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Computational Determination of Aqueous K, Values of Protonated Benzimidazoles (Part 1)
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Benzimidazoles are the organic compounds investigated in this work. The experimental determination of the
pKa values of protonated benzimidazoles in water is a challenge because of their low solubility. In addition,
some derivatives are involved in tautomeric equilibria which increase the complexity of the theortical p
determinations. In the present study, different approaches are considered to develop a methodology for the
accurate prediction of agueou&jvalues of protonated benzimidazoles at 298.15 K. We have considered
different reaction schemes for approximating the acid dissociation equilibrium; two distinct equations are
used for the calculation ofify values, and a number of levels of theory and empirical corrections are applied

in the process of working toward this aim. The best correlations between the experimental and calculated
data are obtained at the B3LYP/6-B&(d,p)-PCM(opt) level of theory. The predictive capabilities of the
methodologies attempted are tested with two compounds that were not included in the set of benzimidazoles
initially investigated. The direct calculations differ significantly from the expected values, buktheajues
calculated using the correlation equations are very similar and in reasonable agreement with the eKgected p
values.

1. Introduction 7 1}{
Acid equilibrium constantsK, pKa = —log K, are an 6 N 2

important property of organic compounds, with extensive effects />

on many biological and chemical systems. Aquedisyalues 3 i I;T

are especially useful because of their environmental and
pharmacological applicatiods. pK, values are related to a
number of properties of drugs, such as solubility, extent of
binding, and rate of absorption. In addition, the determination
of dosage forms and the regimes of drugs are also related to
their pK, values? A number of methods, both experimental and

Figure 1. Benzimidazole and its substitution positions.

Using a multiple linear regression, a recent study reproduced
experimental K, values within a mean absolute deviation of
0.09 K, units?

theoretical, have been employed to calculake palues’—11 Benzimidazoles are an interesting group of compounds that
The correlation of theoretical and experimental data can allow Offér @ number of challenges to the determination of their
the development of predictive models to determine tKg gf aqueous K, values. They are a class of compounds related to

compounds for which no experimental data are yet avaifble. imidazole, which forms the base of the amino acid histidine.
The theoretical determination of aqueot& palues remains Benzimidazoles have potential and realized applications in

a challenging problem for computational chemists. The ab initio Pharmacology as bactericid€s,antihistamines, analgesics,
calculation of K, values in solvents other than water is easily 2ntiviral compounds and antiulcer agents, among otfeside
achieved using continuum solvation mod&isVater is a very from the listed pharmacological applications, benzimidazoles
challenging solvent to model due to the large amount of have also found applications as fungicitfeand as corrosion

hydrogen bonding that is not considered in continuum solvation inhibitors” Figure 1 shows the structure of benzimidazole, the
modelst4 parent compound, and its substitution positions.

A number of different approaches have been deve|0ped to Benzimidazoles are soluble in Ol’ganiC solvents but have very
deal with the problem of calculating aqueou&apralues. A low water solubility, making the experimental determination of
common practice is to incorporate experimentally determined their aqueous acid equilibrium constant difficult. In addition,
values for the free energies of the solvated proton ifg p ~ Some derivatives are involved in tautomeric equilibria which
calculations. This practice generally seems to increase theincrease the complexity of theoretically determining theda p
accuracy of f, calculations and has been employed along with vValues'® An experimental method for determining(pvalues
high-level ab initio calculations (CBS-QB3) and a continuum of benzimidazoles involves dissolving the compound in a very
solvation model to calculatek values within 0.5 K, units# small amount of glacial acetic acid and subsequently diluting it
Another approach is to include explicit water molecules in with water. U\V—visible SpeCtra at different pH values and ionic
addition to a continuum solvation model. This approach has strengths allow the determination of the absolute yalues of
produced better results than using only a continuum model at these compoundsPotentiometric titrations have also been used
the same level of theory (MP2)A third approach for increasing ~ to determine the I, values of benzimidazolés.
the accuracy of calculated aqueou&,palues is the develop- Due to the relatively high I8, of neutral benzimidazole
ment of a qualitative structureproperty relationship (QSPR).  (12.75)1° most experimentally determined aqueoks palues
refer to the protonated forms instead of the neutral ones. There
* Corresponding author. E-mail: nmora@tru.ca. are few aqueous Ky, values of protonated benzimidazoles
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TABLE 1: Experimental Aqueous pK, Values of Protonated SCHEME 1

Benzimidazoles at 298.15 K . .
HBz'S Bz + H

molecule experimentaliy
5-nitrobenzimidazole 4.87 SCHEME 2
2-chlorobenzimidazole 4.88 HBz' + H,0 5 Bz + H;O"
benzimidazole 5.41
1-methylbenzimidazole 5.57
L-ethylbenzimidazole 5.62 SCHEME 3
4-methylbenzimidazole 5.67 HBz' + Bz S Bz + HBz"
5-methylbenzimidazole 5.81
5,6-dimethylbenzimidazole 5.89
2-methylbenzimidazole 6.20 SCHEME 4
5-aminobenzimidazole 6.41 HBz + OH" & Bz + H,0
2-ethylbenzimidazole 6.20
2-isopropylbenzimidazole 6.23 .
2-amri)nog)énzimidazole 7 g ion complexed by a number of water molecules. A recent paper

used ab initio calculations to elucidate a possible structure for

* Reference 3" Reference 20: Reference 21. this complex3 This difficulty in defining the exact structure

TABLE 2: Summary of Equilibria and Associated pK, of the proton in water has led to the use of other equilibria in

Definitions which the proton does not appear, presumably increasing the
specific equilibrium absoluteiy of HBz" 2 accuracy of the Calcu_late(KB .

Scheme 1 HBZ =Bz 1 H* Koz pK Scheme 1 is a satisfactory representation of the gas-phase
- a— 1 1 i 1

Scheme 2 HBZ + HO0= Bz + HO"  pKa= pK + pKa(HsO") = dgprotopatlon of.the acid .HBz in the aqueous phase, water

pK2 — log[H20] will be involved in the acig-base equilibrium, as shown in
Scheme 3 HBZ+ Bz;=Bz+ HBz"? pKa= pKs+ pKa(HBz:") Scheme 2. The relation between the calculatédbpScheme
Scheme 4 HBZz+ OH™ =Bz + H0 Wgzlfjf‘bzwpﬁal(géﬁ)za 2 and the absoluteKa of HBz" is shown in eq 2.
aHBz" represents a protonated benzimidazole derivatidg refers pK, = pK, — log[H,O] = pK, + pKa(H30+) 2

to the K of the reaction schema) indicated. Ky(HsO") = —1.74;
pKa(H20) = 15.74%2 P HBz;* represents the protonated benzimidazole

- In Scheme 3, the i, of HBz" is measured relative to the
used as a reference acid.

pK, of a reference acid: in this case, benzimidazole (HRz

available in the literature, and to the best of our knowledge, no The relation betwein_ the caIcn_JIateb{ pf Scheme 3 and the
previous theoretical studies have been reported on this topic.20SOlute fa of HBZ™ is shown in eq 3.
The development of a computational procedure for the prediction
of unknown K, values of protonated benzimidazoles is of
practical interest, as previously noted. The experimental aqueou
pKa values at 298.15 K of the protonated benzimidazoles
considered in this study are shown in Table 1.

In this paper, a number of different approaches are considered
with the aim of developing a methodology for the accurate — —
prediction of the aqueousKp values of protonated benzimida- PKa = P, + Py, +10g[H, 0] = pK, + pK(H0) (4)
zole derivatives at 298.15 K. Different reaction schemes are 5 o Equations Used for Calculating Aqueous K, Values.
considered in order to approximate the acid dissociation The theoretical calculation of equilibrium constarks pK =
equilibrium; two dIStII’I.C'[ equations are used for the calculation —log K) can be accomplished using two primary equations that
vl of heory ot e Tl Se of compound PIEVOUSY o sacios ot s oot o e e
presented, followed by correlations between the experimental |4y energies of the ground states of the products and reactants
and calculated data. at 0 K (AE,), the molecular partition functionsy§, and the
stoichiometric coefficient) of each specied\a is Avogadro’s
number,R is the gas constant, andis the absolute tempera-

2.1. Equilibria Used for Calculating the Aqueous K, ture?
Values of the Protonated BenzimidazolesA summary of the

PK(HBZ") = pK, + pK,(HBZ,") (3)
sScheme 4 is similar to Scheme 3 except that the reference acid

is water instead of HBz The relation between theKpof
Scheme 4 and the absolut&jof HBz" is shown in eq 4.

2. Methodology

reaction schemes considered for the study of the acid dissocia- K = _Iog(H(_l)Uie—AEOIRT) (5)
tion of the protonated benzimidazoles, and their relatg p Na

definitions, is shown in Table 2. The information in this table

is discussed below. The reference state of eq 5 is 1 motfnAE, andg must be

The equilibrium used to calculate absoluté,walues is the calculated with respect to the same energy state Q in our
dissociation of an acid into its conjugate base and a free proton.case). The molecular partition functions in eq 5 assume a volume
Scheme 1 shows the acid dissociation of a protonated benz-of 1 m® and are approximated as a product of electronic,
imidazole (HBZ) into its conjugate base, neutral benzimidazole vibrational, rotational, and translational partition functions of

(Bz), and a free proton (H. The absolute I§; of HBz" is the noninteracting specie’d.To use eq 5, the molecular partition
pK of Scheme 1 (Kj). functions calculated using the molar volumé,(= 24.46 L)
of an ideal gas at the standard presspfe 1 atm) and 298.15
pK, = pK; 1) K must be converted using eq 6.
The exact structure of the proton in agueous solution is difficult a1 m3) = g (1 atm, 298 K)x 1 mol x 1000 L (6)

to define, though it is commonly assumed to be a hydronium Vim 1n’
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When trying to calculate agueoupvalues using eq 5, SCHEME 5

solvent effects should be included in the geometry optimizations G, (HBz') G, (H,0) AG, G, (Bz) G, (H,0")
and frequency calculations of the species involved in the HBZ'  + H.O R Bz + HO'
equilibrium, so that thé\E, andg; values incorporate the solvent ) e ®s) e
effects. If solvent effects are only included in a single-point v v v v
energy calculation, the use of eq 5 would imply that the ratio AG,,,(HBz")AG,,,(H,0) AAG,,, AG,,,(B2) AG,,,(H,0")
of molecular partition functions is virtually the same regardless " \ \ \

of whether it is calculated in the gas phase or in solution. HBz'w + H,0, - Bz,, + H,0(,
Applying the solvent model in a single-point energy calculation G,HBz') G, (H,0) AG, G,(Bz G,(H0")

also implies that the relaxation energy (the energy difference

between the gas-phase and aqueous-phase geometries) ig yhe temperature at which the equilibrium constant is to be

negligible. calculated.
The application of eq 5 to Scheme 1 is impractical due to

the uncertainty regarding the structure of the free proton in AG,,= AG + AAG,, (12)
solution and the fact that its energy cannot be directly calculated.
The application of eq 5 to Scheme 2 is shown in eq 7, and the _

i . Ny Ggas_ E‘gl]’;);al + TCGgas (13)

calculation ofAE, is shown in eq 8EiOK represents the energy

at 0 K of species, which is the total energy calculated plus the
zero-point energy correction (ZPC). Since Schemes 3 and 4 are) —; 27y ¢onyersion of the Gibbs free energy from a reference
similar in form to Scheme 2 because they have the same number_, .

of reactant and product species, the application of eq 5 is ver state of 1 afm to a reference state of 1 mof is shown in eq
. p P ’ PP q Y14. In Schemes 2, 3, and 4, these corrections cancel out, and in
similar to that of eq 7. In the cases of Schemes 2, 3, and 4, the

o Scheme 1, an experimental value for the Gibbs free energy of
in;Jtlrlrl]b(r:lgir:C?ggstants at the reference states of 1 mdi and the aqueous proton is employed, meaning that the Gibbs free

energy corrections for the acid and the base cancel each other
out, so these corrections are not included in our calculations.

For aqueous systems, the reference state for eq 9 is 1 mol

On,0+082
pK, = —log [[———|e *&"T 7
01,0082+ G(1 mol L™, 298.15 K)= G(1 atm, 298.15 K}t RTIn V.,
14
A, =Bl +EX—EN—El  ® -

To overcome the difficulty associated with the structure of

Another approach for calculating aqueous equilibrium con- the aqueous free proton when applying eq 9 to Scheme 1, the
stants more frequently found in the literature makes use of eq experimentally determined values GdH") = —26.28 kJ/
9 whereAGgq is the aqueous Gibbs free energy change of the mol andAGso(H) = —1105 kJ mol? (ref 28) are used when
reactior? If the geometry optimizations and frequency calcula- calculatingGag(H™).
tions of the species involved in the equilibrium are performed  The thermodynamic cycle employed for eq 12 and Scheme
including solvent effects, the values of the aqueous Gibbs free 2 is shown in Scheme 5. Equations 11 and 12 take the form of
energy (Gag) of each reactant and product are directly obtained eq 15 and 16, respectively. The thermodynamic cycle and the
by adding the thermal correction to the Gibbs free energy calculation ofAG,q for Schemes 2, 3, and 4 are very similar.
(TCGyg and the total energy calculated without temperature
correction Elgta'), as indicated in eq 10. In this cagkGaq can
be calculated from the difference B, of the products and
reactants, as shown in eq 11. A similar treatment is employed
by Klamt et al. in a recent papé.

AG, = G,((B2) + G,(H;0") — G,(HBz") — Gaq(H28)5 |

AG,,= (Gy.dB2) + Ggas(H30+) — Gy{H Bz") —
Gga4H20)) + (AGSO|\XBZ) + AGsolv(Hso-F) -

K— AG,, 9
PR = RTIn 10 ©) AGSO|V(HBz+) - AGsoI\XHZO)) (16)
GCyq= E;gta' +TCG,, (10) Since eq 5 and 9 are related to each other, when the geometry
optimizations and harmonic frequency calculations are per-
AG,,= ZG_(products)- 2G, (reactants) (11) formed in the aqueous phase, they should yield identical results.
aq a al

When optimizations are performed in the gas phase, followed
If solvent effects are considered through a single-point (sp) by single-point energy calculations including solvent effects,
energy calculation instead, a thermodynamic cycle should bethe values produced by the two equations might be slightly

used to calculateAG,q In this case, the value oAGyq is
calculated using eq 12, whereGgyasis the Gibbs free energy
change of the reaction in the gas phase amGgy is the
difference in solvation free energieAGso) between products
and reactants. Th&g,sof each species is calculated using eq
13, whereET;’;a' represents the total gas-phase energy calcu-
lated without temperature correction, and Tg&ds the thermal

different, probably due to differences in the calculation of
partition functions in the gas and aqueous phases and the fact
that calculations with eq 9 employ a thermodynamic cycle.
2.3. Treatment of Tautomeric Equilibria. Benzimidazole
derivatives that are not substituted at positions 1 or 3 (see Figure
1) exhibit tautomeric equilibria when in their neutral forms. This
type of tautomerism is specific to heterocyclic systems and is

correction to the gas-phase Gibbs free energy. When using thecalled annular tautomeristi. In this kind of tautomerism,

PCM or COSMO solvent models, Gaussiarf®@&an include
the AGqqy in the output file by including the “scfvac” keyword
in the input file. Previously referenced thermal corrections refer

solution equilibrium is so fast that individual tautomers are
impossible to isolaté® An example of a tautomeric equilibrium
in benzimidazoles is shown in Figure 2.
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Figure 2. 4-Methylbenzimidazole and its tautomer, 7-methylbenzimi-
dazole.
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combinations of methods (AM®,HF, MP23! and B3LYF?),

basis sets (6-31G(d,p), 6-313#+G(d,p), 6-31H1-+G(2df,2p)33

and aug-cc-pvd?), and solvent models (PC¥land COSM@)

are applied in trial calculations to compare their relative
accuracies and to select the best combination of methods to
calculate the K, values of the set of benzimidazoles under
study. All of the calculations using the PCM solvent model
employ the UAHF atomic radii when constructing the solvent
cavity, as recommended in the Gaussian 03 User’'s Reference

The tautomers of benzimidazoles substituted at position 2 are,\ynen the “scfvac” keyword is used to obtain the free energy of

indistinguishable and presumably are equally populated. For gqation, as is the case in this studyAll the geometries are
derivatives with nonidentical tautomers, it must be assumed thatfu”y optimized, and the character of the stationary points found

one tautomer will be more stable and will therefore be more
populated than the other. Equation 17 defines the relative
population of the named benzimidazole tautonfer §nd the
unnamed tautomerfy. In cases where the tautomers are
identical ; = f, = 0.5), the acie-base equilibrium of such a
derivative will be affected, as would a 2-fold degeneracy of
the neutral benzimidazof&.If the benzimidazole is substituted
at position 1 {; = 1, f, = 0), the acidity of the derivative is due
exclusively to the proton at position 3.
f+f,=1, 0=<f =<1, 0=f,=<1 a7

Tautomerism can be defined as an equilibrium between two
molecular states. The equilibrium constant for tautomerisi) (

can be defined in terms of concentrations or relative populations

of the two tautomers, as shown in eq 18, whereahd T,
represent the two tautomeric forms of the acid A. The relative

population of the named tautomer can be calculated from the

tautomeric equilibrium constant (calculated using eqs 5 or 9)
as shown in eq 19.

_f, [Ty

AR AN S| 4o
1

=i 1 (19)

is confirmed by a harmonic frequency calculation at the same
level of theory to ensure a minimum is located. When optimiza-
tions are performed with a solvent model, the solvent model is
also included in the harmonic frequency calculation.

3. Results and Discussion

3.1. Preliminary Calculations on BenzimidazoleTo select
the computational methods, basis sets and solvent models to
be used in the I§; calculations of the set of benzimidazoles
under study (see Table 1), a series of trial calculations are
performed on the smallest molecule studied: benzimidazole.
The results of the trial calculations are shown in Table 3, with
calculated [, values that are withind=0.30 units of the
experimental value (5.41) indicated. The raw data for these
calculations can be found in Table S1 of the Supporting
Information. It was not possible to optimize the hydroxide ion
at the MP2 and B3LYP levels of theory (basis set: 6-&t
(d,p)) while including solvent effects (PCM).

The application of the two equations fdfpcalculations (eqs
5 and 9) produces similar results. When geometries are
optimized in solvent, eqs 5 and 9 produce virtually identical
results. Only when gas-phase geometries are used is there any
difference between the values obtained using both equations.
These results were expected and briefly discussed in section
2.2. Mean absolute deviations (AD, the mean of the unsigned
deviations between pairs of corresponding values) between the
calculated values of 0.25, 0.20, and 1.04, pnits are obtained

In any aqueous solution, the concentration of a benzimidazole ysing Schemes 2, 3, and 4, respectively.

derivative will be the sum of the concentrations of each

Scheme 1 consistently produces values within approximately

tautomer. The concentration of each tautomer, as a portion of3 pK, units of the literature value. Schemes 2 and 4 produce

the total concentration, is the relative population of the tautomer
multiplied by the total concentration. The tot&] is calculated
from site-specific acid equilibrium constants using eq 20.

_[H7IB] _ [HIB], |, [H7](B],
f, i

T T A Al

. =KL+ K2 (20)

The overall K, of benzimidazoles can be viewed as the
combination of the site-specifickp values of the protons at
positions 1 and 3, defined a&kpand KZ. Equation 20 and the
definition of the relative populations in eq 17 can be combined
to derive the relation between the tot&land the site-specific

good results that are very similar when experimental values are
used for the free energies of water and the hydroxide and
hydronium ions. When Schemes 2 and 4 are applied using only
ab initio data, Scheme 2 performs better than Scheme 4, with
the exception of the levels of theory employing the COSMO
solvation model. Scheme 3 is considered for 9 of the 13 trial
calculations; it produces the most consistent and accurate results
of the four schemes applied with a mean absolute deviation from
the experimental value of 0.64Kp units. When using this
reaction scheme in the trial calculations, protonated 2-methyl-
benzimidazole is used as the reference. As can be seen in Table
3, the use of gas- or aqueous-phase geometries with Scheme 3

pKa values shown in eq 21. The acid dissociation constants of leads to basically the samépvalues using both equations.

each of the tautomeric forms ar&pand (K2 Equation 21 is
only valid for species with one acid form and two tautomeric
basic forms.

K, = —log(K; + K2) = pK; + log f; = pK + logf, (21)

2.4. Computational Details.Electronic structure calculations
have been performed using the Gaussiai §&ries of programs

Four calculations are performed with the MP2//AM1, HF,
MP2, and B3LYP methods using gas-phase geometries, the
6-31+G(d,p) basis set and the PCM solvent model with UAHF
atomic radii. Similarly, three calculations are performed with
the MP2//AM1, MP2, and B3LYP methods using the same type
of geometry and basis set but applying the COSMO solvent
model. In all cases where experimental free energy values are
used (Schemes 1, 2, and 4), the two solvent models produce

on a PQS Quantum Cube with 2.8 GHz Xeon processors runningsimilar results. When Schemes 2 and 4 are applied using only

the Mandrake 9.2 Linux operating system. A total of 13 different

ab initio data, the PCM solvent model is much more accurate.
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TABLE 3: Aqueous pK, Values of Protonated Benzimidazole at 298.15 K, Calculated Using Different Methods, Basis Sets, and
Solvent Modeld

solvent

level of theory model geometry SI°eq9 S2eq5 S2eq9 S2eq9 S89eq5 S89eq9 SZeq5 S#eq9 S4eq9 ADF
MP2/6-3HG(d,p)//AML  PCM  gas-phase 3.53 3.26 316 491 542 6.11  —0.65 276 489 1.86
MP2/6-3H-G(d,p)//AM1 COSMO gas-phase 2.25 16.75 17.12 3.63 4.76 5.31 —-9.60 —7.62 361 6.51
HF/6-314+G(d,p) PCM aqueous-phase  7.23 5.67 5.68 8.62 441 4.41 3.14 3.14 859 1.70
HF/6-31+G(d,p) PCM gas-phase 6.80 8.52 7.98 8.18 4.42 4.47 0.57 0.42 8.16 271
MP2/6-3H-G(d,p) PCM aqueous-phase  3.05 1.37 1.37 4.43 5.22 5.22 441 1.83
MP2/6-3H-G(d,p) PCM gas-phase 273 5.18 4.85 4.12 5.22 5.63 0.90 390 410 1.39
MP2/6-3H-G(d,p) COSMO gas-phase 2.53 17.72 18.04 3.91 —8.65 —6.72 3.89 8.15
B3LYP/6-31+G(d,p) PCM aqueous-phase  4.64 3.47 3.47 6.02 4.46 4.46 6.00 0.97
B3LYP/6-31+G(d,p) PCM gas-phase 4.12 7.28 6.82 5.50 4.42 4.46 2.22 199 548 148
B3LYP/6-31+G(d,p) COSMO gas-phase 404  19.85 19.775.43 4.66 471 —696 —7.11 540 6.28
B3LYP/6-31++G(d,p) PCM  gas-phase 3.79 7.31 6.84 5.18 1.71 150 5.16 1.86
B3LYP/6-311+G(2df,2p) COSMO gas-phase 4.55 20.50 20.43 5.93 —-7.02 —7.18 591 8.15
B3LYP/aug-cc-pvdz PCM gas-phase 3.77 7.80 7.335.16 0.91 069 514 224
MD/AD of eq 5 from eq 9 0.14/0.25 —0.18/0.20 —0.75/1.04
AD of gas-phaselg, 0.42 3.49 3.04 0.42 0.02 0.15 2.57 2.72 0.42 0.65

from aqueous phase<g?

a A gas-phase geometry exists when the solvent model is applied in a single-point energy calculation (sp). An aqueous-phase geometry exists
when the solvent model is applied during optimization and frequency calculationsX@p#. K, values are calculated using only ab initio data.
¢ The K, values were calculated using experimental data for the free energy valuesoHa®, H;O", and H". ¢ The application of Scheme 3
(S3) in this case uses 2-methylbenzimidazole as the reference mofddigan absolute deviation of the calculatdthpalues from the experimental
pKa of benzimidazole (5.41).Mean deviation (MD) and mean absolute deviation (AD) of ti& palues calculated using egs 5 and?8lean
absolute deviation betweerKpvalues calculated using aqueous- and gas-phase geometries at the HF, MP2, and B3LYP levels of theory using the
6-31+G(d,p) basis set and the PCM solvent modidihe experimental I9, value is 5.4 Sx is an abbreviation for Scheme

Using the following combinations of methods and basis set, proper reaction scheme is employed, an accurate aquéQus p
HF/6-31+G(d,p)-PCM, MP2/6-31G(d,p)-PCM, and B3LYP/ of protonated benzimidazoles at 298.15 K can be calculated
6-31+G(d,p)-PCM, K, values are calculated by applying the using several of the computational methods shown in Table 3.
solvent model first during the optimization and frequency Other conclusions from the trial calculations are that (a)
calculation (aqueous-phase geometry) and then only during aincorporating solvent effects through a single-point (sp) energy
single-point energy calculation (gas-phase geometry), as de-calculation using gas-phase geometries produces results com-
scribed in section 2.2. When experimental free energies are usegarable to calculations using aqueous-phase geometries when
(Schemes 1, 2, and 4), aqueous-phase geometries prokice p experimental free energy values are used or when Scheme 3 is
values higher by 0.310.52 K, units, not always in better  applied; (b) the smallest basis set used, 6-G1d,p), should
agreement with the experimental data. When using only ab initio be adequate; and (c) the COSMO solvent model produces results
data in Schemes 2 and 4, the deviation betwelégn @alues similar to the PCM model when experimental free energy values
calculated using aqueous-phase and gas-phase geometriesre used, with the exception of the MP2//AM1 calculations.
became much more significant. In this case, the use of gas-When using only ab initio data, the PCM model is much more
phase geometries producelipralues higher by a maximum  accurate than COSMO.
of approximately 3 K, units. The results using Scheme 3 with On the basis of the accuracy of the trial calculations, the best
gas- and aqueous-phase geometries are similar, with a mearromputational method is not obvious, so our selection is based
absolute deviation between the values of 0.02 using eq 5 andon the most effective use of the computing resources available
0.15 using eq 9. while trying to explore a variety of method combinations. Four

B3LYP calculations combined with the PCM solvation model levels of theory are selected from the trial calculations and used
and using gas-phase geometries are performed with three basito determine the Ig, values of the set of thirteen benzimida-
sets: 6-31+G(d,p), 6-31%++G(d,p), and aug-cc-pvdz. Similarly,  zoles: MP2/6-31+G(d,p)//AM1-COSMO(sp), HF/6-3tG(d,p)-
B3LYP calculations with the COSMO solvation model and the PCM(opt), B3LYP/6-3%#G(d,p)-COSMO(sp), and B3LYP/6-
6-31+G(d,p) and 6-31%+G(2df,2p) basis sets are also per- 31+G(d,p)-PCM(opt). Some calculations performed on benzimi-
formed. From these calculations, we conclude that the increasedazole derivatives using the MP2 method did not show any
in size of the basis set appears to have a negligible effect onsignificant improvement over the B3LYP calculations and
the accuracy of the calculatedKp values and significantly consumed more computing resources.
increases the computational time. 3.2. Calculations on the Set of Benzimidazoles under

By far, the most pronounced effects on the calculat&d p  Study. The four different equilibria shown in Table 2 are
values are produced by using experimental free energy valuesconsidered during thely calculations at the four levels of
and by the reaction scheme used to calculate gevalues. theory chosen. For Scheme 1, only eq 9 is applied using the
At the HF level of theory, Scheme 2 produces the best results, experimental values for the Gibbs free energies of the proton.
while, at the MP2 level of theory, Scheme 3 produces the best Equations 5 and 9 are both used to calculate tevalues of
results. Atthe B3LYP level, Schemes 2 and 4 with experimental the other three equilibria (Schemes 2, 3, and 4). For Schemes
free energies give the best results. The most accurate result® and 4, eq 9 is applied in two ways, using only ab initio data
produced using ab initio data alone are at the HF/6-G{d,p)- and using the experimental Gibbs free energies of water and
PCM(opt) and MP2/6-3tG(d,p)-PCM(sp) levels of theory, but  the hydroxide and hydronium ions, as explained in the trial
considering the relatively poor performance of these methods calculations. The raw data of the calculations performed can
with other schemes, the results are most likely coincidental. The be found in Tables S2S5 in the Supporting Information.
smallest mean absolute deviation (0.9%; pinits), taking into The relative populations of the tautomers are calculated for
account all the reaction schemes considered, is obtained at theeach of the four benzimidazole derivatives with nonidentical
B3LYP/6-31+G(d,p)-PCM(opt) level of theory (see Table 3). tautomers and used to correct the calculatégvalues. At each

The main conclusion from the trial calculations is that if the level of theory, the equilibrium constant for tautomerism is
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TABLE 4: Relative Populations of Nonidentical Tautomers
MP2/6-31G(d,p)//AM1-  HF/6-31+G(d,p)-

HF/6-31-G(d,p)- B3LYP/6-314+G(d,p)- B3LYP/6-31+G(d,p)-

COSMO(sp) PCM(sp) PCM(opt) COSMO(sp) PCM(opt)
molecule eq fla fgb fla fzb fla fzb fla fzb fla fzb
5-nitrobenzimidazole 5 0.594 0.406 0.748 0.252 0.737 0.263 0.682 0.318 0.644 0.356
9 0.630 0.370 0.755 0.245 0.737 0.263 0.686 0.314 0.644 0.356
4-methylbenzimidazole 5 0.577 0.423 0.470 0.530 0.501 0.499 0.634 0.366 0.494 0.506
9 0.580 0.420 0.531 0.469 0.501 0.499 0.605 0.395 0.494 0.506
5-methylbenzimidazole 5 0.462 0.538 0.413 0.587 0.404 0.596 0.441 0.559 0.413 0.587
9 0.445 0.555 0.421 0.579 0.404 0.596 0.442 0.558 0.414 0.586
5-aminobenzimidazole 5 0.444 0.556 0.227 0.773 0.230 0.770 0.291 0.709 0.286 0.714
9 0.355 0.645 0.229 0.771 0.230 0.770 0.289 0.711 0.286 0.714

aThe value off; is the relative population of tautomer 1 which is the named tautomer; e.g., tautomer 1 for 5-nitrobenzimidazole is substituted

at position 5.° The value off; is the relative population of tautomer 2 which is the unnamed tautomer; e.g., tautomer 2 for 5-nitrobenzimidazole
is substituted at position 6.

TABLE 5: Calculated Aqueous pK, Values for the Protonated Benzimidazoles at 298.15 K, Using Different Reaction Schemes
(S1—4) and Equations at the MP2/6-3%#G(d,p)//AM1-COSMO(sp) Level of Theory

molecule lit value

Sleg®® S2eqB S2eq9® S2eq9 S3eqB S3eqd Sd4eqB S4eq9 Sdeq9
5-nitrobenzimidazole 4.17 0.02 13.21 14.90 1.40 1.87 3.18 —13.15 —9.85 1.38
2-chlorobenzimidazole 4.68 —2.43 12.33 12.45 —1.04 0.99 0.73 —14.02 —-12.29 -1.07
benzimidazole 5.41 2.25 16.75 17.12 3.63 541 54r —9.60 —7.62 3.61
1-methylbenzimidazole 5.57 421 18.62 19.09 5.59 7.28 7.37 —7.73 —5.66 5.57
1-ethylbenzimidazole 5.62 3.31 17.60 18.19 4.70 6.26 6.48 —8.75 —6.55 4.68
4-methylbenzimidazole 5.67 2.74 17.23 17.62 4.13 5.89 590 —9.13 —-7.12 4.10
5-methylbenzimidazole 5.81 2.67 17.20 17.54 4.05 5.85 5.83 —9.16 —7.20 4.03
5,6-dimethylbenzimidazole 5.89 3.30 17.73 18.18 4.69 6.38 6.46 —8.63 —6.56 4.66
2-methylbenzimidazole 6.10 3.03 18.09 17.91 4.42 6.75 6.20 —8.26 —6.83 4.40
5-aminobenzimidazole 6.11 2.10 16.50 16.98 3.49 5.16 5.27 —9.85 —7.76 3.47
2-ethylbenzimidazole 6.20 2.16 17.14 17.03 3.54 5.79 5.32 —9.22 —-7.71 3.52
2-isopropylbenzimidazole 6.23 1.82 16.93 16.70 3.21 5.58 498 —9.43 —8.05 3.18
2-aminobenzimidazole 7.18 4.11 19.49 18.99 5.50 8.15 7.28 —6.86 —5.75 5.47
mD¢d —3.49 11.09 11.39 —-2.10 -0.27 —-0.35 —15.26 —-13.35 —-2.13
AD¢® 3.49 11.09 11.39 211 1.06 0.97 15.26 13.35 2.13

2Values 0fGgas and AGsoi, for OH™, H,O, H;O™, and H" are taken from the literatuf&. » The [Ka values are calculated using only ab initio
data.c Experimental i, value. All other K, values are calculated relative to this value, which was not included in the calculation of deviations.

4 Mean deviation of the calculateKpvalues from the literature valuesMean absolute deviation of the calculated,walues from the literature
values.

calculated using both eqs 5 and 9. The relative population of at the B3LYP/6-3%G(d,p)-PCM(opt) level of theory. We were
each tautomer is calculated with both equilibrium constants. unable to find experimental determinations of these relative
When calculating K, values with eq 5, the relative population  populations.
derived using eq 5 is employed, and when calculatidgvalues Tables 5-8 show the results of the calculations performed
with eq 9, the relative population derived using eq 9 is atthe MP2/6-33G(d,p)//AM1-COSMO(sp), HF/6-3tG(d,p)-
employed. At the four selected levels of theory, the relative PCM(opt), B3LYP/6-3%G(d,p)-COSMO(sp), and B3LYP/
populations calculated by the two equations are always within 6-31+G(d,p)-PCM(opt) levels of theory, respectively. It was
0.06 of each other. not possible to optimize the protonated form of 2-isopropyl-
Table 4 shows the relative populations calculated at each levelbenzimidazole at the HF/6-31G(d,p)-PCM(opt) and B3LYP/
of theory for the four benzimidazole derivatives with nonidenti- 6-31+G(d,p)-PCM(opt) levels of theory, so this compound is
cal tautomers, as well as the results obtained at the HFH8531 not included in the data set at these levels of theory. One of the
(d,p)-PCM(sp) level of theory, for comparison purposes. It is lowest mean and mean absolute deviations at all the levels of
important to note that the maximum difference in aqueous Gibbs theory is obtained when working with Scheme 3 (using both
free energies between any pair of tautomers is of 3.04 k3'mol  pK, expressions). Once again, it is shown this palculations
(for 5-aminobenzimidazole at the HF/6-8G(d,p)-PCM(sp) using eq 5 and 9 give very similar results with Schemes 2, 3,
level of theory). For most of the tautomeric pairs, the difference and 4 when only ab initio data is used.
is less than 1.00 kJ mol. Equations 5 and 9 give virtually Scheme 1 producesgvalues that are both higher and lower
identical values when aqueous-phase geometries are used (witlthan the experimental values depending on the level of theory
mean absolute deviations of 0.000.009) and similar values  and performs best with the two B3LYP levels of theory.
when gas-phase geometries are used (with mean absolutesSchemes 2 and 4 give results comparable to or better than
deviations of 0.0260.036). Table 4 also shows that the use of Scheme 1 when experimental free energy values are used for
gas- or aqueous-phase geometries seems to have no significarwater and the hydroxide and hydronium ions. When using only
influence on the calculated relative populations of the tautomeric ab initio data, Scheme 2 produces a large positive deviation
benzimidazoles. The mean absolute deviation between relativewhile Scheme 4 produces a large negative deviation from
populations using HF calculations using both types of geometries experimental values when the COSMO solvation model is used.
is 0.015. Almost identical values are also obtained from the When the PCM solvation model is used, the calculated values
two B3LYP combinations employed, even though the solvent are much improved and are comparable to the values calculated
models used are not identical. The qualitative prediction of the using experimental free energies. Scheme 3 gives the most
most stable tautomer is very consistent between the differentaccurate results for the MP2/6-8G(d,p)//AM1-COSMO(sp)
levels of theory, with the exception of 4-methylbenzimidazole and HF/6-3%G(d,p)-PCM(opt) levels of theory, showing a
at the HF/6-31+G(d,p)-PCM(sp) level of theory using eq 5 and mean absolute deviation of 0.97.10 K, units and mean
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TABLE 6: Calculated Aqueous pK, Values for the Protonated Benzimidazoles at 298.15 K, Using Different Reaction Schemes
(S1—4) and Equations at the HF/6-3%#G(d,p)-PCM(opt) Level of Theory

molecule litvalue Sleg® S2eqB S2eq9 S2eq9® S3eq8 S3eqd Sd4eq8 Sd4eq9d Sdeq9
5-nitrobenzimidazole 4.17 3.25 1.69 1.69 4.63 1.43 1.43 —0.85 —0.85 4.61
2-chlorobenzimidazole 4.68 1.18 —0.38 —0.38 2.56 —0.64 —0.64 —2.92 —2.92 2.54
benzimidazole 5.41 7.23 5.67 5.68 8.62 541 54 3.14 3.14 8.59
1-methylbenzimidazole 5.57 7.90 6.34 6.35 9.29 6.08 6.08 3.81 3.81 9.26
1-ethylbenzimidazole 5.62 8.07 6.52 6.52 9.46 6.25 6.25 3.98 3.98 9.44
4-methylbenzimidazole 5.67 7.31 5.76 5.76 8.70 5.49 5.49 3.22 3.22 8.68
5-methylbenzimidazole 5.81 7.68 6.12 6.12 9.07 5.86 5.86 3.59 3.59 9.04
5,6-dimethylbenzimidazole 5.89 8.14 6.58 6.58 9.52 6.32 6.32 4.04 4.04 9.50
2-methylbenzimidazole 6.10 8.92 7.37 7.37 10.31 7.10 7.10 4.83 4.83 10.29
5-aminobenzimidazole 6.11 8.13 6.57 6.58 9.52 6.31 6.31 4.04 4.04 9.49
2-ethylbenzimidazole 6.20 9.07 7.51 7.51 10.45 7.25 7.25 4.97 4.97 10.43
2-aminobenzimidazole 7.18 9.82 8.27 8.27 11.21 8.00 8.00 5.73 5.73 11.18
MD¢ 1.53 —0.03 —0.03 291 -0.32 -0.32 —2.57 —2.57 2.89
AD® 2.26 1.22 1.23 3.26 1.10 1.10 2.57 2.57 3.24

2Values 0fGgas and AGson, for OH™, H,0, H;O™, and H" are taken from the literatufé. » The K, values are calculated using only ab initio
data.¢ Experimental , value. All other (K, values are calculated relative to this value, which was not included in the calculation of deviations.

dMean deviation of the calculatedpvalues from the literature valuesMean absolute deviation of the calculated,alues from the literature
values.

TABLE 7: Calculated Aqueous pK, Values for the Protonated Benzimidazoles at 298.15 K, Using Different Reaction Schemes
(S1-4) and Equations at the B3LYP/6-3%G(d,p)-COSMO(sp) Level of Theory

molecule litvalue Sleg® S2egB S2eq9 S2eq9® S3eq8 S3eqd Sd4eqB8 Sd4eqd Sdeq9
5-nitrobenzimidazole 4.17 0.12 15.91 15.85 1.50 1.47 1.48 —10.90 —11.04 1.48
2-chlorobenzimidazole 4.68 —1.05 14.79 14.68 0.34 0.35 0.32 -—-12.02 —12.20 0.32
benzimidazole 541 4.04 19.85 19.77 5.43 541 541 —6.96 —-7.11 5.40
1-methylbenzimidazole 5.57 4.84 20.63 20.57 6.23 6.19 6.21 —6.17 —6.31 6.20
1-ethylbenzimidazole 5.62 4.98 20.74 20.71 6.36 6.30 6.35 —6.07 —6.18 6.34
4-methylbenzimidazole 5.67 4.19 20.07 19.92 5.57 5.62 556 —6.74 —6.96 5.55
5-methylbenzimidazole 5.81 4.47 20.28 20.20 5.86 5.84 5.84 —6.53 —6.68 5.84
5,6-dimethylbenzimidazole 5.89 5.11 20.89 20.84 6.49 6.45 6.48 —5.91 —6.05 6.47
2-methylbenzimidazole 6.10 5.43 21.29 21.16 6.82 6.85 6.80 —5.52 —5.72 6.80
5-aminobenzimidazole 6.11 5.58 21.35 21.31 6.97 6.91 6.95 —5.46 —5.57 6.94
2-ethylbenzimidazole 6.20 4.96 20.58 20.69 6.35 6.14 6.33 —6.22 —6.19 6.32
2-isopropylbenzimidazole 6.23 4.73 20.54 20.45 6.11 6.09 6.09 —6.27 —6.43 6.09
2-aminobenzimidazole 7.18 7.20 23.00 22.93 8.58 8.56 8.57 —3.81 -3.95 8.56
mD¢d —1.54 14.25 14.19 —0.16 -0.21 —-0.19 —12.56 —12.70 —0.18
AD¢® 1.54 14.25 14.19 0.96 1.01 1.03 12.56 12.70 0.95

2Values 0fGgas and AGsoi, for OH™, H-0, H;O™, and H" are taken from the literatuf&. » The Ka values are calculated using only ab initio
data.¢ Experimental . value. All other K, values are calculated relative to this value, which was not included in the calculation of deviations.

4 Mean deviation of the calculateKpvalues from the literature valuesMean absolute deviation of the calculated,walues from the literature
values.

TABLE 8: Calculated Aqueous pK, Values for the Protonated Benzimidazoles at 298.15 K, Using Different Reaction Schemes
(S1—4) and Equations at the B3LYP/6-34G(d,p)-PCM(opt) Level of Theory

molecule lit value S1eq® S2eq8 S2eqd S2eq9 S3eq8 S3eq9 S4eq9
5-nitrobenzimidazole 4.17 0.34 -0.83 -0.83 1.73 1.12 1.12 1.71
2-chlorobenzimidazole 4.68 —0.50 —-1.67 —-1.67 0.88 0.27 0.27 0.86
benzimidazole 5.41 4.64 3.47 3.47 6.02 541 5.41 6.00
1-methylbenzimidazole 5.57 5.19 4.02 4.02 6.57 5.96 5.96 6.55
1-ethylbenzimidazole 5.62 5.39 4.22 4.22 6.78 6.16 6.16 6.75
4-methylbenzimidazole 5.67 4.86 3.69 3.69 6.24 5.63 5.63 6.22
5-methylbenzimidazole 5.81 5.16 3.99 3.99 6.54 5.93 5.93 6.52
5,6-dimethylbenzimidazole 5.89 5.73 4.56 4.56 7.11 6.50 6.50 7.09
2-methylbenzimidazole 6.10 6.27 5.11 5.11 7.66 7.05 7.05 7.64
5-aminobenzimidazole 6.11 6.22 5.05 5.05 7.60 6.99 6.99 7.58
2-ethylbenzimidazole 6.20 6.37 5.20 5.20 7.75 7.14 7.14 7.73
2-aminobenzimidazole 7.18 8.78 7.61 7.61 10.16 9.55 9.55 10.14
MDd —0.83 —2.00 —2.00 0.55 —0.07 —0.06 0.53
AD® 117 2.07 2.07 1.59 1.30 1.30 1.58

2Values 0fGgas and AGson, for OH™, H,0, HsO™, and H" are taken from the literatufé. » The K, values are calculated using only ab initio
data.¢ Experimental §, value. All other (K, values are calculated relative to this value, which was not included in the calculation of deviations.

dMean deviation of the calculatedpvalues from the literature valuesMean absolute deviation of the calculated,palues from the literature
values.

deviations betweenr-0.27 and—0.35 K, units. Scheme 2eq a mean absolute deviation of 1.1Kpunits and a mean

9 and Scheme-4eq 9 (when using experimental free energies) deviation (MD) of —0.83 units.

produce the most accurate results at the B3LYP/&G(d,p)- To improve the accuracy of the results, a linear correction is
COSMO(sp) level of theory, showing a mean absolute deviation applied. The correlation between the calculated and the experi-
of 0.95-0.96 K, units and mean deviations betweei?.16 mental K, values is determined for each set of data, and then,
and—0.18 K, units. Scheme 1 gives the most accurate results the individual K, values are recalculated by inserting their
for the B3LYP/6-31G(d,p)-PCM(opt) level of theory, showing  values into the correlation equation. We refer to this process as
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TABLE 9: Correlation between the Experimental and the Calculated Aqueous K, Values (at 298.15 K) of the Protonated
Benzimidazoles at the Four Levels of Theory Chosen, Using Different Reaction Schemes {&) and Equations
Sleq9 S2eq8 S2eq9 S2eq9 S3eqB S3eq9 S4eqB S4eq9 S4eq9
MP2/6-31G(d,p)//AM1-COSMO(sp)

A° 0.287 0.309 0.287 0.287 0.308 0.287 0.309 0.287 0.287
Be 5.09 0.539 0.824 4.70 4.07 4.21 8.68 7.93 4.70
R? 0.473 0.686 0.473 0.473 0.696 0.481 0.686 0.473 0.473
AD¢ 0.44 0.34 0.44 0.44 0.35 0.44 0.34 0.44 0.44
HF/6-31+G(d,p)-PCM(opt)
AC 0.265 0.265 0.265 0.265 0.265 0.265 0.265 0.265 0.265
B¢ 3.79 4.20 4.20 3.42 4.30 4.30 4.87 4.87 3.43
R? 0.762 0.761 0.762 0.762 0.773 0.773 0.761 0.762 0.762
AD¢ 0.26 0.26 0.26 0.26 0.27 0.27 0.26 0.26 0.26
B3LYP/6-31+G(d,p)-COSMO(sp)
A° 0.301 0.302 0.301 0.301 0.301 0.300 0.302 0.301 0.301
Be 4.48 —0.30 —0.25 4.06 4.09 4.10 7.80 7.83 4.07
R? 0.818 0.817 0.818 0.818 0.827 0.828 0.817 0.818 0.818
ADH 0.25 0.25 0.25 0.25 0.26 0.25 0.25 0.25 0.25
B3LYP/6-31+G(d,p)-PCM(opt)
A° 0.281 0.281 0.281 0.281 0.281 0.281 0.281
B¢ 4.33 4.66 4.66 3.94 4.14 4.14 3.95
R? 0.903 0.903 0.903 0.903 0.910 0.910 0.903
AD¢ 0.17 0.17 0.17 0.17 0.16 0.16 0.17

2Values 0fGgas and AGsoi, for OH™, H,O, H;O™, and H" are taken from the literatuf8. » The K, values are calculated using only ab initio
data.c Coefficients of the linear correlation equation of the forfu@sperimenta= APKacarcuateayt B and the correlation factd®?. ¢ Mean absolute
deviation of calculated values from experimental aqued{svalues after application of the linear correction.

800

a linear correction to the data. Table 9 shows the coefficients = 03006x + 40625

R?=08179

(A andB) andR? values of the correlation equation for each set  ™®
of data at the four levels of theory. The mean absolute deviation
(AD) for the calculated values after applying the linear correc-
tion is also shown. The Ky values calculated at the MP2/
6-31+G(d,p)//AM1 level of theory show the lowest correlation
to the experimentallg, values. At this level of theory, thekp
values calculated with eq 9 show a weaker correlation to the §
experimental valuesR? of 0.473-0.481) than those calculated *
with eq 5 R? of 0.686-0.696). At the HF/6-33+G(d,p)-PCM- e
(opt) level of theory, the correlations using both equations are
slightly stronger and much more consistent. At the B3LYP/
6-31+G(d,p)-COSMO(sp) and B3LYP/6-31G(d,p)-PCM(opt)

levels of theory, the correlation is much stronger and more & @ @ sm @ sm  sw @ sw  sm 0w
consistent regardless of which reaction scheme or equation is__ Caleated o Value _

used to calculate theKa values. TheR2 values obtained are Figure 3. Plot of the correlation between the experimental aqueous

pKavalues (at 298.15 K) of the protonated benzimidazoles under study
between 0.817 and 0.828 at the B3LYP/6+8(d,p)-COSMO- and their calculated values using Scheme 2 and eq 9 at the B3LYP/

(sp) level of theory, which indicates an adequate correlation. g.31.+G(d,p)-COSMO(sp) level of theory. The points have been
The correlation at the B3LYP/6-31G(d,p)-PCM(opt) level of numbered in ascendant order of experimental aqueKuvalue.
theory improves to aR? value of 0.903-0.910, which is a good
correlation. The AD values for all the sets of data are very the linear correlation of the experimental aqueol(s palues
similar and are greatly improved with respect to tii@ palues  (at 298.15 K) of the protonated benzimidazoles under study to
calculated before the linear correction. their calculated values. This figure shows the application of
The best possible correlation between the calculated andScheme 2 (with experimental free energy values for water and
experimental values should have a slope of 1 agdrdercept the hydronium ion) and eq 9 at the B3LYP/6-B&(d,p)-
of 0. In all of the data sets calculated, the slope of the correlation COSMO(sp) level of theory. The points have been numbered
equation is approximately 0.3 and theintercept varies in ascendant order of experimentadpvalue.
considerably depending on the reaction scheme used irkthe p The use of a linear correction significantly reduces the mean
calculations. absolute deviation of the calculated values from the experimental
From the data presented here, it appears that altering thepK, values with respect to the deviation of the uncorrected values
equilibrium used to calculate th&pvalues shifts the correlation  (as shown by comparing the AD values reported in Tabte8 5
equation up or down (changes téntercept,B) but has very with those in Table 9). However, this approach is limited by
little effect on the quality of the correlation between the the accuracy of the method used to calculate tKg yalues
calculated and experimental valu€®)or on the slope of the  (reaction scheme,la expression, and level of theory) and the
correlation equation). The K, calculations using Scheme 2  reliability of the experimental data. A general observation about
give y-intercepts that are the closest to 0 when the COSMO the correlation plots can be made regarding tKg @rder of
solvation model is used; however, the values calculated have a5-nitrobenzimidazole and 2-chlorobenzimidazole. While the
large positive deviation from the experimental values, so this experimental results predict the protonated 5-nitrobenzimidazole
is most likely coincidental. Figure 3 displays a typical plot of to be more acidic than the protonated 2-chloro analogue, the
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TABLE 10: Predictions for the Aqueous pK, Values (at 298.15 K) of the Protonated 5-Chlorobenzimidazole and
2-Methoxybenzimidazole Using Various Methodologies and Correlations from Table 9

5-chlorobenzimidazole 2-methoxybenzimidazole
level of theory schemel/eq direct correlated direct correlated
B3LYP/6-31+G(d,p)-COSMO(sp) S1 ecgg 2.61 5.26 3.36 5.49
S2eq 18.41 5.26 19.26 5.52
S2eq9 18.34 5.26 19.09 5.49
S2eq9 4.00 5.26 4.74 5.49
S3eq8 3.96 5.29 4.82 5.55
S3eq9 3.98 5.29 4.73 551
B3LYP/6-31+G(d,p)-PCM(opt) S1leq® 3.30 5.26 451 5.60
S2eq8 2.13 5.26 3.34 5.60
S2eq9 2.13 5.26 3.34 5.60
S2eq9 4.69 5.26 5.89 5.60
S3eq8 4.07 5.28 5.28 5.62
S3eq9 4.07 5.28 5.28 5.62
experimental 4.85
predicted range 4.68.41 6.16-7.18

2Values 0fGgas and AGsoi, for OH™, H,O, HsO™, and H" are taken from the literatuf8. » The K, values are calculated using only ab initio
data.c Reference 8.

calculated K, values in all the cases attempted predict the A methoxy group has an electron-donating effect larger than
opposite acidic order. Most likely, theoreticians would send this that of a methyl group, which would make thEghigher than
case back to the experimentalist for further determinations, but that of 2-methylbenzimidazole (6.10). The electron-donating
another publication by our group on this togtexploring QSPR effect of the methoxy group should be smaller than that of an
approaches forlg, calculations, shows that when either certain  amino group, so the Ky would be lower than the Ky of
atomic charges or orbital energies are included in the correlation 2-aminobenzimidazole (7.18).

with the experimental I§, values (together with the calculated In the direct and correlated<g calculations, the relativelfy
aqueous change in the Gibbs free energy for the -aoabe ordering of the two benzimidazoles is correct. However, the
process), the expectedKp order between the protonated direct predictions fell outside the estimated upper and lower
5-nitrobenzimidazole and the 2-chloro analogue is obtained. pK, limits in every case. The correlation equations at the two
Substituent effects modify the way molecules interact with each levels of theory produced &g value for 5-chlorobenzimidazole
other (e.g., in solutesolvent interactions) from electrostatic and/ that fell well within the estimated upper and lower bounds of
or orbitalic points of view. This situation might seem to indicate the aqueousif, value. The K, value for 2-methoxybenzimi-
that certain orbitalic and electrostatic factors that influence the dazole is improved by using the linear correction, but the values
thermodynamics of a chemical (in this case, adidse) still fell outside the estimated upper and lower bounds.
equilibrium are not taken into account when performing direct

pK calculations. We are currently exploring this topic in more 4. Conclusions

depth. A variety of methodologies for the accurate theoretical
3.3. Predicting Aqueous [K, Values of Protonated Ben-  determination of aqueous<p values of protonated benzimida-
zimidazoles. Calculations are performed for two additional zoles have been explored. To the best of our knowledge, this is
benzimidazole derivatives not shown in Table 1: 5-chloroben- the first theoretical study on this topic for this family of
zimidazole and 2-methoxybenzimidazole. Experimental aqueouscompounds.
PKa values could not be found for these two molecules at the  Aqueous [, values are calculated for a group of thirteen
time the calculations were performed; however, an experimental benzimidazole derivatives using four equilibria and two equa-
value for the aqueouska of 5-chlorobenzimidazole of 4.86  tions at four levels of theory. The accuracy of the directly
was subsequently locatécPredictions are made for thekp calculated K, values is good in some cases but probably
values of these two compounds using the B3LYP/6-G1d,p)- insufficient for practical applications. It is found that, in general,
COSMO(sp) and B3LYP/6-3tG(d,p)-PCM(opt) levels of  the accuracy of the direct calculations is virtually independent
theory. The results of the direcKpcalculations using Schemes  of the level of theory applied and appears to be determined by
1, 2, and 3 (with both g, equations), as well as the calculations the reaction scheme used.
using the correlation equations (see Table 9), are summarized Furthermore, it is shown via several examples that the two
in Table 10. pK, equations used (eq 5 and 9) produce the same results when
The acidities of 5-chlorobenzimidazole and 2-methoxyben- solvent effects are included in both the geometry optimization
zimidazole can be estimated from substituent effects. Substitut-and frequency calculations and that very similar results are
ing chlorine onto benzimidazole increases its acidity due to the obtained when the optimizations are carried out in the gas phase
electron-withdrawing effect of chlorine. At position 5, the followed by a single point including solvent effects. Our results
substituent effect is smaller than at position 2 (beside the acidic show that these equations could be used interchangeably, even
nitrogen), so the I§; of 5-chlorobenzimidazole should be though, to the best of our knowledge, eq 5 has not been used in
between that of 2-chlorobenzimidazole (4.68) and benzimidazole the literature for 5 calculations.
(5.41). A similar effect, but in the opposite direction, can be  Linear corrections produceKp values with a lower mean

seen between 5-aminobenzimidazol&{p= 6.11) and 2-ami- absolute deviation from experimentaKp values than the
nobenzimidazole (g, = 7.18) and between 5-methylbenzimi- noncorrected calculations in all cases. The strongest correlations
dazole (K = 5.81) and 2-methylbenzimidazolep= 6.10). between experimental and calculated data are obtained at the

Electron donating groups (NHand CH) at position 5 reduce  B3LYP/6-31+G(d,p)-PCM(opt) level of theory.
the acidity of protonated benzimidazole to a lesser extent than  The predictive capabilities of all the methodologies attempted
at position 2. are tested with two compounds that were not included in the
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set of benzimidazoles initially investigated. The direct calcula- Chem.2004 337, 556. (d) Klime®va, V.; Koti, J.; Pour, M.; Stachel, J.;

tions differ significantly from the expected values, but th& p

Waisser, K.; Kaustoval. Eur. J. Med. Chem2002 37, 409.
(16) Lednicer, D.Strategies for Organic Drug Synthesis and Design

values calculated using the correlation equations are very similaryyjiey interscience: New York, 1998.

and in reasonable agreement with the expectégdvalues.
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