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Summary

The pH-dependent distribution of weak acids in the octanol-water system was
investigated. For a series of six 4-hydroxycoumarins, substituted at position 3, the
apparent partition coefficient or the distribution coefficient, P, ,, was measured in
the pH range 1-il. The log P,,,—pH profiles obtained are in complete agrecment
with the theory. At high pH the value of P,, is independent of pH, but dependent
on the concentration of counterions (Na* in this study) in the aqueous phase; in
other words ion-pair extraction occurs. The pNa (—log [Na* ])-dependent distribu-
tion is analogous to the pH-dependent distribution, except in the case of 4-hydroxy-
coumarin. Evidence was found.that the sodium ion-pair of 4-hydroxycoumarin
dissociates considerably in the octanol phase. A large discrepancy was noted
between the experimentally obtained log P values and the theoretical values caicu-
lated using the hydrophobic fragmental constant system. Log P,,, values obtained
under conditions where the compounds are ionized in the aqueous phase depend on
both the partition coefficient and the dissociation constant of the acid or salt.
Partition coefficients of the sodium ion-pairs obtained by extrapolation are just
slightly lower than the partition coefficients of the undissociated acids.

Introduction

Hansch and co-workers (Hansch et al., 1963, 1973) were the first to use the linear
free-energy approach in studies concerning the quantitative structure-activity rela-

0378-5173 /82 /70000-0000 /$02.75 © 1982 Elsevier Biomedical Press



232

tionships (QSAR) of biologically active compounds. It has become increasiny'y clear
since then that the lipophilicity is often an important factor in determi.ting the
extent of the biological activity of compounds. The partition coefficient is always
used as a quantitative measure of lipophilicity, and is generally measured in the
octanol-water system (Smith et al., 1975).

Many biologically active compounds are weak acids or bases and occur as ionized
species at the pH of interest. It seems likely that the activities associatet with ionized
and unionized forms will differ. This difference may be due to the different
lipophilicity of the two forms. To obtain more insight into this problem one needs to
tudy the influence of ionization on the lipophilicity in more detail by exploring the
effect of pH on the distribution process. In the relevant literature there are a number
of studies (Ezumi and Kubota, 1980; Moser et al., 1975; Murthy and Zografi, 1970;
Le Petit, 1977, 1980; Schaper, 1979, Tsuji et al., 1977; Unger and Feuerman, 1979;
Vezin and Florence, 1979; Wang and Lien, 1980; Yalkowsky and Morozowick,
1980) dealing with the pH-dependent partitioning of protolytes, some of which are
more detailed than others. In this literature one frequently encounters the assump-
tion that the charged species of a molecule are not found in the organic phase. This
assumption. however, should be viewed critically (Dearden and George, 1978). In
this connection the possible occurrence of ion-pairs in the organic phase should be
taken into consideration (Colaizzi and Klink, 1969; Dearden and George, 1978;
Ezumi and Kubota, 1980; Irwin et al., 1969; Irwin and Li Wan Po, 1979; Murthy
and Zografi, 1970; Terada et al., 1981).

For this paper we decided to investigate the pH-dependent partitioning of some
derivatives of 4-hydroxycoumarin in the octanol-water system. It has been estab-
lished in our laboratories that the binding of the 4-hydroxycoumarin anticoagulants
to serum albumin is pH-dependent (Wilting et al., 1980, 1981) and it is known that
hydrophobic forces often play an important role in protein binding. To obtain good
insight intc the pH-dependent albumin binding we need a full understanding of the

pH-dependent lipophilicity of these compounds. Special attention is given to ion-pair
formation.

Theory

For the acid HA the dissociation can be represented by:
HA=H'+A" (1)
and the corresponding dissociation constant as

~[H][A"],
T AL ‘2’

The subscript w indicates the water phase. The partition coefficient P of the
undissociated acid HA is defined according to:
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_ [HA],
PHA - [HA]W (3)

The subscript o indicates the organic phase. Symbols or concentrations without the
subscript w or o are assumed to refer to the aqueous phase. Molar concentraticns are
used.

Depending on the experimental circumstances the acid HA may be found as
several molecular species in both the aqueous and the organic phase. The apparent
partition coefficient or distribution coefficient, P,,, is defined as the sum of the
concentrations of all species of the acid in the organic phase, divided by the sum of
the concentrations of all species in the aqueous phase.

When the partitioning process is represented by Scheme a in Fig. 1, P, is given
by:
o = AL 1T, @
Combining Eqns. 2, 3 and 4 and transferring to log gives:
log P, =log Py, —pH —log ((H"] +K,) (5)
or, when a is the degree of dissociation of HA
log P, = log Py, +log (1 — a) (6)

It is clear that when pH = pK,, log P,,, = log Py;, —0.301. For certain pH regions
Eqn. § can be replaced by a simpler equation. In the pH region where pH <« pK,, or
[H*]»K,, Eqn. 5 becomes:

log P, ,, =log Py, (7)

Undc- these conditions log P, is independent of pH, and plotting log P, against

pH will yield a straight line with zero slope. In the pH region where pH > pK, or

HA NaA A + Na_ — NaA
o] 0 oY (o]
o 4 ° o 1 o 1l
wolb _ W +__‘Ilv L R L
HA —H, + Ay An ? Naw‘___NaAw Ayt Na, — NaA
a b C

Fig. 1. Possible partition mechanisms of a weak acid, HA, between an aqueous phase (w) and an organic
phase (0). a: pH not too far above pK,; b: pH far above pK,; c: pH far above pK, and including
dissociation of the ion-pair in the organic phase.
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[H*}<K,, Eqn. 5 becomes:

log P,,,, = log Py, —pH + pK, (®
Plotting log P,,, against the pH results in a straight line with a slope value of —1.

The straight lines given by Egns. 7 and 8 intersect at pH = pK,. This means that
if one is able to measure the partitioning of a substance in the pH region where
Eqn. 7 is valid, the log Py, can be found directly. If, in addition, the partitioning is
known in the pH region where Eqn. 8 is valid, then one can find the pK, value or, if
the pK , value is already known from another source, the partition pH profile can be
checked. If only the distribution has been studied in the pH region where Eqn. 8 is
valid, then the log Py, can be estimated by extrapolating, provided the pK , value is
known.

The use of Eqn. 7 insiead of the full expression as given in Eqn.5 or Eqn. 6 is
allowed when pH <pK, — 1.5, because then the value of log (1 — a) is less than
0.013. The accuracy of log P,;,, values obtained experimentaily is certainly not better
than 0.01, so it reasonable to use Eqn.7 in the pH region, as stated above. On
similar grounds it can be demonstrated that Eqn. 8 can be used at pH>pK, + 1.5.

In the region pK, — 1.5<pH<pK, + 1.5 none of the terms in Eqn.5 can be
ignored, so the full equation must be used. This equation can be written as

P =Pui+K,-Phi-[H*]™' (9)

Plotting P, against [H*]™' results in a straight line with intercept P;A and slope
K, - Pja. At first glance Eqn. 9 seems to be very suitable for determining K, and
Pya values simultaneously (Ezumi and Kubota, 1980). However, one should realize
that this method can only be used if the pH is in region of pK, — 1.5 <pH < pK, +
1.5.

At relatively high pH values [HA],, becomes very small compared to [A~],, and
partitioning of the anion should be taken into account as well. The partitioning
process can now be represented by Scheme b in Fig. 1. Due to the fact that
electroneutrality in each phase must be maintained, ions can pass to the other phase
cnly if they are accompanied by an equivalent amount of ions of opposite charge. In
other words ion-pair extraction occurs. This model for the partitioning of entirely
ionized compounds is widely accepted in the theory of ion-pair extraction and in
ion-pair liquid-liquid chromatography (Schill, 1978).

At sufficiently high pH and when only H* and Na™ are present as cations, P, is
given by:

P, = -[{%“_A!—i" (10)

This implies that the log P,,,-pH profile reaches a constant level at high pH,
provided the counterion concentration is kept constant. Of course there will be a
gradual change from the situation described by Eqn. 8 to the situation described by
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Eqn. 10. This means that Scheme a and Scheme b in Fig. 1 represent two extreme
situations.

The model represented by Scheme b in Fig. 1 can be described in a similar way as
the model of Scheme a if we introduce the term Py,, as the partition coefficient of
the sodium ion-pair and the term pK ,, defined by

[Nsi;]:ii‘ Ju (an)

PKyaa = —log

In principle a log P,,,~pNa profile can be obtained by analogy with a log P.r-PH
profile. It is very unlikely that NaA will be found in the aqueous phase because the
high concentration of Na* needed cannot be reached. This means that only the
equivalent of Eqn. 8, viz.

log P, ,, = log Py,a — PNa + pK .0 (12)

can be found. Plotting log P, against the pNa results in a straight line with a slope
of —1.

Materials and methods
The chemical formulae of the 4-hydroxycoumarin derivatives and their sources

are summarized in Table 1. The purity of the compounds was checked by means of
high-performance liquid chromatography (see below) and by means of thin-layer

TABLE 1
CHEMICAL FORMULAE AND SOURCES OF THE 4-HYDROXYCOUMARIN DERIVATIVES

° o :‘2 0o 0 0
CH, R
[} ]
P Cll—@ Rl . CH N
OH OH OH on
A B C

No. Compound Formula Source
1 4-hydroxycoumatin A M

2 warfasin BR,=H R,=-CO-CH, ACF
3 acenocoumarin B R,=NO, R, =-CO-CH, CG

4 phenprocoumon BR,=~HR;=-CH, HR

5 ethylbiscoumacetate C R=-CO~-0C,H; CG

6 coumetarol C R=-CH,-OCH, ACF

The compounds were supplied by Ciba-Geigy (CG; Arnhem, The Netherlands), Hoffmann-La Roche
(HR; Mijdrecht, The Netherlands), A.C.F. Chemiefarma (ACF; Maarssen, The Netherlands) or purchased
from Merck (M; Darmstadt, G.F.R.).
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chromatography (van der Giesen and Janssen, 1982). In all cases only on¢ com-
pound praved to be present The melting points of the 4-hydroxy compounds used

______________ ANMOM 122 AMNLOGT Llaadlhiadl af Tallas fan easwia
WeEre: compounu 1: 205-207°C UL, LAUUTL, OANUUVUR UL 14Ut 1l waganii

Compound Identification, 1967); compound 3: 199-200°C (lit. 196-199°C, Merck

Index, 1976); compound 4: 178-179°C (lit. 179-180°C, Merck Index, 1976)

compound S: 177-179°C (lit. 177-182°C, Merck Index, 1976) and compound 6:
161°C tht 156-157°C, Merck Index, 1976). Comnound 2 wag of Rritich Pharmaco-

156 Merck Index, Compound 2 w tish Pharmaco
poeia quahty OCtanol (Merck, Darmstadt G.F.R.) was purifi ed by successive
washings with an equal volume of 4M NaOH, 2M H,S0; and 1M Na,CO,.
Finally the octanol was washed repeatedly with water until the water phase reacted
neutral. The buffers used for the determination of the pH-dependent partitioning
had an ionic strength, I, of about 0.1 and were composed as follows: pH 1.1-3.0
HCI-KC(l (Biochemists’ Handbook, 1961); pH 3.0-4.0 citric acid-sodium citrate
(Biochemists’ Handbook, 1961); pH 4.0-5.8 HAc-NaAc (Biochemists’ Handbook,
1961); pH 5.8-8.0 NaH,PO,-NaOH; pH 8.2-9.2 H,BO,-NaOH; oH 9.0-11.0
NaHCO,-Na,CO, (Biochemists’ Handbook, 1961) or glycine-NaOH (Biochemists’
Handbook, 1961). The buffers used for the determination of the Na* -dependent
partitioning were 0.025 M, to which NaCl was added to achieve one of the desired
Na* concentrations. The octanol and buffer solutions were mutually saturated. The
samples were dissolved in the phase in which they were most soluble. The distribu-
tion coefficients were determined by gently shaking 5 ml octanol with 10 ml buffer
solutior for 2h. Equilibration was generally reached within half an hour. A
shake-waterbath (Precision Scientific, Chicago, U.S.A.) provided with a thermostat
(25°C) was used. After letting the mixture stand for a few minutes the pH was
measured in the water phase and the phases were centrifuged for 10 min at 5000
rpm. For the pNa profiles the pNa was measured t00. The pH was measured ubmg a
digital pH meter, model PHM 62 with a combined glass-reference pH clectrode. type

O AN (Do A vonadan apan MNammrasb) Tha «Na waee magcirad el
GR 24U10 {Radiometer, wuycuuaﬁcﬁ, venmark). tnc piNa was measured U§IIIB the

same pH meter equipped with a sodium-sensitive glass electrode, type G 502 Na and

& calomel reference electrode, type K 401 (Radiometer).

The concentrations of the 4-hydroxycoumarin derivatives were determined in the

water nhasge when log P > 1. in the octanol nhase when log P < — 1. in hoth

PASOw Fridwai IvE Ay 43 RIE SART WWIRMAE pPRISSY Yvaswal Rl kg app Xy SRR Werras

phases when —l<log P,,,<1. When the concentration in only one phase was
determined gxngn_m__gnt_a_!lv the concentration in the other nhase was obtained hu

w2t BRARSRARARISCERIRSIS 233 ERSR IRISES pRSSSNN WSS RAVINSSSSSNe

calculation. The concentrations were determined using a hngh-perfom\anc.e lxqmd
chromatograph consisting of an autosampler, model WISP, a high-pressure pump,
model 6000 and a UV detector type 440 with a 313 nm filter (Waters Associates,
Etten-Leur, The Netherlands) combined with a flat-bed recorder, model BD 8
(Kipp, Delft, The Netherlands). A prepacked reversed-phase column Lichrosorb 10
RP 18, 25 cm X 4.6 mm (Chrompack, Middelburg, The Netherlands) was used and
1% acetic acid in methanol--water mixtures as mobile phase (1.5 ml/min). Methanol
concentrations ranged from 30 to 70% (v/v) and were chosen to achieve log k’ values
of about 0.5. Devpending on the concentration, 25-100 pl of the water phase was
injected. Always 5 pl of the octanol phase was injected because larger volumes
influenced the retention times and could therefore make quantitative determinations
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inaccurate. The concentrations were calculated from the chromatograms from peak
height measurements. Compounds 5 and 6 were found to decompose in the aqueous
phase. The decompaosition products are unknown. Compound 5 and 6 formed one
and two decomposition products, respectively. Samples from both the aqueous and
the organic phase which were analyzed as quickly as possible after shaking produced
only minor extra peaks in the chromatograms, which means that compounds 5 and 6
hardly decompose during; shaking and that reasonably accurate partition coefficients
can be obtained. However, the concentrations of the decomposition products in the
aqueous phase increased with time and since it was impossible to analyze all the
samples immediately after shaking ‘we decided to sum the heights of the peaks in the
chromatograms of the agueous phase.

When the analysis is carried out within 24 h after shaking—and it always was in
our case--the relative error in the concentration of compounds 5 and 6 in the
aqueous phase is smailer than 5%.

The pK, values were determined by potentiometric titration or by spectropho-
tometry, as proposed by Albert and Serjeant (1971). An ionic strength of about 0.1
was achieved by the addition of potassium chloride.

Results and discussion

pH profiles

The distribution coefficients, P, . were determined using the method described
above. In Fig.2 log P, is plotted against pH for compounds 1-4. At relatively low
pH straight lines with zero slopes have been drawn, according to Eqn.7. As an
example the calculated slope value for warfarin from the experimental points is
—0.02 (=0.01)". There is no doubt that at low pH, log P, is independent of pH.
Also at relatively high pH log P, is independent of pH in accordance with theory.
At intermediate pH values, straight lines with a slope value of — 1 have been drawn,
according to Eqn. 8. In Table 2 the values of the slopes are given as calculated from
the experimental points of the straight lines obtained when log P, is plotted against
pH. It is clear from this table that in the pH region mentioned Eqn. 8 is valid. When
the lines with slope values of —1 are extrapolated, points of intersection with the
extrapolated zero slope lines are obtained. The pH values of the intersections at low
pH are in good agreement with the pK, values of the compounds determined
independently (see Table 2).

In a given solvent system the height of the plateau of the graphs at low pH is only
dependent on the lipophilicity of the compounds and is equal to log Py, and is
therefore characteristic for the compound under study. The log Py, values (the
average of log P, values at pH <pK, — 1.5) are also given in Table 2. However, the
height of the plateau at high pH is dependent on the kind of counterion, on the
counterion concentration and on the lipophilicity of the ion-pair formed (see later).

! The standard deviation is given in parentheses.
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Fig. 2. Log P,,,-pH profiles of monobasic 4-hydroxycoumarin derivatives. 1: 4-hydroxycoumarin; 2:
warfarin; 3: acenocoumarin; 4: phenprocoumon. The points are the mean of 3 determinations. The lines
have heen drawn with slones of — 1 and 0. The dashed lines are the extrapolated narts of the drawn lines
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The log P, corresponding to the intersections at high pH is therefore a conditional

* *
COnstane.

At pHs around the pK, Eqns. 7 and 8 are not valid; tuen Eqn. S must be used to
decorihe the nH

describe the pH profile. To prove the validit
P,,p values of 4-hydroxycoumarin in the pH region 1.25-7.11 using Eqn. 5. A value
of 2.37 was taken for log P and for the pK, a value of 4.13. The standard error of
estimate of log P, turned out to be 0.044 (n= 12), which means that the log
P,.p—PH profile found experimentally id in good agreement with theory.

For dibasic acids the log P, ,~pH profile is more complicated because multiple
ionization steps might occur. Depending on pH, the species H,A, HA™ and A*~
may be found in the aqueous phase. In the organic phase, H,A, NaHA and in
principle Na, A may occur. In Fig 3 the results are shown for the dibasic com-
pov1ds 5 and 6 when log P, is plotted against pH. The various characteristic parts
have been denoted as 1, 11, Il and IV to fucilitate discussion. The pK ; values will be
called pK,, and pK, ..

In part 1l around pH 2.5, a straight line with a slope value of — 1 has been drawn
for compound 5. The exact slope value is given in Table 2. It will be clear that the
distribution process is described here as predicted by Eqn.8. In contrast to the
situation described for compounds 1-4, the constant level at low pH, describing the
distribution of H, A, could not be reached here, due to the relative low pK , , value

an  an we 2

(see Table 2). For compound 5 the dotied line which describes part I in Fig.3 is a

rofile, To prove the validity of this equation we calculated the log

W AiAS Vs walsal witAwmatetwes saRw a
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Fig.3. Log P,,,~-pH profiles of dibasic 4-hydroxycoumarin derivatives. 5: ethylbiscoumacetate: 6:
coumetarol. The points are the mean of 3 determinations. The lines have been drawn with stopes of — 1
and 0. The dashed lines are the extrapolated parts of the drawn lines. The dotted lines are deawn as
expected theoretically, taking the known pK, values into account.

theoretical one, i.e. the straight line with slope —1 was extrapolated to the point
pH =pK,, and from this point a zero slope line was drawn.

In a small pH region at intermediate pH, indicated by 11l in Fig. 3, log P, is
independent of pH. In this region only partioning of HA™ occurs and the log P,
value depends on the kind of counterion, on the counterion concentration and on
the lipophilicity of the ion-pair formed; a process occurs here analogous to that
described for compounds 1-4 at high pH. As long as only HA ™ is present in the
aqueous phase, log P, can be described in the same way as Eqn. 12, viz.

log P, = 10g Pyaya — PNa + pK yua (13)

When pNa is constant, log P,,, must be constant too. Part IV describes the pH
region where HA ™ dissociates into A?™, whereas in the organic phase NaHA will
still be fourd. This part of the pH profile is given by

log Papp = 108 PNaHA - DN& + pKNaHA - pK a2 pH (‘4)

So, as long as pNa is constant, log P,,, against pH will result in a straight line with
slope — 1. It should be noted that in the pH profile the point of intersaction of the
straight lines extrapolated according to Eqns. 13 and 14 corresponds to pH = pK, ,.
Table 2 shows that these predictions have been confirmed experimentally especially
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for compourd 5. The results for compound 6 are not in full agreement with theory,
probably because some decomposition has occurred. The theoretical graph for
compound 6 is given by the dotted line and is based on the known pK, values.

From the results described so far it will be clear that log P values of ionizable
compounds can only be calculated from pK, and log P, values if the log P,
values have been obtained at pHs where ion-pair extraction did not occur. Unger
(1980) also made a remark to this cffect. The method proposed by Ezumi and
Kubcia (1980) for determining simultaneously P and K, values from P, values at
pHs around the pK, using Eqn.9 does not make it possible to check whether
ion-pair extraction occurs; this method therefore can yield erroneous vatues for P
and K ,. Possible ion-pair extraction can be examined by establishing whettier Eqn. 8
is valid for the compound in the solvent system under study. The pK , values can be
obtained from pH profiles, as shown in Figs. 2 and 3. This can be interesting when it
is not possible to determine pK, values by spectrophotometry or by potentiometric
titration.

Terada et al. (1981) did not consider the problem of electroneutrality in a
two-phase system and thzy calculated a value for the partition coefficient of the
anion and of two different ion-pairs of 2,4-dinitrophenol. Unfortunately, these
authors did not give a statistical analysis of their data, but we assume that if the
given value of the partition coefficient of the anion (3.5 X 10-®) is indeed signifi-
cantly larger than 0, si.:all amounts of cationic impurities might be involved.

Comparison of calculated and experimental values of log Py, ,

Table3 gives the log Py, values found experimentally. It is of interest to
investigate if these values can be calculated using the system of the hydrophobic
fragmental constant of Rekker (Rekker, 1977; Rekker and De Kort, 1979). The
results are presented in Table 3. The caiculation of log Py, values according to the
rules given by Rekker gives far too iow values except in the case of coumarin, the

TABLE3
EXPERIMENTAL AND CALCULATED log Py, VALUES

Compound log Py log Py ® log P, ° log Py ©
coumarin 1.43 1.37

4-hydroxycoumann 2.7 ngy

warfarin k1 248 3.94 349
acenocoOumMarin .24 221 mn 325
phenprocoumu 4.36 4.09 5.59

ethylbiscoumacetate 4.93 1.69 4.68

coumetarol 453 1.35 4.34

2 Calculated by means of the hydrophobic fragmental constant system using f values from column 1V of
Table 2 of Rekker and De Kort (1979).

® Calculated with f value of 4-hydroxycoumarin skeleton of 2.37—f(H)=2.188.

< As b, but now hemiketal structure is assumed (Valente and Trager, 1978).
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calculated value of which is in reasonable agreement with the value found experi-
mentaily. Re-caiculating the log Py, values for 5 compounds, starting with the
experi:nentally found value for 4-hydroxycoumarin, gives considerably higher values,
but tkese are not yet in accordance with the experimentally found values. The
correct value of log P for acenocouunarol is found only if a hemiketal structure is
assumed for this compound (Valente and Trager, 1978). If, however, warfarin is
assumed to have a hemiketal structure, the calculated value of log P still deviates
from the experimental value.

Many examples are known for which the f-sysiem yields good agreement between
calculated and experimentally obtained log P values. It should be pointed out that
the experimentally found log Py, values for compounds 1-4 and log Py, values
obtained by extrapolating for compounds 5 and 6 correlate very well with the Ry,
values in a reversed-phase thin-layer chromatographic system: in which oleyl alcohol
is used as lipid phase (van der Giesen and Janssen, 1982), as shown in Eqn. 15!

log Pyyx = 0.855(£0.034)R -+ 2.187(0.074) (15)

n=6 r?=09938 s=0.088 F=664
0.787 <slope® <<0.931  2.030 < intercept 2 <2.344

When we restrict our discussion to the experimentally found log P values, it
becomes clear that the lipophilic behaviour of the 4-hydroxycoumarins is quite
unusual. Introducing a hydroxyl group in position 4 of the coumarin skeleton
increases the lipophilicity enormously, whereas a considerable decrease was expected
regardless of whether the hydroxyl group should be considered as being aromatic or
aliphatic. Intrcducing a p-nitro group into warfarin, which results in acenocoumarol,
does not give the expected clear decrease in the lipophilicity. Also the difference
between the log P values of warfarin and phenprocoumon (one carbonyl group) is
smaller than expected. Finally the differences between, for instance, the log P values
of warfarin and ethylbiscoumacetate and between warfarin and coumetarol are
much larger than expected. The large discrepancy between calculated and experi-
mentally obtained log P values suggests that the structures of the coumarins in the
aqueous phase or in the organic phase or in both are significantly different from the
structures that coumarins are generally assuined to have. It might be that dimeriza-
tion takes place in the organic phase via hydrogen bond formation. However, this
possibility seems to be ruled out because we did not observe any concentration
dependence of the P values. Complications may also be caused by the tautomeric
behaviour of the 4-hydroxycoumarins. This type of compound may occur in a keto
and in an enol form. The exact concentration of a given tautomeric form will be
governed by the tautomeric equilibrium constant defined here as K 1 = [keto)] /[enol}.

' The standard deviation is given in parenthases; n=number of compounds; » = correlation coefficient;
s=standard error of estimate or s, ,; F=vaiue of the F-test of significance.
* 90% confidence interval,
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It is well known that such a K, depends strongly on the medium (Albert, 1968).
This means that K  is different for the aqueous and for the organic phase (K 1, and
K1, respectively). It can easily be demcastrated that Ky, and K, are linked:
K10=Pyei0/Penct) - K14 In this expression P, and P, represent the partition
coefficient of the keto and encl form, respectively. This means that the keto and enol
form must have a different lipophilicity. This bas direct consequences for the
measured partition coefficient, which is now given by P= (P, Ky, +
Pa)/(K1, +1). The value of P lies somewhere between the extreme values P,
and P, ,, and will depend on K ;. It is reasonable to assume that the changes in the
P values of both the keto and enol form, due to chemical modification, will follow
the usual pattern. However, chiemical modification will also cause a change in K,
which gives complications. We suggest that such phenomena may explain the
unusual lipophilic behaviour of 4-hydroxycoumarins. Unfortunately it is very dif-
ficult to study the tautomerism of these compounds (Elguero et al., 1976) and no
data for tautomeric constants are available. In addition one should realize that for
the series of compounds in this study a third tautomeric form having an acid proton
on position 3 is possible as well (O’Neal et al., 1982). Another possible explanation
for the very high log P values of the dicoumol compounds 5 and 6 is that
intramolecular hydrogen bond formation occurs between the carbonyl and the enolic
hydroxyl groups of the adjacent ring systems (Hutchinson and Tomlinson, 1969); if
this occurs, then these polar groups will be less available for interaction with the
water molecules, and the lipophilicity will increase. The role of intramolecular
hydrogen bond formation has been mentiored already in literature (Hansch and
Leo, 1979a).

pNa profiles

The pNa-dependent partitioning of compounds 1-4 has been studied at pH = 10.0
and of compounds 5 and 6 at pH = 6.0. In Fig. 4 the results are given when log P,
is plotted against pNa. For the compounds 2-4 straight lines with slope values very
close to —1 are found; the exact slope values are given in Table4. The validity of
Eqn. 12 is evident, and provides proof for the ion-pair formation in the organic
phase. For compounds 5 and 6 straight lines were obtained too. The slope values,
however, deviate from —1 (see also Table 4). This is surprising especially since the
log P,,,—pH profile of compound 5 is in full agreement with the theory. For the
moment we do not have a sound explanation for this anomalous behaviour. In any
case, these results suggest that ion-pair formation occurs in the organic phase for the
dicoumol compounds too.

The slope value —0.507 found for compound 1 is in contradiction to Eqn. 12,
This value of —0.5 suggests a transfer of a 1:2 complex from the water phase to the
organic phase. Since only a neutral complex can pass to the other phase, this would
suggest the involvement of a complex with bruto formula NaHA,. However, the
partitioning of such a complex should be pH-dependent at high pH as well, but this
in fact is not the case, see Fig. 2.

Another possible explanation for the slope value —0.507 might be a dimerization
in the organic phase. However, dimerization was already excluded to occur, see
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Fig. 4. L.og P, —pNa profiles of 4-hydroxycoumarin derivatives. 1: 4-hydroxycoumarin; 2: warfanin; 3:
acenoccumarin; 4: phenprocoumon; 5: ethylbiscoumacetate; 6: coumetarol. The points are the mean of 3
determinations. The drawn lines are calculated from experimental points using the least-squares method
for linear regression, see also Table 4. The values for compounds 1-4 were obtained at pH=10.0, for
compounds 5 and 6 at pH=6.0,

above. We think that dissociation of the ion-pair in the organic phase as described
by Johansson and Schill (1980) for the tetrabutylammonium ion-pair of octyl sulfate
in 1-pentanol might offer an explanation for this effect. Partitioning of a weak acid
at high pH including dissociation of the sodium ion-pair in the organic phase can be
represented by Scheme c in Fig. 1. The various equilibria in this scheme can be
defined as follows. The dissociation constant of the ion-pair in the water phase Ky,

S N -
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TABLE ¢

CHARACTERISTICS OF THE pNa PROFILES OF THE PARTITIONING OF 4-HYDROXY-
COUMARIN DERIVATIVES

No. Compound Slope ® 0® logPy,.© logPy, logP 4 log Py,
—log Puaa —log P,

1 4-hydreaycoumarin -0.507 (£0011) 12 -1.28 3.65

2 warfarin - 1002 (=0072) 4 >255 <0.13 -0.38 3.66

3 acenocoumarin =0970 (=0023) 4 >298 <0.26 0.08 316

4  phenprocoumon ~0966 (=0041) 4 »3.25 <1.31 0.38 422

$  ethylbiscoumacetate =117 3

6  coumetarol -1.22 6

¢ Slope of the straight lines obtained when log P, is plotted against pNa, the standard deviation is given
in parentheses,

® Number of points {rom pNa profile, each point is the mean of 3 determinations.

“ Obtained from extrapolating to Eqn. 12.

4 Experimental value under the conditions pNa=1 and pH=10.

The dissociation constant of the ion-pair in the octanol phase K,

A ]o[Na” .
o~ AR -
The partition coefficient of the undissociated ion-pair Py,

NaA
Praa = {";ar;g (18)

Since sodium salts are normally completely dissociated in aqueous solutions, the
distribution coefficient for this situation can be represented by:

_ [NaAl,+ A )

P =AM

(19)

To express P, in the measurable quantities [Na™ ], and [A7],,, it is convenient to
use an extraction constant (Schill, 1978) K,

_ [NaAly Py 20
Ke "M A T Ky 20)
Combining Eqns. 17 and 20 results in:

[A"LINa* =K, Ky, [Na" L [AT]w (21)
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If NaA is the only ion-pair that passes to the organic phase, then [Na¥],=[A"],
and hence Eqn. 22 is valid

(A To= (Ko Knaa, [Na* T [A 1) (22)

Combining of Eans. 19, 20 and 22 results in:
- =172
app = [Na+ IW(ch + (Kex } KNaA(, ' [Na+ ]w *[A ]w I) ) (23)

If Ky, is zero, then P, =[Na™|, - K,x. which is equivalent with Eqn. 12. Now
P,,, has been expressed i m terms of [Na’], and [A7],,. Eqn. 23 can be written as

R - 1/2
PoplNa* o' = Koo+ (Ko Kinoa, - [Na* [ [AT]S) (24)

If P, -[Na*];' is plotted against ((Na*],[A7],)"'/% then a straight line is
obtamed with an intercept K, and slope value of (K., - Ky,a, )'”2. Doing this for
4-hydroxycoumarin does indeed result in a straight line with a slope value of 3.698
(=0.118)- 107 ? (n = 8; F=976) and since this value is significantly larger than zero,
this proves the validity of the model presented here. This method does not give
reliable values for K, of 4-hydroxycoumarin due to the wide-ranging extrapolation
that is needed (K., =3.16/=11.1)- 10™* was found). The slope of —0.5 in the log
P,oo-pNa profile can now be explained by assuming that K, in Eqn. 23 or 24 is

much smaller than K, - Ky, - [Na*];'[A7];". The logarithmic form of Eqn. 23
thep becomes:

P,, = 0.5(10g K, — PKnoa,) — 0.5(pNa— log [A7],) (25)

Plotting log 7,,, against pNa — log [A™],, will result in a straight line with a slope
value of —0.5. Applying this to 4-hydroxycoumarin gives a straight line with a slope
of (.504 (+=0.016). The conclusion is that Eqn. 25 is valid owing to the considerable
dissociation of the sodium ion-pair of 4-hydroxycoumarin in the octanol phase.

It is remarkable that when log P,,, of 4-hydroxycoumarin is plotted against pNa
or against pNa + log [A™],, nearly the same slope value is found in both cases. The
ceason for this is that at relatively small values of P,,, and/or at relatively small

values of the volume ratio organic phase-aqueous phase, [A ™ ],, can be considered as
a constant.

Estimation of log Py, , from log P,,,—pNa profiles

From Fig. 4 it can be seen that at least up to a pNa value of —0.4 the pNa
profiles of compounds 2-4 are linear with a slope of — 1. This means that the pK s
of these compounds is lower than — 1.9, so the minimum value of log Py, can be
estimated by extrapolating log P,,, until pNa= —1.9 according to Eqn. 12. The
obtained values are given in Tabled4. This table also shows the differences between
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log Py, and log Py,,. One comes to the remarkable conclusicn that the lipophilicity
of the undissociated ion-pair is not so very different from the lipophilicity of the
undissociated acid HA. The results presented here, provided they have a general
validity and also hold for biomembranes, suggest that the fact that ionized molecules
are poorly adsorbed from the gastrointestinal tract is not due to the low lipophilicity
of the ion-pair but to the low concentrations of (appropriate) counterions in the
aqueous environment.

For compound 3 the smallest difference between log P, and log P..a has been
found. If the hydrophobic fragmental constant of hydrogen f(H) is 0.18 (Rekker and
De Kort, 1979), then f(Na) should be at least —0.26 + 0.18 = —0.08.

log Py,, log P,,, and log Py, , in QSAR

In QSAR studies it would be interesting to use log Py,, as hydrophobic
parameter. However, it will generally be impossible to deteimine log Py,,, because
the counterion concentration cannot be chosen high enough to suppress the dissocia-
tion of the ion-pair in the aqueous phase. For applications in QSAR Hansch and
Leo (1979b) have proposed the use of a hydrophobic parameter of ionized mole-
cules, obtained at standardized conditions by measuring the distribution coefficients
of the protolytes at a pH of the aqueous phase more than 4 pH units away from the
pK, (that is, above the pK, of acids and below the pK, of bases) and at a small
inorganic counterion concentration of 0.1 M. This could be achieved by using 0.1 M
NaOH or 0.1 M HCI as aqueous phase. For acids this means: P, values obtained at
very high pH at a pNa of 1. It is obvious from Fig. 2 and Eqn. 8 that log P, at, for
instance, pH = 6 depends on both log Py, and pK,. Analogous to this, log P, ,
depends on both log Py,, and pK,, at high pH ‘where P,_, is independent of pH,
see Fig. 4 and Eqn. 12. It therefore seems inadvisable to use such a log P,,, value as a
hydrophobic parameter, since its value is determined by constants of hydrophobic
and electrostatic origin. To illustrate this point for the 4-hydroxycoumarins such
standardized log P, values are given in Tabled. In addition the differences are
given between these log P, values and the log Py, values. It is clear from this table
that complete dissociation of the 4-hydroxycoumarins does not lower the distribu-
tion coefficient to the same extent for the several compounds. Testa and Murset-
Rossetti (1978) made similar observations for a series of antihistamines. A constant
difference between the log P, , values under the standardized conditions mentioned
above and the log Py, values can only be expected if the dissociation constants of
the various salts are the same.

It has become clear from this study that it is not possible to obtain an f-value
(Rekker and De Kort, 1979) or a m-value (Hansch and Leo, 1979b) of carboxylate,
protonated amine and quaternary ammonium using the standardized method pro-
posed by Hansch and Leo, because such values are also dependent on the dissocia-
tion constants of the salts of which the ionized group is a fragment. It should be
stressed that better insight into the lipophilic behaviour of protolytes can only be
obtained from both log P, ,,—pNa profiles (or, in general, from log P, ,—pX profiles,
when X is the counterion) and log P, ,-pH profiles, but not from log P, -pH
profiles only.
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