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The protonation and divalent cation complexation equilibria of several quinolone antibiotics such as nalidixic
acid (NAL), flumequine (FLU), oxolinic acid (OXO), ofloxacin (OFL), norfloxacin (NOR) and enoxacin
(ENO) have been examined by potentiometric titration and spectrophotometric method. The antibacterial
activity of these drugs depends upon the pH and the concentration of metal cations sui¢h@&Ntgsolu-

tion. The apparent ionization constants of NAL, FLU, OXO, OFL, NOR and ENO in aqueous solution were
found to be 6.33, 6.51, 6.72, 7.18, 7.26, and 7.53, respectively. In aqueous solution, NAL, FLU and OXO were
found to be present mainly as two chemical species : molecular and anionic; but OFL, NOR and ENO were
present mainly as three chemical species : anionic, neutral zwitterionic and cationic form, in equilibrium. The
pKaiand pks. are found to be 6.10 and 8.28 for OFL; 6.23 and 8.55 for NOR; 6.32 and 8.62 for ENO, respec-
tively. The complex formation constants between OFL, NOR or FLU and some divalent cations are measured
atpH 7.5. The 1 : 1 complexes are formed mainly by ion-dipole interaction. FLU has somewhat heayersK

than OFL and NOR because its molecular size is small and the FLU is present as anionic form at pH 7.5.

Introduction erazinyl group, increases in pH from 5.6 to 8.3 increase their
activity in nutrient agar progressively. On the other hand,
Because the quinolone antibacterial agents have a broamdlidixic acid (NAL), fumequine (FLU) and oxolinic acid
antibacterial spectrum, good oral absorption and wide tissugOX0O), which do not have a piperazinyl group, become
distribution, they have been used extensively in the treatnmore active in nutrient agar as the pH falls. Also, because
ment of infectious diseaséJhese biologically active mole- some of these antibiotics contain carboxyl and amine groups,
cules are fully or partially ionized at physiological pH, and itthis acid-base behavior may be influnced by the change of
has often been shown that the presence of charged groupgh& molecular structure in the excited state, leading to intra-
necessary for biological activity and solubility. The un-ion- molecular proton transfer or intramolecular charge trafisfer.
ized form, however, has a more favorable partition coeffi-Unfortunately, the ionization of these drugs has not been
cient toward nonaqueous solvents. Therefore, knowledge aftudied on an active basis. The apparent ionization constants
the dissociation constants of these drugs may be essential fof NAL and OXO have been reported previodsRecently,
practical purposes (dissolution rates, rates of gastrointestintétie ionization equilibria and dissociation constants of several
absorptiongtc) and for the interpretation of structure-activ- these drugs were studied in aqueous solution and aqueous
ity relationshipg:® The antibacterial activity of quinolones is acetonitrile mixture$>%Still, the few reported acid disso-
pH-dependent, because these drugs act by inhibition of baciation constants for biologically active substances are often
terial DNA gyrase, a process that depends upon both the pebnflicting in the results for the same compound, and an
and concentration of the adido this effect, the behaviour effort to give thermodynamic significance and homogeneity
of quinolonesin vivo is influenced significantly by their to the collected data is lacking.
physicochemical properties, in particular their degree of ion- It is reported that quinolone antibiotics can form com-
ization>® Furthermore, quinolone antibiotics having differ- plexes with divalent cations. This chelation of certain metal
ent substituents and structures exhibit different antibacteriabns between the carbonyl and carboxyl groups of these mol-
responses in various environmeht&or example, with ecules plays an important biological role. The ability of the
ofloxacin (OFL) and norfloxacin (NOR), which have a pip- quinolone antibiotics to interact with some cellular compo-
nents is mediated by their complexation with divalent metal
*To whom correspondence should be addressed. e-mail: kimination: Several studies have shown that a DNA gyrase can-
@nongae.gsnu.ac.kr; Tel. +82-55-751-5665; Fax. +82-55-751n0t bind quinolones in the absence of DNA and the amount
5666 of quinolone bound to DNA is modulated by the Agon-
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centration-%’ Some of quinolone antibiotics have been shownlower than 0.01 M. The buffers did not absorb UV light
to display photocarcinogenic potential and this could bdonger than 240 nm. UV/visible absorption spectra were
related to their ability to interact with DN® When Md"* is recorded by Uvikon model 943 spectrophotometer at room
added to an achievable urinary concentration (5.6 mM), théemperature. The concentration of stock solutions prepared
activity of these antibiotics is reduced for virtually every pH for potentiometric titration was low, owing to the low solu-
tested, but the antagonistic action ofa¥gn two groups of  bility of drugs in water (NAL, FLU and OXO are>5107°
drugs, with and without the piperazinyl group, does notM; OFL, NOR and ENO are 210 M). For back titration,
exhibit a similar pH dependené&. Furthermore, complex each 200 mL of the stock solution was mixed with 50 mL
formation with divalent cations of transition metals would 1 x 10° M perchloric acid. Then, the solution was degassed
be of far greater interest and possible importance, since iy purging high purity Ar gas for 1 hr. This air-free solution
has been reported that many enzymes having nucleic acidgas titrated by & 10° M sodium hydroxide. DMP400 pH
as substrates or templates contain an nonmagnesium diviaeter (DMS) with glass combination electrode was used for
lent cationt*’ potentiometric titrations. The end point was taken as the
In this work, we determined the ionization constants angoint where the first derivative of the titration curve was
complex formation constants with some divalent cations ofjreatest.
the quinolone antibacterial agents such as NAL, FLU, OXO, To find the formation constants with divalent cations, dif-
OFL, NOR and enoxacin (ENO) by means of spectrophoference spectra were measured at pH 7.5 Tris Buiffbe
tometry and potentiometric titration at room temperaturefinal concentrations of this buffer were 0.05 M Tris and 0.1
Their molecular structures are presented in Figure 1. As preM KCI. The pH was adjusted by the appropriate amount of
viously stated, OFL, NOR and ENO have a piperazinyl0.1 M HCI. The concentration of drugs was held constant
group but NAL, FLU and OXO do not have this substituent.while the concentration of cation was raised from zero until
Also, NAL and ENO are naphthyridine derivatives, but no further change in the difference spectrum was observed.
FLU, OXO, OFL and NOR are quinoline derivatives. There-To find the fraction of total drugs complexed to catinat
fore, from the comprehensive study of the chemical propereach cation concentration, the height of the difference spec-
ties of various types of quinolone antibiotics, valuabletrum maximum was divided by the maximum difference at a
informations are provided for further insights into the mech-saturating concentration of cation. Since only the ionized
anisms of antibacterial activity, phototoxicity of these drugs.form of the antibiotics will be involved in complex forma-
tion, the formation constark, can be calculated from the
Experimental Section expression,

NAL, FLU, OXO, OFL, NOR, and ENO were purchased _ g 1+{[HT/K,}
from Sigma and used without further purification. The other "'~ 1—a [M];-a[A];
chemicals were reagent grade and used as received. Sample
solution were prepared using quadruply distilled water, whichwhereK,' is the apparent ionization constant afjd pnd
was obtained by passing distilled water through BarnsteafA]r are the total cation and total antibiotic concentrations,
(U.S.A) Nanopure Il deionization system. For the spectrorespectively. The final concentrations of all drugs in this
photometric determination of the ionization constants, thestudy were 3 10° M.
pH of each solution was adjusted by adding HCMKAOH
or buffer solution. Acetic acid, tris(hydroxymethyl)amino- Results and Discussion
methane (Tris), ammonium chloride, and borax buffers were
used in the pH range 4.2-6.0, 6.0-7.9, 8.1-8.7, and 8.7-9.6, The UV/visible absorption spectra of quinolone antibiotics
respectively. The concentration of buffers was maintained ah aqueous solution are changed as a function of pH. As
shown in Figure 2 (A), the absorption spectra of NAL con-
tain two bands, a strong peak at 258 nm and a weak peak at
CH3 . . . . .
CaHs T o il 332 nm in neutral aqgueous solution, respect|vely.. It implies
w o 1 o { m o that NAL should have two chromophores : one assigned from
~ ) ¢ F re © e the nitrogen atom at position 1 to carboxyl group (Chro-
W 4 H : mophore ) and the other from the methyl group attached to
Nelidini Aol (AL s | A KO the 7-carbon atom to carbonyl group (Chromophore II). The
. o " " weak absorption peak of NAL shifts toward the long wave-
¢ N(/\N 0/\Nr * ”‘()N s N()N N s length side as the pH of solution increases from 5.31 to 7.25.
m o m 0 m o However, any significant shift of the strong absorption peak
F re F Ig F L is not observed at different pH. These results indicate that
H A " the weak absorption peak corresponds to the chromophore |,

Ofloxacin (OFL) Norfloxacin (NOR) Enoxacin (ENO) - ’
CigHapFNO4 C16HisFN;N; CisH17FN,O; because the carboxyl group will be deprotonated with an

Figure 1. Chemical structures of selected quinolone antibiotics.increase in pH. On the other hand, the strong absorption
The proposed hydrogen bond is represented by a dotted line. ~ peak in the short wavelength region corresponds to the chro-

HiC
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Table 1L UV Absorption Maxima (Ray and Isosbestic Point

1.5 - —_
® p: i‘g? (Eiso) of the Quinolone Antibiotics in Aqueous Solutiony.kds
e Observed in Natural Solution.
8 — - pH8.27
s 1.0+ ——pHE83 Antibiotics Emax (NnM) Eso (NM)
2 - - pH7.25
5 : . pH 120 NAL 258 332 328
2 054 ':\ FLU 248 330 327
' Q\ OX0 260 337 286
: \\ OFL 287 332 330 356
0.0 T T — NOR 272 323 317 345
20 250 300 350 ENO 263 335 295 355
8 1.5 mined mainly by the presence or absence of piperazine sub-
E, stituent. The UV absorption spectroscopic data for these
5 104 drugs in various pH solutions are presented in Table 1.
§ Quinolone antibiotics have several potentially ionizable
0.5+ functional groups. However, because the, pf aniline
(4.60) and pyridine (5.23) are very small, the nitrogen atoms
0.0 at position 1, 8 and Nof the piperazine ring can hardly
250 300 350 exhibit acid- base properties within the pH ranges of phar-

Wavelength (nm) maceutical or physiological importance. So, NAL, FLU and
Figure 2. Ultraviolet absorption spectra ob&L0°M NAL (A) OXO have only one relevant ionizable functional group, cor-
and OFL (B) in agueous solution. The actual pH of the solution areesponding to the 3-carboxyl group. One isosbestic point in
shown in the inset of the figures. UV spectra strongly supports the fact that NAL, FLU, and

OXO will be present as two chemical species in aqueous

mophore 1l because this chromophore does not have argolution. In contrast, OFL, NOR and ENO have two relevant
functional groups showing significant acid-base propertiesonizable functional groups, the 3-carboxyl group aniN
in pH region 5.31-7.25. FLU and OXO also have twothe piperazine substituent. Since a carboxyl group is nor-
absorption bands, and the shape and band positions of specally a stronger acid than the ammonium group, the first
tra are similar to those of NAL (Data are not shown). Also,ionization constant, i, corresponds to the dissociation of
the change in the absorption bands of FLU and OXO as a proton from the carboxyl group ant{sp corresponds to
function of pH is about the same as that for NAL, althoughthe dissociation of proton fromshNh the piperazinyl group.
FLU and OXO do not have a ring nitrogen at position 8, andAlso, the two isosbestic points observed for these drugs indi-
OXO has electron donating oxygen attached to the 7-carborate that OFL, NOR, and ENO will exist mainly as three
atom. Furthermore, NAL, FLU and OXO have one isos-chemical species in aqueous solution. The ionization equi-
bestic point in the UV absorption spectra obtained within thdibria of NAL and OFL are presented in the scheme as
pH ranges of pharmaceutical importance. Therefore, we cabelow.
suggest that NAL, FLU and OXO have similar types of

chromophores. CaHs Catls
The absorption spectra of OFL in aqueous solution als Y L Hs |”: ™ ]
have two peaks; strong peak at 287 nm and a weak peak e ¢
332 nm, as shown in Figure 2(B). Contrary to the NAL, the 4 ° o
strong absorption peak of OFL shifts toward the short wave MAD AL

length side much greater compared with the change of th

weak absorption peak as the pH of solution increases. Th ¢ CH, e CHy HiCoy CH,
means that the strong peak corresponds to the chromophc 'j)« o1 pKay ”'N'i,N O/\rf pKa_ O« @
involving from the nitrogen atom at position 1 to carboxyl chfo A ¢° - Fm&’
group. The weak absorption peak at the long wavelengt Ow© ° o © o
side corresponds to the chromophore involving from the (OFLH") (OFD) (OFL)
nitrogen of the piperazinyl group attached to the 7-carbon ti

the carbonyl group. The change of absorption spectra ¢ I

NOR and ENO as a function of pH is similar to that of OFL. HsCoy oo

Also, the absorption spectra of OFL, NOR and ENO exhibil K/Nm

two isosbestic points as a function of pH. We can sugges F ) 6"0

that OFL, NOR and ENO contain similar types of chro- H

mophores. Therefore, regardless of the naphthyridine or o

quinoline derivatives, the absorption properties are deter- To obtain the ionization constants by spectrophotometric
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determination, the absorption spectra of the drugs are megroup, are rather high, about 2 pK unit, as shown in Table 2.
sured as a function of pH. As shown in Figure 2(A), theThis result suggests that an intramolecular hydrogen bond
absorption spectrum of NAL obtained at pH 2 is considerecxists between the proton of the un-ionized carboxylic acid
the spectrum of the molecular species and the spectrugroup and the keto oxygen at position 4. Such an intramole-
obtained at pH 12 is regarded as that of the ionized speciesular hydrogen bond can be found in other ca&&$ The
The largest increase of absorbance as a function of pH K.z of OFL, which corresponds to the ionization of iIN
found at 340 nm. Hence, 340 nm is selected as the analyticpiperazinyl group, is smaller than th&p of NOR and
wavelength for NAL. Using the same method, the analyticaENO. The protonated form of the secondary amine of NOR
wavelength for FLU, OXO, OFL, NOR, and ENO is chosenand ENO is stabilized by the greater number of water mole-
at 345, 341, 335, 340, and 350 nm, respectively. From theules involved in its hydration sphere compared with the
measurement of the absorbance change at this wavelength@sresponding tertiary amine of OB Also, the K, of
a function of pH, we can calculate the concentration ratio oOFL will be further decreased by the steric hindrancesof N
the different chemical species. The apparent ionization cormethyl substituent in the piperazinyl group. These observa-
stant (fKJ) are calculated from the equation, tions are supported by the early studies for similar secondary
V_ and tertiary amines: piperazinek4=9.71 and N-methyl
pKa' = pH + log{(A ~A) (A = Aw)} piperazine, . = 8.98 in wate?-?2 The acidity of the amine
where A, Au, and A are the absorbance of the ionized spegroup in piperazine substituent of OFL, NOR, and ENO is
cies, the molecular species and the solution at the given pstill greater than that of piperazine. If the proton can move
values, respectively. For OFL, NOR and ENQ, i&\the  from the carboxylic group to theslh the piperazinyl group
absorbance of anionic form (OBL which is measured at via hydrogen bonding of water molecules, the ionization of
pH 12, and 4 is the absorbance of cationic form (OF)H the amine group in the piperazine substituent may arise
which is measured at pH 2. The apparent ionization conpartly from the combination with the proton produced by
stants of the drugs determined by this procedure are summinization of the carboxyl group instead of hydrolysis of
rized in Table 2. water. This proton transfer may contribute to the increase in
By potentiometric titration, one ionization constant is the acidity of the amine group in this substituent. TReqgh
measured for NAL, FLU, and OXO but two ionization con- OXO is slightly higher than that of NAL. Timmer and
stants are observed for OFL, NOR, and ENO as shown iSternglan suggested that this observation might come from
Table 2. Furthermore, the ionization constants of NAL, FLUthe presence of an electron donating oxygen at position 7
and OXO obtained by potentiometric titration and spectro-and the absence of an electron withdrawing ring nitrogen at
photometric methods are the same within experimental erroposition 8. Both of these changes would tend to give the 4-
This result is further clear evidence that NAL, FLU andketo oxygen of OXO a greater patial negative charge than
OXO exist mainly as two chemical species, molecular formthat of NAL, strengthening the intramolecular hydrogen bond
and anionic form, in equilibrium. Also, the isoelectric points and thus making OXO the weaker acid. Since FLU does not
of OFL, NOR and ENO, obtained by averaging tig;and  have an 8-ring nitrogen, the acidity of FLU can be slightly
pKa2 are the same as the apparent ionization constant derivegeaker than that of NAL although this difference does not
by spectrophotometric method within experimental error.exceed the experimental error. However, although ENO has
This fact strongly supports that OFL, NOR and ENO exist inan 8-ring nitrogen, the acidity of ENO is not stronger than
three chemical species as a function of pH in equilibrium. that of NOR. In our laboratory, further study is in progress to
Quinolone antibiotics has a carboxyl group and this part isinderstand these properties in detail.
structurally related with benzoic acid{p= 4.20). However, The formation constants with some divalent cations are
the Ka10f these drugs, indicating the ionization of carboxyl measured for OFL, NOR and FLU in pH 7.5 buffer solution.
In this pH, OFL and NOR exist mainly as zwitterion, but
FLU as aniort? Table 3 lists the formation constants of each

Table 2. lonization Constant of Quinolone Antibiotics in AQUEOUS o ninintics with several divalent cations. All drugs have
Solution using both Spectrophotometric and Potentiometic Titration

Methods moderate affinities for most of the divalent cations tested.
_ - — These complexes will mainly be formed by ion-dipole inter-

Quinolone SpeCt'\rAOphOtomet”C Potentiometric titration action because any significant absorption bands due to orbital-

Antibiotics ethod method orbital interactions between metals and drugs are not observed.
PKa PKat pKaz  pK These complexes may involve the 4-keto oxygen and the

NAL 6.33 6.41 6.41 ionized 3-carboxylic acid groups, since the spectral changes
FLU 6.51 6.50 6.50 accompanying complex formation are similar to those occur-
OXO 6.72 6.61 6.61 ring on protonation of the carboxyl group as shown in Figure
OFL 7.18 6.10 8.28 7.19 3. This similarity supports our hypothesis of an intramolecu-
NOR 7.26 6.23 8.55 7.39 lar hydrogen bond and its electronic effects in the un-ionized
ENO 7.53 6.32 8.62 7.47  molecules. For cations belonging to the alkaline earth met-

pKa and (K, indicate the apparent ionization constant and isoelectricals_’ the Kva'!Jes decre.ase going dOV\_/n a grog_p in the P_e”'
point, respectively. Uncertainty of all these data is less than 1.5%. odic table owing to the increase of cationic radii. In transition
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metals, the Kvalues of MA* and ZR* are relatively small somewhat larger Kvalues than OFL and NOR because the
compared with those of Rliand C&*. The d orbital of MA" molecular size of FLU is the smallest among three mole-
is half filled and that of 74 is fully filled. So, the orbital-  cules. Furthermore, for OFL and NOR, the positive charge
orbital interaction between metal and ligand (antibiotics)on the zwitterion makes it harder for the metal cations to
will be very weak, and the size of Is determined primarily aproach the binding site, but for FLU, this kind of electro-
by ion-dipole interaction. If we compare the ¥alues of  static repulsion does not occur. To determine the composi-
Ca*, Mn?* and Zi8* with the nuclear charge of these metals, tion of the complex clearly, the data were analyzed by
K values increase gradually as the nuclear charge increasé&oman Ceba methdd.The plotted lines obtained in this
For N#*(d?) and C3*(d"), additional orbital-orbital interac- technique exhibit best straight line only when the composi-
tions will exist between metals d orbital and ligands. Theretion of the complex is 1:1 for all cations (Data are not
fore, these metals form more stable complexes thafi Mn shown). Also, all of the results in Table 3 are the same as the
and Zrt* (see Table 3). For all the ions tested, FLU hasK; values obtained by Roman Ceba’s within experimental
error.

The N, in the piperazinyl group of OFL and NOR may
also participate in the complexation with divalent cations. If
this interaction is present, the ¥alues of NOR are greater

Table 3. Apparent Complex Formation Constants of OFL, NOR
and FLU with Divalent Cations

Cation logks than those of OFL because the steric hindrance from the
OFL NOR FLU methyl substituent of Nin the piperazinyl group of OFL
Mg? 29 29 3.2 results in a weak interaction between the nitrogen atom and
ca 23 292 31 metal ion. However, the (Kalues of NOR are the same as
SRt 11 1.2 1.3 those of OFL within experimental error. Furthermore, for
B 11 11 11 such an interaction to occur, adjacent molecules would have
MnZ* 33 34 3.6 to interact resulting in 2 : 2 complexing, but this possibility
7172+ 3.9 3.9 4.0 is very low owing to the large excess of the metal ion present
o 42 a4 46 in solution?® Also, no evidence of 2 : 2 complex formation
Ni2* 43 44 45 was observed as described above. Therefore, it is likely that

the piperazinyl nitrogen serves to stabilize the complex
slightly but can not be considered the primary binding site. It
is reported that the formation of 2:1 (drug : metal) com-
04 plexes between NAL and both Kfgand C&" results in
4= 0.05M higher order solid complexes than observed in our spectro-
— . [Mg? = 0.01M scopic studies as the predominant species in softiiso,
— - [N = 5 X 10°M the presence of 2 : 1 (drug : metal) complexes has been indi-
cated for Md'*-fluoroquinolone antibiotics by mass spectro-
scopy at a drug : metal ratio of 4:1 in sanfpl@herefore,
the absence of the evidence of 2 : 1 (drug : metal) complexes
in this study may be due patrtially to the excess of the metal
‘ ' ion present.
250 300 350 400 For OFL and NOR, the red shift of the strong absorption
0.2 peak at 285 nm for OFL and 273 nm for NOR, and the blue
®) — [H7=005M shift of the small absorption peak at 330 nm are observed as
\ - [Mgf I=00M the divalent cations are added (Data are not shown). The
(N1=sx 707w lone pair electrons oniNtan conjugate with the 3-carboxy-

p 1 Jug Yy
late anion, and this anionic group is destabilized. When diva-
lent cations are complexed between carboxylate anion and
4-keto oxygen, this conjugation will occur more effectively
and the energy levels of both the ground and excited states
will be stabilized. However, the effect on the excited state
may be greater, with the energy differences becoming smaller

Wavelength (nm) with complex formation, resulting in significant red shift of
Figure 3. Difference spectra of OFL (A) and FLU (B), showing strong absorption peak. The intramolecular electron transfer
effects of Md@*, Ni**, or H" versus reference solution of drug at pH from N; of the piperazinyl group to 4-keto oxygen will facil-
7.5. Final concentrations ir51 reference cuvette: 0.02 M Tris-HCl, 0.%tate the complex formation between drugs and metal cat-
M KCI, pH 7.5 and 3<10™ M OFL or FLU. In sample cuvette, -, g However, this influence on the metal complex formation

same as reference cuvette plus’Myg N7*. The actual concentrations . . .
are shown in the inset of the figure; for th& sample, final KCI will be minor because this intramolecular charge transfer can

concentration was reduced to 0.05 M and extra HCl was added to@Ecur in the excited state. The ground state energy level of
final concentration of 0.05 M. this chromophore may be stabilized to a greater extent than

"Uncertainty is less than 4%.
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the excited state, owing to the addition of divalent cations,

because the stable six-membered chelate ring is formed.

between the keto and carboxyl oxygen of OFL and NOR.

Therefore, small blue shifts of absorption peak at 330 nm are?- : _
5. Yu, X.; Zipp, G. L.; Davidson, W. RRharm. Res1994

exhibited. For FLU, any shift of the strong absorption peak
at 250 nm is not observed, but the blue shift of the small

peak around 325 nm is exhibited when cations are added. IP '

the ground state of the chromophore involving tbl car- 7
boxyl group, which corresponds to the absorption peak at

325 nm, is stabilized to a greater extent than the excitedg.

state, owing to the formation of six-membered chelate ring,

this blue shift of small absorption band can be explained. 9.

The effect of C& on the absorption spectra of OFL, NOR

and FLU is not similar to the effects of the other divalent cat10-

ions (This effect consists of a broadening of the strong band

at short wavelength side). This phenomenon is most signifi-ll'

cant in FLU. Timmer and Sternglaraiso observed similar
results for OXO. This fact indicates that these drugs do n
form complexes with C6 of the same type that they form
with other divalent cations.

In the present work, ionization constants and cation com-

plex formation constants of some quinolone antibiotics arei 4.
measured. For these two groups of antibiotics, with and5.

without a piperazinyl group, the relative absorption band

positions and intensity are quite different. However, any sig16-

nificant differences of spectroscopic proterties between
quinoline (FLU, OXO, OFL and NOR) and naphthyridine 1
derivatives (NAL and ENO) are not observed. The ioniza-
tion constants obtained by the two different methods, spec-

trophotometric and potentiometric titration techniques, agregq g

well with each other within experimental error. Between

antibiotics and cations, 1 :1 complexes are formed by ionag.
dipole interaction, using the 4-keto oxygen and the ionizec1.

3-carboxylic acid group. With Rii and C4&', additional

orbital-orbital interaction between the metal d orbital and22.

ligand is also observed. The,Mtom at the piperazinyl

group of OFL and NOR could not be considered as the pri23-

mary binding site.

24.
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