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It has been demonstrated for the first time that prediction of several consecutive protonation constants for the
highly and negatively charged molecules, such as nitrilotripropanoic acid (NTPA), is possible with acceptable
accuracy when isodesmic reaction (IRn) methodology, instead of commonly employed thermodynamic cycle
(TC), is employed. Four stepwise protonation constants of NTPA were computed (RB3LYP/6-311+G(d,p)
level of theory employing PCM/UAO solvation model) to within 1 log unit of experimental data with an
average error in the protonation constant of about 0.5 log unit. This good agreement was achieved for minimum
energy structures of NTPA (studied ligand) and iminodiacetic acid (reference molecule). Results obtained
strongly support the view that full conformational analysis should be seen as prerequisite for computing
protonation/dissociation constants from IRn and possibly also from TC. Methodology proposed here broadens
up, in our opinion, a scope of studying protonation constants computationally and opens up a new field of
applications for poly charged ligands. TC did not work here at all as proton on N-atom was not preserved in
gas-optimized structures; this proton always protonated available COO™ group instead.

1. Introduction

The protonation/dissociation property of a compound is very
important in chemistry, biology, and material sciences, because
the ability of a compound to donate or accept a proton is
fundamental to understanding many chemical and biochemical
processes.? An example in medicinal chemistry is the ability
of drugs to pass biological membranes as well as their potential
to interact with intracellular receptors, both of which are affected
by the readiness of the drug to accept or donate a proton.’
Availability of dissociation (protonation constants as well as
complex formation constants) is of fundamental significance as
it allows for modeling of solution composition at required
experimental conditions, such as blood plasma, natural waters,
industrial effluents, etc. Experimental techniques provide pro-
tonation/dissociation constants typically with uncertainty on the
second decimal place of the log unit and well-renown compila-
tions, such as by Martell and Smith* or IUPAC® are readily
availably.

However, there is an intrinsic interest to develop theoretical
procedures that would eventually match experimental accuracy.
This is not only because not all chemical species are readily
amenable or available (due to small quantity available) to
experimental characterization but also due to fundamental insight
gained during theoretical modeling as well as prediction (or
evaluation) of thermodynamic parameters related to the com-
pound and reaction(s) in which this compound is involved. There
have been a number of studies performed thus far where
dissociation constants were predicted theoretically with con-
siderable accuracy.'~*%73 Dissociation constants were studied
formolecules of carboxylic acids,! 672! amides,?>*} bicarbonates, '®*
and proteins,” among others. However, it is important to
emphasize that the molecules studied thus far were predomi-
nantly neutral or singly charged and on average the reported
computed dissociation constants are within £1.0 log unit when
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compared with experimental values. From the theoretical point
of view, this might be regarded as an excellent result particularly
because the deviation in computed value by a log unit is
equivalent to the accuracy of energy computed in the range of
a single kilocalorie per mole. Unfortunately, a large drop in
accuracy of computed dissociation constants is observed when
multiple and particularly negative charges on a molecule are
present;’! hence there is very little published on stepwise
multiple-dissociation constants in solvent (water).>*

To the best of our knowledge, all the reported theoretical
values are from thermodynamic cycles that typically involve
two-step operation, namely, (i) full gas-phase energy optimiza-
tions of components involved in dissociation reaction, followed
by (ii) single point calculations in solvent (water) on those
structures from which AG(aq) is obtained and used to calculate
the dissociation constant at room temperature. Four thermody-
namic cycles were recently evaluated by Liptak and Shields'!
on several singly dissociable simple carboxylic acids using
complete basis set and Gaussian-n models combined with
Barone and Cossi’s implementation of CPCM.>? The high-level
ab initio CBS-QB3>? and CBS-APNO3 methods (using HF
6-31 G(d) and HF 6-31+ G(d)) with CPCM generated smallest
inaccuracy of about 0.5 log unit when commonly used, and the
simplest thermodynamic cycle (without involving water mol-
ecule) was employed.!! Similar accuracy was reported by
Namazian et al.? recently who used CPCM solvation energies
at the B3LYP/6-31+G(d) level in conjunction with CBS-QB3
or G3 gas-phase energies of trifluoroacetic acid and its anion.
It appears that there is a strong tendency to avoid water and
simple proton in thermodynamic cycle computations and rather
use most recent experimental values of —6.28 kcal/mol'>*¢ and
—265.9 kcal/mol'® or —263.98 kcal/mol'® for the gas-phase
Gibbs free energy of H" and solvation energy of H in water,
respectively.

A somewhat more elaborate approach was also tested®’ where
the thermodynamic cycle was combined with an isodesmic
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reaction involving acetic acid (and its dissociation reaction) as
a single reference molecule used to theoretically predict numer-
ous dissociation constants of monodissociable organic acids;
the differences between experimental and theoretical values were
between a fraction of and up to about 5 log units for some
molecules. A new model of dissociation constant computation,
called SO3 and based on thermodynamic cycle, was proposed
by Barone et al.> who used PBE0/6-31+G(d,p) and PBE0/6-
3114+G(2d,2p) level of theories for full energy optimization and
single point calculations in the gas phase, respectively, as an
initial step from which gas-phase basicities of eight investigated
organic acids were predicted. This was followed by estimation
of solvation Gibbs energies by single point HF/6-31+G(d,p)
calculations using geometries optimized in water at the PBE0O/
6-31+G(d,p) level. Although gas-phase basicities were of
analytical accuracy, the dissociation constants in water were of
commonly reported differences of £0.7 log units from experi-
mental values with aqueous solution geometries; much worse
results were obtained with gas-phase geometries used for single
point calculations in solvent.

We embarked recently on the DFT-based theoretical studies
of metal complexes®” to explore physical and molecular (and
structural) properties controlling the strengths of complexes
formed. Our particular interest is to understand why “small”
but apparently significant structural changes in a ligand are
causing “‘unexpected” large changes in stability constants of
metal complexes; it is of great importance and significance to
find out about fundamental rules governing the strength of
metal—ligand interactions on atomic and molecular level. One
such, among many known examples, set of ligands is nitrilot-
riacetic acid (NTA) and nitrilotripropanoic acid (NTPA) whose
structural difference is an additional —CH,— group in each acid-
containing arm of the ligand NTPA. Even though the kind and
the number of donor atoms, which form bonds with a metal
ion, is the same for the both ligands the formation constants of
metal complexes with NTA (strong complexing agent) are
several log units larger when compared with equivalent com-
plexes involving NTPA* (weak complexing agent). To illustrate
this point, the complex ML of Cd(II) with NTA is over 6 orders
of magnitude more stable when compared with NTPA (log K
=9.76 and 3.4, respectively). The difference must be even larger
for Pb(II) (log K; = 11.48 for NTA) as there is no value reported
for NTPA,* it appears that the Pb—NTPA complex must be very
weak and hence difficult to study experimentally.

The first obvious step necessary to achieve our ultimate goal
is to determine theoretically the stepwise protonation constants
of the ligands of interest. This must be seen as a challenge on
its own as (i) there were no successful reports yet where ligands
with three negative charges were investigated and (ii) results
reported for less negatively charged ligands were significantly
different when compared with experimental data. We examine
here the applicability of thermodynamic cycles and carefully
designed isodesmic reactions for theoretical prediction of four
stepwise protonation constants of the ligand NTPA. This work
demonstrates that, at least in the case of negatively and multiply
charged ligands, the best option in theoretical prediction of
protonation (dissociation) constants is the isodesmic reaction;
theoretically predicted protonation constants for NTPA ligand
reported in this work compare well with experimental values.

2. Computational Details

All computational calculations were performed with the aid
of Gaussian 03 software package.”® Gas-phase and solvent
(water, ¢ = 78.39) geometry optimization of protonated NTPA
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Figure 1. Fully labeled reported crystal structure of the H;L form of
NTPA.

forms was performed at the RB3LYP/6-311+G(d,p) level of
theory.®® As it was pointed out previously,* it is essential and
of paramount importance to include diffuse functions for anions.
The full optimization in solvent involved the default solvation
model, i.e., Tomasi’s polarized continuum model (PCM),%0~6
and UAQO radii (united atom topological model). With this model
the cavity is defined as the union of a series of interlocking
atomic spheres. The effect of polarization of the solvent
continuum is represented numerically and it is computed by
numerical integration.®® Single point calculations (SPCs) in
solvent were carried out at the same level of theory (i) on the
gas-optimized structures using PCM-UAO model and (ii) on
solvent optimized structures using the polarizable conductor
model (CPCM)*>%* and UAHF radii (united atom for Hartree—Fock).
With this model the solute cavities are modeled on the optimized
molecular shape and include both electrostatic and nonelectro-
static contributions to energies.'?

Geometry optimization of all NTA and iminodiacetic acid
(IDA) protonated forms (used as reference molecules in isodes-
mic reactions) was carried out in solvent using the same
procedure as for NTPA; there was no need to perform a single
point calculation. Frequency calculations were also performed,
along with the geometry optimization, to ensure that each of
the optimized molecules was in fact at a minimum energy (for
all structures considered in this study the imaginary frequencies
were not present).

3. Results and Discussion

Level of Theory. From literature reports it follows that there
is no strong evidence in support of using high level theories
instead of commonly applied cheaper (time and hardware)
B3LYP, for instance. Our approach implemented here, to
validate computational methods, was to select a combination
of level of theory and basis set in such a way that it would
reproduce a crystallographic structure with commonly acceptable
in the field accuracy. Fortunately, there are available two
crystallographic HsL structures of the ligand NTPA;%~% the
fully labeled reported crystal structure is shown in Figure 1. It
is important to note that the N-atom is protonated ("H—N) in
the solid state form of HiL ligand (NTPA), leaving one
carboxylic group being deprotonated (—COO7™); hence this
molecule is overall neutral, but with two local, positive and
negative, charges. The energy-optimized solvent crystallographic
structure is marked further as H;L*. We used H;L* to generate
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Figure 2. Structures of all protonated forms of the NTPA ligand fully

optimized at the RB3LYP/6-3114+G(d,p) level of theory in solvent
(PCM/UAO).

input structures of the remaining four possible protonated forms
of NTPA, namely, H,L.~, HL>~, L3~ (fully deprotonated ligand),
and HyL™ (fully protonated form of the ligand). Starting from
H;L*, input structures for full energy optimization of H,L.™ (by
removing a dissociable proton from the —COOH group) and
H,L* (by simply adding a proton to O-atom) were generated.

A similar procedure was followed to computationally generate
HL?>" and L3, where a proton was removed from energy
optimized structure to generate the product of stepwise dis-
sociation reaction. Due to the reasons discussed in detail further
in the text, we also constructed H;L that was structurally
different when compared with H;L*. The computed structural
matrix of solvent-optimized H;L* and Hs;L together with the
data available from the Cambridge Structural Database (CSD)%
is given in Table S1, Supporting Information. It is seen that the
energy-optimized solvent structure (H;L* in Figure 2), when
the input was that of the reported H;L crystallographic structure,
can be regarded as fully satisfactory (Table S1, Supporting
Information; dihedral angles were not compared because they
must vary in different protonated forms of NTPA). The bond
lengths and angles were reproduced to within —0.010 4 0.013
A and —0.94 + 2.25°, respectively; the difference (A) means
experimental minus computed value. On average, the computed
values are slightly overestimated and this is most likely due to
energy optimization of a single molecule with ignoring lattice
effects. More rewarding is the fact that the energy minimized
H;L molecule has marginally smaller differences when com-
pared with crystallographic data; the bond lengths and angles
were reproduced to within —0.012 + 0.012 A and —0.62 +
1.92°, respectively, and the differences between the two
optimized structures (0 = H;L* — H3;L) we consider as
negligible, —0.002 + 0.010 A (bonds) and —0.32 + 1.29°
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(angles). This gave us confidence that all constructed structures
should be seen as sufficiently reliable for further theoretical
considerations. Also, data seen in Table S1 (Supporting
Information) show that the RB3LYP/6-311+G(d,p) level of
theory in conjunction with PCM/UAQ solvation model can be
regarded as sufficient for the purpose of our studies.

All protonated forms of the NTPA ligand that were energy-
optimized in solvent, including the crystal structure H;L*, are
shown in Figure 2. It is seen that H,L.~, H;L*, and H,L* have
strong H-bonds, C—O"+<*H—N, and their lengths are 1.622,
1.605, and 1.986 A, respectively, whereas HsL is a symmetrical
molecule (without any evidence of intramolecular bonding) that
resembles to a large extent structures of L3>~ and HL?".

Thermodynamic Cycle. In the field of metal—ligand equi-
libria studies, the complex formation constants and protonation
(Ky) instead of dissociation (K,) constants are used in solving
the mass-balance equation needed to develop the most likely
metal—ligand model (complexes formed) and refine stability
constants of all metal-containing species. There are several
important compilations of ligand protonation and complex
formation constants, among them by Martell and Smith* and
very recent one by IUPAC.> NTPA has four protonation
constants

27
L4+ em>  gh=_HL1 1
e G B
H,L + H < H,L" K<4)=£ )
’ ) T [HLIH']

and the values at several ionic strengths (#) and temperatures are
known from experiment.*> The thermodynamic cycle (TC) was
utilized in the literature mainly to theoretically estimate dissociation
constants that in the case of NTPA can be written as

_ [HL][H]

HL < HL+H" k" -
[HL']

a

Ko = [L7IHY

HL* < L + H' ¢ —
[HL™ ]

“

In eqs 1—4 concentrations are used instead of activities because
most of experiments are performed at selected ionic strength and
temperature, according to envisaged practical application, such as,
for instance blood plasma modeling that would require data at «
=0.15 mol L™! (Na*(aq),Cl (aq)) and 37 °C. The computed value
of AG(aq) can be used to calculate the nth stepwise dissociation
constant at 25 °C that, for convenience, is commonly reported as
a pK, value. The protonation reaction is the reverse of the weak
acid dissociation reaction, and in the case of stepwise reactions
the following equation holds

1 ;
log Kiy = log = pK," ©)
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Figure 3. TCs employed in this work.

where k = 1 + m — n, m standing for the highest dissociation
constant (here m = 4). Note that the ligand NTPA has three acidic
groups and only three dissociation constants would be reported,
and hence, the dissociation reaction (eq 3) most likely would not
be considered as the first dissociation reaction, log K{", in theoretical
prediction of pK, values employing TC-based methodology.
However, due to the protonation/deprotonation of the N-atom in
NTPA, one must consider also the first protonation constant, log
K{D, as described by the protonation reaction (eq 1). From this
follows that the fourth dissociation constant of NTPA is linked
through eq 5 with the first protonation constant of this ligand. n
indicates an nth consecutive dissociation constant, 1 < n < m,
and k applies to a kth consecutive protonation constant, 1 < k <
m. The above is well-known in the field of metal—ligand equilibria
studies, but it is provided here for convenience and to ensure clarity
in the nomenclature used.

Two TCs were considered in this work, and they are shown
in self-explanatory fashion in Figure 3 as Scheme 1 and 2
(charges on the ligand species are omitted for simplicity
throughout the text). To apply TC, one needs to optimize each
of the protonated form of the ligand NTPA in the gas phase
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first. It is important to stress here that the moment solid NTPA
is placed in water (the Hs;L reagent has three protons present
on carboxylic groups), the N-atom is protonated instantly and
at least one proton on the propanoic acid arm dissociates fully.
The problem experienced here during energy optimization in
the gas phase of the crystallographic H;L input structure that
contains the protonated nitrogen atom (as it is present in a
solution) was that this proton shifted to the COO™ group to
form —COOH. Numerous input structures were tested, but each
time the presence of hydrogen on N-donor atom was not
preserved. This phenomenon was also reported in the literature
for the ligand aspartic acid.?"*” In attempt to preserve the H-atom
on nitrogen, another conformer of H;L was built with all
carboxylic groups placed as far as possible from the central
N-atom (H;L seen in Figure 2). Unfortunately, even in this case
energy optimization in the gas phase has also resulted in
deprotonation of the N-atom and formation of —COOH with
H-atom involved in a O—H*++*N hydrogen bond.

Clearly, in the gas phase the molecule H;L does not exist in
zwitterionic form. Because of that, TC could not be applied to
the HsL and HyL forms of NTPA and we had to restrict our
theoretical studies only to the first two protonation reactions
from which HL and H,L are formed. The values of G, and
AGy, are shown in Table | together with minimum energies
after zero-point vibrational energy (ZPVE) corrections, E,y,, of
optimized molecules. The values of AGgs, AAG,, and AGy
were calculated using well-known relationships (eqs 6—38)

AGgas = z Ggas(products) - Z Ggas(reactants) (6)

sol —

AAG,, = z AG,, (products) — z AG (reactants) (7)
AG,, = AG,,, + AAG,, (8)

and dissociation constants K{¥ were obtained from egs 9 and
10!168 in case of TC 1 and TC 2, respectively.

AGY = —RTIn K" 9)
AG{) — RTIn[H,0] = —RTIn K" (10)

As shown in Figure 3, Scheme 1, in the case of the proton ion,
the experimental values of —6.28 and —264.61 kcal/mol for
Ggs and AGy, were used, respectively.'*?? Also, in final
calculations of dissociation constants, appropriate correction of
—1.89 kcal mol™! (corresponding to the free energy change
accompanied by the reversible state change of 1 mol of gas
from 1 atm (24.47 L mol™!) to 1 M (1 mol L)) was made to
the calculated solvation free energy, as discussed thoroughly
by Jang et al.®®

The calculated first two protonation constants for NTPA
ligand using TC 1 and 2 are summarized in Table 2; results
obtained are far from satisfactory (see 0, the difference between
the computed and experimental values). In an attempt to improve
the prediction of computed protonation constants, slightly
modified procedure was employed. It involved full energy
optimization of the ligand species in solvent (PCM/UAOQ)
followed by single point calculations in the solvent (CPCM/
UAHF) to generate AG,,; similar approach? resulted in some
improvement in computed dissociation constants. Data obtained
here is included in Tables 1 and 2. From Table 2 it is seen that
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TABLE 1: Selected Thermochemical Data (E.;, = ZPVE-Corrected Energy) Obtained for Indicated NTPA Species, H,O, and

H;0"
gas-phase optimized structures SPC in solvent solvent optimized structures SPC in solvent

SPCCiCS Emina Ggasa AGsolb Emina AGsolb
L3 —856.307384 —856.358126 —335.26 —856.825492 —338.92
HL*" —857.007834 —857.058753 —184.84 —857.290671 —191.7
H,L™ —857.615989 —857.664227 —71.96 —857.742252 —87.05
H,O —76.437174 —76.454816 —6.72 —176.452207 —6.9
H;O0" —76.696787 —76.714893 —107.35 —176.840274 —109.78

“In atomic unit, hartree (1 hartree = 627.5095 kcal/mol). ” In kcal/mol.

TABLE 2: Comparison of Experimental and Calculated Protonation Constants, as log Ky, Using Gas-Phase and Solvent

Optimized Structures Seen in Figure 2

gas-phase structure

solvent structure

reaction exp’ TC 1 o TC 2 o TC 1 o TC 2 o
L3 + H' = HL*>® 9.49 12.06° 2.57 15.49% 6.00 14.40° 491 16.18° 6.69
11.20¢ 1.71 30.13¢ 20.64 13.58¢ 4.09 31.67¢ 22.18
HL?>" + H' = H,L~ 4.22 —4.19% —8.41 —0.76" —4.98 1.84° —2.38 3.62° —0.60

@ Experimental protonation constants* at 20 °C and ionic strength = 0.1
model was used for SPC.

(1) TC 1 worked better for the first protonation constant for both,
gas-phase and solvent, structures, (ii) gas-optimized structures
generated smaller errors in computed first protonation constant
when compared with equivalent solvent structures values, and
(iii) smaller errors in the second protonation constant were
obtained from solvent structures, which is opposite to what is
observed for the first protonation constant. Also the influence
of the solvation model used at the SPC was tested; the use of
PCM/UAO somewhat improved the prediction generated from
TC 1 and made them erroneous when TC 2 was employed. For
some reasons, the simplified solvation model did not work at
all for the second protonation reaction. There seems to be no
obvious pattern in the data seen in Table 2 and, on average,
results obtained are totally unacceptable due to large differences
(0) between the computed and experimental values. There are
several possible sources for such large errors in computed values
and some of them were discussed extensively elsewhere.!!46
Regardless of the reasons applicable to this particular case, we
came to the conclusion that because it is impossible to optimize
all necessary protonated forms of the ligand NTPA in the gas
phase, further investigations involving different levels of theory,
larger basis sets, other solvation models, or different thermo-
dynamic cycles were not, in our opinion, a justifiable option.

Isodesmic Reactions. Because we were not able to compute
protonation constants with acceptable accuracy by employing
TCs, we turned our attention to applicability of methodology
based on isodesmic reaction (IRn). An IRn can be applied when
the total number of each type of a bond is identical in the
reactants and products.63 To date, isodesmic reactions have been
used to predict enthalpies of formation®~7” and in some cases
they have been incorporated within thermodynamic cycles to
predict dissociation constants.!*~ IRn is commonly used to
investigate processes in a solvent (such as water) as it should
minimize (or systematically cancel of) errors related to the
solvation model used®' (similar error should be introduced into
each component within the reaction) provided that the same
level of theory, basis set and solvation model is used for each
component involved in the reaction. It can only be employed if
accurate experimental energy/constant is available for the
reference species used in the isodesmic reaction.’’® Interest-
ingly, we have not found an explicit application of IRn in
theoretical study of protonation/dissociation constants; for

M. ?» The CPCM-UAHF model was used for SPC. ¢ The PCM-UAO

whatever reasons, which we do not understand fully, only
different kinds of TC were employed till now and almost
exclusively in case of monodissociable organic acids. We
assumed that (i) weakness of presently available solvation
models, particularly when poly negatively charged ions are
investigated, is mainly responsible for large errors in protonation
constants generated from TC-based computations and (ii) the
use of isodesmic reaction methodology might eliminate to a
significant degree errors typically associated with the use of
TC.

The main challenge associated with the use of isodesmic
reaction is the selection of the appropriate reference molecule.
Taking into account structural properties of NTPA (called further
Lq)), we opted for NTA and IDA as reference compounds
(called further L)) because they have the same number (in case
of NTA) and kind of electron donor atoms that can be protonated
in a solution. Also, protonation constants of NTA and IDA are
known as they are widely studied ligands.*?

Isodesmic reaction can be seen here as simply a competition
reaction between two ligands for a proton, and for the first
protonation constant of NTPA it can be written as

AG

aq

(1)

Ly(aq) + HL;(aq) = HL(l)(aQ) + L(z)(a‘])

Each of the two ligands (NTPA and reference molecule) is
involved in several stepwise protonation reaction; for simplicity,
only the first is shown

H + L, < HL, AGaq) = —AGaq) (12)

H' + L, = HL,, AG,(aq) = —AG,y(aq) (13)

where AG,q(aq) refers to reverse and relevant stepwise dis-
sociation reaction. The change in Gibbs energies for each
protonation reaction can be written as

AG(aq) = G,((HL ;) — Gaq(H+) — G Ly A4
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AGy(aq) = G,((HL;) — Gaq(H+) — Gy(Lpy (15

The isodesmic reaction of interest (eq 11) can be obtained by
subtracting eq 13 from eq 12, and hence by subtracting eq 15
from eq 14, one obtains expression for the change in Gibbs
energy, AG,q = AGi(aq) — AG,(aq) applicable to this isodesmic
reaction, where the uncertainty related to G,(H") is no more
applicable as this term cancels

AG,, = AG (aq) — AGy(aq) = G, (HL ;) — G,(L) —
Gﬂq(HL(Z)) + Gaq(L(Z)) (16)

Equation 16 was used to calculate AG,q of isodesmic reaction
(eq 11) from appropriate Gibbs energies obtained for relevant
and fully solvent-optimized structures of the ligand NTPA and
reference ligand L. Table S2 in Supporting Information
provides the ZPVE-corrected minimum energies E,;, as well
as Gibbs free energies for NTPA and IDA (energies of solvent-
minimized structures of IDA and relevant data for the reference
ligand NTA are shown in Figure S1 and Table S3, respectively,
in Supporting Information). There are two energies listed for
the H;L form of the ligand NTPA, one of which refers to the
optimized crystal structure H;L*; they were both utilized in the
calculation of stepwise protonation constants of NTPA to
determine which yielded better results, as these two structures
have some distinguishable features.

The value of AG,(aq) was obtained from eq 9 using reported
protonation constants (at 25 °C and ¢ = 0.0 and 0.1 M) of the
Ly ligands, NTA and IDA. Having AG,q and AG,(aq), one
can obtain AG,(aq) (needed to calculate protonation constants
of NTPA) from eq 16. Table 3 provides the values of functions
required to calculate protonation constants, calculated and
experimental protonation constants of the ligand NTPA, and
the differences between calculated and experimental protonation
constants (0). For all isodesmic reactions seen in Table 3 the
reference ligand is singly protonated; hence only the first
protonation constant of IDA* was used to calculate AG,(aq).
Values obtained were —13.358 and —12.744 kcal mol™! from
experimental protonation constants (log Ky = 9.79 and 9.34)
at ionic strengths 0.0 and 0.1 M, respectively, both at 25 °C.

A number of different isodesmic reactions have been tested,
but only those that produced the best results have been
reproduced in Table 3 (the remaining results, also involving
NTA ligand, are provided in Table S4 of the Supporting
Information). It is seen from Table 3 that application of
isodesmic reactions resulted in much better overall prediction
for the protonation constants when compared with results
generated from TCs (Table 2). It is important to stress here that
the available experimental protonation constants* of NTPA at
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# =0.1 M and 20 °C (except for the forth one, « = 0.5 M and
25 °C) were compared against computed values generated with
inclusion of protonation constants of the reference molecule IDA
at u = 0.0 and 0.1 M, both at 25 °C. Paying attention to ionic
strength at which experimental values were obtained was not
common practice in the literature when TCs were employed
but we worked on the assumption that, due to the inherent
property of the isodesmic reaction, the prediction of the
computationally generated protonation constant, if possible, must
be at the same ionic strength as the experimental values used
for the reference ligand. In other words, the values of AG,(aq)
(computed) and AG,(aq) (experimental value of the reference
molecule) should be at the same ionic strength because, by
subtracting them, the influence of ionic strength should cancel
out and the standard state function AG,q, as computed for
isodesmic reaction 11, is obtained.

From Table 3 it can also be seen that K{, K{P, and K{P values,
as log Ky, of NTPA (when protonation constants of IDA at ionic
strength of 0.1 M were utilized) are predicted with excellent
accuracy; the HsL structure was employed in the case of the
third and fourth protonation constants. Incorporating the H;L*
structure resulted in excellent prediction of K{, the third
protonation constant, but a rather poor result was obtained for
K{P. Interestingly, the & values of poor predictions are almost
identical, 2.66 and 2.76 log unit in the case of the self-
constructed and crystallographic structure of Hs;L used to
calculate K§, and K, respectively. This observation and
analysis of results seen in Table 3 led us to the conclusion that
the structural differences between self-constructed Hi;L and
crystallographic H;L* were responsible for the observed sig-
nificant differences between experimental and computed pro-
tonation constants. If this were indeed the case, then one should
perform full conformational analysis in a solvent of all possible
protonated forms of molecules involved prior to application of
isodesmic reaction. Interestingly, to the best of our knowledge,
full conformational analysis was not utilized when dissociation
constants were computed from TCs; this is a time-consuming
exercise particularly when performed in Gaussian, and we
embarked on that as a separate project to investigate the
influence of small structural changes on the accuracy of
computed protonation constants (results will be reported else-
where), but at the same time decided to conduct here a simplified
test. All forms of NTPA and IDA were subjected to the
Schridinger’s Maestro’® conformational analysis. This software
automatically generates hundreds of possible conformers and
estimates their energies in a short time based on MM/MD
principles. It was of great interest to us to find out about
predictions made by MM/MD analysis and whether this kind
of conformational analysis would be of any use and help in
this study. The structures of NTPA seen in Figure 2 were used
as inputs for MM/MD conformational analysis in a solvent

TABLE 3: Comparison of Experimental* (Exp) at z = 0.1 M and 20 °C and Calculated Stepwise Protonation Constants of
NTPA, as log Ky, Using First Protonation Constant of the Reference Molecule IDA at Ionic Strength # = 0.0 and 0.1 M and 25

°C (All Energies in kcal/mol)

1= 0.0 M, 25 °C (IDA)

u=10.1M, 25 °C (IDA)

reaction AGy AG,(aq) log Ky exp 0 AG(aq) log Ky exp 0
L(])37 + HL(2)7 = HL(])27 + L(2)27 _1223 _14581 1069 949 120 _13967 1024 949 075
HL.2~ + HLy™ = HoLgy~ + Lo~ 6.719 —6.639 487 422 0.65 —6.025 442 422 0.20
H2L(1)7 + HL(2)7 = H3L(]) + L(2>27 11350 _2008 147 368 _221 _1394 102 368 _266
H3L(]) + HL(2)7 = H4IJ(])+ + L(2>27 9060 _4298 315 271“ 044 _3684 270 271“ _001
HyLgy™ + HLo™ = HsLoy* + L™ 7.602 —5.755 422 3.68 0.54 —5.141 377 3.68 0.09
H314(1)>:< + HL(2)7 = I‘I4L(|)Jr + L(2)27 12807 _0550 040 271“ _231 0064 _005 271“ _276
@ Experimental NTPA protonation constant* at 4 = 0.5 M and 25 °C.
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TABLE 4: (a) Minimum Energies of MM/MD-Generated Conformers in Solvent (C1—CS5) and Energies Obtained from
MM-Based SPC Performed on the NTPA Structures Seen in Figure 2 and (b) Solvent-Optimized Energies of All Protonated
Forms of the Ligand NTPA Obtained from DFT Calculations (E,,, = ZPVE-Corrected Energy) of Structures Seen in Figure 2
and Lowest Energy MM/MD-Generated C1 Conformers

Part a*
L = NTPA Espc Ec; OE (kJ/mol) OE (kcal/mol) C2 C3 C4 C5
L3 —947.64 —962.90 15.26 3.65 —962.89 —960.04 —960.04 —959.97
HL>~ —1156.19 —1208.80 52.61 12.57 —1208.80 —1207.27 —1207.27 —1207.24
H,L~ —910.03 —957.14 47.11 11.26 —957.13 —956.01 —956.00 —955.67
H;L —615.06 —=701.41 86.35 20.64 —701.19 —701.19 —700.21 —698.73
H;L* —658.92 —716.44 57.52 13.75 —715.10 —713.39 —713.26 —712.96
H.L* —379.64 —435.17 55.53 13.27 —435.16 —433.09 —433.09 —430.78
Part b®
Structures seen in Figure 2 Cl
L = NTPA E.i» (hartree) G,q (hartree) Ein (hartree) G,q (hartree) 0Gyq (hartree) 0G,q (kcal/mol)
L3~ —856.825492 —856.875606 —856.828229 —856.877193 0.001587 1.00
HL> —857.290671 —857.339621 —857.294193 —857.342045 0.002424 1.52
H,L~ —857.742252 —857.790980 —857.745414 —857.792633 0.001653 1.04
H;L —858.185011 —858.234959 —858.195297 —858.241670 0.006711 4.21
H;L* —858.192859 —858.240931 —858.184953 —858.229956 0.010975 6.89
H,L* —858.633248 —858.682587 —858.635423 —858.681482 0.001105 0.69

“OE = Espc— Ec1. ® 0G,q = Gyq(structure in Figure 2) — G,(C1).

TABLE 5: (a) Minimum Energies of MM/MD-Generated Conformers in Solvent (C1—C5) and Energies Obtained from
MM-Based SPC Performed on the IDA Structures Seen in Figure S1 (Supporting Information) and (b) Solvent-Optimized
Energies of All Protonated Forms of the Ligand IDA Obtained from DFT Calculations (E;, = ZPVE — Corrected Energy) of
Structures Seen in Figure S1 (Supporting Information) and Lowest Energy MM/MD-Generated C1 Conformers

Part a“
L =IDA Espc Ec, OFE (kJ/mol) OF (kcal/mol) C2 C3 C4 C5
L —663.08 —676.62 13.53 3.23 —676.52 —676.52 —657.54 —657.53
HL~ —1002.94 —1034.18 31.24 7.47 —1034.17 —1031.99
H,L —759.59 —794.46 34.88 8.34 —794.46 —793.52 —793.51 —792.31
Hs;L*t —483.78 —517.66 33.88 8.10 —517.64 —517.38 —514.21 —514.20
Part b®
Structures seen in Figure S1 Cl
L = IDA Enin (hartree) G,q (hartree) E.in (hartree) G,y(hartree) 0G,q (hartree) 0Gq (kcal/mol)
L —511.483326 —511.519032 —511.483246 —511.518986 —0.000046 —0.03
HL™ —511.945458 —511.981098 —511.945929 —511.982547 0.001449 0.91
H,L —512.387398 —512.423365 —512.385598 —512.422578 —0.000787 —0.49
Hs;L* —512.825900 —512.862287 —512.821788 —512.858264 —0.004023 —2.52

“OFE = Espc — Ec1. " 0Gyy = Gyg(structure in Figure S1) — G,q(C1).

(generated structures of lowest energy are shown in Figure S2
in the Supporting Information). Table 4a provides energies (in
kJ mol™!) of the five lowest in energy MM/MD conformers (C1
to C5) of all protonated forms of NTPA seen in Figure 2. Also,
SPC on the structures from Figure 2 was performed in solvent
using MM to compare these energies with lowest energy MM/
MD relevant conformer; obtained data are also included in Table
4a. It was of some concern to see that all the MM-generated
structures were of considerably lower energy with the difference
0 reaching over 20 kcal mol~! (equivalent of about 14 log units
in protonation constants) in the case of H;L (a much lower
difference was obtained for H;L*). Because of that, the MM/
MD-generated C1 conformers were fully solvent-optimized in
Gaussian using the same procedure as described above for
protonated NTPA species; results obtained are shown in Table
4b. It was gratifying to see that, even though all energies
obtained from SPC (involving MM) were lower in value, the
differences came down to a single kilocalorie range except H;LL

and Hs;L* for which 6G = 4.21 and 6.89 kcal mol ™',
respectively. A similar procedure was applied to all the
protonated forms of IDA, and results are shown in Table 5. All
SPC-generated energies of IDA were again lower in value when
compared with energies of the fully optimized structures seen
in Figure 2 (Table 5a where 0FE = E — Ec; > 0). However,
when Cl1 structures of IDA were fully DFT optimized, the
resultant energies were lower in value when compared with the
lowest energies of C1 conformers (see Table 5b where G <0
for all except HL) and it was gratifying to see that the 0G values
were rather small. From that, it might follow that to perform
proper structural analysis in search of the lowest energy
conformer, one would have to analyze a number of structures
obtained from the MM/MD optimization. Our aim here was to
prove the point that indeed it is possible to theoretically predict
four consecutive protonation constants with acceptable accuracy
(we were not interested in this work to find out how accurate
that prediction might be); hence we did not proceed with full
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TABLE 6: Comparison of Experimental* (Exp) at u = 0.1 M and 20 °C and Calculated Stepwise Protonation Constants of
NTPA, as log Ky, Using the Lowest Energy Structures from Tables 4 and 5 (Seen in Italic) with Protonation Constants of the

Reference Molecule IDA at Ionic Strength # = 0.0 and 0.1 M

u=0.0 M, 25 °C (IDA)

u=0.1 M,25°C(IDA)

reaction log Ky exp o log Kn exp o
Lo~ + HLo = HLy> + Lo 10.40 9.49 091 9.95 9.49 0.46
HL“)Z_ + HL(z)_ = Hle_ + L(z)z_ 3.84 422 —0.38 3.39 422 —0.83
HzL(])_ + HL(z)_ = H}L(]) + L(z)z_ 313 368 _055 268 368 _100
H}L(]) + HQL(Z) = H4L(1)+ + HL(Z)_ 2.89 2.71¢ 0.18 2.67 2.71¢ —0.04

@ Experimental NTPA protonation constant* at 4 = 0.5 M and 25 °C.

analysis of all the MM/MD-generated conformers. It appears,
however, that MM/MD analysis might be a useful tool in search
of conformers for the purpose of this kind of study.

We have selected from Tables 4 and 5 relevant NTPA and
IDA structures that had the lowest DFT-computed G, (printed
in italic in Tables 4 and 5) and used them for the protonation
constants calculations based on the isodesmic reaction approach
discussed earlier; results are shown in Table 6. The differences
between experimental and computed values obtained at both
ionic strengths are within £1 log unit; this must be seen as an
exceptional result because poly negatively charged structures
were investigated here and similar in magnitude departures from
experimental values were reported only for protonation constants
of singly protonated common organic acids. An additional
important fact is that the three experimental protonation
constants (log Kf?, log K{{, and log K{) do not differ in value
much (by less than a log unit) and computed values, even though
with errors of the same dimension, they follow the experimental
trend correctly, namely, log K{P > log Ki > log Ki. Comparison
of data in Tables 3 and 6 supports the above supposition that
accuracy in predicted (computed) protonation constants depends
on conformational structure used for both molecules (the studied
and reference one); it was possible to improve (on average)
computed protonation constants by use of simplified, MM/MD
conformational analysis.

It is important to realize that energy optimization operation
of all molecules, even though performed in a solvent, most likely
does not result in the exact molecular structure (and hence the
computed minimum energy) as would exist in solution. This is
most likely why exact (to the second decimal place) prediction
of protonation constants is not possible when the described
protocol is implemented. Nevertheless, results obtained are very
encouraging and suitable for many applications, where the exact
value might not be of absolute necessity. We came to the
conclusion that implementation of isodesmic reaction methodol-
ogy provides, or might provide, computed protonation constants
at acceptable accuracy. This broadens, in our opinion, the scope
of studying protonation constants computationally and opens a
new field of applications for poly charged ligands.

Incorporation of IDA rather than NTA in isodesmic reaction
has resulted in much better prediction of protonation constants.
The reason for that is not clear at this stage, as one would expect
that NTA, being structurally much closer to NTPA, should
generate better results; work is in progress to explain this
phenomenon. It is evident, however, that the selection of the
reference molecule plays a crucial role and most likely it should
be selected individually according to structural properties of a
molecule under investigation. It is not surprising, then, that the
use of acetic acid as a single reference molecule in the study of
a large number and structurally different monoprotonated
organic acids (and also without conformational analysis) often
resulted in very large errors in the predicted dissociation
constants.'

4. Conclusion

We have shown that prediction of several consecutive
protonation constants for the highly and negatively charged
molecules, such as NTPA, is possible with acceptable accuracy
when isodesmic reaction methodology, instead of commonly
employed thermodynamic cycle, is employed. Four stepwise
protonation constants of NTPA were computed to within +1
log unit of experimental data with an average error in the
protonation constant of about 0.5 log unit. This good agreement
was achieved for minimum energy structures of NTPA (studied
ligand) and IDA (reference molecule) obtained from MM/MD
conformational analysis followed by full energy optimization
in solvent by Gaussian. It is reasonable to assume that even
better estimates might be generated computationally when a
number of lowest energy MM/MD-generated conformers were
subjected to the DFT optimization in search for global minimum
energy conformers. It appears that full conformational analysis
should be seen as prerequisite for computing protonation/
dissociation constants from IRn and possibly also from TC.

Results obtained in this study from TC agree with the
literature reports in that TC methodology does not provide
acceptably accurate results for poly negatively charged mol-
ecules. Also, we have demonstrated that in the gas phase the
proton prefers to be bound to —COO™ group (to form —COOH)
rather than to nitrogen in NTPA; this severely restricts the use
of TC in the study of numerous ligands.
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