JOURNAL OF
CHEMICAL &

ENGINEERING
DATA

pubs.acs.org/jced

Thermodynamic Dissociation Constants of Alendronate and
Ibandronate by Regression Analysis of Potentiometric Data

Milan Meloun,*" Zuzana Ferencikova,” Lucie Netolicka," and Tomas Pekarek’

"Department of Analytical Chemistry, University of Pardubice, 532 10 Pardubice, Czech Republic

*Zentiva Group a.s., U Kabelovny 130, 102 37 Prague 10, Czech Republic

ABSTRACT: Mixed dissociation constant(s) of two nitrogen-containing bisphosphonate acids HjL, alendronate and ibandronate, at
various ionic strengths I in the range of (0.02 to 0.30) M at (298.15 and 310.15) K have been determined with the use of regression
analysis of potentiometric titration data when common parameters pK,; | = 1, .., ], and group parameters L, and Hry are
simultaneously refined. Ibandronate and alendronate are the antiresorptive drugs most widely used to treat osteoporosis owing to
their particularly high potency at inhibiting osteoclast-mediated bone resorption. External calibration of the glass electrode cell in the
activity scale agy, was used. The estimate of ill-conditioned group parameters has a great influence on a systematic error in the
estimated pK,, and therefore it makes the computational strategy important. As more group parameters are reﬁned and a better fit is
achieved, a more reliable estimate of dissociation constants results. The thermodynamic dissociation constant pK; was estimated by
a nonlinear regression of {pK,, I} data and a Debye—Hiickel equation. A goodness-of-fit test based on regression dlagnostlcs is the
measure of a rehablhty of parameters and proves that rehable estimates for alendronate pKy, = 2.60(1) and 2.76(1), pK.5 = 6.73(1)
and 6.77(1), pKa4 =11.51(2) and 11. 29(1), and pKJs = 12.44(3) and 11. 82(3) at (298.1S and 310.15) K, respectively, and for
ibandronate pKaz =2.33(1) and 2.50(1), pKa3 =6.31(1) and 6.37(1), and pKa =10.74(1) and 10.65(1) at (298.15 and 310.15) K,

respectively, were found.

B INTRODUCTION

The bisphosphonates have been known to chemists since the
middle of the 19th century, when the first synthesis occurred in
1865 in Germany and a historical survey of their mechanism of
action brings a tutorial review by Fleisch.! Only in the past three
decades have bisphosphonates been developed as drugs for use in
various diseases of bone, tooth, and calcium metabolism. Bi-
sphosphonates are compounds characterized by two C—P
bonds. If the two bonds are located on the same carbon atom,
the compounds are called germinal bisphosphonates, and they
are analogues of pyrophosphates that contain an oxygen atom
instead of a carbon atom.” Two nitrogen-containing bispho-
sphonates, for example, ibandronate and alendronate denoted as
N-BPs (Figure 1), are the antiresorptive drugs® most widely used
to treat osteoporosis owing to their particularly hlgh potency at
inhibiting osteoclast-mediated bone resorption.”> They also
inhibit growth of the amoeboid microorganism Dictyostelium
discoideum.®”® These N-BPs are stable analogues of naturally
occurring pyrophosphate compounds.”'® Bisphosphonate
N-BPs reduce bone resorption and turnover through their
interference with osteoclast activity." Bisphosphonate N-BPs
are now the major drugs used in the treatment of postmenopau-
sal osteoporosis and represent the first-line therapy in the
majority of patients.'' ~'® The evolution of the chemical moieties
on the R; and R, positions in the bisphosphonate structure in
Figure 1 has resulted in a pro 0gresswe increase in antiresorptive
potency in binding afﬁmtles '7~1 The R, moiety confers addi-
tional binding affinity;”'”*° for example, replacing a hydrogen
atom with a hydroxyl group at R; increases the aflinity for
hydroxyapatite by about two-fold. The introduction of nitro-
gen components, such as primary and tertiary nitrogens or
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Figure 1. Basic structure of two nitrogen-containing bisphosphonates
N-BPs, where R; means the group which assists binding to hydroxya-
patite and R, means the side chain which determines potency dependent
on mineral binding and biochemical action.

heterocyclic rings at the R, position, increased the antiresorp-
tive potency of bisphosphonates by up to three orders of
magnitude compared to that of non-nitrogen containing bis-
phosphonates."'**!

Boichenko et al.** has shown that the acid—base titrimetry is
useful for routine analysis of sodium alendronate due to its
accuracy, simplicity, and low cost. However, the theoretical basics
of the determination of sodium alendronate by acid—base
titration are complicated by very close third, fourth, and fifth
dissociation constants of alendronic acid. Moreover, alendronic
acid is very weak by the third dissociation step (Figure 2), and
its titration should be problematic.”*** At ionic strength 0.1 M
KCI and 298.15 K, dissociation constants were estimated as
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Figure 2. Schema of the dissociation of nitrogen-containing bisphos-
phonates (N-BPs) according to Fleisch."

pK., =224+ 0.01, pK,; = 6.38 & 0.03, pK,, = 10.68 4 0.06, and
pK,s = 114 & 0.2.

Higele et al.”® proved that the increasing distance between the
bisphosphonate and the ammonium units (pamidronate —
alendronate) leads to a significant increase in pK,; to pK,4;
that is, pK,; is 1.24 for pamidronate (P) and 1.33 for
alendronate (A), pK,, is 1.93 for P and 2.22 for A, pK,; is
6.04 for P and 6.39 for A, pK,4 is 10.18 for P and 10.96 for A,
and pK,s is 12.14 for P and 11.82 for A at ionic strength 0.1 M
and 298.15 K. The last acidity constant, pK,s, assigned to the
NH;" — NH, deprotonation exhibits, however, the opposite
trend, indicating the increasing acidity-modifying interaction
of bisphosphonate and amino sites with their decreasing
covalent distance.

The reliability of dissociation constants obtained by
regression analysis of potentiometric data is dependent upon
(i) an algorlthm used and (ii) the parameters selected for
refinement*®?” with ESAB** 3 and with HYPERQUAD.>"
Both programs seem to be a powerful tool because they also
permit the refinement of group parameters and the applica-
tion of an internal calibration.

In this paper we decided to investigate the dissociation
constants of these two drugs, alendronate and ibandronate, at
various ionic strengths and at (298.15 and 310.15) K, and to
prove their reliability and also to estimate their thermodynamic
dissociation constant pK;r.

Procedure for the Determination of Mixed Dissociation
Constants. The procedure for the determination of mixed
dissociation constants with the use of two programs, ESAB
and HYPERQUAD, was described previously.*

Procedure for the Determination of the Thermodynamic
Dissociation Constant. Let us consider a dependence of the
mixed dissociation constant K, = azy. [L*~']/[HL?] on an ionic
strength when both ions HL” and L*~ ' have roughly the same
ion-size parameter a in the dissociation equilibrium HL® =
L= ' + H" with the thermodynamic dissociation constant K,
ay- ap-/ayy, and that the overall specific interaction parameter is
given as C = Cyy, — Cp. This dependence is expressed by the
extended Debye—Huckel equation

A1 = 22)VI
pK, = pK” AQ=22VT

Y (1 + BavT)

where A = 0.5112 mol*/2-L"?-K*? and B = 0.3291 mol "/*-
m~'-LY%. K*.10" for aqueous solutions and 298.15 K. The
mixed dissociation constant pK, represents a dependent variable,
while the ionic strength I stands for the independent variable.
Three unknown parameters b = {pK,, a, C} are to be estimated
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Figure 3. Protonation equilibria of alendronate analyzed with ESAB:
(a) potentiometric titration curve of alendronate with KOH; L, =
3.9035-10"° mol-dm™ 3, Hy = —0.8961 mol-dm 3, V, = 15.3 cm?,
I=0.025, T =298.15 K; (b) plot of residuals; (c) distribution diagram
of relative presentation of all species of protonation equilibrium;
(d) dependence of the mixed dissociation constant pK, of alendronate
on the square root of an ionic strength, which leads to thermodynamic
dissociation constants pK,, = 2.60(1), pK,3 = 6.73(1), pK.4 = 11.51(2),
and pK,s = 12.44(3).

by a minimization of the sum of squared residuals

n
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The nonlinear estimation problem is simply a problem of
optimization in the parameter space in which the K and I are
known and given values, while the parameters pK., a,and C are
unknown variables to be estlmated However, for small values
of an ionic strength the pK; can be estimated only.

Reliability of the Estimated Dissociation Constants. The
adequacy of a proposed regression model with experimental data and
the reliability of found parameter estimates, b, j = 1, .., m, may be
examined by the goodness -offit test, also called the fitness test, which
was described previously*® and can be found on page 101 in ref 26.

B EXPERIMENTAL SECTION

Chemicals and Solutions. Alendronate sodium (99.8 % in
mass) and ibandronate sodium (100 % in mass) were donated by
Zentiva Group, a.s. (Prague) with declared purity checked by a
high-performance liquid chromatography (HPLC) method.
These drugs have been weighed straight to a reaction vessel to
reach a resulting concentration of about 0.005 mol - dm . Other
chemicals and solutions were described previously.*®

Apparatus. The free hydrogen-ion concentration & was mea-
sured on the digital voltmeter Hanna HI 3220 with a precision of &
0.002 pH with the use of a combined glass electrode Theta HC 103—
VER. Apparatus, burets,** and titrations were described previously.*

Computation and Software Used. When the program ESAB
estimated Hr and L from an actual titration of a mixture of drug
and hydrochloric acid with potassium hydroxide, some group
parameters are given in the input data for ESAB***” such as the
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Figure 4. Protonation equilibria of ibandronate analyzed with ESAB:
(a) potentiometric titration curve of ibandronate with KOH; L, =
4.8985-102 mol-dm >, Hy = 0.9861 mol-dm ™3, Vy = 1525 em®, I =
0.025, T =298.15 K; (b) plot of residuals; (c) distribution diagram of relative
presentation of all species of protonation equilibrium; (d) dependence
of the mixed dissociation constant pK, of ibandronate on the square root
of an ionic strength, which leads to thermodynamic dissociation con-
stants pK,, = 2.33(1) pK,3 = 6.31(1), and pK,4 = 10.74(1).

Nernstian slope and pK,, which are both accessible from the
literature.®® Group parameters can be estimated by a regression
analysis of both segments of a titration curve or from the acid
segment only if the basic one might be affected by some
carbonate as well as silicate in the alkali. With ESAB, two group
parameters, Ly and Hr, were refined to give the best fit, and the
fitness may be examined by the goodness-of-fit criteria.

A computation relating to a determination of dissociation
constants was performed by nonlinear regression analysis of
titration curve using the ESAB program, version ESABZM,Z&29
and the HYPERQUAD2008 program.”>’ The thermodynamic
dissociation constant pKaT, an ion-size parameter 4, and salting-
out coeflicient C could be estimated with the nonlinear regres-
sion program MINOPT in the statistical system ADSTAT
(TriloByte Statistical Software, Ltd. Pardubice).>® PALLAS>"3#
and MARVIN®**” are programs for making predictions based on
the structural formulas of drug compounds. Entering the com-
pound topological structure descriptors graphically, pK, values of
organic compound are predicted using approximately hundreds
of Hammett and Taft equations and quantum chemistry calculus.

The experimental and computational schemes for the deter-
mination of the protonation constants of the multicomponent
system are taken from Meloun et al,’®*’ and the details for
the computer data treatment are collected in the webpage http://
meloun.upce.cz and in the block DOWNLOAD and block
DATA.

B RESULTS AND DISCUSSION

Estimation of Dissociation Constants. In general, all two
N-BPs are pentaprotic acids (Figure 2), but after dissolution,
they may be treated as tetraprotic or triprotic acids. The titration
of tetraprotic weak acid HyL with a strong base (e.g, KOH)
involves eight solution species H;0", OH™, H,L, H;L ™, H,L*,
HL®*, L*, and the potassium cation K*. Other variables are the
initial weak acid concentration (L), the initial base concentra-
tion (Hry), volume of acid titrated (V,), and the volume of base

Table 1. ESAB Refinement of Common and Group Para-
meters for a Titration of Alendronate with KOH*

i titrant V/cm® residual & pau protonation function
1 0.3000 0.0007 2.685 340
2 0.3100 —0.0001 2.768 3.26
3 0.3350 —0.0012 3.064 322
4 0.3400 —0.0011 3.156 3.18
N 0.3450 —0.0010 3.266 3.15
6 0.3475 —0.0009 3.334 3.13
7 0.3500 —0.0007 3416 3.11
8 0.3630 0.0001 4.74S 2.98
9 0.3635 0.0001 4.877 2.98
10 0.3640 0.0001 4.983 297
11 0.3645 0.0001 5.085 2.97
12 0.3650 0.0000 S5.187 2.96
13 0.3655 0.0000 5.226 2.95
14 0.3665 —0.0001 5.347 294
15 0.3675 0.0000 5.448 293
16 0.3685 0.0000 5.531 291
17 0.3695 0.0000 5.606 2.90
18 0.371S8 —0.0001 5.723 2.87
19 0.373S 0.0000 5.827 2.84
20 0.3755 0.0000 5914 2.81
21 0.3775 0.0000 5.992 2.78
22 0.3800 —0.0001 6.076 2.75
23 0.3825 —0.0001 6.156 2.71
24 0.3850 0.0000 6.231 2.67
28 0.3900 0.0000 6.366 2.60
26 0.3925 —0.0001 6.428 0.257
27 0.3950 —0.0001 6.492 2.53
28 0.3975 0.0000 6.557 2.49
29 0.4000 0.0001 6.622 2.46
30 0.4050 0.0002 6.753 2.38
31 0.4075 0.0003 6.824 2.35
32 0.4360 0.0002 9.868 1.96
33 0.4370 0.0001 9.949 1.95
34 0.4380 —0.0002 10.007 1.94
35 0.4400 —0.0003 10.129 1.92
36 0.4850 0.0000 11.042 1.54
37 0.4950 —0.0001 11.134 1.47
38 0.5050 0.0001 11.216 141
39 0.6000 0.0001 11.691 0.97
40 0.6250 —0.0001 11.770 0.90

“Standard deviations of parameter estimates in last valid digits are in
parentheses. Common parameters refined: pK,, = 2.510(15), pK.3 =
6.546(2), pK,, = 11.212(3), pK,s = 12.113(4). Group parameters
refined: Ly = 3.9035-10 % mol-dm 3, Hr = —0.8961 mol-dm
(negative sign means a base here, while the positive sign means the
acid). Constants: Hy = 1.992-10 > mol-dm 3, T = 298.15 K, pK,, =
13.9799, Vo =15.3 cm?, s(V) = 0.0001 cm®, j, = 0.0 mV,, j, = 0.0 mV, I, =
0.002 (in vessel), I+ = 0.8961 (in buret).

added (V). The algebraic description of a tetraprotic titration
(neglecting activities) is completely specified by four ionization
steps (K1, Kyp, Ku3,and K4, the equation for ionization of water
(K,), equations for the mass and charge balance, and in addition,
two equations to account for dilution of the acid and base
concentration during the titration. For adjusted value of ionic
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Table 2. Reliability of Parameter Estimates Proved by a
Statistical Analysis of Residuals

—0.0000103 cm®
—0.0002 cm® and 0.0002 cm?,

bias, E(&)

lower and upper
no outliers

0.000213 cm?®

Hoaglin's limits
mean of absolute values
of residuals, E|é|
0.000375 cm?®
—1.49 (not differing from 0)
5.44 (not differing from 3)

normality accepted

standard deviation, s(&)
skewness, g; (&)
kurtosis, g>(&)
Jarque—Berra normality

test of a residuals

Table 3. Mixed Dissociation pK, Constant of Alendronate at
298.15 K and Various Values of an Ionic Strength I Estimated
by Nonlinear Regression Programs ESAB and
HYPERQUAD"

ESAB HYPERQUAD
I pK. pK, le]/uL logBi,  SIGMA pK.
0.025 pK, 2506(27) 0.1  32265(20)  2.08 2.532(20)
pKi  6.546(2) 29.733(19) 6.553(19)
pK.y 11212(3) 23.180(18) 11.229(18)
pK.s 12.113(4) 11.951(26) 11.951(26)
0062 pK, 2531(22) 02  32.166(47) 277 2.523(47)
pKys  6.463(4) 29.643(46) 6.460(46)
pK.s 11.058(5) 23.183(46) 11.055(46)
pK.s 12.216(10) 12.128(50) 12.128(50)
0.099 pK, 2533(13) 02  31902(21)  1.59 2.535(21)
pKys  6.416(4) 29.367(20) 6.416(20)
pK.y  11.041(7) 22.951(20) 10.992(20)
pK.s 11.850(10) 11.959(28) 11.959(28)
0.134 pK, 2531(22) 02 3L661(52)  1.99 2.634(52)
pK.s  6.380(6) 29.027(43) 6.382(43)
pK., 10.993(11) 22.645(39) 10.974(39)
pK,s  11.554(14) 11.671(53) 11.671(53)
0.169 pK, 2.511(18) 02  21.610(24) 176 2.486(24)
pKs  6.362(6) 29.124(22) 6.362(22)
pK.s 10.956(6) 22.762(21) 10.942(21)
pK.s 11.792(10) 11.820(29) 11.820(29)
0203 pK, 2481(34) 04  31.404(29) 2.02 2.506(29)
pK,s  6.352(13) 28.898(25) 6.338(25)
pK., 10.978(14) 22.560(24) 10.946(24)
pK.s  11.564(25) 11.614(24) 11.614(24)
0236 pK, 2.547(55) 03  31.468(35) 23 2.556(35)
pKs  6.310(8) 28.912(30) 6.308(30)
pK. 10.938(11) 22.604(28) 10.925(28)
pK,s 11.663(15) 11.679(40) 11.679(40)

“ Standard deviations of parameter estimates in the last valid digits are in
parentheses.

strength the potentiometric titration of a mixture of HCI and
N-BP drug acid with potassium hydroxide was carried out. The
initial tentative value of the dissociation constant of the drug
studied corresponding to the midpoint value in each plateau of
the potentiometric titration curve data (Figures 3a and 4a) has

Table 4. Mixed Dissociation pK, Constant of Ibandronate at
298.15 K and Various Values of an Ionic Strength I Estimated
by Nonlinear Regression Programs ESAB and
HYPERQUAD*

ESAB HYPERQUAD
I pK, pK, le]/uL logfBi;  SIGMA pK,
0.025 pK, 2251(28) 0.1  18813(6) 0.8596  2.261(6)
pKy  6.110(1) 16.552(4) 6.108(4)
pK.s  10.450(2) 10.443(3) 10.443(3)
0.062 pK, 2251(43) 0.1  18580(8) 09452  2.253(8)
pK.s  6.036(2) 16.327(4) 6.036(4)
pK.y 10.291(2) 10.291(3) 10.291(3)
0.099 pK, 2261(41) 02  18435(8) 09972  2.259(8)
pKys  5.997(3) 16.176(4) 5.992(4)
pK., 10.183(3) 10.184(3) 10.184(3)
0.134 pK, 2203(39) 0.1  18254(7) 09270  2.198(7)
pKis  5.949(2) 16.056(4) 5.950(4)
pK. 10.106(2) 10.106(3) 10.106(3)
0.169 pK, 2261(25) 02  18232(10) 1.00 2.259(10)
pKs  5.922(3) 15.973(6) 5.925(6)
pK., 10.047(3) 10.048(4) 10.048(4)
0203 pK, 2221(16) 02  18.127(11) 141 2219(11)
pKys  5.906(3) 15.908(6) 5.902(6)
pK.s  10.009(3) 10.006(4) 10.006(4)
0236 pK, 2222(15) 02  18.081(8) 10561  2.225(8)
pK.s  5.893(3) 15.856(5) 5.895(5)
pK.y  9.963(3) 9.962(3) 9.962(3)
0268 pK, 2214(19) 02  18055(7) 09929  2.214(7)
pKys  5.888(3) 15.841(5) 5.892(5)
pK.y  9.948(3) 9.949(3) 9.949(3)

“Standard deviations of parameter estimates in last valid digits are in
brackets.

been applied by the nonlinear regression ESAB and/or HYPER-
QUAD programs and gave the values of pK,3 and pK,4. The pK,
values obtained by the deconvolution of the potentiometric
titration curve indicated that this N-BP dissociates in a manner
similar to that elucidated for alendronate.

Table 1 gives the results of the ESAB regression analysis of a
part of a particular titration curve when a minimization process
terminates. Besides the original data {V, pay}, also the residual &
and the Bjerrum protonation function at each point are given. All
common pK,, pK,s, pKas, and pK,s and group parameters L,
and Hr are refined, and the best-fitting curve is proven by results
of a statistical analysis of residuals in Table 2. The reliability of
protonation constant may be classified according to a goodness-
of-fit. As more group parameters are refined, a better fit is
achieved, and therefore the more reliable estimate of protonation
constants results. A quite sensitive criterion of reliability of
protonation constant is the mean of absolute values of residuals
E|é|. Comparing residuals with the instrumental noise, Sinst(Y),
represented here by either s(V) = 0.0001 cm” or s(pay) = 0.01,
an excellent fit is considered because the mean E|é| and the
residual standard deviation s(&) are nearly the same magnitude
and lower as a noise s;q(y). Here, E[é| = 0.0002 cm® and 5(&) =
0.00037 cm® are lower than the instrumental error s(V) =
0.0001 cm”. As the bias E(&) is equal to —1.0- 10>, what may
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be taken as zero, no systematic error in curve fitting can be
expected. All residuals oscillate between lower and upper
Hoaglins inner bounds, and no residuals lay outside of these
bounds. Residuals exhibit a normal distribution as confirmed by
the Jarque-Berra normality test for combined sample skewness
and kurtosis (cf. page 80 in ref 33) and also by parameters of
distribution shape, the skewness g;(¢) = —1.49 being not
significantly different from zero and thus proving a symmetric
distribution, and the kurtosis g,(¢) = 5.44 being not significantly
different from 3 and thus proving a normal distribution.

Figure 3 shows results of the graphical presentation of a
regression analysis of (a) the potentiometric titration curve of a
mixture of HCI and alendronate at 298.15 K; (b) the overall
diagram of classical residuals, which gives an initial impression
of residuals. The true model and reliable parameter estimates
are proven because the residuals exhibit a normal distribu-
tion with a zero mean and also form a random pattern. No
systematic departures from randomness indicate that the model
proposed is true and estimates of the parameter are reliable;
(c) the distribution diagram of a relative presentation of all vari-
ously protonated species, which seems to be more interesting
than only a numerical value of a protonation constant. The
intersection of both curves gives a value of the protona-
tion constant on the pH axis; (d) dependence of the mixed
dissociation constants pKy,, pK,3, and pK,4 of alendronate on
the square root of the ionic strength, which leads to a parameter

Table 5. Survey of Estimated Thermodynamic Dissociation
Constants for Two N-BPs Refined with ESAB

298.15 K 310.1S K
alendronate pKS 2.60(1) 2.76(1)
pK5 6.73(1) 6.77(1)
pKL, 11.51(2) 11.29(1)
pK3s 12.44(3) 11.82(3)
ibandronate pK 2.33(1) 2.50(1)
pKY 6.31(1) 6.37(1)
pKL, 10.74(1) 10.65(1)

estimate of the thermodynamic dissociation constants, pKZZ,

T T
pKas, and pKyy.

Table 3 shows the mixed dissociation constant of alendronate
estimated by nonlinear regression programs ESAB and HYPER-
QUAD when residuals ¢; = (Vexp,,- — Veale,) are minimized. Low
values of residuals in microliters prove an excellent fitness of the
calculated regression curve through experimental points. For
comparison of two programs ESAB and HYPERQUAD, three
decimal places in estimation of pK, were used in Tables 3 and 4.

Table 4 shows the estimate of dissociation constants of
ibandronate determined at various values of ionic strength as
results of regression analysis with two various mathematical
approaches. The pK, values obtained by the deconvolution of
the potentiometric titration curve indicating that this N-BP
dissociates in a manner similar to that for alendronate. The
program ESAB minimizing residuals ¢; = (Vexp,,- — Vcalc,,-) reaches
0.1 uL and HYPERQUAD minimizing e; = (paH,exp,,- — paH,Calc,,-)
and thus proving an excellent fit. When the statistical parameter
SIGMA being of statistical weight nature is about 1 or less, it
proves that an excellent goodness-of-fit is achieved and sufficient
reliability of parameter estimates, while SIGMA greater than 1
indicates a poor goodness-of-fit.

Estimation of Thermodynamic Dissociation Constant.
Applying an extended Debye—Huckel equation to the data of
Tables 3 and 4 accordin§ to a regression criterion, from three
unknown parameters pK;, 4, and C the pK; could be estimated
only as the range of an ionic strength contains small values and
does not allow to estimate 4 and C.

Table S shows the point estimate, calculated standard devia-
tion of each parameter, and absolute and relative bias obtained
when minimization process terminates. The linear parameter
pK;r in the regression model are well-conditioned, and their
estimation is sensitive. They have a strong influence on the
residual-square sum function U. The well-conditioned parameter
pK} has a great influence on an elliptic hyperparaboloid shape,
when the variable U is plotted against parameter pK, in a one-
dimensional space. For well-conditioned parameters such a
shape exhibits an obvious, sharp minimum, the pit point Upy,.

Literature Comparison. The protonation of sodium salt of
4-amino-1-hydroxybutylidene-biphosphonic (alendronate) acid

Table 6. Dissociation Constants of Two N-BPs Found in the Literature and Estimated in This Work

ionic strength I, T/K reference pKa pK.» pKas pK.s pK.s
Alendronate
prediction with Pallas and Marvin 1.78 241 8.42 9.92 12.04
0.1 M KCl 24 2.72£0.05 8.73£0.05 10.540.05 11.6 +£0.10
0.2 M KCl 23 2.16 6.21 10.77 12.04
0.1 M KCl 25 2.22 6.39 10.96 11.82
0.1 M KCl 22 2.2440.01 6.38+0.03 10.68 £ 0.06 114402
3 6.17 =10
44 2.35 6.55 10.09
0.1 M KCl 45 2.66 6.01+ 0.01 9.97 £0.02 10.74 £ 0.05
1=0,298.15 K, pK; this work 2.60(1) 6.73(1) 11.51(2) 12.44(3)
I=0,298.15 K, pK* this work 2.76(1) 6.77(1) 11.29(1) 11.82(3)
Ibandronate
prediction with Pallas and Marvin 1.60 2.39 6.71 9.94 11.89
44 2.84 6.08 10.43
1=0,298.15 K, pK* this work 2.33(1) 6.31(1) 10.74(1)
1=0,298.15K, pK; this work 2.50(1) 6.37(1) 10.65(1)
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and ibandronate have been studied at various temperatures and
ionic strengths.”>*>*" In only a few cases has the dependence of
the dissociation constants on ionic strength been systematically
investigated and the methods reviewed.'”**** The dissociation
constants of three nitrogen-containing bisphosphonic acids
have been obtained”* and are widely cited by other authors and
referral databases.”” However, it is interesting that other
authors”*® have determined different dissociation constants
and have not dissolved this discrepancy (Table 6).

Alendronate has six functional groups that could be ionized:
five H" donors (four POH groups, one geminate OH group) and
one amino group asa H" acceptor (Figure 1). The zwitterions are
the most probable structures of the electroneutral forms of
alendronate.*’ The dissociation of the geminal OH group of
bisphosphonates in aqueous solutions was not observed up to
pH 13, ref 22. The pK,; values of alendronate that correspond to
the dissociation of POH group in cationic acid HsL" with the
formation of zwitterions were obtained”® by using NMR-con-
trolled titrations. It is evident that the application of the standard
titrimetric procedure for pK,, determination does not allow for the
calculation of pK,; due to the minor presence of the HsL" form in
the equilibrium state of alendronate solution. Thus, the proteolytic
properties of alendronates in pH ranging from 2 to 12 can be
described in terms of four dissociation steps: pK,,, pK.s, pKas
(related with dissociation of POH groups), and pK,s related with
dissociation of NH;". Found estimates of two dissociation con-
stants are in agreement with predicted values using both programs
PALLAS and MARVIN; an elucidation may be found in ref 38.

Bl CONCLUSIONS

The reliability of the dissociation constant of two N-BPs
(alendronate and ibandronate) was proven even though two
group parameters Lo and Hy were ill-conditioned in a model.
Their determination is uncertain and might lead to a false estimate
of common parameters pK, and therefore make the computational
strategy important. These group parameters can have a great
influence on a systematic error in estimated pK,, and they should
be refined together with common parameters pK,. The external
calibration pay- of the glass electrode cell is performed. Compar-
ing two computational approaches, ESAB and HYPERQUAD
programs, ESAB led to better fitness of the potentiometric titration
curve. The thermodynamic dissociation constant pK, was esti-
mated by a nonlinear regression of a dependence of the mixed
dissociation constant pK, on ionic strength I. The goodness-of-fit
proved sufficient reliability of parameter estimates for two drugs at
(298.15 and 310.15) K. Standard deviations of each parameter in
the last digits are in brackets.
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