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A fast HPLC method was developed to study the hydrophobicity extent of phar-
maceutically relevant molecular fragments. By this strategy, the reduced amount
of sample available for physico-chemical evaluations in early-phase drug discov-
ery programs does not represent a limiting factor. The sixteen acid fragments
investigated were previously synthesized also determining potentiometrically
their experimental log D values. For four fragments it was not possible to deter-
mine such property since their values were outside of the instrumental working
range (2 < pK, < 12). An RP-HPLC method was therefore optimized. For each
scrutinized method, some derived chromatographic indices were calculated, and
Pearson’s correlation coefficient (r) allowed to select the so-called “p, index” as

roccaldo.sardella@unipg.it the best correlating with the log D. The {, pH was fixed at 3.5 and a modifica-

Andrea Carotti and Ina Varfaj contributed tion of some variables [organic modifier (methanol vs. ACN), stationary phase
equally to this study.

(octyl vs. octadecyl), presence/absence of the additives n-octanol, n-butylamine,
and n-octylamine], allowed to select the best correlation conditions, producing
ar=0.94 (p < 0.001). Importantly, the ¢, index enabled the estimation of log D
values for four fragments which were unattainable by potentiometric titration.
Moreover, a series of molecular descriptors were calculated to identify the chem-
ical characteristics of the fragments explaining the obtained ¢,. The number of
hydrogen bond donors and the index of cohesive interaction correlated with the

experimental data.
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1 | INTRODUCTION

The lipophilicity of the drug molecules plays an important
role in the absorption, distribution, metabolism, excre-
tion, and toxicity profile of drugs [1]. Thus, the ability
to early determine such properties of a new chemical
entity is a central point in the drug discovery process. The
pioneering works by Hansch and co-workers [2-4] first
pointed out how the lipophilicity of molecules could be
measured by their octanol/water partition coefficients
(log P). Compared to the latter, log D is a better descriptor
of the lipophilicity of an ionizable molecule. It can be
determined in a similar manner to log P but instead
of using a water solution, the aqueous phase must be
adjusted to a specific pH.

Many methods are available for the experimental deter-
mination of octanol/water partitioning parameters, but the
shake flask procedure remains the standard one [5]. How-
ever, the use of this traditional method is characterized
by some drawbacks, including the sample handling, the
sample sizes and it is time and labor-consuming features.
The indirect analysis of the lipophilicity behavior based
on RP-HPLC with n-alkyl chain-based stationary phases
is considered a valuable alternative to the shake-flask pro-
cedure since it allows easy analysis of larger groups of
compounds in a limited timeframe [6, 7]. Advantages of
chromatographic measurement of the hydrophobicity of
a molecule include speed, reproducibility, online detec-
tion, greater dynamic range, reduced sample handling, and
sample sizes in comparison to traditional octanol/water
partitioning measurements (log P) through the shake flask
method. Degradation products and impurities are gener-
ally not a problem since that chromatography is inherently
a method of separation [8]. In addition, chromatographic
hydrophobicity measurements can be conveniently per-
formed with automatized systems thereby allowing to
obtain high throughput determination of this physico-
chemical parameter for hundred molecules per day with
a single instrument.

The fact that retention in RP-LC systems is ruled by com-
pound lipophilicity (or more precisely hydrophobicity) is
described by the solvophobic theory [9, 10]. The expres-
sions “hydrophobicity” and “lipophilicity” are often used
interchangeably, and their frequency of usage is differ-
ent in various scientific fields. However, while medicinal
chemists prefer the lipophilicity term, separation scientists
tend to use hydrophobicity [11]. According to the defini-
tions suggested by TUPAC, the distribution behavior of
compounds in a biphasic system, such as liquid/liquid
or solid/liquid represents lipophilicity. The lipophilicity
measure derived by the chromatographic method is not
a simple binary solvent partition value, thus it has been

called “hydrophobicity” [11]. For this reason, from now on
the term hydrophobicity will be used.

The RP chromatographic retention in pure water (usu-
ally referred to as ky,, where the letter “w” stands for
“water”) has been reported to be one of the most useful
derived chromatographic indices to estimate hydrophobic-
ity (that is, the log P) through RP-LC analysis because
the solvophobic effect is the sole hydrophobic effect [8].
The “linear solvent strength model”, proposed by Snyder
in the late 70s’, is a simple model that can be utilized
to effortlessly derive retention factors from a pure water-
containing mobile phase [11]. This model is based on a
linear relationship between the retention factor and the
organic content in the mobile phase (solvent strength), as
in Equation (1):

logk = log ky, + S¢ @

where S (which is dependent on the chromatographic sys-
tem and solute) is the slope of the equation and ¢ is the
fraction of the organic solvent in the eluent. In agreement
with the above equation (Equation (1)), k values are mea-
sured for each compound with eluents containing different
amounts of the organic modifier. As a result, regression
analysis of the linear portion in the log k versus ¢ plot
allows the extrapolation of the log k,, parameter. However,
it should be considered that a loss of linearity is usually
observed when ¢ < 0.2 and ¢ > 0.8 [8, 12]. Indeed, many
of the mobile phase and stationary phase properties, that
are significant for retention in an RP-LC system, do not
experience any linear variation in these two regions.

It has been found that when ACN (MeCN) is used
instead of methanol (MeOH) as the major organic com-
ponent in the mobile phase, more pronounced curvature
occurs in the correspondence of water-rich eluents, thus
amplifying the uncertainty in the log k, value determina-
tion [11-14]. Oppositely, a high correlation between these
results exists when MeOH is used [14-16]. Many efforts
have been made to formalize correlation equations taking
into account the above loss of linearity [14]. However, the
actual limitation of these equations resides in the fact that
the extrapolated log k,, value for a specific compound can
be different depending on the organic modifiers in use [11,
12]. Other efforts have been also made to produce materials
that enable the reduction of the interference of free silanols
in the whole chromatographic process. In this framework,
the use of a stationary phase with some structural pecu-
liarities as well as the incorporation of basic additives in
the eluents has been proposed [7, 8, 12].

The derived chromatographic index ¢q, originally
proposed by Valko and Slégel [17] is another indirect
chromatographic index to measure the hydrophobicity of
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compounds [11, 14, 18]. The ¢, value for a given chemical
compound indicates the volume percentage of the organic
modifier that is required to evenly distribute that com-
pound between the two phases of the chromatographic
media [10, 14, 18]. The ¢, index can be calculated from
Equation (2) as follows:

log ky,
Po=——% ()

where S has a reciprocal unit to afford a dimension less
@0 value. The approach requires retention factor measure-
ment (log k values), using at least three different mobile
phase compositions, ideally near the concentration zone
where log k = 0. This is analogous to the log k,, determina-
tion. ¢, has to be fairly regarded as a more representative
hydrophobicity index because, in theory, it is exempt from
the uncertainty that characterizes the most usually sug-
gested log k,, parameter. Since ¢, only depends on the
distribution constant, it exhibits a strong link with the type
and proportion of organic modifiers as well as the system
temperature. Further, also the pH of the eluent has a signif-
icant impact on the ¢, value of ionizable compounds [17].

Besides its utility for log P estimation, the ¢, was
successfully used by Natalini et al. to estimate the attitude
by surface active bile acids to form aggregate, that is in
the estimation of the Critical Micellization Concentration
[14,19].

In the present work, the evaluation of the hydrophilic-
ity/hydrophobicity balance of a small series of molecular
fragments (Table 1) through the ¢, index is described.

Fragment-based drug discovery (FBDD) has become
a powerful approach for discovering new biologically
active hit compounds. Its success relies on screening com-
pounds of low molecular weight and low complexity
(defined fragments) during the early phase of the drug
discovery program. From the initial hit fragments, lead
compounds, with highly improved properties, can be effi-
ciently obtained by growing, linking, or merging molecular
fragments. Indeed, many candidates and drugs have been
discovered by the FBDD technique as recently reviewed by
the Walsh group [20].

All these findings prompted us to further study our
recently synthesized small series of molecular fragments
[21]. These acidic fragments (Table 1) were designed for
a wider medicinal chemistry project aimed at discover-
ing inhibitors capable to interact with zinc-containing
enzymes [21]. In the present study, we developed a fast
HPLC method enabling the evaluation of the log D
values of the selected molecular fragments reported in
Table 1. Very profitably, this procedure was demonstrated
to require a very limited amount of sample, which repre-
sents a favorable situation when compounds coming from

SEPARATION SCIENCE [k

different synthetic routes are investigated also in terms
of their physico-chemical properties. Moreover, another
main advantage of the method here described is related
to the capability of the ¢, index to make possible the esti-
mation, for some fragments, of log D values previously not
accessible by potentiometric titration. Still, we also demon-
strate that molecular modeling investigation can be useful
to explain the experimental findings at a molecular level.
All these aspects which represent a novelty in the domain
of fragment-based drug discovery will be treated in detail
in the following sections.

2 | MATERIALS AND METHODS

2.1 | Reagents, chemicals, and materials
All the reagents were of analytical grade. All the test frag-
ments were synthesized in our laboratory, according to
the procedures described in [21]. ACN (MeCN), methanol
(MeOH), monobasic sodium phosphate (NaH,PO,), diba-
sic sodium phosphate (Na,HPO,), concentrated phospho-
ric acid (H;PO,), n-octanol, n-butylamine, n-octylamine,
and sodium nitrite (NaNO,) were purchased from Merck
Life Science S.r.l. Water for HPLC analysis was purified
with a New Human Power I Scholar water purifica-
tion system (Human Corporation) and the Milli-Q water
purification system of Millipore.

2.2 | Instrumentation and
chromatographic conditions

The HPLC study was performed on a Waters ALLIANCE
2695 Separations Module system (Waters Corporation),
equipped with a quaternary, low-pressure mixing pump
and in-line vacuum degassing, an autosampler with a max-
imum capacity of 120 vials, and a column heater/cooler.
The system is endowed with a photodiode array detec-
tor (Waters 2996). The data management was made by
Waters Millennium 32 Software. The columns Robusta C18
(250 X 4.6 mm 1.D., 5 um, 110 A) and LiChrospher 60 RP-
select B LiChroCART (250 X 4.0 mm i.d., 5 um, 60 A pore
size) C8 were purchased from SepaChrom (Rho, Italy) and
Merck KGaA, respectively. Throughout the manuscript,
the employed C18 and C8, are indicated as stationary phase
1(SP1), and stationary phase 2 (SP2), respectively.

The apparent pH [;,pH, that is the one measured in
the employed hydro-organic mobile phase (s), while the
calibration of the pH system was done in water (w)] of
the eluents was measured with a conventional pH-meter,
and then opportunely adjusted to the required value as
explained below.
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TABLE 1 Structure of the investigated compounds and relative properties obtained with the Sirius T3 apparatus.

Cmpd # Structure Name log D 5 logD,;, pPK,!
1 (o] 3-Methylbenzoic acid 2.08 -1.07 3.99
OH
2 OH 2-(m-Tolyl)acetic acid 1.88 -1.3 4.13
o
3 NH N-Hydroxy-3-methyl-benzamidine n.d. n.d. n.d.
OH
N/
H
4 NH N-Hydroxy-2-(m-tolyl)acetamidine n.d. n.d. n.d.
HN.
oH
5 N—2 3-(m-Tolyl)—4H-1,2,4-oxadiazol-5-one 1.93 0.47 5.12
| >=o
N
H
6 N 3-(m-Tolylmethyl)—4H-1,2,4-oxadiazol-5-one 1.62 —0.19 5.59
-~ \
[o]
o
7 3-(m-Tolyl)—4H-1,2,4-thiadiazol-5-one 2.22 0.79 5.99

NI/ >=o

8 N 3-(m-Tolylmethyl)—4H-1,2,4-thiadiazol-5-one 2.15 1.06 6.35
~ \
o
9 N—"2 3-(m-Tolyl)—4H-1,2,4-oxadiazole-5-thione 1.74 =211 2.64
N
\@/LH
10 N 3-(m-Tolylmethyl)—4H-1,2,4-oxadiazole-5- 1.91 —-1.82 3.19
= \O thione
1 N /N\\ 5-(m-Tolyl)—1H-tetrazole 1.69 -1.33 4.07
[
N
H
(Continues)
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TABLE 1 (Continued)
Cmpd # Structure Name log D 5 logD,;, pPK,!
12 N 5-(m-Tolylmethyl)—1H-tetrazole 1.48 -1.17 4.73
2\, (m-Tolylmethyl)
H N\N//
13 [o] 3-Methylbenzamide n.d. n.d. n.d.
\©/I‘\N .
14 (o] 2-(m-Tolyl)acetamide n.d. n.d. n.d.
\/\/Y ¥
\/| NH
15 “ N-Methylsulfonyl-2-(m-tolyl)acetamide 0.94 —1.8 4.63
NN ~N.~
| 7N\
(0] o
N 0
16 o} 4-Hydroxy-5-(m-tolyl)—3H-furan-2-one 1.67 —-2.13 2.95
(o]
NS
OH

!pKa data are from reference [21]. n.d.: not determined.

According to the previous determinations of pKa and log D values at pH 3 and 8 [21], the Sirius T3 produced highly accurate results (standard deviations were

always below 5%).

The eluent pH was fixed at 3.5 using 30 mM monoba-
sic sodium phosphate (for { pH 3.5) and concentrated
phosphoric acid.

SP1 and SP2 were conditioned with the selected mobile
phase at a 0.6 ml/min flow rate for at least 40 min and at
a 0.4 ml/min for at least 2 h, respectively, before use. All
the analyses were carried out at 25°C column temperature.
The injection volume was set at 20 uL, and the chromato-
graphic analyses were followed at 254 nm. Before being
used, all the mobile phases were vacuum filtered through
a 0.45 um membrane filter (Whatman) and then degassed
with 10 min sonication. All the investigated compounds
1-16 were solubilized in MeOH and HPLC-grade water
(50/50, v/v).

2.3 | Determination of log D values with
the Sirius T3 apparatus

SiriusT3 apparatus (PION) measures pK,, log P, and log
D of ionizable molecules. In particular, the apparatus was
used to determine experimental log D values of our series
of small molecules 1-16 (Table 1) by using potentiometric

titrations. Details about the procedure are fully described
elsewhere [21].

2.4 | Determination of the isocratic
hydrophobicity index ¢0

With SP 1, the isocratic hydrophobicity index ¢, [17] was
calculated for each sample by measuring the logarithmic
retention factor (log k) in the presence of different mix-
tures of MeOH (40, 50 e 60%, v/v) at §,pH 3.5 (Method
1, Table 2). The retention factors data (k = (tg—ty)/ to),
obtained at various amounts of MeOH, were then extrapo-
lated to 0% (v/v) MeOH and reported as ky,, using a linear
procedure. The analyses were carried out at 0.5 ml/min
after a proper equilibration of the chromatographic col-
umn according to the procedure reported in section 3.1,
tg represents the retention time of the target analyte,
while NaNO, was used as the unretained marker to deter-
mine the dead time (;). By plotting the log k values with
various organic solvent concentrations, the ¢, value was
obtained from the slope and the intercept of the straight
line (p, = —intercept/slope). For all compounds, and for
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TABLE 2

Summary of the applied experimental conditions. Other details are reported in the Material and Methods sections. Codes “+”

and “-” indicate, respectively, the presence and absence of the additive in the eluent.

Type of organic Flow rate
Method# SP# modifier (ml/min)
1 1 MeOH 0.5
2 1 ACN 0.5
3 2 MeOH 0.3
4 2 MeOH 0.3
5 2 MeOH 0.3
6 2 MeOH 0.3

all the tested Methods, the retention factor values used
for the determination of the ¢, values were the average of
three consecutive injections.

In the second method (Method 2, Table 2), MeCN was
used as an organic modifier instead of MeOH, and the
analyses were conducted only with the resulting better per-
forming § pH 3.5. All other experimental parameters were
kept unchanged.

To shorten the retention times with the better per-
forming MeOH, the following analyses were isocratically
conducted with the following amounts of the alcoholic
modifier: 60, 65, and 70% (v/v). All the other experimental
conditions were kept unchanged (Method 3, Table 2).

From this point of the study, SP2 was always used in
place of SP1. This is a versatile, traditionally produced
spherical silica gel carrier with RP properties and with
a lower hydrophobicity extent than SP1, owing to its C8
chains. Since SP2 works at a pressure below 90 bar, the flow
rate was reduced to 0.3 ml/min to avoid elevated backpres-
sures. The analyses were therefore carried out with 65%,
70%, and 75% (v/v) MeOH (Method 4). All the other exper-
imental conditions were kept the same as in Method 3 as
shown in Table 2.

As reported in Table 2 (Method 5), the next step was
to use a mobile phase including n-octanol; the potentially
profitable use deriving from the incorporation of this alco-
hol in such type of applications was described in detail [12,
13], and here further explained in section 3.1. A 0.25% (v/v)
amount of n-octanol was added to MeOH to mimic the
octanol hydrogen-bonding activity typical of shake-flask
and other more conventional methods; n-octanol saturated
water was used as well.

In the last two experiments (Table 2, Methods 6 and 7),
the addition of a minor amount of either n-butylamine or
n-octylamine (0.15%, v/v) to the eluent system was tested.
The use of amine additives was found to be sometimes
profitable in such types of studies [12, 22, 23]. 30 mM
NaH,PO, was dissolved in the mobile phase and 0.15%
(v/v) amine modifier was added. Finally, the },pH was
adjusted to 3.5 with concentrated H;PO,. In these exper-

Type of additive

n-Octanol n-Butylamine n-Octylamine
+ — —

+ + -

+ - +

iments, the presence of n-octanol was maintained in the
eluent.

2.5 | Statistical methods

Statistical analyses were performed with the aid of the
open-source software CRAN-R version 4.2.2. [24]. To
estimate and visualize correlations among all possible vari-
ables, the R packages “corrr” [25] and “corrplot” [26] were
employed.

In statistical terms, the linear correlations were used to
denote the association between two quantitative variables:
chromatographically determined ¢, and experimental log
D. It was also assumed that the association was linear. To
study the linear correlations among variables, the Pearson
method was used. Indeed, Pearson’s correlation coefficient
is the test statistic that measures the statistical relation-
ship, or association, between two continuous variables. It
is considered among the best methods for measuring the
association between variables of interest because it is based
on the method of covariance. It provides information about
the magnitude of the association, or correlation, as well as
the direction of the relationship. p-Values < 0.001 (***) are
considered statistically highly significant.

2.6 | Molecular modeling

3D Coordinates of each compound were obtained as
reported in the original synthetic work [21]. Briefly, frag-
ments were built in all the tautomeric states of interest.
Next, a conformational search was performed, and the
geometries of each conformer were energetically opti-
mized at ab initio level in a simulated water environment,
leading to the identification of the global minimum. The
resulting conformer of each tautomeric state was used to
identify the global minimum of each compound, thus,
allowing to identify the preferred state of each fragment in
water.
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Finally, these selected tautomers were used to gener-
ate a set of nearly fifty molecular descriptors with the aid
of the QikProp package (QikProp, Schrodinger, 2021) of
the Schrodinger Suite 2021. Two of them resulted corre-
lated with the ¢, parameters, which were the number of
Hydrogen Bond Donors (HBD) and the index of cohesive
interaction (HBAX(HBD)Y2/SASA) [27].

3 | RESULTS AND DISCUSSION

3.1 | Optimization of the
chromatographic conditions to enhance
the log D/¢0 correlation

Among all the calculable hydrophobic indices, the derived
and isocratically measured chromatographic index ¢, was
selected [17]. ¢y values can be estimated from within a
range of values, unlike extrapolations to log ky;, which is
often outside of the measurable range, and whose value is
strongly dependent on the degree of curvature of the log
k/¢ plot (see below for details) [14, 19]. It is worth recalling
that all log D values used in this work were experimentally
determined at pH 3.5 [21], which explains the § pH fixed
for each of the employed mobile phases.

As a general concept, correlations between two variables
can be measured with the use of different indices (coeffi-
cients). The three most popular are Pearson’s r, Spearman’s
rho, and Kendall’s tau coefficients [28]. Herein, the Pear-
son method was selected as it measures the strength
of the linear relationship between two normally dis-
tributed variables producing “r” values. This coefficient
is a dimensionless measure of the covariance, with a
value of —1 meaning a total negative linear correlation,
0 being no correlation, and + 1 meaning a total positive
correlation.

The chromatographic conditions to improve the ¢, ver-
sus log D correlation extent were optimized through a
stepwise procedure. At first, attention was paid to the
effects produced on the ¢, chromatographic index by two
different;, pH values: 3.5 and 7.4. The data obtained for this
first set of analysis clearly highlighted differences in perfor-
mance between the two j,pH values, as shown in Tables
S1 and S2. As expected for ionizable compounds [29, 30],
the fragments behave differently at the two ;,pH values,
exhibiting largely different retention times.

As depicted in Figure 1A, the best correlation between
experimental log D and ¢, values were obtained at { pH
3.5 (r = 0.86; Method 1, Table 2), therefore this condition
was maintained in all subsequent experiments.

Subsequently, the analysis of the samples at j,pH 3.5
were performed using MeCN as an organic modifier
(Method 2, Table 2) in place of MeOH. As expected, MeCN

did show a higher eluotropic power over MeOH for all
the investigated compounds. The chromatographic results
obtained in this set of analyses attempt are listed in Table
S3. The plots displayed in Figure 1B show a clear decrease
in log D versus ¢, correlation extent (r = 0.56).

To highlight the different results achieved with the two
organic modifiers, the obtained Log k, values are reported
for all compounds in Table S4, along with the correla-
tion coefficient (R?) values of the ¢, /log k plots. MeOH
generated higher-to-comparable R? values than MeCN.
Accordingly, the alcoholic modifier was included in all
the subsequently tested mobile phases. This finding fits
well with the more severe curvature already described by
our group and other authors for the log k-ppecn plots
with respect to the log k-gyeon ones [8, 31]. MeCN is
well-known to generate a less extended linear portion in
that plot, which enhances the uncertainty in the log ky,
and S determination [15, 16, 31]. On the contrary, log k
values were found to vary more linearly even for struc-
turally unrelated compounds, when MeOH was used in the
20-80% (v/v) concentration range (namely, 0.2 < @peoH
< 0.8). A more linear variation of some properties that
are relevant for analyte retention was invoked to explain
the better results provided by MeOH. More specifically,
the eluent surface tension, which is of utmost importance
for sample retention in RP systems, was demonstrated to
change in an approximately linear way within the above
®meon range [9, 31]. As a result of all the above, it is read-
ily understandable that ¢q values strictly depend on the
organic modifier used for the analysis [27]. Indeed, ¢, val-
ues obtained with MeOH are however usually different
from the ones deriving from the use of MeCN [31].

The following Method 3 (Table 2) was tested with
SP2 carrying C8 chains. The use of this shorter alkyl
chain phase was suggested by the fact that some pre-
vious studies [12] clearly indicated distinct performance
advantages from this material, over the more widely used
C18-based stationary phases. The more pronounced cor-
relations observed with C8 phases by other authors were
ascribed to some profitable H-bond effects by silanol OH
groups at the basis of the silica layer [12]. The chromato-
graphic indices Log ky, S, and ¢, were calculated also
under these experimental conditions and reported in Table
S5. Pearson’s correlation coefficient for the linear correla-
tions among log D and ¢ was greatly improved (r = 0.93)
by this experimental modification (Method 3, Table 2), as
shown in Figure 1C.

Being inspired by the results obtained by other authors
[6, 12], n-octanol was added as a minor alcoholic modi-
fier in the eluent (Method 4, Table 2). The addition of a
low amount of n-octanol in the mobile phase (see sec-
tion 2.4 for details) turned out to be a powerful artifice
for significantly increasing the correlation between the
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FIGURE 1 Correlation plots obtained with (A) Method I; (B) Method 2; (C) Method 3; (D) Method 4; (E) Method 5; and (F) Method 6.
Details on the scrutinized Methods are reported in Table 2. High correlation values both 