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Abstract: Keto and enol tautomers of chiortetracycline and 4-epichlortetracycline were successfully separated by low
temperature high-performance liquid chromatography on poly(styrene—divinylbenzene)copolymer. The keto—enol
tautomerism occurs between C-11a and C-12. The elucidation of the chemical structure of the taulomers was realized with
the help of on-line and off-line UV-spectrophotometry and of >C and 'H NMR spectrometry. The kinetics of the
equilibriom reaction were investigated.
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Introduction

Chlortetracycline (CTC) has been in use for
more than 40 years and is still one of the more
important tetracycline antibiotics. CTC like
other tetracyclines, undergoes epimerization at
position C-4 forming 4-epichlortetracycline
(ECTC) [1]. During the development of a
liquid chromatography (LC) method for the
analysis of CTC on poly(styrene—divinyl-
benzene)copolymer (PSDVB) as the stationary
phase, it was observed that the peaks corres-
ponding to CTC or ECTC were much broader
than those corresponding to other tetracyclines
[2]. This phenomenon was further investigated
and it was observed that by using the same LC
method at 10°C instead of 60°C, each of the
peaks corresponding to CTC or ECTC was
split in two peaks. Fresh solutions of CTC or
ECTC showed only one peak, but upon stand-
ing an additional peak was formed. When
either of the two peaks was collected, the other
was formed again upon standing. The phen-
omenon was not observed on classical silica
based reversed-phase stationary phases. It was
believed that an equilibrium was formed be-
tween tautomers. An indication for the exist-
ence of such an equilibrium can be found in the

carly literature, McCormick et al. showed the
UV spectra of ECTC and CTC, recorded after
standing of the solutions for 30 min, whereas
the UV spectra of the other tetracyclines were
recorded immediately [{]. Here the phen-
omenon was examined by UV spectrophoto-
metry and ‘H and "*C NMR spectrometry. It is
concluded that keto-enol tautomerism occurs
between C-11a and C-12 (see Fig. 1). The
kinetics of the equilibrium reaction are also
discussed.

It is believed that the separation of the
tautomers on PSDVB is due to w—m inter-
actions between ring D of CTC or ECTC and
the aromatic rings of the stationary phase.
Such interactions have been reported pre-
viously [3, 4]. The separation of tautomers by
LC has also been mentioned in literature
previously [5, 6].

Experimental

Samples and reagents

Purified chlortetracycline hydrochloride
(CTC-HC), 4-epichlortetracycline hydrochlor-
ide (ECTC-HCl), anhydrochlortetracycline
hydrochloride (ACTC-HCI), 4-epianhydro-
chlortetracycline  hydrochloride (EACTC:

* Presented at the “Second International Symposium on Pharmaceutical and Biomedical Analysis”, April 1990, York,

UK.

+ Author to whom correspondence should be addressed.
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Chlortetracycline (CTC)
1-Epichlorletracycline (ECTC) H

Figure 1

Structures of the tautomers of chlortetracycline and 4-epichlortetracycline.
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Figure 2

Chemical structures of other tetracycline and related substances examined.

HCI), isochlortetracycline  hydrochloride
(ISOCTC-HCI), tetracycline hydrochloride
(TC-HCI1) and 4-epitetracycline hydrochloride
(ETC-HCI) were provided from Janssen
Chimica {Beerse, Beigium). Demeclocycline
hydrochloride (DMCTC-HCl) and 4-epi-
demeclocycline hydrochloride (EDMCTC-

HCI) were puritied in the laboratory. The struc-
tures of these substances are shown in Fig. 2.
Organic  solvents were from Janssen
Chimica. Double distilled water was used
throughout. Other reagents were of pro analysi
quality (Merck, Darmstadt, FRG). Buffers for
the calibration of pH measurements were
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prepared following instructions of the Euro-
pean Pharmacopoeia [7].

Sample preparation and apparatus

The HPLC apparatus consisted of a L-6200
intelligent pump (Merck-Hitachi, Tokyo,
Japan}, an injector model CV-6-UHPa-N60
(Valco, Houston, TX, USA) equipped with a
20-ul loop, a Merck—Hitachi L-4000 UV de-
tector set at 260 nm and an integrator model
3390 A (Hewlett—Packard, Avondale, PA,
USA). A Waters model 990 photodiode-array
detector (Milford, MA, USA) was used to
measure the on-linc UV spectra. The 100 x
4.6 mm i.d. column was packed in the labora-
tory with PLRP-S 100 A 8 wm (Polymer Labs,
Church  Stretton, Shropshire, UK). The
material was moistened with acetone R and
then water was added to prepare a slurry which
was packed upwards into the column at a
pressure of 48 MPa with water as the pressuriz-
ing solvent.

The mobile phase was 2-methyl-2-propanol-
1 M perchloric acid—water (16:5:79%, m/v/v).
The mobile phase was degassed by ultrasoni-
cation. The flow rate was 1.0 ml min~™'. The
column was maintained at 10°C by means of a
water jacket connected with a cooling system
(lulabo, Seelbach, FRG).

A sample aliquot (5.0 mg) was dissolved in
20.0 ml of the specified solvent and the time
clock was started at the moment the solvent
was added. For qualitative experiments 0.01 N
HCI was used as the solvent. For kinetic work
sodium citratc-HCI buffers werc used in the
pH range 2—4. The ionic strength of the buffers
was adjusted with potassium chloride. In some
experiments the solvent was water which was
adjusted to the pH indicated with 0.01 N HCl1
or 0.01 N NaOH. The solvents and the sol-
utions were maintained at the temperature
indicated in the text.

Off-line UV specira were recorded on a PU
8740 UV/vis scanning spectrophotometer
(Philips—Pye Unicam, Cambridge, UK) using a
10 mm cell. A sample aliquot (5.0 mg) was
dissolved in 500.0 ml of 0.01 N hydrochloric
acid. The UV absorbance—time profile was
followed. The time clock was started at the
moment the solvent was added. NMR spectra
(*H and “*C) were taken on a FT 90 MHz
FX90Q instrument (Jeol, Tokyo, Japan) oper-
ating at 89.60 MHz ('H) or 22.53 MHz (*°C).
ECTC-HCI (70 mg) was dissolved in 1.0 ml of
H,O or D,0. The spectrum profile was ob-
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tained at 20°C. CTC-HCI was not investigated
because of its poor solubility in water.

Results and Discussion

Structure analysis

Figure 3 shows chromatograms of freshly
prepared and equilibrated solutions of CTC
and ECTC in 0.01 N HCl obtained with a
mobile phase at 10°C. This low temperature
allows the separation of the keto—enol tauto-
mers, but as a consequence the back pressure is
rather high (about 20 MPa). It is observed that
in the freshly prepared solutions {chromato-
grams A), the first peak is very small. Its
presence is due to the fact that the solution was
injected only 2 min after the first contact with
the solvent. The chromatograms B show the
situation at equilibrium. More of the first peak
is formed for ECTC (50%) than for CTC
(20%). When the concentration of CTC or
ECTC was increased in acid aqueous solution
the ratio of the newly formed peak in the
mixture decreased. For CTC the equilibrium
was reached much faster. When either of the
two peaks of CTC or ECTC was collected and
reinjected, the same equilibrium was reached
again. This clearly shows that the phenomenon
is not caused by decomposition. That the
appearance of the additional peak is not due to
chromatographic splitting is shown by the UV
spectra in Fig. 3, which were recorded at the
apex of the peak. Tautomers of CTC are well
separated from tautomers of ECTC. Under the
experimental conditions, epimerization was
not observed. To compensate for differences in
concentration the spectra were normalized at
260 nm. Analogous spectra were obtained
throughout the peak, which indicates that cach
peak corresponds to one single substance.

Figure 4 shows off-line spectra of CTC or
ECTC obtained 2 min after the first contact
with the solvent and at equilibrium (120 min).
Analogous LC and UV experiments were
carricd out with the tetracyclines and their
derivatives shown in Fig. 2. None showed the
same behaviour as that observed for CTC or
ECTC. Since the major differences in the UV-
spectra in Figs 3 and 4 are situated at longer
wavelength (340-380 nm) it can be concluded
that the rings B-C-D-chromophore is involved
in the observed phenomenon. Apparently the
A ring chromophore, contributing only to the
absorbance at shorter wavelength (250-
300 nm), is not affected [8]. This is further
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Figure 3

LC chromatograms of chlortetracycline and 4-epichlortetracycline and the corresponding on-line UV spectra. Solutions
examined: IA, CTC 2 min after dissolution; 1B, CTC after 60 min {equilibrium}; [IA, ECTC 2 min after dissolution; I1B,
ECTC after 120 min (equilibrium); solvent, 0.01 N HCI; temperature, 20°C. HPLC conditions: column, PLRP-S§ 100 A
(100 x 4.6 mm j.d.}; mobile phase, 2-methyl-2-propanol-1 M perchloric acid-water (16:5:79%, m/viv); temperaturc,

10°C, detection at 260 nm; flow rate, 1.0 ml min~'. The UV specira arc taken at the apex of the peaks and are normalized
at 260 nm.
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Figure 4

UV spectra of chlartetracycline and 4-epichlortetracycline: A, 2 min after dissolution; B, after 120 min (equilibrium).
0.001% (m/v) in 0.01 N HCI at 20°C.
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indicated by the fact that the phenomenon was
not observed with the anhydro- or iso-deriv-
atives of CTC or ECTC, though they all have
an intact A ring. It is therefore suggested that
in solution the compound may be considered to
be a tautomeric mixture, as shown in Fig. 1.
Conclusive structural evidence was obtained
from **C NMR spectrometry, which clearly
indicates, as will be discussed below, the
presence of a 11,12-B-diketo tautomer in the
mixture. Another possible tautomeric struc-
ture having the 11-enol, 12-keto unit [9] in-
stead of the normal 1l-keto, 12-enol form
which is usually retained for tetracyclines [10]
could not be detected here. The proton—noise
decoupied spectrum of a sample of ECTC-HC(I
in D,O after equilibration for 120 min showed
two different sets of resonances in a ratio of
about 2:3. The chemical shifts are summarized
in Table 1, and the assignments were based
largely on a comparison with published values
for tetracycline derivatives [11]. The shifts for
the major isomer compare very well with those
of CTC taking into account the specific

Table |
3C chemical shifts*+ and peak assignments for 4-gpichlor-
tetracycline hydrochloride tautomers in DO solution

Pesition Enol tautomer Keto tautomer
1 191.4 (S) 187.6 (S)
2 96.6 (S) 97.7 (S)
3 188.4 (S) 188.6 ({S)
4 67.8 (D) 68.4 (D)
da 42.2 (D) 42.7 (D)
5 209 (T) 22.3(T)
5a 40.2 (D) 48.4 (D)
6 7215 72.8(S)
ba 142.7 (S) 142.4 (S)
7 123.7 (S) 123.7 (S)
8 141.5 (D) 142.7 (D)
a 120.2 (D) 119.7 (D)

10 161.5 (8) 161.7 (S)

10a 117.4 (8) 115.9(8)

11 193.4 (S) 196.7 (8)

ila 106.1 (8) 61.7 (D)

12 173.2 (S)i 200.2 (8)

12a 74.8 (8) 81.5(8)

CO-amide 173.5 (S)F 1722 (§)

4-NMc, § $

6-Me 24.9 (Q) 26.4 (Q)

*Expressed in ppm dowafield from tetramethylsilane
(TMS); peak positions were measured relative to the
centre of the multiplet of internal DMSO-d,, set at 39.6
ppm versus TMS.

FThe multiplicity of the signals in the OFR-spectrum is
indicated in parentheses: S, singlet for quaternary carbon;
D, doublet for methine; T, triplet for methylene; and O,
quadruplet for methyl carbon,

1 Assignments may be interchanged.

§Very broad signal at about 40 ppm.

I Not visible in D,O solution, but only in H,O solution.
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changes for C-4, C-4a and C-5 induced by
epimerization at C-4 and exemplified by the
pair tetracycline—d-epitetracycline. This major
tautomer, which is represented by formula
ENOL in Fig. 1 is thus the normal form of
ECTC and seems to be also the form of the
crystalline substance as shown by the rapidly
recorded 'H NMR spectrum of a freshly
prepared sample.

Spectral analysis of the minor component in
the mixture revealed that most of the chemical
shifts are only slightly different from those of
the major isomer except for an additional
ketonic absorption in the range 180-200 ppm,
the disappearance of a signal in the enolic
region (160-180 ppm) and the absence of
another minor signal in the lower sp-region
(Y5-115 ppm). When the spectrum was taken
in H»O instead of D;O, the missing signal
appeared at 61.7 ppm and was further split into
a doublet when the spectrum was recorded in
the “off resonance™ mode (OFR). This all
clearly points to a B-diketo structure as rep-
resented in formula KETO in Fig. 1. Indeed,
the shift and multiplicity of the signal at 61.7
ppm is characteristic for a methine carbon
flanked by two carbonyl groups and the signal
is thus assigned to C-11a, showing a resonance
at about 106.1 ppm in the nermal tautomer.
Also, as could be expected, the signal should
disappear from the spectrum by deuteration of
the carbon and this is what happened when the
spectrum was taken in D;O. Further, C-12 is
ketonic and is accordingly assigned to the
lowest field resonance at 200.2 ppm. The 196.7
ppm signal is then assigned to C-11 which in
comparison with the normal tautomer, is less
conjugated and thus shifts slightly downfield.
The 3.8 ppm upfield shift for C-1 which is now
assigned to the 187.6 ppm signal may be caused
by the lack of H-bonding with the 12-OH
group. Other shift differences, especially for
adjacent carbons C-12a or C-5a, may be
explained by direct electronic effects due to
different environments in the two tautomers.
Also conformational changes in the A ring
orientation similar to those reported previously
for 4-epimeric tetracyciines [12] could have a
substantial influence upon the chemical shifts
of the carbons in question. However, since the
90 MHz 'H NMR spectrum did not show
clearly resolved peak patterns, except for H-4
and for the aromatic hydrogen H-8 and H-9, no
relevant coupling information could be ex-
tracted from the spectrum and consequently no
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conclusions could be drawn concerning the
exact conformation of the rings nor for the
configuration of the newly formed asymmetric
centre C-11a.

It can be concluded that in the solid state
CTC-HCl like ECTC-HCI exists as the enol, in
acid solution it exists as the keto-eno! tauto-
mers. It was not possible to isolate the keto
tautomer 1in the solid state. When an aqueous
solution of CTC was slowly evaporated the
pure enol was obtained and when such a
solution was quickly evaporated in vacuo, a
mixture of the tautomers was obtained.

Kinetic studies

In order to obtain quantitative results for the
keto-enol tautomerism of CTC it was
necessary to validate further the LC method.
The tautomerism of ECTC was not examined
quantitatively because ECTC is only a micro-
biologically less active impurity of CTC. The
detector was set at 260 nm since this is the
isobestic point for the CTC tautomers. Cali-
bration curves for CTC enol (CTC ¢) and CTC
keto (CTC k) were prepared with solutions
containing known amounts of CTC-HCI in
0.01 N HCl up to 0.5 mg ml ', After equilib-
ration the solutions were analysed and the
mass corresponding to the enol or keto tauto-
mers was calculated from the total mass in-
jected, the area of each of the two peaks and
the sum of the area of the two peaks. In all,
four solutions were analysed three times. The
following relationships were found, where y =
peak area, x = amount {in micrograms) of
hydrochloride salt injected, r = coefficient of
correlation, S, , = standard error of estimate,
CR = range of injected mass examined. For
CTCe,y = —164 + 6772x, r = 0.9997, 5, , =
50, CR =up10 7.5 pg. for CTC Kk, y = —66 +
6792x. r= 09997, 5, = 56, CR= up 10
2.5 pg. The limits of quantitation were 0.1 pg
for CTC ¢ and 0.05 pg for CTC k.

Table 2
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For an equilibrium reaction the following
equations can be written [13]:

k
CTCe= CTCk

kku

ke, = rate constant for transformation of CTC
eto CTCk

ki = rate constant for transformation of CTC
kto CTCe

CTCe(0) - CTCe (eq) _ ke + k.
CTCe () — CTC e {eq) 2.303

log

CTC e (O) = content (%) of CTC ¢ at time O
= 100%
CTC e (eq) = content (%) of CTC e at equi-
librium
CTCe (t) = content (%) of CTC e at time ¢
K. = kew  CTC & (eq)

4 ke CTCe (eq)

From these equations values for K, k. and
kye were obtained for pH 2.0 at different ionic
strengths. The results are reported in Table 2.
It can be concluded that the influence of the
ionic strength is negligible in the range
examined.

The influence of the buffer concentration
was investigated in the pH range 2-4. The
results are reported in Table 3. The buffer
concentration had only a slight influence on the
equilibrium constants, but the pH value af-
fected the equilibrium constants. At higher pH
the equilibrium was shifted towards the keto
tautomer. A catalytic effect of the butfer on
the rate constants was obscrved at the three pH
values examined. Linear relationships existed
between the observed rate constants and the
total citrate concentration. The intercept pro-
vided buffer-independent apparent first-order
rate constants (k). Table 4 shows the relation-

Observed rate constants (min~ ') and equilibrium constants for the tautomerism of
chlortetracycline at pH 2.0 as a function of the ionic strength

lonic strength () koo ¥ 102

G.025 2.74 £ 0.00
0.1 273+ 0.13
0.5 2.82 + 0.09

kye % 10 K., x 10

11.61 £ 0.24 23.60 = 0.71
11.50 + 0.54 23.74 = 1.59
11.70 £ 0,37 24.10 = 1.08

Solvent: 0.765 x 102 M citrate buffer pH 2.0, with the ionic strength indicated

and at 20°C.
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Relationship between the fraction of citric acid in the buffers and the slope of the observed
rate constants for the tautomerism of chlortetracycline in citrate buffers at different pH,

with an ionic strength of 0.1 and at 20°C

pH Fraction of citric acid
2.0 0.93
30 0.59
4.0 0.12

Slope of kg, Slope of k.
0.16 + 0.03 1.18 = 0.08
091 £ 0.03 384 £ 0.19
242 £ 0.28 6.68 £ 0.79
Slope —2.82 + 028 —-6.74 £ 0.50
latercept  2.70 £ 0.18 7.59 £ 032
r —0.9951 -0.9973

ship between the slopes of ko or Ay, at
different pH values, as obtained in Table 3,
and the fraction of citrate present in the acid
form (citric acid) in the buffers at these
different pH values. The correlation for these
relationships is negative indicating that the
reactions are susceptible to general base cata-
lysis rather than to general acid catalysis. This
can be explained by the fact that keto—enol
tautomerism involves proton transfer from C-
12 to C-11a, which is facilitated by bases like
the citrate ion. The intercept of these re-
gression curves provides a second-order cata-
lytic rate constant (mol™! min~') for citrate
ions, i.e. 2.70 mol~! min ! for the enol-keto

Kobe 10?

tautomerism and 7.59 mol™ min~' for the
keto—enol tautomerism.

The pH-rate profile is shown in Fig. 5. Since
the ionic strength did not affect the rate
constants as described above, these exper-
iments were carried out using non-buffered
aqueous solutions, adjusted to the pH indi-
cated with 0.01 N hydrochloric acid or 0.01 N
sodium hydroxide. The ko values obtained as
the intercepts in Table 3 are also added to this
figure. Good agreement between both series of
values is observed. In both directions the
reaction rate is higher at lower pH. At higher
pH the reaction rate drops and the equilibrium
shifts towards the keto tautomer. When some

T

10 +

Figure 5

pH-rate profile for the tautomerism of chlortetracycline: @, obtained in non-butfered solutions; O, obtained in buffered

solutions.
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Observed rate constants (min~'), equilibrium constants and Arrhenius parameters for the tautomerism of chlortetra-

cyeline as function of temperature, in water at pH 3.5

Temperature (°C) ko % 107 kye % 107 K.q % 107
0 0.27 £ 0.02 0.95 £ 0.07 2842 + 297
10 0.60 £ 0.00 1.91 + 0.02 31.41 £ 0.33
20 1.85 £ 0.13 528 £ 0.37 3504 & 3 48
37 642 £ 0.24 16.51 + 0.61 38.89 + 2.04
—0.9993 —0.9998
Slope (— E /R —7356 + 378 —6630 + 348
Eope (kI mol 1) 61.1 + 3.1 55.1 £ 2.9

experiments were carried out in the presence
of methanol it was abserved that k., decreased
and ky. increased. At pH 3.5 K4 shifted from
35 to 12.5 upon addition of 50%, v/iv of
methanol.

The influence of temperature was investi-
gated in the range 0-37°C using an agueous
solution of CTC adjusted to pH 3.5. Table 5
shows the obtained rate constants and equilib-
rium constants. The natural logarithms of the
rate constants were plotted versus 1/T. From
the slopes of the straight lines the apparent
activation energies were calculated.

Conclusion

Tautomers of chlortetracycline or 4-epi-
chlortetracycline were separated by LC at 10°C
on poly(styrene—divinylbenzene)copolymer.
By NMR spectroscopy it was confirmed that
keto-enol tautomerism occurs between C-11a
and C-12. The equilibrium reaction is subject
to general base catalysis. In aqueous solutions
the rate constants are directly proportional and
the equilibrium constant is indirectly propor-
tional to the proton concentration.
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