-14-13 18.035 0.292 0.160 0.011
24-19-14-13 164.207 179.738 179.856 179.988
13-12-7-2 35.936 1.058 0.550 8.263
14-13-12-7 13.818 1.081 0.367 7.823

15-14-13-12 166.838 179.8 179.895 179.651
1-24-19-14 18.790 4.430 12.732 7.658
2-1-24-19 27.038 4.193 12.422 7.192
24-1-2-3 170.629 179.996 179.875 179.608

a) r (Å), a (degree), d (degree).
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even the N–H bonds not involved in H-bond formation are
nearly unaffected upon dimer formation. Referring to the num-
bering schemes of the monomers (Fig. 1), the r value for the
C(2)–N(7) bond decreased while the r values for the H-bonded
N–H, C(2)–N(3), and C(2)–N(1) bonds increased upon dimer
formation. The value of r(N(1)–C(6)) is slightly affected while
that for the N(3)–C(4) bond decreased. These trends are the
same whether using MP2 or B3LYP methods. Concerning
the bond angles, we only consider the changes in the >C–NH2

moiety. The MP2 and the B3LYP calculated a value for N(1)–
C(2)–N(3) decreased upon dimer formation in both compound
I and II. On the other hand, the a for angles N(1)–C(2)–N(7),
C(2)–N(7)–H(12), and H(11)–N(7)–H(12) in both compounds
I and II showed a smaller increase upon dimer formation.
Since the geometrical arrangements of the monomers in the di-
mers are far from planar and the dimer is strongly deformed in
order to permit the formation of two H-bonds, the changes in
the calculated d values are not discussed in detail; however,
the calculated values of d are reported in Table 5. The effect
of H-bond formation as one of the factors that determine the
conformational stability was previously investigated.48–50 The
two N���N distances, i.e., N(7)���N(13) and N(1)���N(19), in di-
mers IV and V (Table 5) are equal, as expected, since the do-
nor and the acceptor molecules are the same. The distances are
calculated to be 3.04 Å for dimer IV and 3.06 Å for the dimer
V. These values are in a good agreement with N���N bond dis-
tances for the cyclic dimer of 4-amino-2,6-dichloropyrimi-
dine (3.09 Å) and for 2-amino-6-chloro-4-methylpyrimidine44

(3.21 Å) determined from X-ray data. In dimer III, one mole-
cule contains two chlorine atoms in the 4- and 6-positions,
and the other contains hydrogen atoms. This caused a differ-
ence of 0.1 Å and about 0.06 Å between the two N���N dis-
tances calculated using the B3LYP method and MP2 method,
respectively, Table 5. It is worth noting that the N(1)���N(19)
distance, which is farthest from the chlorine atoms was nearly
the same for both methods (2.992 Å for MP2; 2.996 Å for
B3LYP). However, the MP2 and B3LYP calculated N(7)���
N(13) distances are 3.064 and 3.101 Å, respectively. Gener-
ally, these MP2 and B3LYP calculated N���N distances using
the 6-311++G�� basis set for dimer III are in good agreement
with those from X-ray data for other cyclic pyrimidine di-
mers.44 The difference between MP2 and B3LYP calculated
equilibrium distances can be rationalized by the difference in
the way electron correlation is dealt with by these two meth-
ods. Of course, the N–H���N interaction plays an important role
in the stabilization of the optimized dimer structures.

The calculated net atomic charges for the three dimers are
shown in Fig. 4. These calculated charge densities, when com-
pared with those calculated for the monomers, Fig. 3, indicat-
ed a charge transfer of 0.014 electrons from MP2 calculations
from compound II to compound I in dimer III, while from
B3LYP calculations, the value was 0.043 electrons. This is
consistent with the calculated net atomic charges on the amino
nitrogen atom for compounds I and II (Table 4). The MP2/6-
311++G�� calculated value for compound II is �0:306 elec-
trons while �0:286 electrons for compound I. On the other
hand, the B3LYP/6-311++G�� calculated values show larger
difference in the calculated amino nitrogen charge (II, �0:352
electrons; I, �0:266 electrons). Also, the MP2 calculated net

charge on the pyrimidine ring is �0:851 electrons for com-
pound I and �1:128 electrons for compound II, and the
B3LYP calculated net charge on the pyrimidine ring is �0:803
electrons for compound I and �1:255 electrons for compound
II. This explains why the charge transfer upon dimer formation
takes place from compound II to compound I and why the
B3LYP calculated amount of charge transferred is larger than
the MP2 calculated value. On the other hand and, no net
charge transfer took place in case of dimers IV and V.

The MP2/6-311++G�� calculated total energy of the
dimer III is �1555:913988 au, with a dipole moment of
2.54D, and the B3LYP/6-311++G�� calculated value is
�1558:846069 au with a dipole moment of 2.26D. From
the calculated monomer energies (Table 3), the MP2/6-
311++G�� method showed that the dimer III is stabilized
by 12.523 kcalmol�1. This stabilization energy is attributed

Fig. 4. MP2 and B3LYP net atomic charges for the dimers
III, IV, and V using 6-311++G�� basis set (Values be-
tween brackets are for MP2).

Fig. 3. MP2 and B3LYP net atomic charges for compounds
I and II using 6-311++G�� basis set (Values between
brackets are for MP2).
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to the formation of two N–H���N H-bonds between I and II.
Neglecting the slight difference in the calculated N���N dis-
tances, the energy of only one N–H���N H-bond amounts to
6.262 kcalmol�1. The B3LYP/6-311++G�� calculated dimer
stabilization energy was found to be 10.122 kcalmol�1, which
means that only one N–H���N H-bond stabilizes the dimer by
5.061 kcalmol�1. We have made basis set superposition error
(BSSE) correction using the counterpoise method39,40 by the
following equation.

�EBSSE
AB ¼ EAB

ABðABÞ � EA
AðAÞ � EB

BðBÞ

� ½EAB
A ðABÞ þ EAB

B ðABÞ � EA
AðABÞ � EB

BðABÞ�; ð1Þ

�EBSSE
AB ¼ �EAB � �EBSSE; ð2Þ

where the subscript refers to the system studied, the superscript
refers to the basis set used to describe the system and the opti-
mized geometry used is represented between the parentheses.
The BSSE correction using B3LYP/6-311++G�� was deter-
mined to be 0.702 kcalmol�1 (Table 6).

For dimer IV, the B3LYP/6-311++G�� calculated total
energy was found to be �639:594190 au, which amounts to
a stabilization of 9.577 kcalmol�1 due to the formation of
two N–H���N H-bonds between two molecules of I. Therefore,
the stabilization energy due to the formation of only one N–
H���N H-bond is 4.788 kcalmol�1. The BSSE for this dimer
was determined to be 0.521 kcalmol�1. For the dimer V, the
B3LYP/6-311++G�� calculated total energy was found to
be �2478:0974 au. This value, when compared with double
the B3LYP/6-311++G�� energy of compound II, afforded
a stabilization energy of 10.330 kcalmol�1 corresponding also
to two N–H���N H-bonds, or 5.165 kcalmol�1 per one H-bond.
The calculated BSSE value was found to be 0.883 kcalmol�1.

The influence of chlorine substitutents on the pyrimidine
ring on the proton donor ability towards H-bond formation
and parameters of the amino group of 2-aminopyrimidine as
well as other electronic structural properties have been inves-
tigated.51,52 It was shown that chlorine substitutents at the 4-
and 6-positions of I significantly influence the donor ability
of the amino group to form H-bonds. B3LYP/6-31+G�� cal-
culations of the charge redistribution upon H-bond formation
have been performed and the charge-transfer process between
the proton-donor and proton-acceptor molecules has been dis-
cussed.51 The calculated values of the net atomic charges on
going from compound I to compound II show that chlorine
substitution in positions 4 and 6 causes an increase in the neg-
ative charge on the amino group. This observation is true using
both MP2 and B3LYP methods and with all the extended basis
sets used here. Our results show that, after the BSSE correc-
tion, the B3LYP/6-311++G�� calculated stabilization energy
per H-bond are 4.528, 4.668, and 4.723 kcalmol�1 for the

dimers IV, III, and V, respectively. This leads to an important
conclusion: substituting chlorine atom onto the pyrimidine ring
of I increases the ability of the NH2 group to form intermolec-
ular H-bonds. Because the B3LYP/6-311++G�� calculated
dipole moment (Table 3) of compound I is smaller than that
calculated for compound II, the dipole–dipole interaction be-
tween monomers upon dimer formation will increase upon
chlorine substitution in the pyrimidine ring. This confirms the
above conclusion.

Conclusion

The results reported here in this study suggest that both
MP2(FC) and B3LYP methods using the 6-311++G�� basis
set are capable of accurately predicting the energies and mo-
lecular geometries of the possible intermolecular dimers of I
and its 4,6-dichloro derivative.

The calculations show that the pyrimidine ring assumes a
somewhat deformed but strictly planar hexagon, confirming
the aromaticity of the pyrimidine ring. The addition of polar-
ization functions to the basis set showed that geometry of
the NH2 group is pyramidal. The values of r were found to de-
crease as a result of the addition of d-type polarization func-
tions on non-hydrogen atoms and p-type polarization functions
on hydrogen atoms. This also leads to a more negative total
electronic energy using the MP2 method (0.5 au) as compared
to that using the B3LYP method (0.1 au). The effect on the
HOMO–LUMO energy gap is also large using MP2 method
than in case of B3LYP method. It seems that as the basis set
is extended, electron accumulation on the ring atoms increases
at the expense of the amino nitrogen atom.

The optimum dimer geometry by MP2 as well as the
B3LYP is that in which two N–H���N intermolecular H-bonds
have formed with appreciable changes in monomer bond
lengths and angles, especially in the area near the >C–NH2

moiety in each interacting molecule. The H-bond N���N dis-
tance is around 3.0 Å in a good agreement with that determined
from X-ray analysis. The substitution of chlorine atoms onto
the pyrimidine ring was found to increase the ability of the
NH2 group to form H-bonds.

Our results show that, after BSSE correction, the B3LYP/
6-311++G�� calculated stabilization energy per H-bond is
approximately 4.5 kcalmol�1 for the studied dimers.
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