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Figure 9-Schematic representation of renal handling of drugs in the 
human. The parameters in Table 111 are used; detailed information can 
be found in the text. 

typical active reabsorption pattern such as that found for glucose (18). 
Therefore, the contribution of a nonlinear reabsorption process would 
not be significant under the conditions used here even if an active-like 
process were to be included in its reabsorption. 

Figure 9 shows a schematic representation of the renal handling of 
these drugs in humans compared with that of inulin. The numbers given, 
calculated using a plasma drug concentration of 5 pM and glomerular 
filtration rate of 120 ml/min, represent the rate (in percent) of the des- 
ignated transport process (i .e. ,  filtration, secretion, reabsorption, and 
urinary excretion) normalized for inulin glomerular filtration (600 
nmoles/min). Plasma concentration of drugs were corrected by protein- 
binding percentage. Thus, for example, since sulfanilamide is 5% pro- 
tein-bound in plasma, its filtration rate is 95% that of inulin (95% of 600 
= 570 nmoledmin). Similarly, reabsorption of sulfanilamide occurs at 
a rate 40% of inulin filtration, i .e.,  a t  40% of 600 = 240 nmoles/min. It is 
evident that tubular secretion and reabsorption would be the most im- 
portant process in regulating the urinary excretion of sulfamethizole, 
cephalexin, and ampicillin. If renal functions, such as renal secretion, were 
decreased by renal failure, the renal excretion of sulfamethizole, cepha- 
lexin, and ampicillin would be reduced greatly resulting in a high con- 

centration in the blood and target organ. The impact of' renal failure on 
the process of filtration, secretion, and reabsorption should be known 
in order to provide optimal treatment and protection from adverse re- 
actions in patients with this disease state. We have applied the method 
described in this paper to the analysis of renal handling of drugs in pa- 
tients with renal failure, the results of which will be discussed in an 
ensuing manuscript. 
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Abstract The distribution of p-substituted phenols between 0.15 M 
NaCl and a range of organic solvents (including 1-octanol) was examined 
over a range of temperatures. The thermodynamic parameters of transfer, 
AG, AH, and AS, were determined and the values examined in the light 

systems was similar to that for octanol-water systems, the full thermo- 
dynamic analysis indicated that the two systems were dissimilar. The 
use of vesicle distribution data in structure-activity studies is dis- 
cussed. 

of Hildebrand and Scott's solubility parameter theory, and the collision 
complexes between solute and organic solvent. AH of transfer was posi- 
tive for nonpolar solvents and negative for 1-octanol; the transfer pro- 
cesses were entropy and enthalpy dominated, respectively. The distri- 
bution of the phenols into phospholipid vesicles was examined below the 
phase-transition temperature. Although AG of transfer for vesicle-water 

Keyphrases 0 p-Substituted phenols-partitioning between water and 
organic solvents, phospholipid vesicles, thermodynamics Phospholipid 
vesicles-partitioning of p-substituted phenols, water and organic sol- 
vents, thermodynamics 0 Thermodynamics-p-substituted phenols, 
partitioning, water and organic solvents, phospholipid vesicles 

The importance of hydrophobicity in drug absorption, 
drug binding, and drug-receptor site interactions is well 
known (1, 2). Some measure of the hydrophobicity of a 
solute is given by the distribution (partition) coefficient 
between water and a suitable organic solvent (3). Usually 

the choice of the organic phase has been 1-octanol; how- 
ever, Rytting et al. (4) have argued from a thermodynamic 
standpoint that a nonpolar inert solvent such as isooctane 
or cyclohexane would be a more appropriate solvent for 
distribution studies. 
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Table I-Thermodynamic Values for the Distribution of p -  
Substituted Phenol between 0.15 M NaCl and Organic Solvents 
at 25" 
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Figure 1-van't Hoff plots for p-ethylphenol distributed between 0.15 
M aqueous sodium chloride solution and various nonpolar organic sol- 
uents. 

In spite of the wide usage of 1-octanol-water distribution 
coefficients in structure-activity studies, relatively little 
work has been done to establish the actual basis of the re- 
lationship between distribution with octanol and biological 
activity (5). Martin (6) has emphasized that various ab- 
sorption phenomena involving the passage of drugs across 
biological membranes are not well modeled by 1- 
octanol-water distribution coefficients. Other groups have 
suggested that the phospholipid vesicle (liposome) can be 
used as a model system to study solute distribution into 
membranes (7-9). Phospholipid vesicles consist of lipid 
bilayers in the form of multilayers arranged concentrically, 
or as simple bilayers encapsulating a volume of aqueous 
medium in the core. The vesicle can exist in liquid-crys- 
talline or solid forms depending on the choice of the con- 
stituent phosphatidylcholine(s). Bindsley and Wright (10) 
have concluded that permeation rates of solutes across the 
toad bladder were more closely related to vesicle-water 
distribution data when the vesicles were below their 
phase-transition temperature (T&. 

The present investigation was designed to evaluate 
various organic solvents (including 1-octanol) as models 
for the distribution of solutes into membranes. The dis- 
tribution of various p-substituted phenols between water 
and different organic phases as well as phospholipid ves- 
icles were studied. The solvents were selected to give a wide 
range of solvent properties (solubility parameters). Data 
were obtained at  different temperatures, allowing the 
calculation of the relevant thermodynamic parameters, 
enthalpy and entropy, which provide insight into the 
mechanism of solute transfer. 

THEORETICAL 

Organic Solvent-Water Distribution-The distribution ratio of 
solute between two immiscible solvents is given by: 

(Eq. 1) 

where C A , ~ ~ ~  and C A , ~ ~  are the total solute concentration in the organic 

D - CA.org 

CA,aq 

5.6 

7.4 

8.2 

8.6 

9.8 

10.4 

10.3 

CH3 -3.91 
C~HF.  -1.46 
CBH; 1.07 
H -0.15 
CH3 3.18 
C2H5 6.39 
CqH7 10.00 
ci . 2.96 ~ .~ 

H 0.03 
CH3 3.29 
CZH5 6.67 
C3H7 10.4 
C1 3.24 
H 2.48 
CH3 5.94 
CZH5 9.26 
C R H ~  12.8 
ci 6.03 
H 7.39 
CH3 10.4 
CzHs 13.3 ci 11.0 

H 14.07 
CH3 16.54 
CZH5 18.99 
Clf 19.05 

32 
35 
32 
21 
19 
19 
18 
16 
21 
21 
20 
19 
16 
15 
14 
15 
14 
13 
7 
9 
8 
4 
9 

10 
10 
6 

-7 
-7 
-8 

-16 

94 
111 
111 
69 
74 
85 
95 
63 
70 
80 
91 
99 
66 
58 
67 
83 
90 
63 
50 
64 
73 
51 
51 
66 
78 
55 
23 
30 
36 
10 

X is the substituent of p-position of henol. AG and AH are given in kJ 
mole-'. c AS is given in J mole-1OK-l. d !-Solubility parameter in ~ a ~ z c m - 3 / 2  
from ref. 20. Mean values taken from ref. 13 and F. J. C. Dearden and G. M. 
Bresnen, J .  Pharm. Pharmac. Suppl. 107P (1981). 

and aqueous phases respectively. When only monomeric and un-ionized 
solute exist in both phases, Eq. 1 can be written as: 

(Eq. 2) 

The thermodynamic distribution constant K f  (mole fraction) (concen- 
tration units) can be written as: 

K f :  = Kd 5 (Eq. 3) 

where Vorg and V,, are the molar volumes of the organic solvent and 
aqueous phase. The distribution constant ( K g )  is a free-energy (AG) 
related term: 

( vaq 1 
AG(transfer) = -RT In KZ (Eq. 4) 

As such it yields little information about the nature of the transfer 
process, and a more complete thermodynamic picture can be obtained 
by studying the change of the distribution coefficient with temperature, 
to provide enthalpic and entropic contributions to the free energy of 
transfer (1 1- 15): 

(Eq. 5) 

where AG, AH, and AS are the partial molal free energy, enthalpy, and 
entropy change on transfer of the solute. The parameters AH and AS can 
be calculated from the slope and intercept of a plot of In K f :  versus 
1/T. 

Phospholipid Vesicles: Water Distribution-The molal concen- 
tration scale has to be used because of the heterogeneous nature of the 
system under investigation (7). [A useful appraisal is the choice of con- 
centration scalehtandard state in bioenergetics and thermodynamics 
has been given by Jameson (16).] 

The molal concentrations of solutes in the lipid (vesicle) phase (Cg) 
and the aqueous phase (CE) are given by: 
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Figure 2-The analysis of distribution data using solubility parameter 
theory. 

where CT is the initial aqueous concentration before equilibrium (mg/ml), 
Cw is the final aqueous concentration after equilibrium (mg/ml), d is the 
density of the initial aqueous phase, M is the molecular weight of the 
solute, w1 is the weight of aqueous phase in the sample, and w z  is the 
weight of phospholipid in the sample. Thus, the molal distribution 
coefficient K!j is given by: 

(Eq. 8) 

EXPERIMENTAL 

Chemicals-Water was distilled from an all-glass still. The phenolic 
solutes used were as follows: phenol' (99.99%) was used without further 
purification; p-cresolz, p-ethylpheno12, p-chlorophenoP, p -bromophe- 
no13, p-i~dophenol~, and p-fluoropheno14 were used after recrystalliza- 
tion; p-propylpheno14 was used after double distillation; and p-chlo- 
roanisole3, resorcino13, rn-methoxyphenolz, and rn-ethoxyphenolz were 
used as received. 

Aqueous solutions of the phenols (-2 mg/100 ml) were prepared by 
dissolving samples in 0.15 M NaCl solution. The organic solvents used 
were perfluorohexanel, n-hexane (special for spe~troscopy)~, cyclohexane 
(analytical grade)3, 1,2-di~hloroethane~ (>99%) and 1,2-dibromoethane4 
(99%), carbon tetrachloride5, and l-0ctan0l4. When necessary, they were 
washed successively with sodium hydroxide solution, distilled water, 
concentrated sulfuric acid, and finally 5 times with distilled water. L- 
a-Dimyristoylphoephatidylcholine6 (DMPC) (98%) was used throughout 
as the sole lipid in the preparation of phospholipid vesicles. 

Thin-layer chromatography of DMPC produced a single spot. Chlo- 
roform' was reagent grade. 

Organic Solvent-Water Distribution-Oil-water distribution 
coefficients were obtained using the shake flask technique or a rapid 
mix/filter probe system (14,17). The aqueous and organic phases were 
mutually saturated before use. Each experimental arrangement was 
thermostated at a given temperature (&O.l'), and at  equilibrium the 
concentration of the solute in the aqueous phase was determined from 
the UV absorbance measured in the linear region of the Beer-Lambert 
plot. 

Phospholipid Vesicle-Water Distribution-The vesicles were 
prepared using a stock solution of DMPC in chloroform containing 20-mg 
DMF'C. This solution was placed in tared 50-ml round-bottom flasks and 
the chloroform removed rapidly by rotary evaporation a t  -40'. The 
weight of the dried lipid film was measured, and multilamellar vesicles 
were formed at 40' by transferring 5 ml of highly dilute stock solution 
of phenol derivative into the flask and swirling the contents. Samples were 
prepared in duplicate, and the mean size and polydispersity of the vesicles 
were measured using a laser light scattering method (photon correlation 
spectro~copy)~. Reproducible yields of vesicles could be prepared by 
controlling strictly the hydration time and method of agitation. 

British Drug Houses. * Eastman Kodak Co. 
Aldrich Chemical Co. 
Bristol Organic Ltd. 
Hopkins and Williams Co. 

6 Sigma Chemical Co. 
7 Malvern Instruments. 

40r 
301 
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1 1 I I I I 1 
0 40 80 120 160 

SOLVENT SHIFT PARAMETER, G 

Figure 3-The relationship between the enthalpy of transfer of p- 
substituted phenols and the solvent shift parameter P (Eq. 10). 

An equilibrium time for distribution of 12 hr was established from 
preliminary studies. The DMPC vesicles were separated from the aqueous 
phase by centrifugation in a thermostated centrifuge (8). The UV ab- 
sorbance of the supernatant aqueous phase was measured at  the A, of 
the phenol. After analysis the solution was returned to the phospholipid 
vesicle pellet and the system redispersed and re-equilibrated at the next 
temperature. 

The proceases of centrifugation, followed by resuspension did not alter 
significantly the mean size or polydispersity of the vesicles. Distribution 
studies were conducted over the temperature range 5-22' below the phase 
transition temperature of the phospholipid (23') (18). 

RESULTS AND DISCUSSION 

Organic Solvent-Water Distribution-Preliminary studies indi- 
cated that for CA,,,~~ of less than 5 X M the phenols existed as 
monomers in the organic phase. This is confirmed by literature data (19). 
Some typical plots of In K: versus 1/T are shown in Fig. 1. Good linearity 
was obtained in all cases, indicating that AH was independent of tem- 
perature over the range studied. Thermodynamic values obtained or 
calculated at 25' are summarized in Table I. The agreement with liter- 
ature values (11, 13) including those obtained using microcalorimetry 
(15) is good in most cases, but there is some variation in AH (and conse- 
quently AS values). This is to be expected, since it is well known that the 
derivation of thermodynamic values from the van't Hoff isochore is de- 
pendent on good experimental data. 

Examination of Fig. 1 and Table I shows clearly that the thermody- 
namic values of the transfer of phenols between aqueous environment 
and organic phases are dependent not only on the nature of the solute 
but also on the solvent. AG of transfer is positive for the lower alkyl 
phenols in perfluorohexane and for phenol in hexane. An increase in the 
distribution of the solute into the organic phase (AG becoming negative 
and increasing in magnitude) is accompanied by a decrease in AH and 

L 
10 20 30 

AH (kJrnole-') 

Figure 4-Evaluation of compensation behavior. Enthalpy-free energy 
relationship for p-substituted phenols partitioned between 0.15 M 
aqueous NaCl and nonpolar organic solvents. 
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Figure &The distribution of p-alkylphenols into DMPC uesicles- 
uan't Hoff plots. 

a corresponding decrease in AS. 1-Octanol with a high extractive capacity 
provides large negative AH values and relatively small AS values. Such 
thermodynamic values reflect the important differences between the 
nature of the distribution process for different solvents. For inert hy- 
drocarbon solvents, the distribution process reflects the loss of hydrogen 
bonding interactions between the hydroxyl group of the phenols and the 
aqueous phase that is compensated (in some cases) by an increase in AS. 
Any interaction between the phenolic hydroxyl group and the solvent 
[as well as the increased water content of the solvent and hydration of 
the monomeric phenol in the organic phase (21,2211 would also be ex- 
pected to lead to a decrease in the change in AH and a corresponding 
decrease in the change in AS. For 1-octanol, strong hydrogen bonding 
between the phenolic and alcohol hydroxyl group will lead to a large and 
favorable AH (15). Consequently, control of the transfer passes from 
entropy domination to enthalpy domination. 

When the concentration of a solute is sufficiently low in both phases, 
the distribution coefficient of solute distributed between water and a 
nonpolar organic solvent can be defined according to the theory of regular 
solutions (20): 

where VA and 6~ are the molar volume and solubility parameter of solute 
A; 6, and a,, are the solubility parameters of the a ueous solution and 
the organic solvent, respectively. Thus, a plot of In K#/(6w - 6,) against 
6,, should yield a straight line with a theoretical slope of VA/RT. As 
shown in Fig. 2, using p-ethylphenol as an example, a linear relationship 
is obtained. The slope of the line is 0.206, in good agreement with the 
theoretical value of 0.203 calculated using V ,  = 120 cm3. A value of 6, 
= 16.5 was employed rather than the usual value of 24. Davis et al. (23) 
and others (24) have shown previously that the lower value for 6, is valid 
for use in distribution studies involving organic solvents and aqueous 
phases. 

Solvent effects can be considered also in terms of collision complexes 
between the phenolic solutes and the solvent. The aromatic carbon- 
hydrogen (A-H) stretching frequency in the IR is sensitive to hydrogen 
bond formation. Solvent shift theories and experimental studies on sol- 
vent effects have been reviewed (25). The frequency shift AV can be 
represented as the difference between the stretching frequency for the 
monomeric A-H in the vapor phase (VO) and the lowered stretching 
frequency for A-H . . . B in the solvent in question ( Vs). Badger and 
Bauer in 1937 (26) proposed that a linear relationship existed between 
the enthalpy of hydrogen bond formation and the frequency shift of the 
A-H stretching vibration. 

In Fig. 3, the enthalpy of transfer has been plotted against the solvent 
shift parameter P (27) defined as: 

VO 
(Eq. 10) 

The P values have been taken from literature sources (25,27) on phenol 
in different solvents or calculated from values presented by Nakanishi 
et al. (28) for methanol and butanol systems8. The correlation between 
AH and P is good even though the P values refer to the anhydrous con- 

8 It should be noted that the P values were derived for anhydrous conditions, and 

vo-v, a P  -= 

the hydration of phenol in the organic phase may well alter the absolute values. 

Table 11-Thermodynamic Values for the Distribution of p- 
Substituted Phenols between 0.15 MNaCl and DMPC Vesicles at 
22 a 

~~ 

X" -AG AH * ASc 

4-CH3 13.3 
4-CzH5 14.8 
4-C3H7 15.5 
4-F 12.4 
4-C1 14.6 
4-Br 15.7 
4-C1 anisole 17.9 
3-OH 
3-OCH3 
3-OCzHs 

14.i 
13.5 
13.0 

119 448 
81 324 
31 157 
37 168 
19 112 

102 390 

Substituted phenol. AG and AH are given in kJ mole-'. AS is given in J 
mole-'"K-'. 

dition, and the phenols may be hydrated in the organic phase chosen for 
the distribution system. 

Although there is no satisfactory treatment to account for solvent shifts 
of stretching frequencies, there is general agreement that the bulk 
properties of the solvent such as dielectric constant are important only 
for nonpolar solvents (25). Complexes between phenols and nonpolar 
solvents have been referred to as collision complexes to emphasize that 
although the interaction is very weak, it is sufficient to influence the IR 
spectrum (25). 

Procedures for converting thermodynamic data obtained in polar 
solvents to those expected in an inert solvent have been proposed (25). 
One method is based on the assumption that the enthalpy of transfer can 
be written as (25): 

- AH (nonpolar media) = -AH (polar media) + A (Eq. 11) 

where A is a constant for the solvent pair. A free-energy related equation 
of similar type was proposed by Leo et d. (3) for the interconversion of 
distribution coefficient data obtained with nonpolar solvents and those 
obtained with octanol: 

log Kd.solvent + Ih = log Kd,octanol + b (Eq. 12) 

where Ih were additive increments to hydrogen bonding. 
The use of enthalpy-entropy compensation plots has been exploited 

when the thermodynamic data have been evaluated. [Proportionality 
between AH and AS is believed to imply a single unique mechanism for 
a series of solutes or solvents (29).] However, when AH and AS are both 
derived from the van't Hoff relationship, good correlations can be ob- 
tained that arise from statistical artifacts. Krug et al. (30,31) have dis- 
cussed this in detail, and more recently Kinkel et d. (14) have shown that 
a so-called excellent correlation between AH and AS for the transfer of 
various phenols between water and 1-octanol (13) was spurious. En- 
thalpy-entropy compensation can be tested by plotting AH versus AG 
at  the harmonic mean temperature of the experiments (31). Figure 4 
shows the AH uersus AG relationship for the various solvent systems 
examined. A relationship of the form: 

AGX = 0.7 AHX - B (Eq. 13) 

can be obtained, where B is a constant that is related to the size of the 
phenolic solute. Similar compensation relationships have been reported 
by others (14,321. (No linear relationships were observed when AG was 
plotted versus AH for a set of solutes and a given solvent.) 

The linear relationship defined by Eq. 13 suggests that the various 
solutes are distributed between water and the various inert solvents by 
the same mechanism; i.e., that the aqueous phase provides the major 
driving force for the transfer process: the hydrophobic effect. The AG 
and AH values for the 1-octanol system have not been shown. The values 
given in Table I deviate from the linear relationship. The AH values 
corresponding to measured AG values are much larger than would be 
predicted from Eq. 13. 

For example: 

Phenol 
Cresol 
p-Ethylphenol 
p-Propylphenol 
p-Chlorophenol 

0.4 kJ mole-' 
0.8 k J  mole-' 
1.0 kJ mole-' 
1.5 kJ mole-' 
1.0 kJ mole-' 

These data indicate that the transfer of phenolic solutes between water 
and 1-octanol follows a different mechanism than that for the transfer 
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Figure 6-The distribution of p-halophenols into DMPC vesicles- 
uan’t Hoff plots. 

of the same solutes between water and nonpolar solvents and, thus, 
AH-AS compensation is not obtained. A similar finding was reported 
recently by Kinkel et al. (14). These authors pointed out that mutually 
saturated 1-octanol contains a considerable quantity of dissolved water 
(27% on a mole fraction basis) and that water-centered aggregates (41  
alcohol-water) have been described (5). In addition, linear aliphatic al- 
cohols can exist in polymeric forms (33). Changes in temperature will 
affect these associations as well as the association between phenolic so- 
lutes and l-octanol itself. Because of these factors, it was suggested (14) 
that the van’t Hoff method should not be used to obtain thermodynamic 
quantities from the 1-octanol-water system, and microcalorimetry was 
proposed as an alternative. This is an attractive possibility provided the 
methodology can be refined to give reliable results. An alternative sug- 
gestion would be to avoid the use of 1-octanol when studying the ther- 
modynamics of the distribution process. 

Phospholipid Vesicle-Water Distribution-The temperature de- 
pendence of the molal distribution coefficient (KT)  for p-substituted 
phenols distributed between DMPC vesicles (below their phase transition 
temperatures) and 0.15 M NaCl is shown in Figs. 5 and 6. 

The derived thermodynamic quantities are given in Table 11. All values 
refer to initial phenol concentrations of 2 X M and 20 mg of DMPC. 
The AH is large and positive for all solutes studied. The negative AG is 
the result of a large compensating increase in entropy: the process is en- 
tropy dominated. The magnitude of the absolute values is dependent on 
the nature of the experimental system used, and different values can 
result from using different phenol concentrations, phospholipid con- 
centration, and experimental protocol. Thus, the data should be regarded 
as giving a qualitative rather than a precise quantitative picture (34). 

In both absolute and relative terms the log KT values for the alkyl and 
halophenols are more closely related to the distribution coefficients for 
the 1-octanol-water system rather than those for the so-called inert 
solvents such as cyclohexane. However, for the vesicles, AH is positive 
throughout which is similar to the shuation for the nonpolar solvents and 
in direct contrast to the negative AH values found for the 1-octanol-water 
system. 

Previously, Rogers and Davis (8) have reported that the thermody- 
namic parameters for the transfer of phenols between aqueous environ- 
ment and DMPC vesicles change in sign and magnitude a t  the phase 
transition temperature. Above T,, AH and AS are both negative. Similar 
changes in thermodynamic parameters at temperatures in the region of 
T, have been reported by others (7,9,35). Diamond and Katz (7) inter- 
preted observed enthalpy changes by proposing that in the crystalline 
state below T, the hydrocarbon tails of DMPC pack closely and uniformly 
along their length. Thus, insertion of a solute into the membrane requires 
the breaking of strong intermolecular forces between the hydrocarbon 
tails, and entropy changes can be attributed to the disruption of the or- 
derly crystalline array by the inserted solute. Thus, large and compen- 
sating changes in AH and AS attributable to the change in liposome 
structure can mask the smaller changes in AH and AS due to the actual 
transfer of the solute. In this respect, Lumry (36) has warned recently 
that AH and AS quantities each contain two parts one (motive) that 
contributes to the free energy (of transfer) and one that does not (com- 
pensation) but that reflects enthalpy and entropy fluctuations. In water 
and most biological systems these compensation effects can dominate 
the motive (work-doing) contribution. Consequently, discrepancies can 
arise in attempts to formulate mechanistic hypotheses using AH and AS 
information. 

The phospholipid vesicles are isotropic and will have markedly dif- 
ferent polarity regions; consequently, the different phenolic solutes are 
likely to distribute into different regions. This will affect both the dis- 
tribution coefficient and the thermodynamics of transfer. The high log 
KT values obtained for the phenols with phospholipid vesicle systems 
indicate that the phenols could be hydrogen bonded to the phosphate 
group of DMPC. Comparison of the date obtained for chloroanisole with 
those for chlorophenol (Fig. 6) indicates that AH for the anisole, where 
there can be no hydrogen bonding, is much larger. At  lower temperatures 
the anisole has a lower KZ value than the phenol, the KT value being 
much more temperature dependent than for the phenol. The hypothesis 
that the phenolic hydroxyl group can (hydrogen) bond to the DMPC 
phosphate group was further strengthened by studies on the resorcinol 
monoethers. Again the hydroxy compound has a lower AH value than 
the corresponding methoxy or ethoxy compound (Table 11). This suggests 
that the resorcinol is able to interact favorably with the phospholipid head 
group through both of its phenolic hydroxyl groups and that the orien- 
tation of these compounds in the lipid bilayer is quite different from that 
of the alkyl phenols. The AH values for the resorcinols were all positive 
(67-140 kJ mole-’), whereas Beezer et al. (12) have shown for the 1- 
octanol-water system that AH is negative and in the range of -15 to -7 
k J  mole-’. 

The ability of a solute-like phenol to undergo specific interactions with 
the bilayer membrane calls into question the use of inert hydrocarbons 
as model solvents for use in correlating structure with biological activity, 
even though inert hydrocarbons do find a role as reference states (4) and 
data obtained using such solvents can be converted to values more rele- 
vant to polar environments (37). A reasonable correlation can be obtained 
between liposome-water partition coefficients and octanol-water par- 
tition coefficients (7,8). However, the derivation of the more complete 
thermodynamic picture in terms of AH and AS values indicates that the 
two systems are very different. 
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Abstract  tl Self-association of drug molecules at formulation concen- 
trations can have a major impact on formulation properties. In this study 
a homologous series of methylprednisolone 21-hemiesters were found 
to undergo self-association in aqueous solution. The effect of aggregate 
formation on the solution degradation of these compounds was examined. 
To determine the nature and extent of association of these steroidal es- 
ters, partition coefficients between butyronitrile and aqueous buffer (pH 
8.5) were measured as a function of ester Concentration. The partitioning 
data were found to be consistent with dimer formation a t  low concen- 
tration followed by true micelle formation a t  higher concentration. Chain 
length increases favored micelle formation, but appeared to have little 
effect on dimerization. The first-order rate constants for ester hydrolysis 
and 21 - 17 acyl migration in aqueous buffer (pH 8.5) were also found 
to be dependent on ester concentration. The kinetic data are consistent 
with a model which assumes stabilization by both dimer and micelle 
formation, the limiting factor a t  high concentration being the reactivity 
of the ester in the micelles. The degree of stabilization due to self-asso- 
ciation was found to increase with chain length. 

Keyphrases 0 Methylprednisolone-synthesis of 21-hemiester 
homologues, influence of premicellar and micellar association on reac- 
tivity Steroids-methylprednisolone, synthesis of 21-hemiester 
homologues, influence of premicellar and micellar association on reac- 
tivity Association, micellar-influence on the reactivity of methyl- 
prednisolone 21-hemiesters 0 Association, premicellar-influence on 
the reactivity of methylprednisolone 21-hemiesters 

Self-association of hydrophobic drug molecules in 
aqueous solution can have a profound effect on formula- 
tion properties due to the reduced effective concentration 
of drug at high total concentration. Specifically, molecular 
aggregation may result in higher drug solubility, increased 
or decreased solution stability, or transient masking of 
local biological effects. 

While there is voluminous literature on the effect of 
micelle-forming additives on the chemical reactivity of 
various substrates, very few cases have been reported in 
which a labile substrate itself forms molecular aggregates 
resulting in self-stabilization. The few studies which do 
exist suggest that reactivity can be significantly altered 
either favorably or unfavorably by substrate self-aggre- 

gation into micelles (1,2). Premicellar aggregation has also 
been found to dramatically alter reactivity (3-5). 

Steroidal molecules, particularly bile salts, are known 
to undergo self-association in aqueous solution to form 
aggregates varying in size from dimers to much larger oli- 
gomers (6-8). Self-association has also been observed for 
the corticosteroid methylprednisolone 21-phosphate (9). 
In this case a marked acceleration in reactivity in more 
concentrated solutions was attributed to micelle forma- 
tion. 

A recent study showed that methylprednisolone 21- 
succinate’ decomposes initially in aqueous solution uia two 
parallel pathways (10). In addition to the well-known ester 
hydrolysis reaction, acyl migration from the 21- to the 
17-OH occurs a t  a rate comparable to hydrolysis (Scheme 
I). 

Since it was suspected that methylprednisolone 21- 
succinate may self-associate a t  formulation concentrations, 
a study was initiated to determine: (a)  the nature and ex- 
tent of self-association, ( b )  the effect of aggregation on the 
solution kinetics, and (c) the effect of molecular modifi- 
cation (increasing the hydrophobicity through increases 
in hemiester chain length) on both the aggregation and 
kinetics. To determine unambiguously the nature and 
extent of self-association, a partitioning method was de- 
veloped enabling calculation of the monomer concentra- 
tion as a function of total concentration. The initial rates 
of ester hydrolysis and acyl migration as a function of 
concentration were then combined with the partitioning 
data to elucidate the relative reactivities of monomeric and 
aggregated species. 

, 

EXPERIMENTAL 

Materials-All reagents and chemicals were either analytical reagent 
grade or known to be of high purity. Methylprednisolone 21-hemisucci- 

1 SOLU-MEDROL (Upjohn brand of methylprednisolone sodium succinate). 
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