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ABSTRACT

p-Lactam antibiotics tend to undergo self-association in hydrophilic organic solvents, which leads to a strong dependence of their
experimentally observable log P values on the partitioning conditions. As a result, most of the earlier obtained log P values for f-lactam
antibiotics cannot be applied as a common hydrophobicity measure, but they proved to be linearly related to each other and to a large
body of reversed-phase chromatographic data. The retention of cephalosporins on reversed-phase liquid chromatographic columns is
complicated by silanophilic interactions. However, under elution conditions that eliminate these silanophilic interactions, good correla-
tions with log P data are observed, and a unified hydrophobicity scale for 90 penicillin and cephalosporin compounds could be
evaluated. The Hansch and Leo additive scheme was shown to be valid for the calculation of hydrophobicities for penicillin and
cephalosporin C-6(7) substituents, but it failed when applied to the prediction of cephalosporin C-3-substituent hydrophobicities. The
hydrophobic increments for the sixteen most common cephalosporin C-3-substituents were empirically evaluated from literature data.
and a simple equation was derived for an overall f-lactam antibiotic hydrophobicity calculation. The proposed scale is valid for
predicting the partitioning of most f-lactam antibiotics in both hydrophilic and lipophilic organic-water systems, although it should be

used with caution when applied to antibiotics containing additionally charged side-chains.

INTRODUCTION

It is essential to identify relationships between the
physico-chemical properties of f-lactam antibiotics
and their biological activity when searching for new
pharmaceuticals of this class. As far back as 1963
Hansch and Fujita [1,2] established the need to
proceed from the hydrophobicities of investigated
substances when tackling the problem of any struc-
ture—activity relationships. In fact, the biological
activity of f-lactam antibiotics and their hydropho-
bicities have been shown to be interrelated in
numerous studies [3-21]. Meanwhile, the problem of
determining the hydrophobic properties of penicil-
lins and cephalosporins is still far from being solved
completely.

0021-9673/91/803.50 ©

First, in spite of a number of studies devoted to
this problem [5-8,17-29], many of them considered
the partitioning of antibiotics under different condi-
tions, which makes their joint analysis complicated.
As a result, at present only limited and often
contradictory data sets are available in the literature
on the partitioning for a maximum of about twenty
antibiotics in each set. However, many publications
devoted to the chromatographic separation and
determination of B-lactams have appeared but have
not yet been analysed in order to characterize the
hydrophobicity of antibiotics.

Second, so far the generally accepted rules of
hydrophobicity calculations suitable for other clas-
ses of compounds have been thought to be inappli-
cable to penicillins and cephalosporins [23,30,31].
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cephalosponns is obviously unsatisfactory and, as
we show in this paper, contradicts the experimental
results obtained in other work. Therefore, the aim of
this study was to survey the available data on the
hydrophobic propertics of f-lactam antibiotics, and
to demonstrate the possibility of their theoretical
estimation Am‘nrdmo o the conventional rules of

Hansch and Leo [32].

THEORETICAL

To establish a common hydrophobicity scale
characterizing the partitioning of solutes in various
organic—water systems, the free energies of partition
should be linearly related:

AG., — aAG. + B (0
~ J ' I \*/

where 4G, (;, is the free energy of the solute transition

from water to the {(j) organic phase. Depending on

the system studied, 4G;;, is proportional to the
logarithm of partition coefficient, log P, the capacity
factor, log k, or the value of Ry, = log (1/Ry — 1).

In 1951, Collander {33] found that the eqn. 1 was
valid for substances of various classes partitioned
between water and different alcohols. Later, Leo
showed [34] that in a more general case the linear
dependence in eqn. 1 is observed only separately for
hydrophilic (e.g., alcohols and ketones) and lipo-
philic (e.g., alkanes, benzene and chloroform) or-
ganic solvents. Seiler [35], however, asserted that the
partition coefficients in lipophilic and hydrophilic
organic systems were likewise related:

—

10g Poctanol = 1Og Palkane + Z Iy + ,6 (2
where Iy denotes the additive increment to hydrogen
bonding by a solute molecular segment in hydro-
philic organic solvent.

Eqn. 2 is obviously transformed into the single-
parameter dependence in eqn. 1 only for certain
classes of substances with ) J,; = constant. Indeed,
Leo [34] showed log P for octanol-water partition to
be linearly dependent on log P for partition in
lipophilic solvents only for proton-acceptor (H-ac-
ceptor) or proton-donor (H-donor) solutes sepa-
rately.

It is convenient to consider the f-lactam antibi-
otics as properly substituted nuclei (Table I). It is
reasonable to assume that for f-lactam antibiotics
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ceptor ability, the linear dependence in eqn. 1 be-
tween their partition in hydrophilic and lipophilic
systems will be observed as the nucleus hydrogen-
bonding increment is always the same or very
similar. Indeed, our own experience confirms that
this is so for the majority of solutes listed in Table L.

An analysis of literature data shows that in the
absence of side-group ionization in f-lactam antibi-
otics, eqn. 1 is valid irrespective of the temperature
change. Thus, the log & values for six penicillins (2, 4,
5, 13, 23 and 29 in Table I) at five different
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temperatures have been reported [36]. Using these
data in the form of the Van 't Hoff equation, we were
able to calculate values proportional to the enthalpy
and entropy of sorption for each solute:

nk = AH  AS & 3)
nk=—"x+>" +

RT R
where 4H, AS and T represent the enthalpy, entropy

and temperature of sorption on the bonded re-
versed-phase, respectively, ¢ is the volume ratio of
the stationary and mobile phases and R is the
universal gas constant. The slope is equal to AH/R
and the intercept to 4S/R + ¢. The latter effective
values proved to be linearly interrelated:

slope = —387 x intercept — 638; n° = 5, r =
0.9776, s = 201

where n, r and s represent the number of correlated
points, correlation coefficient and standard devia-
U()Il I'Cpr(,LlVCly l‘ldVlIlg dl’ldl()gOubly pfOCeSS(iU LﬂC
data from ref. 37 where log & values are reported for
four cephalosporins (51, 56, 64 and 76 in Table I), we

obtained:

>
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al. [38] showed that the above-mentioned compensa-
tion relationships between AH and 4S5 account for
the linear dependence in eqn. 1 irrespective of

temperature.

¢ Log k values of amoxicillin from ref. 36 and deacetylcephapirin
from ref. 37 have been excluded from the common sets as they
largely depended on determination of the column void volume.
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TABLE 1
PENICILLIN AND CEPHALOSPORIN STUCTURES

R, H Ha
Rﬂ "
a
o7
00—R,
Penicillins
No.  Generic name or code R, R, R}
1 6-Aminopenicillanic acid NH, H H
(6-APA)
2 Benzylpenicillin (penicillin G) @’—CH,—CDNH- H H
3 p-Oxybenzylpenicillin o—-@——c H H
(penicillin X) H Hz—CONH
4 Ampicili (O)r-gr-coner Hoowm
NH,
5 Amoxicillin HD@TH-CONH- H H
NH,
6 Methylenampicillin ' H H
(metampicillin) N=CH,
@'—CH—CCINH—
7 a-Oxybenzylpenicillin | H H
QH
@‘—CH—CONH“
8 Carbenicillin (anion) | . H H
co,
H—CONH—
9 Carbenicillin phenyl | H H
(carfecillin) COO“@
H-CONH—
H H

10 Carbenicillin indanyl (|:‘J 0—@

(Continued on p. 6)
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TABLE 1 (continued)

No.  Generic name or code R, R, RS

11 Sulbenicillin (anion) @'ﬁ” CONH- H H

12 Azidocillin ' H H
N3
@’C\F:—CUNH—
13 Plperamllm NHOC—N N—CgHg H H
Q s}
HD"‘@"CH—CQNH—
N \ —
14 p-Oxypiperacillin NHOC—N N-C,Hg H H
o 4}
@ -oteomr
15 Desoxyaspoxillin NH“CG—":H—CHz—CUNH—CHg H H
NH,
HU—@'—?H‘CUNH‘
16 A illi
spoxillin NH—‘C0~1I:H—CH,—CDNH—CH3 H o H
NHZ
@'—CH“CUNH—
\
NHOC
17 Apalcillin H H

18  Clometocillin el _@_?HONH_ H H
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TABLE I (continued)

No.  Generic name or code R, R, RS
19 2-Thienylmethylpenicillin @—CH,“CDNH— H H
20 Ticarcillin (anion) @T ONH-— H H
coo
21 2-Furylmethylpenicillin @-CH,—CONH— H H
22 1-Naphthylmethylpenicillin @ H2~CO H H
23 Phenoxymethylpenicillin @—Q—CH 2—CONH— H H
(penicillin V)
24 Pheneticillin (phenoxyethyl- @'o_'f“ CONH H H
penicillin) CHq
25 Propicillin (phenoxypropyl- @—O{H—CONH— H H
penicillin) i
CaHg
i
26 Phenoxyisopropylpenicillin @—O—TH—CDNH— H H
CHy
27 Benzylthiomethylpenicillin ’ @—CH,—S—*CH,—CDNH—- H H
ONH-
28 Oxacillin NI\ \ H H
“cH,
cl
29 Cloxacillin kel H H
“CH,

( Continued on p. 8)
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No.  Generic name or code R, R, R%
ci
30 Dicloxacillin %0NW H H
cl \CHS
31 Fluoxacillin (floxacillin) \ ONH-— H H
F :o‘— “CH,4
cl
ONH—
32 Flucloxacillin \ H H
F “cH,
OCH,,
33 Methicillin ONH-— H H
OCH,
OC,H.
34 Nafeillin ‘«H,—CONH— H H
35 Cyclacillin %m H H H
2
36  Epicillin @'fH_mNH— H H
37 n-Heptylpenicillin — ) H H
(penicillin K) CHa™ (CHZ? g~CONH-
'H
38 D-a-(6-Aminoadipyl)penicillin 3 H H
(penicillin N) o H-{(CH; ) ;—CONH
a
39 Chlormethylpenicillin Cl —CH,—CONH- H H
40 Mecillinam (amdinocillin) [ :N"CH-TN_ H H
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TABLE 1 (continued)

No.  Generic name or code R, R, RS
o
i/
41 Hetacillin N H H
42 BRL 20153 @—CH,—CDNH— OCH; H
43 Temocillin (anion) @—?H—CDNH— OCH; H
coo”
44 BRL 26 277 (anion) @—TH—CUNH— SCH; H
coo”
45 Penamecillin @—CH,—CDNH— H CH,0Ac
46  Pivampicillin @‘?HUNH— H CH,00CC(CH,);
NHZ
47 Penethacillin @—‘CH,—CONH- H C,H/NEt,
Rz H <
R‘-ﬂ
1
cooH

Cephalosporins
No. Generic name or code R; R, R,
48 7-Aminocephalosporanic acid NH, H CH,0Ac

(7-ACA)
49 Cephaloram @CH,—CONH— H CH,0Ac
50  Cephaloglycin @"?HONH— H CH,0Ac

( Continued on p. 10)
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TABLE I (continued)

A. A. PETRAUSKAS, V. K. SVEDAS

No.  Generic name or code R, R, R,
51 Cephalothin @-‘CHZ—CDNH” H CH,0Ac
-
52 2-Furylacetamidocephalosporin @—CH,—CDNH— H CH,0Ac
@ Ho—CONH—
53 I-Naphthylacetamidocephalosporin @ H CH,0Ac
54 Benzothienylacetamidocephalosporin mﬁlﬂ 2~ CONH— H CH,0Ac
S
55 Benzylthioacetamidocephalosporin @CH,—S—CH 2 CONH- H CH,0Ac
56 Cephapirin N )—S—CH,—CONH- H CH,0Ac
“OCHa
57 Cefotaxime ~CONH-—- H CH,0Ac
HN"
58 Caprylacetamidocephalosporin CHy—(CH, ) g~CONH— H CH,0Ac
+
) H3N\
59 Cephalosporin C - /CH— (CH, ) 5—~CONH-—- H CH,0Ac
Q,c

60 Cephacetrile NC-CH,-CONH- H CH,0Ac
61 Chloracetamidocephalosporin CI-CH,~-CONH- H CH,0Ac
62 Deacetylcephaloram @-—CH,—CONH— H CH,0OH
63 Deacetylcephalothin @—CH 2 CONH- H CH,0H
64  Deacetylcephapirin N O S—CH,~CONH— H CH,OH
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TABLE 1 (continued)

No. Generic name or code R, R, R,
HOCH;,
65 Deacetylcefotaxime ~=CONK= H CH,0H
HoN"
66 Deacetoxy-3'-azidocephalothin @-CHZ-‘CONH— H CH;,N,4
67 7-(Benzylthioacetyl)aminodeacetoxy- @—CH,—S—CH,—CONH— H CH;N;
3'-azidocephalosporanic acid
68 7-Aminodeacetoxycephalosporanic NH, H CH;
acid (7-ADCA)
69 Deacetoxycephaloram @‘CH,‘CONH" H CH,
@—CH"CONH—
70 Cephalexin | H CHj3
NHa
71 Cefadroxil <:> | 0 H CH;
NH,
. @'-CH—CONH-
72 Cefradine | H CH;
NH,
HOCHE
73 Ceftizoxime ~CONH-— H H
HaN~
74 Ceftezole V_CH —CONH— H —CH:—S-@
2
75 C 49 753 (Ciba Geigy) NC—CH,—CONH— H —CH,—S—@
76 Cefazolin WN—CH,—CONH— H —CH,—S-@-CHS
HO—@-CH—CDM— /
77 Cefatrizine | H =CHy

NH,

H

(Continued on p. 12)
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TABLE I (continued)
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No.  Generic name or code R, R, R,
Q)—cr-conm- sl W
78 Cefamandole i H ¥ 2 P N
oH e
CHa
79 Cefamandole nafate @—-cl ONH- H As No. 78
QocH
HD—@'—CIQ—CONH"
80 Cefoperazone NHOC—N N-CgHg H As No. 78
0 0
81 C 49 288 (Ciba Geigy) NC—~CHo—CONM— H As No. 78
82 7-H-Cefmetazole NC—CH,;—S—CH,—CONH— H As No. 78
HOCHS
83 Cefotiam CONH- - —cH—s~L{
{ \;
HoN" & 2H,—NMa
84  Cefonicid @F‘f” CONH- H ~CH =5 /
OH
éHz—SOQ
NOCH,
85 Cefuroxime @—Q—CONH— H CH,0CONH,
86 Cefoxitin @CH,“‘CONH‘ OCH; CH,0CONH,
87 Cefrodaxin O_? ONR= H OCH,
NH,
88 Cefaclor @_CI ONH-— H Cl
NH
89  Cephaloridine (cation) @—cn,—conn— H  —CHyN(E)
@r—CH—CONH—
90 Cefsulodin (zwitterion) | H —Cl"'l2"‘PJ@>---CI3NHz

s0,

protonation), therefore the R; radical conventionally is denoted as H. Ac = Acetyl; Me = methyl; Et = ethyl.
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As far as the aqueous phase properties are con-
cerned, the situation seems to be much more compli-
cated Tt fallawe fro
cated. It follows fro

m the reculte of manv gtudies
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that varying the mobile phase composition in re-
versed-phase liquid chromatography (RP-LC) does
not necessarily lead to a linear change in log k. It
may be assumed, however, that such unpredictable
behaviour during chromatography is due to eivate
interactions with free silanol groups on the column
[39]. Indeed, the data from ref. 40 indicate that under
conditions eliminating silanophilic interactions, the
variation of the organic solvent content or pH of the
eluent leads to linear log k£ changes (eqn. 1) for
cephalosporins without C-7 and C-3 ionogenic
groups. Ai‘lalogOusly, the mobile puase variation in
refs. 20-22 led merely to linear changes in R,, for
cephalosporins and penicillins in RP thin-layer
chromatography (TLC).

The evidence cited above testifies that by the
linear transformations in eqn. 1 the literature parti-
tion data of at least the majority of pf-lactam

antibiotice can he hronoht into a «i
aniioolics can o orougnl nle a §

phobicity scale.
RESULTS AND DISCUSSION

A unified peniciiiin hydrophobicity scale

It is most convenient to choose partitioning
between water and octanol as standard conditions
when reducing a large body of literatue data to
a common scale, as in this instance the hydro-
phobicity of individual antibiotics might be calcu-
lated according to well known rules {32,41]. How-

nlisag 1o tnna ot atire o
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octanol-water partitioning are not convenient
owing to their self-association in hydrophilic media
(see the last section). We believe that ignoring this
fact was the main reason why earlier attempts to
predict the partitioning of peniciilins [30,89] were
unsuccessful, and only poor correlations between

calculated and experimental lng P values were

WwwialLG QU CApPRIILL Ciivar iU Qiuls YWLUio

achieved (r < 0.94). In fact, at present no octanol-
water partition data on f-lactam antibiotics free
from the self-association contribution are available.
Therefore, we tried to find an “ideal” hydropho-
bicity scale that would satisfy the following require-
ments: it should describe the partitioning of f-
lactam antibiotics adequately, and it should be free
from contributions of various secondary equilib-

fcnmmnn = fcg(c
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rium processes, so that the hydrophobicity for the
simplest structures could be easily calculated.

Log P values for octancl-water partitioning of
penicillin R;-substituent amides proved to meet
these requirements. The calculated log P values for
single amides correlated well with experimental data
for the proper penicillins from refs. 19-22, with
a correiation coefficient aiways exceeding 0.99.
A detailed calculation of these log P values is given
in the Appendix. Tables II and I1I list the standard-
ized penicillin hydrophobicity values, fcommon, Ob-
tained by linear transformations of the literature
data to the log P scale of the R;-substituent amides.
The correlation parameters of these transformations
are listed in Table IV for each case.

Methicillin appeared to contain an R; substituent
with a large H-acceptor ability in comparison with
other penicillins. Therefore, the two individual f¢g
values were necessary for it in hydrophilic and
lipophilic organic phases.

As the antibiotics 43-47 in Table I contain modi-

fied nenicillin nucler their £- values chaonuld he
LIVU PULLLILILLL 1iaVIVE, Wilil fCommon Y QALULS suavuiu Uv

regarded as a sum of hydrophobicity increments, fcs
for the C-6 substituent (or fc; in the case of
cephalosporins) and fyuce; for the modified nucleus:

7y + fructes )

Such an additive hydrophobicity representation is
permissible, as the distance between the various
substituents in the solute molecules is large enough,
and their intramolecular interactions, according to
ref. 32, can be neglected. The corresponding values
of foommon ANA fucie; are given in Table III.

The problem of the correct determination of the
column void volume often arises when reversed-
phase high-performance liguid chromatographic
(RP-HPLC) data have to be correlated. For in-
stance, the eluent retention time obtained in refs. 54
and 66 exceeds that of the first antibiotics. As the

accuracy of 7, determination greatly affects the log &

value for the most hvdronhilic antibiotics. in some

GiuL 105 WAL 0 DRYGQIOPIUIG Qi UIVULS, 111 SV

instances it has been estimated by us proceeding
from the correlation standard error minimization.
The chromatographic data in refs. 43 and 47 cannot
be described by the foommon Scale, indicating large
non-hydrophobic interactions between the eluted
penicillins and the stationary phases. Amino-con-
taining compounds are known to be especially
disposed to enhanced silanophilic interactions [39].
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TABLE 11

A. A. PETRAUSKAS, V. K. SVEDAS

STANDARD PENICILLIN HYDROPHOBICITY VALUES NORMALIZED TO COMMON OCTANOL-WATER PARTITION
LOG P SCALE OF THEIR 6-SUBSTITUENT AMIDES

No.* Standard hydrophobicity

References which confirm the fce values

value, fce
1 -0.800¢ (H, L) 21, 26, 45, 56
2 0.451 (11, L) 9, 17-19, 21-25, 28, 36, 43-45, 48, 51-57, 59, 60, 63, 64, calc.”
3 —0.220 (H, L)) 48, 53, calec.
4 —0.098 (H, L) 9, 17, 20-22, 25, 26, 36, 4245, 47, 49, 52, 55-57, 59, 60, 64, calc.
5 —0.743 (H, L) S, 17, 25, 26, 36, 42, 44406, 49, 57, 59, 60, calc.
6 —0.573 (L) 20, 21, 64
7 —0.060 (H) 19, calc.
8 —0.820 (L) 9, 20-22, 44, 45, 47, 54, 57, 58
9 2.250 (H, L) 24, 25, 44, 63
10 3.230 (H) 24
I —1.125 (L) 9, 25
12 1.230 (H, L) 18, 44, 45, 57
13 0.450 (H, L) 36, 42, 46, 47, 54, calc.
14 —0.220 (L) 42
15 0.070¢ (L) 42
16 —0.510° (L) 42
17 —0.110% (L) 46
18 2.142 (L) 44
19 0.289 (H, L) 21, calc.
20 —1.013 (L) 9, 44, 46, 47, 54, 58, 61
21 —0.042 (H, L) 21, cale.
22 1.557 (H. L) 21, cale.
23 0.890 (H, L) 17-28, 36, 4345, 48, 52, 53, 55-57, 59, 60, 63, calc.
24 1.101 (H, L) 17-25, 28, 44, 45, 55, 56, 63, calc.
25 1.683 (H. L) 17, 19. 23-25, 28, 43-45, calc.
26 1.580 (H) 19, calc.
27 1.226 (H, L) 21, calc.
28 LIR9 (H, L) 9, 17, 18, 20-28, 4345, 49-51, 59, 60, 62, 64
29 1.467 (H, L) 9, 17, 18, 20-27, 36, 44, 45, 49-51, 60, 6265
30 1.950 (H, L) 9, 17, 21-25, 27, 44, 45, 49-51, 60, 62, 65
31 1.588 (H, L) 17, 24, 25, 43
32 1.640 (L) 20, 27, 44, 45, 49, 63-65
33 0.385 (L) 9, 21, 22, 27. 44, 45, 53, 60, 62
—0.250 (H) 18. 19, 23, 24
34 1.545 (L) 21, 22, 45, 46, 58-60
35 0.613 (H, L) 17, 25, 45, 57
36 —0.010 (H. L) 17, 44, 57
37 1.943 (H, L) 21, calc.
38 —1.242 (L) 21
39 —0.690 (H, L) 21, calc.
40 0.55249 (L) 57
41 0.0607¢ (L) 45, 49

¢ The numbers correspond to those in Table 1.

b
¢

d

e

L = lipophilic.

I Calculated in Appendix.
¢ These are uncertain values.

For penicillins fes = fcommon (€€ teXt).

References in which predicted hydrophobicity differed from the standard feommon value by less than 0.1 are included here.

These antibiotics possess a non-traditional penicillin structure, therefore the hydrophobic values cannot be experimentally measured as
log P for the proper amides.

The letters in parentheses indicate the type of organic-water system for which the given value was shown to be valid: H = hydrophilic;
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TABLE III

STANDARD HYDROPHOBICITY VALUES FOR THE
PENICILLINS WITH MODIFIED NUCLEI (fcommon)

No.* fCummon .fCG‘7 fNuclei References
which confirm
the fCOmmon
value®

42 0.176 (L) 0289 —0.113 61

43 —1.126 (L) —1013  —0.113 44,61

44 —1.040 (L) —1.013 —0.027 61

45 2.300 (L) 0.450 1.850 45

46 2.370 (L) —0.098 2468 45

47 1.820 (L) 0.450 1.370 45

@ed See footnotes a, ¢ and e, respectively, in Table I1.
® The fce values have been taken from Table II.

This appears to be the reason why the fc¢ values of
penicillins 4, 5, 6, 35 and 36 most often deviate from
the relationships established in Table IV.

In refs. 38-40, the conditions for virtually com-
plete elimination of silanophilic interactions be-
tween the eluate and RP stationary phases were
enumerated: an enhanced ionic strength and pH,
a moderate concentration of organic cosolvent and
the presence of a hydrophobic alkylamine in the
eluent. In fact, the chromatographic parameters
from refs. 20-22, 25 and 49, where these require-
ments for elution were satisfied, correlate perfectly
with the hydrophobic parameters in Table II.

Retention of cephalosporins in reversed-phase chro-
matography

In contrast to penicillins, no data are available on
relations between the chromatographic behaviour
of cephalosporins and their partition in water—
organic solvent systems. Moreover, studying reten-
tion of fifteen cephalosporins on different RP-
HPLC columns, Wouters and co-workers {66,67]
came to the conclusion that no relationships among
the structure of antibiotics, their elution time and
different properties of RP-HPLC columns could be
established. However, if reassessed, these data indi-
cate that such relationships do in fact exist.

Table V presents a matrix of correlation coeffi-
cients between log k of all the cephalosporins
reported in refs. 66 and 67 (top right part of the
table) and between log k of selected cephalosporins
with the same C-3 substituent (bottom left part of
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the table) on different RP-HPLC columns. Consid-
ering the relationships between log k values of the
cephalosporins with different C-3 radicals, it will be
easy to see that all the columns listed in this table can
be divided into two groups: columns 1-8 and
columns 10-13; column 9 occupies an intermediate
position. The retention of cephalosporins on the
columns inside each group can be interrelated by the
eqn. 1, with the slope being close to 1. Log & values
for cephalosporins on columns from different
groups are poorly correlated. Of all the columns,
Zorbax Cg is distinguished as the log k values in this
instance cannot be linearly related to those on other
columns.

According to the theory of Horvath and co-
workers [38,39,68], a least two types of forces con-
tribute to solute-stationary phase interactions,
hydrophobic and silanophilic. Therefore, in order to

“describe the interrelation of the log k values of

cephalosporins on different columns, eqn. 1 should
be supplemented by taking account of the additional
type of interaction:

AG; = aiAGyyaropn + DidGronnyaropn + Ci (5)
AG; = a;4Gyygropn + D;AGnon-hydropn + €;
where AGuyaroph a0d AGnon-nyaropn aT€, respectively,
the free energies of hydrophobic and silanophilic
interactions between the eluate and the stationary
phase. AG; is the total free energy of eluate
sorption on the column, so it is directly proportional
to log k; b ; is a certain characteristic of the column
which depends on the number of free silanol groups.
AGyyaropn A0 AGnon-nydropn Values depend only on
the eluate properties, and a;(j, b;(j) characterize only
the stationary and mobile phases. The equation
system 5 is reduced to the single-parameter eqn. 1 in
the following cases:

(a) For all the eluates either 4AGyygropn = constant
0T AGNon-hydroph = constant. Since this would mean
the existence of the linear relationships in eqn. 1
between the log k values of cephalosporins on any of
the two columns, irrespective of their division into
separate groups, this case is not observed here.

(b) For columns from the same group the fol-
lowing condition is satisfied:

a; b;

= — = 6
a; bj x ()
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TABLE V

A. A. PETRAUSKAS, V. K. SVEDAS

CORRELATION MATRIX BETWEEN LOG k& OF FOURTEEN CEPHALOSPORINS* WITH DIFFERENT C-3 SUBSTI-
TUENTS, NOS. 50, 51, 56, 57, 59, 70, 71, 72, 76, 77, 78, 85, 86 AND 88 ACCORDING TO TABLE I (TOP RIGHT PART OF THE
TABLE), AND BETWEEN LOG & OF FIVE CEPHALOSPORINS WITH THE SAME C-3 SUBSTITUENT NOS. 50, 51, 56, 57
AND 59 (BOTTOM LEFT PART OF THE TABLE) ON DIFFERENT RP-HPLC COLUMNS

No.? Column* 1 2 3 4 5 6 7 8 9 10 11 12 13 {4 Methyl red
adsorption
value (mg/g)*

1 LiChrosorb RP-8, I 0.990 0.974 0.983 0.990 0.996 0.983 0.991 | 0.985 | 0.962 0.934 0.954 0.888 | 0.968 ND
Hibar, 10 um

2 LiChrosorb RP-8, 0998 1 0.986 0.976 1.000 0.997 0.988 0.997 | 0.990 | 0.981 0.959 0.976 0.921 | 0.958 2
10 um

3 LiChrosorb RP-8, 0.994 0998 1 0.984 0.986 0.987 0.998 0.989 | 0.960 | 0.951 0.913 0.937 0.866 | 0.916 2
S um

4  LiChrosorb RP-8%/, 0.992 0.990 0.993 1  0.975 0.985 0.991 0.981 | 0.956 | 0.921 0.881 0.919 0.831 | 0.910 2
10 um

5 LiChrosorb RP-8°/, 0.998 1.000 0.998 0.989 1 0.997 0.987 0.997 | 0.990 | 0.979 0.956 0.974 0.915 | 0.955 2
10 pum, 2 years later

6  LiChrosorb, RP-8°/,0.998 1.000 0.998 0.989 1.000 1 0.991 0.999 | 0.988 | 0.974 0.948 0.965 0.907 | 0.973 ND
Hibar, 10 um

7 LiChrosorb RP-8%/, 0.996 0.998 1.000 0.996 0.998 0.998 1 0.992 | 0.964 | 0.948 0.910 0.936 0.860 | 0.924 2
S um

8  uBondapak C,g, 0.998 1.000 0.999 0.994 0.999 0.999 1.000 | 0.988 | 0.970 0.944 0.966 0.906 | 0.955 |
10 um

9  Nucleosil Cyg, 0.999 0.998 0.993 0.989 0.998 0.998 0.995 0.997 [ 0.981 0.973 0.989 0.951 | 0.973 ND
10 ym

10 Nucleosil Cg, 0.985 0.987 0.977 0.957 0.986 0.988 0.976 0.982 | 0.988 1 0.991 0.984 0.961 | 0.967 13
10 um

11 Polygosil Cs, 0.978 0.981 0.970 0.948 0.980 0.981 0.968 0.97510.984 [ 0.998 1 0.991 0.987 | 0.956 15
10 pm

12 R-Sil Ci5 LL, 0.992 0.993 0.986 0.976 0.995 0.993 0.986 0.990 | 0.997 [ 0.992 0.993 1 0.982|0.952 92
10 pm

13 Partisil ODS, 0.977 0.978 0.965 0.948 0.979 0.978 0.965 0.972 | 0.984 | 0.993 0.998 0.995 | 0.918 ND
10 pm

14 Zorbax Cg/ 0.986 0.989 0.981 0.960 0.989 0.990 0.979 0.984 | 0.988 | 1.000 0.996 0.991 0.990 l 0.5

7 pm

a

relationships.

1.0-11.5% CH;CN.

d

€

Data from ref. 67. This value characterizes the overall number of residual silanol groups in the columns.
Data from ref. 67. The mobile phase in all instances was 0.01 M phosphate buffer (pH 7.0) containing 8.5-12.0% CH,CN.

In all instances cephaloridine was excluded from the general cephalosporin set, its log k vatues being appearently outside the general

The numbers in the row correspond to those in the column. Columns with the same #;;, value are separated by continuous lines.
If not stated otherwise, the data were taken from ref. 66. The mobile phase in all instances was 5% phosphate buffer containing

/ In these instances the values of eluent retention times (/) reported in the original papers exceeded those for the most hydrophilic eluates
or they were not reported at all, therefore the following values of ¢, were accepted: No. 4, 2.80 min; No. 5, 2.50 min; No. 6. 2.30 min;
No. 7, 2.65 min; No. 14, 1.80 min. In all other instances #, values reported in ref, 66 were used.

where a;(;), b;(; are related to eqns. Sand a to egn. 1.
Indeed, as shown in Table V, columns inside one
group have roughly the same number of non-end-
capped silanol groups, and therefore b,/b; ~ 1. The

ratio @;/a; cannot noticeably differ from 1, as the
reversed-phase was the same (bonded n-alkyl) and
the eluent composition differed insignificantly in all
instances. For columns from different groups, char-
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acterized by large differences in the density of free
silanol groups, b;/b; < 1 (>>1), and therefore the
linear relationships in eqn. 1 are not observed in this
instance. A small change in the composition of the
eluent causes only a minor deviation of the ratios
a;/a; and b;/b; from 1, and therefore, irrespective of
the RP column properties, good correlations be-
tween log Kkgpyen, and log kmuemj (r > 0.99) are
obtained.

It is noteworthy that the amounts of free silanol
groups listed for each column in ref. 67 (Table V)
should be regarded only as an approximate char-
acteristic of the silanophilic interaction ability of the
stationary phase. Actually, the parameter b;;,
should be compared not with the total number of
free silanol groups but rather with the proportion
that readily interacts with analytes [69]. This is the
probable reason why the poor correlation between
log k on the Zorbax Cg column and the columns
inside the first group are observed.

Considering the cephalosporins with the same C-3
substituent, linear relationships (eqn. 1) between
log k are observed for all the columns, independently
of their division into separate groups (see the bottom
left part of Table V). This demonstrates that if the
C-3 radical is constant, the silanophilic interaction
increment for different cephalosporins also appears

TABLE VI

21

to be constant. In accordance with the case (a) this
leads to the linear relationships in eqn. 1 for any
mobile and stationary phases, irrespective of their
a;¢jy and b;; characteristics. However, this does not
mean that C-3 substituents themselves interact with
the free silanol groups. Most likely, the C-4 carboxyl
anion, common to all the cephalosporins, is involved
in such an interaction, and different C-3 substituents
appear to create a corresponding microenvironment
for this group. Charged C-3 substituents exert an
especially strong effect. Cephaloridine was reported
[67] to be the most sensitive to silanophilic interac-
tions among the studied cephalosporins. Indeed,
logk of cephaloridine sharply deviated from the
linear dependence in almost all the eluate sets
examined by us (see below). Large positive changes
were observed even with a minor change in the
mobile phase composition with a constant station-
ary phase. Ion—ion interactions, extremely sensitive
to changes in the bulk medium properties (i.e., in the
organic co-solvent concentration in the eluent)
appear to take place between the positively charged
C-3’ pyridinium substituent and the deprotonated
C-4 carboxyl group.

The proposed interactions between the C-3 substi-
tuent and the C-4 carboxyl anion apparently make
the chromatographic behaviour of cephalosporins

STANDARD CEPHALOSPORIN HYDROPHOBICITY VALUES

No0.%% foommon fert Friuetei® References which confirm feommen value®
48 —0.801 (L)' —0.800 —0.001 21, 22, 56, 72, 81
49 0.424 (L) 0.451 —0.027 21, 22
50 —0.101 (H, L) —0.098 —0.003 21, 25, 45, 66, 71, 72, 78, 84
51 0.315H, L) 0.289 0.026 6, 99, 21, 22, 25, 37, 40, 45, 49, 54-56, 66, 71, 73-76, 79, 88
52 —0.050 (L) —0.042 —0.008 21,22
53 1.550 (L) 1.557 —0.007 21,22
54 1.626 (H) 1.600* 0026 8
55 1.219 (L) 1.226 —0.007 21, 22
56 —0.420 (L) —0.450" (0.030) 37, 49, 81
—0.420°
57 —0.407 (L) —0.407¢ 40, 54, 66, 71, 74-77, 79, 80, 82, 8688
58 1.936 (L) 1.943 —0.007 21, 22
59 —1.241 (L) —1.242 0.001 99, 21, 22, 66, 71, 81, 84
60  —0837(H,L) —1.460"  (0.624) 6,8, 9, 49, 81
—0.837
61 —0.698 (L) —0.690 —0.008 21

( Continued on p. 22)
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TABLE VI (continued)

N0’ fommon forf Fruetei® References which confirm feommen value®
62 -0.367 (L) 0.451 —0.818 21
63 —-0.508 (L) 0.289 —-0.797 72, 79
64 —1.230 (L) —0.42¢ —0.810 37
65 —1.210 (L) ~0.407° —0.803 77, 86, 88
66 0.240 (L) 0.289 —0.049 21, 22
67 1.219 (L) 1.226 —0.007 21, 22
68 -1.110 (L) —0.800 —0.310 56, 72, 81
69 0.107 (L) 0.451 —0.344 55, 56
70 —0.414 (H, L) —0.098 —0.316 17, 25, 26, 45, 66, 71, 72, 74, 76, 77, 80, 83-85, 87, 88
71 —1.040 (H, L) —0.743 —0.297 99, 17, 66, 74, 80
72 —0.288 (H, L) —0.010 —0.278 17, 25, 45, 49, 71, 74, 83, 84, 86
73 —0.630 (L) -0.407  —0.223 74, 82
74 —0.747 (L) —0.959¢ 9¢
75 —0.625 (H) —0.837 0.212 6
76 —0.370 (H. L)  —0.959" 0.589 6. 8, 99, 25, 37, 40, 49, 54-56, 66, 71, 73, 74, 76, 77, 80, 81, 84, 88
77 —0.546 (L) —0.743 0.197 66, 71, 83
78 0.111 (H, L) —0.060 0.171 8, 99, 40, 54, 66, 71, 73-76, 78, 79, 82
79 0.504 (L) 0.252% 0.252 71, 74
80 0.060 (L) -0.220 0.280 54, 73, 74, 80
81 —0.620 (H) -0.837¢ 0.217 6
82 —0.906 (H) —0.822"  (—0.084) 8
—1.136°
83 0.238 (L) 40. 85
84 —0.630 (L) —0.060 —0.570 54
85 —0.404 (H, L) —0.014 —0390* 8,40, 66, 71, 75, 78, 79
86 —-0.215 (H, L) 0.289 —0.504 8, 99, 54, 66, 71, 74-80, 82
87 —0.153 (L) —0.010 —0.143 40, 85
88 —0.451 (L) -0.098 —0.353 66, 71, 74, 76, 80, 87
89 —~2.051 (L) 0.289 -2.340 26, 49, 81, 88
90 —1.2797 (L) —1.125 —0.154/ 99, 40, 85

wefhi See footnotes a, ¢, e, f and g, respectively, in Table II.

® The antibiotics with the same nuclei (.., the same C-3 substituent except in the case of cefoxitin) are separated by horizontal lines.

¢ If not stated otherwise, the f.,; values are taken from Table II.

4 For cephalosporins (except cefoxitin) fiyeie values represent relative hydrophobicities of the C-3 substituents. The mean Fuctei values
for all the nuclei are given in Table VIII. The fy,.; values in parentheses were not taken into account when calculating the mean values.

9 In this instance the mean values of the data for 22 antibiotics from refs. 9-16 were correlated. The main part of these data (for sixteen
solutes) was given in ref. 9.

¢ These fc; values were calculated from reliable fuuere: values as follows: for = feommon — frueiei-

* Calculated from the fy e value of cefoxitin by postulating that the hydrophobic increment of 7-OCH ; was the same as for penicillins
(—0.113).
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distinctly different from that of penicillins. For the
latter silanophilic interactions may be expected
always to be identical, as the surrounding of the C-3
carboxyl in their nuclei is always the same. There-
fore, in this instance condition (a) for reducing the
equation system 5 to eqn. 1 always applies irrespec-
tive of the a;(;, and b;;, values. Hence any set of log &
or R, values will always correlate with the unified
hydrophobicity scale. This is true, of course, only if
no specific interactions between the stationary phase
and the R ; substituent are present and in the absence
of an R, substituent. For cephalosporins the linear
relationships in eqn. 1 between log k or Ry, will be
observed only on stationary phases with roughly the
same number of free silanol groups. However,
a unified set of log k or Ry, values obtained by those
linear transformations will not necessarily correlate
with the common hydrophobicity scale. Probably
this is the reason why up to now there has been no
published evidence for the correlation between the
chromatographic behaviour of cephalosporins and
their water—organic solvent partition, whereas for
penicillins such relationships have been reported on
many occasions.

A unified cephalosporin hydrophobicity scale

As has been stated above, it is most convenient to
choose octanol-water partition log P for the R;-
substituent amides as standard conditions when
reducing the literature data to a single hydropho-
bicity scale (Table VI). Table VII gives the correla-
tion parameters of these transformations for each
case. The zero value for a standard foommon SCale
was chosen in order to correlate jointly data for
penicillins and cephalosporins. In the previous sec-
tion we have demonstrated that the linear relation-
ships in eqn. 1 may be fulfilled even when the
retention of cephalosporins is noticeably affected by
silanophilic interactions. Therefore, reducing all RP
chromatographic data to a common scale, we paid
most attention to their ability to correlate well with
the literature data, where silanophilic interactions
were minimal. Such data include, especially, log &k
and Ry from refs. 21, 22, 40, 49, 75 and 84, where the
corresponding conditions of the eluent composition
were generally fuifilled (for the enumeration of the
indications of an “ideal” eluent, see above), and also
log k on the stationary phases from the first group in
Table V.

23

Table VII shows that the corresponding values for
cephapirin (56) and cephaloridine (89) nearly always
diverged from the established relationships (eqn. 1).
This is probably due to their extraordinary ability
for silanophilic interactions, and sO fcommon Values
for these antibiotics were calculated proceeding
from the most reliable data from ref. 49. Deviation
of the retentions of other antibiotics from the
established relationships in Table VII is probably
due to the protonation—deprotonation ability of
their ionogenic R, substituents or to the inaccurate
column void volumes determined in the original
work; this, in turn, badly distorts the log k values for
the most hydrophilic eluates. Generally, the results
summarized in Table VII indicate that the published
data on the partitioning of f-lactam antibiotics are
well described by the common hydrophobicity scale.
Therefore, the absence of linear relationships be-
tween feommon @nd the calculated values of log P from
ref. 8 or experimental values from ref. 5 is probably
indicative of incorrect results in those studies.

As the total hydrophobicity of cephalosporins,
like that of penicillins, is a sum of hydrophobic
increments of the C-7 radical and nucleus, Table VI
adduces the corresponding values of fo; (taken
generally from Table II) and fyuaei (calculated
according to eqn. 4). To make it more convenient for
use in calculations, the mean hydrophobicity values
of fucie; are summarized in Table VIII.

Obviously, using eqn. 4, one can calculate the
value of fcommon fOr all f-lactam antibiotics that have
the fcec7) value for the corresponding R, radical in
Tables II and VI, and the fyuaei value for the
corresponding nucleus in Table VIII. Compounds
containing both a nucleus with the functional R,
substituent and a non-typical R, radical, e.g., 7-
amino-7-methoxycephalosporanic acid, form an ex-
ception, since in this instance the mutual intra-
molecular interactions of the variable fragments
ought to be taken into account, and eqn. 4 cannot be
applied. In all the other instances the variable
molecular fragments are sufficiently distant from
each other, and thus their intramolecular interac-
tions may be neglected. Much care is needed in
estimating hydrophobicity values of antibiotics with
charged C-6(C-7) or C-3 radicals because of possible
implications in their self-association (see the last
section).

It is noteworthy that the fegcr value may be
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TABLE VIII
STANDARD HYDROPHOBICITY VALUES FOR PENICILLIN AND CEPHALOSPORIN NUCLEI

27

Nucleus® R} R, R, Sructei®
1 H -~ 0.00 (H, L)
I OCH, —¢ - —0.11 (L)
I SCH, -4 - —0.03 (L)
I H H - 3.51¢ (H)
I H  CH,0Ac - 1.85 (L)
I H  CH,00CC(CHj); ~ 247 (L)
I H  CH,N(C,H,), - 1.37 (L)
CH4
N/
I H — - 0.88/ (L)
-CHz-oco~/ )

i} H - H —0.22 (L)
0| H - CH; —0.31 (H, L)
0] H ! CH,0H —0.81 (L)
i H - CH,0Ac 0.00 (H, L)
)| H - CH,0CONH, —0.39 (H, L)
I H ¢ CH,N; —0.03 (L)
i§ H - -cn,—s—[/ \5 0.21 (H)

S
I H _d {Hz_s_a-&—(:”: 0.59 (H, L)

s
I H - -CH,—S—QN/\N 0.23 (H, L)

)

CHy
i H ~d -cu,-s-(l N}q —0.57° (1)

EH,~30;

A
i} H - ~CH,~S— '(\N 0.20 (L)
v H
=\
I H - —CH - NG)) —234° (L)
7\

1 H - —CH,~N (3) )—UONH,, ~0.15¢ (L)

1I H —4 —CHz N @ > ca. 0°% (H)

(Continued on p. 28)
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TABLE VIII (continued )

A. A. PETRAUSKAS, V. K. SVEDAS

Nucleus®* R,® R, R,

11 H —d OCH;

I H -~ Cl

11 OCH,; —¢ CH,0OCONH,

.fNucleiC

—0.14 (L)
—0.35 (L)
~0.50 (H, L)

“ I denotes penicillin and II denotes cephalosporin nuclei according to Table L.

® The substituent designations correspond to those in Table 1.

¢ Here the fyucei values are mean values of those from Tables I11 and VI. Letters in parentheses have the same meaning as in Table I1.

4 C-3(4)-carboxy! anion.
¢ Uncertain value (see text).
I Calculated from ref. 62.

¢ From ref. 70, where log P of cefotaxime was stated to be almost the same as for cefpirome.

calculated using the generally accepted additive
scheme of Hansch and Leo [32]. Hence theoretically
Feommon Values may be calculated for all f-lactam
antibiotics which have one of the nuclei listed in
Table VIII. At the same time the Hansch and Leo
method does not allow one to estimate the influence
of the C-3 radical on the value of fyyciei. This may be
due both to the extremely complex intramolecular
H-polar interaction between fragments in the
cephalosporin nucleus and their C-3 substituents
and to the spatial interaction of the latter with the
C-4 carboxyl anion.

The hydrophobicity scale of feommen can describe
not only the retention of f-lactam antibiotics in RP
chromatography but also their behaviour in ion-
exchange and gel chromatography, and their aggre-
gation [critical micelle concentration (CMC) or Kaq)
in different aqueous and organic media (Tables IV
and VII). The existence of such correlations becomes
clear if we assume that the total free energy of the
investigated process, 4G;(j,, can be described by the
eqn. 5, where AGonnyaropn represents the ability
antibiotics to undergo any non-hydrophobic inter-
actions (e.g., electrostatic), and b;; characterizes
a corresponding property of the medium (e.g.,
a dielectric constant). As the energy contribution of
these non-hydrophobic interactions is constant for
all the antibiotics studied, the system of eqns. 5 is
simply reduced to linear the dependence in eqn. 1.

Characteristics of partitioning of f-lactam antibiotics
in various organic-water systems

The fcommon Scale shows good correlations with the
partitioning of penicillins and cephalosporins in
both hydrophilic and lipophilic systems. However,

in a number of instances the correlation parameters
obtained differ greatly from the expected values.
Table IX compares the slopes of the correlations
between different partitioning solvent systems for
B-lactam antibiotics (o) and for various substances
devoid of the §-lactam ring (a,) from ref. 34. Such
a discrepancy of these correlation slopes (especially
for the octanol-water system) makes it impossible to
apply the additivity schemes of Hansch and Leo [32]
or Rekker [41] to calculate log P values of these
antibiotics.

Earlier these methods were also considered to be
inadequate for estimating log P values of penicillins.
Attempts were made to explain this fact by various
intramolecular interactions, e.g., by shielding effects
[23] or hydrogen bonding [31,89]. Meanwhile, the
good correlations obtained in Tables IV and VII
demonstrate that the observed effect is common for
all B-lactams, and does not depend on particular
intramolecular interactions in the antibiotic mole-
cules. Moreover, the results in Table IX indicate that
the ratio «,/x, depends on the range of experimen-
tally obtained log P values, which, in its turn, depend
on the partitioning conditions, e.g., the pH of the
aqueous phase. All this is indicative of some secon-
dary equilibrium processes taking place in organic—
water systems in the course of partitioning of -
lactam compounds. Indeed, neutral penicillin mole-
cules were shown to be capable of dimerization in
chloroform [28] and butyl acetate [90]. The results in
Table IX show that such dimerization is also typical
of C-3(C-4) carboxyl anions. To describe the parti-
tioning of f-lactam antibiotics, we adopted the
following “minimal” scheme:
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TABLE IX

29

DEPENDENCE OF SLOPE « IN EQN. 1 FROM TABLES IV AND VII ON THE PARTITION CONDITIONS

Ref. Organic Ionic form Slope «, for Slope «, for non- Normalized  Range of Predicted value
phase of antibiotic B-lactam antibiotic® -lactam compounds® slope, 2i/x,  log Pops’ of a,fa,?
7, 8 n-Octanol Un-ionized form (0.8-1.8)¢ 1.000 (0.8-1.8)¢ —0.7t0 +0.7 0.8-1.6
18 n-Octanol Un-ionized form 0.838 1.000 0.838 1-3 0.8
(pH 4.0)
19 n-Octanol Un-ionized form 0.772 1.000 0.772 1-3 0.8
23 n-Octanol Un-ionized form 0.751 1.000 0.751 1-3 0.8
24 n-Octanol Un-ionized form 0.725 1.000 0.725 04 0.8
24 n-Octanol Anion 0.731 1.000 0.731 04 0.8
6 Isobutanol  Anion 1.263 0.697 1.812 —2.0 to—-0.2 1.6
17 Isobutanol  Anion 0.557 0.697 0.799 04 0.8
24 Isobutanol  Anion 0.512 0.697 0.735 0-1 0.8
26 n-Butanol Anion 0.465 0.697 0.667 02 0.8
27 Chloroform  Anion 1.306 1.276 1.024 -3 1.0
28 Chloroform  Un-ionized form 1.208 1.276 0.947 1-3 1.0
28 Chloroform  Anion + tetra- 1.266 1.276 0.992 1-3 1.0

butylammonium

¢ From Tables IV and VIL
b Data taken from ref. 34.
¢ Ranges of experimentally obtained log P, values which were given in the original references.

d

Calculated assuming that K, & P~%* in Scheme 1.

¢ In this instance the slope depended strongly on the points included or excluded and varied from 0.8 to 1.8.
I Estimated range; in the original references only the recalculated values of log P were given.

P Kao 1
A, 2 A, &

Scheme 1.

(AZ)org

where P = [A,,]/[A,] denotes the real partition

coefficient, Kass = [(Az)orel/[Aorel” is the association
constant, A, and A, are the neutral or the ionized
antibiotic molecule, respectively, in aqueous or
organic media, and (A;),, designates the dimeric
associates of antibiotics in an organic medium.

Apparently, the experimentally observed parti-
tion coefficient can be expressed as

_ [Aorg] + 2[(A2)org]

P obs — [ Aw] (7)

Generally, P, is not an independent thermo-

dynamic value, as it depends on the solute concen-

tration:
Pops = P(l + 2KASS[AorgD (8)

As the proposed dimerization should lead to
energetically unfavourable partial solute desolva-

tion, it would be reasonable to assume the value of
K, to be proportional to the value of P*, where
x varies from —1 to 0. In fact, the only available set
of K, values reported in the literature for penicil-
lins in chloroform [28], as shown in Table IV, proved
to be linearly related to P~%!4. To interpret the
results in Table IX, we assumed that in octanol and
butanol K,, changes proportionally to P~%4.
Accordingly, the following particular cases of a de-
pendence between the real and observed partition
coefficients can be distinguished:

(a) [Aorg] > [(AZ)org] and Py, = P,

(b) [Aorg] << [(AZ)org] and Pobs = 2P KAss[Aorg]-

The value of {A,,] for each separate antibiotic
under the experimental conditions might be varied
absolutely arbitrarily. Nevertheless, all the authors
of the reports dealing with partitioning emphasized
that the total concentration of partitioned penicillins
and cephalosporins in the system was kept constant.
Therefore, we might assume that the total antibiotic
concentration [A]tq. Was constant. Then, when log
P obs > 0;

A Total 0.3
[Aorg] ~ (L-]_—>

2I<Ass
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and hence

Py & PO* /2[Alrou
and when log P,,, < 0,
[Aorgl = P [Alrowl

and hence

Pobs x P1.6 ’ 2[A]Tmal

Case (a) occurs in a chloroform medium, as here
for different penicillins log Kxs, = 1.7-2.0 [28]. This
implies that in the most frequently used concentra-
tion range of [Alrow (5 - 10731 - 1073 M), in the
organic phase the dominant form of antibiotics is
Ao, and aq/a; = 1.0 (see Table IX). However, in
octanol and butanol media the associated form of
(A2)org S€EmS to prevail, so the oy /o, value changes
depend on the partition conditions, being 0.8 at log
Py > 0 and 1.6 at log P, < 0.

Owing to the proposed f-lactam antibiotics asso-
ciation, it should apparently be impossible to predict
log P, values for the antibiotics with charged
C-6(C-7) or C-3 substituents. The point is that the
Kae value for additionally charged antibiotics,
besides their total hydrophobicity, will depend on
additional electrostatic repulsion. Indeed, the parti-
tion coefficients of cephaloridine and carbenicillin in
hydrophilic systems given in refs. 6 and 18 showed
large positive deviations from the established de-
pendences in Tables IV and VII.

It should be stressed that Scheme 1 for equilib-
rium partitioning is only a ‘“‘minimal” model, as it
takes no account of the acid-base equilibrium of
antibiotics and their association in the aqueous
phase [63], or the possible interactions between
neutral and ionized solutes in the organic phase.

log P = fou, + fon,

@'—cHz_CUNHZ:
1.90 + 0.66

Experimentally observed log P = 0.45

HHﬂ_CONHZ : log P = lOg PBenzylamide - fH

- 0.23

0.45

A. A. PETRAUSKAS, V. K. SVEDAS

However, this is not of much significance, as any
further elaboration of the partition model will
certainly not interpret the results in Table IX any
worse than Scheme | does. What is important here is
the occurrence of secondary equilibrium processes
demonstrating the non-stringency of the physical
sense of log Py, and, consequently, the condition-
ality of the most of the earlier investigations on
B-lactam antibiotic partitioning. The partition data
reported in refs. 5 or 7 and 8 can serve as an
illustrative example thereof. The most probable
reason for the disturbances of the linear dependence
in these instances seems to result from the incon-
stancy of the experimental conditions, e.g., from
variations in [A]y, 10 the partitioning system.

APPENDIX

Caleulation of log P in octanol-water system by the

fragment method of Hansch and Leo [32]

The method is based on the following equation:

n

lOg P = Zanﬁz + Z [ (9)
1

1

Here log P is expressed as a sum of constant
fragment values (f,) and other factors (F,,) affecting
the partition coefficients of complex substances.
Below we give the calculation of log P only for
amides with a ““well characterizable” structure. This
means that all functional fragments in the amide
molecule are separated each from other by isolating
carbon atoms (sp*) and charged groups are absent.
Quantitative values of log P, f,, F, and their
particular designations have been taken from ref, 32.

+f(%(§NH2 + F
— 1.99

— 0.12 = 045
+ fon
— 044 = —0.22

@_CH_ CONHZ : log P = log PBenzyIamide - ‘fH + f]\lﬂ—l}z + Fh + FgBr + FP;[

M, 0.45

— 023 — 1.35

—0.12 — 022 + 042(1.35 + 1.99) =

—-0.07
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H&-@—TH- CONHE : lOg P = 10g P -aminobenzylamide — fH + fgﬂ

NH. — 0.07 - 023 — 044 = -0.74

@"CH"CUNH, lOg P= lOg PBenzylamide - fH + f(l)l-l} + Fh + FgBr + FPI
0.45 —023 — 134 — 012 — 022 +042(1.34 + 199 =
—0.06

@—CH,—CDNH, log P = 10g Prhiophene — fu + fon, + féonu, + Fo  + Fp2
1.81 — 023 +066 — 199 —0.12 + 0.26(1.99 — 0.36) =
0.55;
log P = 1og Prhiophene — Ju + fen, + fe&wm, + F»  + F;iﬁz
1.81 — 023 4+ 066 — 199 — 0.12 + 0.08 (1.99 — 0.36) = 0.26; accepted for
correlations log P = 0.30

@'CHI—CONHZ : log P = log Pruran — fH + fon, + foowu, + F»  + Fr

1.34 —023 +066 —199 — 012 + 0.26(1.99 + 0.08) =
0.198;
log P = log Pryran — fu + fou, +/feSwm, + F  + F;g’z
1.34 — 023 +066 — 199 - 0.12 + 0.08 (1.99 + 0.08) = —0.174; accepted
log P = —0.07

Hz;—CONHz : log P = 108 Pnaphthatene — fH + feu, + f&&u, + F
O 3.33 — 023 +066 — 199 - 0.12 = 1.65

@—O_CHﬁ_CONH! : log P=feu, +/8 + fou, + feonn, + 2Fy + Fey
190 — 0.61 + 0.66 — 218 — 024 + 0.42(2.18 + 0.61) = 0.70;

log P = fou, + /8 + feu, + f&Sm, + 2F, + Fpy
190 — 0.61 + 066 — 199 — 0.24 + 0.42 (1.99 + 0.61) = 0.81; experimentally ob-
served and accepted log P = 0.76

@_O_CHONHZ : IOg P = log PPhenoxyacetamide + fCHz + Fb + FcBr
0.76 + 066 — 0.12 — 0.13 = 1.17

H_CONHQ : 10g P = log PPhenoxyacetamide + 2fCH2 + 2Fb + FcBr

| 0.76 + 132 —024 — 013 =171
CZHS
e
@'-O_CHONHZ : 108 P = IOg PPhenoxyacetamide + 2fCH2 + 2F‘b + ZFCB,
l|:H 0.76 + 132 — 024 — 026 = 1.58
< ]

@——CH,—S—CH,—CONH, : log P = feu, + 2fcn, + B+ foonn, + 3Fy + Fpy
190 + 132 — 064 — 218 — 036 + 042 (0.64 + 2.18) =
1.22
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UNHz : lOg P = log PCyclohexane - 2fH + jNH2 + fCONH2 + FgBr + FPl
H 3.44 — 046 — 154 — 218 — 022 + 042 (2.18 + 1.54) = 0.60

2

CH3(CH;)¢CONH;: log P = fu + 7fen, + feonn, + 6F
023 + 462 — 218 —0.72 =195

CICH,CONH;: log P= fa  + fen, + feconn, + 2Fy + Fusp
066 — 2.18 — 024 + 1.05 = —0.65; experimentally observed and
accepted log P = —0.53

@—CHZ—CDNM2 : log P = lOg PBenzothicphene - fH + fCHZ + fégNHZ + Fb + EZ_
3.12 — 023 +066 — 199 —0.12 + 0.08
(1.99 — 0.36) = 1.57;

log P = log PThionylacelamide - log PThiophene + log PBenzothiophenc
0.29 — 1.81 + 3.12 = 1.60; accepted log P = 1.60

N@"S“CHz’"CUNHz : log P = 10g Peyrigine — fu + /& + fou, + foonm, + 2Fp + Fpy
0.64 — 023 — 003 +066 — 218 —024 + 042

(2.18 + 0.03) = —0.450

NCCH,CONH;: log P = fon + fou, + feonn, + Fv + Fpy
— 127 + 066 — 218 —0.12 + 042218 + 1.27) = —1.46

@—CH—CUNHz : log P = log Pgenzylamide — fu + fo8cu + Fo  + Fpe + Fpy
| 0.45 — 023 — 080 — 012 — 022 + 042 (0.80 + 1.99) =

00CH 0.25

quonu,r__\

NHOC—N N—CZHS : lOg P= 10g PAmide of piperacillin Cg radical — fH + fgl-l

/> (\ 0.45 - 023 — 044 = —0.22
Q Q
NCCstCHzcoNHZ lOg P = fCN + 2/CH2 + f‘s + fCONHZ + 3Fb -+ FPI +
— 127 +132 — 079 — 218 — 036 + 042(1.27 + 0.79) +
+ Fp, + Fps

+ 0.42 (2.18 + 0.79) + 0.10 (1.27 + 2.18) = —0.82
As seen from Tables II, III and VI, inaccurately calculated log P values proved to be only those for
cyanoacetamide and cyanomethylthioacetamide.
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