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Hydration reactions are fundamental to many biological functions and environmental processes. The energetics
of hydration of inorganic and organic chemical species influences their fate and transport behavior in the
environment. In this study, gas-phase quantum mechanical calculations at the MP2/6-31G**//HF/6-31G*
and B3LYP/6-311+G(2df,2p)//B3LYP/6-31G* levels of theory are used to interpret the local competition
for water between protonated quinazoline (1,3-diazanaphthalene) and metal ions, i.e., Li+, Na+, and Ca2+,
under very low water contents. Calculated enthalpies and free energies of hydration at 298.15 K,∆Hhyd

298

and∆Ghyd
298, respectively, for the reactions quinazoline+ H2O f quinazoline hydrate and Mz+ + H2O f

M(H2O)z+ show that hydration of metal ions is more favorable than hydration of the quinazoline species. At
the MP2/6-31G**//HF/6-31G* computational level,∆Hhyd

298 values range from 0.4 kcal mol-1 for neutral
quinazoline to-11.1 and-10.5 kcal mol-1 for N1 and N3 protonated quinazoline monocations, respectively,
while ∆Hhyd

298 ) -39.3, -28.2, and-56.4 kcal mol-1 for Li+, Na+, and Ca2+ ions, respectively. At the
B3LYP/6-311+G(2df,2p)//B3LYP/6-31G* computational level,∆Hhyd

298 ) 6.9, -5.5, and-5.4 kcal mol-1

for neutral quinazoline, N1, and N3 protonated quinazoline monocations, respectively, while∆Hhyd
298 values

are -34.0, -23.4, and-55.7 kcal mol-1for Li+, Na+, and Ca2+ ions, respectively. Accordingly,∆Ghyd
298

values indicate that although metal cations hydrate spontaneously, quinazoline species do not. In addition to
hydration, direct reaction between quinazoline species and metal cations is also explored.

Introduction

Hydration is a subject of both fundamental and practical
importance. For example, hydration influences many aspects
of biological functions such as enzyme catalysis and the folding,
conformational stability, and binding specificity of proteins.1-6

Electrochemical and other industrially important processes such
as the gelatinization of starch7 and the dynamical properties of
cellulose acetate8 are governed by hydration phenomena. In
geochemistry and soil science, the relative extents and free
energies of hydration of ions at the clay-water interface play
crucial roles in determining the course of surface reactions
involving clay counterions.9-13 Under low water contents, the
interactions at clay-water interfaces involve local competitive-
type hydration processes between simple clay counterions such
as Na+, K+, Mg2+, and Ca2+ ions. However, the scenario is
somewhat disturbed if an organic compound or other metal ion
is introduced. Introduction of a foreign species to the clay-
water system perturbs the equilibria and dynamics of hydration
of counterions with a concomitant competition for water between
the counterions and the foreign species. This has important
implications in the fate and transport behavior of organic
pollutants as well as heavy metal ions in the environment.

To understand the fundamental processes involved in com-
petitive hydration reactions at clay-water interfaces, molecular
probes that undergo reversible hydration at the surface are

required. One such probe is quinazoline (1,3-diazanaphthalene).
In acidic aqueous solutions, quinazoline will rapidly undergo
protonation to form several cation species. These in turn undergo
reversible covalent hydration across the N(3)dC(4) double bond,
and at equilibrium the main species is the hydrated cation
species, 3,4-dihydro-4-hydroxyquinazolin-1-ium ion (Figure
1).14-19 In the early 1970s, the quinazoline reaction was used
to probe hydration at the Na-montmorillonite surface.20 Near
the clay surface, an inhibition of the hydration of quinazoline
was observed. This phenomenon was attributed to a local
competition between quinazoline and inorganic cations for water
of hydration.

Although there have been many experimental investigations
on the hydration of quinazoline,14-19 there have been very few
theoretical studies.21,22 The theoretical calculations treated the
hydration reactions at the semiempirical level, i.e., using Hu¨ckel
molecular orbital calculations,21 complete neglect of differential
overlap (CNDO) and the intermediate neglect of differential
overlap (INDO) wave functions.22 Chemical reactivity of the
various species was explained in terms of electron densities,
bond orders, and van der Waals interaction energies. Quantum
mechanical and free energy perturbation methods were also
applied to the study of the covalent hydration of carbonyl-
containing compounds23 and heteroaromatic compounds (-Cd
N- double bond).24 Nonetheless, in comparison with studies
on the hydration of organic compounds, the interaction of water
with metal cations has been treated extensively at both the
experimental and quantum mechanical computational lev-
els.1,9-13,24-34
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To our knowledge, competitive hydration reactions involving
metal cations and quinazoline species have not been investigated
theoretically at a variety of computational levels. In the work
described herein, we explored the competitive hydration reac-
tions involving quinazoline species and metal cations at the
Hartree-Fock (HF) level with electron correlation treated at
the second-order Møller-Plesset perturbation (MP2) level,35-38

and at the density functional theory (DFT) level39 with Becke’s
three-parameter hybrid functional40 using the Lee-Yang-Parr41

correlational functional (B3LYP). The pathways of the reactions
were investigated in depth by calculating proton affinities,
enthalpies of hydration at 298.15 K (∆Hhyd

298), free energies at
298.15 K (∆Ghyd

298), and activation energies for several
quinazoline species that are considered to be present in acidic
aqueous solutions as well as∆Hhyd

298 and ∆Ghyd
298 for the

hydration of the metal cations.

Computational Methods

All calculations were performed using the Gaussian 98 suite
of programs42 running on a Silicon Graphics Octane desktop
workstation and on a PC. Further, all calculations are for 0 K
structures. The reactions were initially studied at the restricted
closed-shell Hartree-Fock (RHF) level using the 6-31G* and
the 6-31G** polarization basis sets43-45 stored internally in the
Gaussian 98 program. The HF geometry optimizations employed
the 6-31G* basis set. Quinazoline, quinazolin-1-ium (N1
monocation), quinazolin-3-ium (N3 monocation), dication, and
metal-quinazoline species were optimized within theCs point
group (planar). Quinazoline hydrates (3,4-dihydroquinazolin-
4-ol and 3,4-dihydro-4-hydroxyquinazolin-1-ium) and metal-
quinazoline hydrate complexes were nonplanar withC1 sym-
metry. Metal cation-water complexes hadC2V symmetry.

Stationary points were characterized by performing frequency
calculations at the same level of theory and the zero-point
energies (ZPEs) were scaled by 0.8929. Final energy calculations
were performed at the Møller-Plesset second-order perturbation
theory frozen core approximation (MP2-FC) with the 6-31G**
basis set. Activation energies for the reversible hydration of
neutral and protonated quinazoline species were calculated as
follows. The transition structures were located using the
synchronous transit-guided quasi-Newton method46,47at the HF/
6-31G* level. The method uses a quadratic synchronous transit
approach to get closer to the quadratic region of the transition
state and then uses a quasi-Newton or eigenvector-following
algorithm to complete the optimization. The stationary points
were then characterized as described above. The intrinsic
reaction path or intrinsic reaction coordinate (IRC) connecting
the reactants through the transition state was examined by
performing reaction path following calculations48,49 at the HF/
6-31G* level of theory. Final energy calculations for the
transition structures were performed at the MP2/6-31G** level
of theory.

Density functional calculations were performed using Becke’s
three-parameter hybrid functional using the Lee, Yang, and Parr
correlational functional (B3LYP).40,41The B3LYP method was
demonstrated to give high-accuracy results for the hydration of
metal cations.31,37Moreover, density functional methods include
the effects of electron correlation and very large basis sets can
be used for the same amount of computation resources as
Hartree-Fock theory. The structures (vide supra) were opti-
mized at the restricted closed-shell B3LYP using the 6-31G*
basis set. Frequency calculations preformed at the same level
of theory were used to characterize stationary points and the
zero-point energies (ZPEs) were scaled by 0.9804. Final energy
calculations were performed using a very large basis set, i.e.,
6-311+G(2df,2p).50-53 Likewise, transition structures were
located using the synchronous transit-guided quasi-Newton
method46,47 at the B3LYP/6-31G* level and the reaction path
connecting the reactants through the transition state was
examined by performing reaction path following (IRC) calcula-
tions48,49 at the B3LYP/6-31G* level of theory. The nature of
the stationary point was characterized by performing frequency
calculations at the same level of theory.

Results

Optimized geometrical parameters of quinazoline species at
HF/6-31G* and B3LYP/6-31G* levels of theory were generally
different. For example, bond lengths obtained at the HF/6-31G*
level were normally shorter than those obtained at the B3LYP/
6-31G* level. Selected bond lengths (pyrimidine ring) are
presented in Table 1. Covalent hydration across the N(3)-C(4)
bond destroyed aromaticity within the pyrimidine ring and the
resulting resonance effects are described below.

In Table 2, the total molecular energies of the various species
at the HF/6-31G**//HF/6-31G*, MP2/6-31G**//HF/6-31G*, and
B3LYP/6-311+(2df,2p)//B3LYP/6-31G* computational levels
and the corresponding zero-point energies at the HF/6-31G*//
HF/6-31G* and B3LYP/6-31G*//B3LYP/6-31G* computational
levels, respectively, are presented. Molecular energies at the
HF/6-31G**//HF/6-31G* computational level are included for
comparison purposes.

Proton Affinities. Many experimental studies revealed that
hydration of quinazoline is pH dependent.14-19 At pHs below
7, protonation of quinazoline (quinazoline+ H+ f quinazoline
cation) precedes hydration, whereas at neutral or pHs greater
than 7, protonation is not a precondition for hydration. Normally,

Figure 1. Summary of processes involved in the uncatalyzed hydration
of quinazoline species. Equilibrium constant data are from refs 14-
19.
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in acidic solutions, the attacking species is water, but in neutral
or basic conditions the attacking species is the hydroxyl anion.
Thus, in acidic solutions the stability of the quinazoline cation
species determines the course of the hydration reaction. The
calculated proton affinities (PAs) at 0 K for quinazoline are
presented in Table 3. Compared with PAs computed at the
B3LYP/6-311+G(2df,2p)//B3LYP/6-31G* level of theory, PAs
computed at the MP2/6-31G**//HF/6-31G* level of theory were
generally higher by about 3 kcal mol-1. The HF/6-31G**//HF-
6-31G* computational level overestimated PAs by on average
6 kcal mol-1. Nonetheless, both the B3LYP/6-311+G(2df,2p)//
B3LYP/6-31G* and the MP2/6-31G**//HF/6-31G* computa-
tional levels indicate that protonation of quinazoline produces
three stable species whose relative stability is in the order
dication. N3 monocation> N1 monocation. Remarkably, the
energy difference between the N3 and N1 monocations is only
0.5 kcal mol-1 at the MP2/6-31G**//HF/6-31G* level and is
even smaller, i.e., 0.1 kcal mol-1, at the B3LYP/6-311+G(2df,

2p)//B3LYP/6-31G* level. As such, both N1 and N3 monoca-
tions can coexist in solution. In contrast, the HF/6-31G**//HF/
6-31G* level predicts that the N1 monocation is more stable
than the N3 monocation. This discrepancy is probably due to
the use of a small basis set and lack of treatment of electron
correlation effects at the HF level. Protonation to the dication
results in further stabilization of the quinazoline species;
however, this process is expected to compete with hydration to
form the 3,4-dihydro-4-hydroxyquinazolin-1-ium ion. Interest-
ingly, protonation of the neutral quinazoline hydrate results in
an energy of stabilization of 236.5 kcal mol-1 and 233.8 kcal
mol-1 at the MP2/6-31G**//HF/6-31G* and B3LYP/6-311+G-
(2df,2p)//B3LYP/6-31G* computational levels, respectively.

Quinazoline Metal Affinity (MA). In a quinazoline-metal
ion system, the metal affinity (MA) reaction, i.e., quinazoline
+ Mz+ f M[quinazoline]z+, may compete with protonation.
Calculated quinazoline MAs (attack on position N(3)) for Li+,
Na+, and Ca2+ cations, respectively, are listed in Table 4. All

TABLE 1: Some Optimized Bond Lengths for the Quinazoline Species

r(N(1)-C(2)) (Å) r(C(2)-N(3)) (Å) r(N(3)-C(4)) (Å)

symmetry HF/6-31G* B3LYP/6-31G* HF/6-31G* B3LYP/6-31G* HF/6-31G* B3LYP/6-31G*

quinazoline Cs 1.319 1.315 1.311 1.363 1.313 1.317
N1 monocation Cs 1.319 1.340 1.311 1.326 1.313 1.331
N3 monocation Cs 1.270 1.294 1.369 1.382 1.323 1.339
dication Cs 1.296 1.319 1.332 1.349 1.351 1.359
3,4-dihydroquinazolin-4-ol C1 1.261 1.287 1.363 1.372 1.439 1.452
3,4-dihydro-4-hydroxyquinazolin-1-ium C1 1.299 1.318 1.301 1.320 1.477 1.492

TABLE 2: Total Molecular Energies and Zero-Point Energiesa

molecule
HF/6-31G**//
HF/6-31G*

MP2/6-31G**//
HF/6-31G* ZPEb

B3LYP/6-311+G(2df,2p)//
B3LYP/6-31G* ZPEc

A.Quinazoline Species at the Various Computational Levels
quinazoline -415.350544 -416.705761 0.133702 -418.101448 0.121905
N1 monocation -415.734520 -417.078657 0.147942 -418.467567 0.135204
N3 monocation -415.732439 -417.079580 0.147960 -418.467738 0.135181
dication -415.936363 -417.274480 0.161646 -418.663757 0.148023
3,4-dihydroquinazolin-4-ol -491.376439 -492.929521 0.163638 -494.557178 0.148746
3,4-dihydro-4-hydroxyquinazolin-1-ium -491.775184 -493.321322 0.178494 -494.943635 0.162682

B. Metal Cations, Metal-Hydrate Complexes, Metal-Quinazolinehydrate Cation Complexes,
Metal-Quinazoline Complexes, and Water at the Various Computational Levels

Li + -7.235537 -7.235537 -7.284918
Li(H2O)+ -83.322202 -83.519954 0.026255 -83.804014 0.023950
Li[C8H9N2O]2+ -498.966778 -500.515228 0.180565 -502.178958 0.164728
Li[C8H6N2]+ -422.665486 -424.020159 0.135783 -425.459055 0.124009
Na+ -161.659288 -161.659288 -162.087568
Na(H2O)+ -237.728335 -237.925640 0.025564 -238.589290 0.023227
Na[C8H9N2O]2+ -653.376694 -654.924107 0.179788 -656.968323 0.16381
Na[C8H6N2]+ -577.066970 -578.422106 0.134802 -580.239413 0.123082
Ca2+ -676.104056 -676.112275 -676.905785
Ca(H2O)2+ -752.216556 -752.423752 0.026010 -753.459230 0.023769
Ca[C8H9N2O]3+ -1167.792856 -1169.351496 0.179634 -1171.772928 0.163643
Ca[C8H6N2]2+ -1091.582709 -1092.9498665 0.134577 -1095.152231 0.122683
water -76.023571 -76.219366 0.022972 -76.462413 0.020749

a All energies in hartrees.b Zero-point energy calculated at HF/6-31G*//HF/6-31G*.c Zero-point energy calculated at B3LYP/6-31G*//B3LYP/
6-31G*.

TABLE 3: Proton Affinities for Quinazoline Species at 0 K

PA (∆Ezpc, kcal mol-1)a

reaction
HF/6-31G**//
HF/6-31G*

MP2/6-31G**//
HF/6-31G*

B3LYP/6-311+G(2df,2p)//
B3LYP/6-31G*

C8H6N2 + H+ f C8H7N2
+ (1 f 2) 232.0 225.1 221.4

C8H6N2 + H+ f C8H7N2
+ (1 f 3) 230.7 225.6 221.5

C8H6N2 + 2H+ f C8H8N2
2+ (1 f 4) 350.1 339.3 336.5

C8H7N2
+ + H+ f C8H8N2

2+ (2 f 4) 118.1 114.3 115.1
C8H7N2

+ + H+ f C8H8N2
2+ (3 f 4) 119.4 113.7 115.0

C8H8N2O + H+ f C8H9N2O+ (5 f 6) 240.9 236.5 233.8

a Ezpc is zero-point energy corrected proton affinity.
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levels of theory predict the same trend in cation affinity, i.e.,
Ca2+ > Li+ > Na+. Compared to proton addition, stabilization
of quinazoline on account of metal cation addition is small,
however. For example, at the MP2 level, PA) 225.6 kcal mol-1

whereas MA) 48.2, 35.1, and 82.2 kcal mol-1 for Li+, Na+,
and Ca2+, respectively. Accordingly, at the B3LYP level, PA
) 221.5 kcal mol-1 whereas MA) 44.3, 30.9, and 90.5 kcal
mol-1 for Li+, Na+, and Ca2+, respectively. These data show
that in acidic aqueous solutions, protonation of quinazoline
followed by covalent hydration is energetically more favorable
than metal cation addition.

Hydration Reactions. The enthalpies and free energies of
hydration at 298.15 K,∆Hhyd

298 and∆Ghyd
298, respectively, for

the reactions Quinazoline+ H2O f Quinazoline hydrate and
Mz+ + H2O f M(H2O)z+ at the different computational levels
are given in Table 5. At the MP/6-31G**//HF/6-31G* level,
∆Hhyd

298 values range from 0.4 kcal mol-1 for hydration of
neutral quinazoline to-11.1 and-10.5 kcal mol-1 for hydration
of N1 and N3 cations, respectively. Compared to∆Hhyd

298 for
quinazoline cation species,∆Hhyd

298 values for the metal cations
are larger by factors of∼3-6. At the B3LYP/6-311+G(2df,-
2p)//B3LYP/6-31G* level,∆Hhyd

298 for neutral quinazoline is
much larger than that obtained at the MP2 level. Even so,
∆Hhyd

298 for N1 and N3 monocations are approximately half
the values calculated at the MP2 level. Remarkably,∆Hhyd

298

values for the metal cations are on the order of 4-10-fold larger
than those for the quinazoline cation species. It should be noted
that calculated∆Hhyd

298 values for Li+ and Na+ ions at the
B3LYP/6-311+G(2df,2p)//B3LYP/6-31G* level are in agree-
ment with experimental values within the estimated experimental
uncertainty. Finally,∆Ghyd

298 for quinazoline species were
generally positive whereas∆Ghyd

298 for the metal cations were
negative.

Enthalpy of Formation of Metal -Quinazoline Hydrate
Complexes. In addition to quinazoline metal cation affinity
(MA), in the event of an excess of 3,4-dihydro-4-hydroxy-
quinazolin-1-ium ions, complexation of 3,4-dihydro-4-hydroxy-
quinazolin-1-ium ions with metal cations, a reaction that can
be represented as Mz+ + C8H9N2O+ f M[C8H9N2O]z+1, is also
possible. This process may be envisaged as the metal cation
affinity of the 3,4-dihydro-4-hydroxyquinazolin-1-ium ion.
Calculated enthalpies of formation,∆Hf

298, of the various
metal-3,4-dihydro-4-hydroxyquinazolin-1-ium ion complexes,
are collected in Table 6. Clearly, given that there are many other

favorable competing reactions, formation of such complexes is
doubtful.

Bond Separation Reactions (Resonance Stabilization En-
ergy). Bond separation energies at 0 K (∆E) for quinazoline,
N1 monocation, N3 monocation, 3,4-dihydroquinazolin-4-ol,
and 3,4-dihydro-4-hydroxyquinazolin-1-ium ion were calculated
at various computational levels using the isodesmic reactions
in Scheme 1. For comparison purposes, the bond separation
energies of benzene at the various computational levels were
also calculated. The results obtained are summarized in Table
7. At the computational levels considered in this study, all the
molecules are resonance stabilized by well over 100 kcal mol-1.
MP2/6-31G**//HF/6-31G* computational level results were
generally higher than the corresponding HF/6-31G**//HF/6-
31G* and B3LYP/6-311+G(2df,2p)//B3LYP/6-31G* compu-
tational level results. For example, the bond separation energy
for quinazoline was calculated to be 123.2, 149.2, and 135.1
kcal mol-1, at the HF, MP2, and B3LYP levels, respectively.
Likewise, the bond separation energy of the 3,4-dihydro-4-
hydroxyquinazolin-1-ium ion was calculated to be 142.8, 166.0,
and 151.1 kcal mol-1 at the HF, MP2, and B3LYP levels,
respectively. It should be noted that the differences in aromatic
stabilization for the N1 and N3 monocations are identical to
those obtained for proton stabilization, i.e., 0.6 kcal mol-1 at
the MP2/6-31G**//HF/6-31G* level and 0.1 kcal mol-1 at the
B3LYP/6-311G+G(2df,2p)//B3LYP/6-31G* level.

The resonance stabilization energies for the hydration of the
neutral quinazoline, N1, and N3 monocations to the correspond-
ing hydrates are shown in Table 7 (∆∆E ) ∆Ehydrate -
∆Eanhydrous). Hydration of neutral quinazoline to the correspond-
ing neutral hydrate results in loss of resonance stabilization
energy of about 4.6 kcal mol-1 as calculated at the B3LYP/6-
311G+G(2df,2p)//B3LYP/6-31G* level. Calculated results are,
however, smaller at the other computational levels. Experimental
studies have shown that neutral quinazoline hydrate is unstable
and it reversibly dehydrates with first-order kinetics to neutral

TABLE 4: Quinazoline-Metal Cation Affinity at 0 K a

MA(kcal mol-1)

reaction
HF/6-31G**//
HF/6-31G*

MP2/6-31G**//
HF/6-31G*

B3LYP/6-311+G(2df,2p)//
B3LYP/6-31G*

C8H6N2 + Li + f Li[C8H6N2]+ 48.5 48.2 44.3
C8H6N2 + Na+ f Na[C8H6N2]+ 35.2 35.1 30.9
C8H6N2 + Ca2+ f Ca[C8H6N2]2+ 79.8 82.2 90.5

a Metal affinities have been zero-point energy corrected.

TABLE 5: ∆Hhyd
298 and ∆Ghyd

298 for the Hydration of Quinazoline Species and Metal Cations

∆Hhyd
298 (kcal mol-1) ∆Ghyd

298 (kcal mol-1)

reaction HF MP2 B3LYP literaturea HF MP2 B3LYP

C8H6N2 + H2O f C8H8N2O 1.7 0.4 6.9 12.9 11.6 17.6
C8H7N2

+ + H2O f C8H9N2O (N1) -7.2 -11.1 -5.5 3.9 0.0 5.2
C8H7N2

+ + H2O f C8H9N2O (N3) -8.5 -10.5 -5.4 2. 6 0.6 5.3
Li + + H2O f Li(H2O)+ -38.0 -39.3 -34.0 -34.0 -40.6 -41.9 -37.1
Na+ + H2O f Na(H2O)+ -27.2 -28.2 -23.4 -24.0 -31.2 -32.1 -27.8
Ca2+ + H2O f Ca(H2O)2+ -54.4 -56.4 -55.7 -58.5 -60.2 -60.2

a Reference 1.

TABLE 6: ∆H f
298 for the Formation of

Metal-Quinazoline-Hydrate Complexes

∆Hf
298 (kcal mol-1)

reaction HF MP2 B3LYP

Li+ + C8H9N2O+ f Li[C8H9N2O]2+ 28.8 27.3 32.4
Na+ + C8H9N2O+ f Na[C8H9N2O]2+ 37.3 36.5 40.5
Ca2+ + C8H9N2O+ f Ca[C8H9N2O]3+ 55.0 52.3 48.7
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quinazoline.15 On the basis of the above result, the experimen-
tally observed instability of neutral quinazoline hydrate is due
in part to the loss in resonance stabilization energy. On the
contrary, hydration of N1 and N3 monocations to the 3,4-
dihydro-4-hydroxyquinazolin-1-ium ion is extensive and results
in a gain of resonance stabilization energy of approximately 8
kcal mol-1 as calculated at the B3LYP/6-311G+(2df,2p)//
B3LYP/6-31G* computational level. The corresponding reso-
nance energy at the MP2/6-31G**//HF/6-31G* computational
level is about 11 kcal mol-1.

Activation Energy, Ea. We also calculated the activation
energies (Ea) for the reversible hydration of neutral quinazoline
and protonated quinazoline. Frequency calculations established
that only one imaginary frequency existed for the transition state
structures considered. Potential energy surface reaction path
following calculations also confirmed the nature of the reactants
and products linking the transition structure (TS). For the
reversible hydration of neutral quinazoline, the computed TS
imaginary frequency was-514.3 cm-1 at the HF/6-31G* level
of theory. Accordingly, the calculated TS imaginary frequency
was -485.7 cm-1 at the B3LYP/6-31G* level of theory. On
the basis of the calculated frequencies and the single point
energies, activation energies (0 K) at the MP2/6-31G**//HF/
6-31G* computational level for the reversible hydration of
neutral quinazoline were calculated to be 4.9 and 3.6 kcal mol-1

for the forward and reverse reactions, respectively. Similarly,
the calculated energies at the B3LYP/6-311G+(2df,2p)//B3LYP/
6-31G* level were 11.8 and 3.8 kcal mol-1 for the forward and
reverse reactions, respectively. The reaction profile is shown
in Figure 2.

In the case of hydration of protonated quinazoline species,
activation energies for the forward and reverse reactions were
calculated on the basis of the hydration of the N1 monocation
(Figure 3). The computed TS imaginary frequency was-2074.9
cm-1 at the HF/6-31G* level of theory. At the B3LYP/6-31G*
level of theory, the TS imaginary frequency was-1591.9 cm-1.
The calculated activation energies for reversible hydration of
the protonated species were 28.5 and 38.8 kcal mol-1, respec-
tively, at the MP2/6-31G**//HF/6-31G* computational level.
Calculated activation energies at the B3LYP/6-311G+(2df,2p)//
B3LYP/6-31G* level were 35.1 and 39.4 kcal mol-1 for the
forward and reverse reactions, respectively.

Discussion

A variety of computational methods are now routinely applied
to the study of a wide range of chemical phenomena, including
hydration. Depending on the theoretical model used, computa-
tional accuracy levels attained, for ionic hydration in particu-
lar,27-29,31-34 are comparable to experimental levels. Similar
trends were noted in this study. Data obtained at the HF/6-
31G**//HF/6-31G* and MP2/6-31G**//HF/6-31G* levels of
theory were generally overestimated by as much as 15%
compared to experimental results. Calculations at the B3LYP/
6-311+G(2df,2p)//B3LYP/6-31G* level improved the accuracy
of the obtained results. For example, experimental1 ∆Hhyd

298

for the reaction Li+ + H2O f Li(H2O)+ is -34.0 kcal mol-1

vs calculated∆Hhyd
298 ) -34.0 kcal mol-1 at the B3LYP/6-

311+G(2df,2p)//B3LYP/6-31G* computational level. Similarly,
experimental1 ∆Hhyd

298 for Na+ ) -24.0 kcal mol-1 compared
to -23.4 kcal mol-1 at the B3LYP/6-311+G(2df,2p)//B3LYP/
6-31G* computational level.

Notwithstanding the different computational levels of theory,
the trends in the predicted chemical reactivities of the various
species are consistent with experimental observations. Our
calculations show that the relative affinity of a metal cation for
water vs a quinazoline species determines whether a metal-
water or metal-quinazoline complex is formed. For example,
∆Hhyd

298 for Li+ is -38.0,-39.3, and-34.0 kcal mol-1 at the
HF, MP2, and B3LYP level of theory, respectively. The
corresponding∆Hf

298 for the formation of Li[C8H9N2O]2+

complex is 28.8, 27.3, and 32.4 kcal mol-1 at the HF, MP2,
and B3LYP level of theory, respectively. The data for Na+ and
Ca2+ ions (Tables 4 and 5) illustrate the same trends in metal
cation reactivity; i.e., hydration is energetically more favorable
than metal-quinazoline complex formation. Likewise, the
energetics of hydration of metal cations vs hydration of
quinazoline species governs the outcome of the competitive
hydration reactions. Free energies and enthalpies of hydration
at 298.15 K (Table 4) show that metal cation hydration reactions
are energetically more favorable than the hydration of quinazo-
line species. Equally, hydration of protonated quinazoline cations
is energetically favored over hydration of neutral quinazoline.

As outlined in Figure 1, hydration of quinazoline involves at
least two pathways.14-19 One pathway involves direct hydration

Scheme 1

Compound Bond Separation Reaction

quinazoline (1) C8H6N2 + 10CH4 + 2NH3 f 4CH3CH3 + 3CH2CH2 + 2CH3NH2 + 2CH2NH
quinazoline hydrate (5) C8H8N2O + 11CH4 + 2NH3 f 4CH3CH3 + 3CH2CH2 + 3CH3NH2 + CH2NH + CH3OH
N1/N3 monocation (2 or 3) C8H7N2

+ + 10CH4 + 2NH3 f 4CH3CH3 + 3CH2CH2 + 2CH2NH + CH3NH2 + CH3NH3
+

quinazoline hydrate cation (6) C8H9N2O+ + 11CH4 + 2NH3 f 4CH3CH3 + 3CH2CH2 + CH2NH + 2CH3NH2 + CH3NH3
+ +CH3OH

benzene C6H6 + 6CH4 f 3CH3CH3 + 3CH2CH2

TABLE 7: Calculated Bond Separation Energies (kcal mol-1) at 0 Ka

HF/6-31G**//HF/6-31G* MP2/6-31G**//HF/6-31G* B3LYP/6-311+G(2df,2p)//B3LYP/6-31G*

∆E (HF) ∆E (ZPE) ∆E (HF + ZPE) ∆E (MP2) ∆E (ZPE) ∆E (MP2 + ZPE) ∆E (B3LYP) ∆E (ZPE) ∆E (B3LYP + ZPE)

quinazoline hydrate 106.0 16.0 122.0 133.1 16.0 149.1 117.5 13.0 130.5
quinazoline 109.2 14.0 123.2 135.2 14.0 149.2 124.1 11.0 135.1
∆∆E -3.2 2.0 -1.2 -2.1 2.0 -0.1 -6.6 2.0 -4.6

quinazoline hydrate cation 125.9 16.9 142.8 149.1 16.9 166.0 137.4 13.7 151.1
N1 cation 119.9 15.2 135.1 139.4 15.2 154.6 131.2 12.1 143.3
∆∆E 6.0 1.7 7.7 9.7 1.7 11.4 6.2 1.6 7.8

quinazoline hydrate cation 125.9 16.9 142.8 149.1 16.9 166.0 137.4 13.7 151.1
N3 cation 118.6 15.2 133.8 140.0 15.2 155.2 131.3 12.1 143.4
∆∆E 7.3 1.7 9.0 9.1 1.7 10.8 6.1 1.6 7.7

benzene 58.3 5.8 64.1 70.2 5.8 76.0 62.9 4.5 67.3

a Resonance energy difference∆∆E ) ∆E(hydrate)- ∆E(anhydrous).24
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of quinazoline to 3,4-dihydroquinazolin-4-ol (K1 ) 5.5× 10-3).
The activation energy of the process is 11.8 (4.9) kcal mol-1

and 3.8 (3.6) kcal mol-1 for the forward and reverse process,
respectively, at the B3LYP/6-311+G(2df,2p)//B3LYP/6-31G*
(MP2/6-31G**//HF/6-31G*) level of theory. In this pathway,
the energetics favors the reverse covalent dehydration process.
Moreover, consideration of resonance stabilization energy shows
that hydration of neutral quinazoline to form 3,4-dihydro-
quinazolin-4-ol involves a net loss of∼-1.2, -0.1, and-4.6
kcal mol-1 as computed at HF, MP2, and B3LYP levels of

theory, respectively. The influence of resonance stabilization
energy was invoked to explain the large differences in the
hydration of purine, pteridine, and derivatives.24 Differences in
aromaticity of anhydrous reactants vs hydrous products were
found to affect the relative extents of hydration and stability of
the heteroaromatic compounds. Therefore, the instability of 3,4-
dihydroquinazolin-4-ol is attributable to two factors: (1) the
disparity in the relative free energies of the products and
reactants, and (2) the loss in resonance energy. Acidification
of a 3,4-dihydroquinazolin-4-ol solution generates the stable

Figure 2. Reaction profile for the hydration of neutral quinazoline showing the calculated activation energies at the B3LYP/6-311+G(2df,2p)//
B3LYP/6-31G* level of theory. Activation energies calculated at the MP2/6-31G**//HF/6-31G* level of theory are shown in parentheses. Large
unlabeled circles represent carbon atoms, whereas the small circles are hydrogen atoms.

Figure 3. Reaction profile for the hydration of protonated quinazoline (N1) monocation showing the calculated activation energies at the B3LYP/
6-311+G(2df,2p)//B3LYP/6-31G* level of theory. Activation energies calculated at the MP2/6-31G**//HF/6-31G* level of theory are shown in
parentheses. Large unlabeled circles represent carbon atoms, whereas the small circles are hydrogen atoms.
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hydrate cation, 3,4-dihydro-4-hydroxyquinazolin-1-ium ion.
However, given the number of favorable competing processes,
formation of the quinazoline hydrate cation via this pathway is
insignificant.

Next, we consider the other pathways for hydration of
quinazoline under acidic conditions. Three species are produced
by the protonation of quinazoline, i.e., N1 monocation, N3
monocation, and the dication. The existence of these species
was the subject of several experimental investigations,14-19 and
the experimentally determined pKa’s for the various reactions
are given in Figure 1. Experimentally, it was assumed that the
N3 monocation is slightly more basic than the N1 monocations
based on the fact that isoquinoline (pKa ) 5.42) is a stronger
base than quinoline (pKa ) 4.90).17,18 Because the difference
in pKa values is not very large, a solution of protonated
quinazoline is likely a mixture of N1 and N3 monocations, with
the N3 monocation being the predominant species. Further
protonation of either N1 or N3 monocation forms the dication
(pKa ) -5.5). Our stability calculations at the MP2/6-31G**//
HF/6-31G* and B3LYP/6-311+G(2df,2p)//B3LYP/6-31G* lev-
els of theory are consistent with the experimental findings, i.e.,
dication . N3 monocation> N1 monocation. However, the
difference in energy between N3 and N1 monocations is very
small.

Hydration under acidic conditions proceeds by way of water
attacking N3, N1, or the dication. Water attack on the N1
monocation proceeds via a pathway involving an intermediate/
transition state with a four-atom ring in which hydrogen is
partially bonded to both oxygen and nitrogen (see Figure 3).
Activation energies for the forward and reverse processes were
calculated to be 35.1 (28.5) and 39.4 (38.8) kcal mol-1,
respectively, at the B3LYP/6-311+G(2df,2p)//B3LYP/6-31G*
(MP2/6-31G**//HF/6-31G*) level of theory. Corresponding
experimentally estimated solution phase activation energies at
273 K are 9.3 kcal mol-1 for hydration of quinazoline cation
and 15.3 kcal mol-1 for dehydration of the 3,4-dihydro-4-
hydroxyquinazolin-1-ium ion.17 Unlike hydration of neutral
quinazoline, formation of the quinazoline hydrate cation via this
pathway is favored.

Conclusion

In a quinazoline-water-metal cation system, the relative
affinity for water by the metal cation and quinazoline influences
the course of the hydration reactions. Energetic considerations
indicate that hydration of Li+, Na+, and Ca2+ ions is very
favorable compared to hydration of quinazoline. What is more,
hydration of metal ions prevails over the formation of metal
cation-quinazoline complexes. As a result, under very low
water content, metal cations out compete quinazoline for water.
We also found that hydration of protonated quinazoline is
favored over hydration of the neutral species. In fact, 3,4-
dihydroquinazolin-4-ol, a product of the covalent hydration of
neutral quinazoline is unstable. Loss in resonance energy and
the disparity in relative free energies of the products and
reactants are considered to be responsible for this instability.
Finally, the interaction of the metal cations and quinazoline
species with water in the gas phase may provide a basis for
more complex interactions in the environment, for example,
hydration at clay and metal oxide surfaces. Future work should
consider competitive hydration reactions involving, for example,
organic contaminant-clay-water systems, heavy metal-clay-
water systems, etc. at higher levels of theory.
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