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stereochemistry. 

Keywords: ‘H NMR; tetracycline antibiotics; stereochemistry; conformation. 

Introduction 

The potential value of nuclear magnetic resonance (NMR) spectroscopy in differen- 
tiating groups of closely related compounds is generally accepted and it is surprising that 
the technique has received relatively little attention in regard to the analysis of the 
tetracycline antibiotics. About ten derivatives are now in frequent clinical use, all of 
which are based on the molecular framework and functionality array 1, which dominates 
the physical properties, appearance and electronic and vibrational spectroscopic features 
of the group. In consequence, the more common analytical approaches are of little value 
for the characterization of individual members [ 1). Similar problems of identification and 
detection apply to biotransformation products of therapeutic tetracyclines. Likewise, 
little systematic application of NMR data to problems of the relative configuration and 
conformational preference of tetracycline (TC) derivatives has been made, although 
much ‘H and 13C spectral information on this group is scattered throughout the literature 
[2]. A comprehensive study of the NMR parameters of tetracyclines in clinical use and 
their common degradative contaminants has therefore been undertaken. ‘H NMR 
spectra of tetracyclines form the topic of the present report, while a 13C study will be 
given later, both with emphasis at this stage upon differentiation of the bulk antibiotic 
substances and the provision of evidence of stereochemistry. 

The most extensive ‘H NMR study of tetracyclines to date was reported in a paper in 
1966 by Wittenau and Blackwood [3], who employed pyridine and trifluoroacetic acid 
(TFA) as solvents in all but one case. Use of these solvents may be criticized; pyridine 

l To whom correspondence should be addressed. 
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Bridgehead carbons designated by 4a, 5a etc 

1 

R’ R’ R’ RL Generic name Abbreviation 

la 
lb 
lc 

Id 
le 

If 

*g 

H Me OH H tetracycline TC 
Cl Me OH H chlortetracycline C-K 
Cl H OH H 6-demethylchlor- 6-demethyl CTC 

tetracycline 
NMe? H minocycline - 
H Me oxytetracycline OTC 

H methacycline - 

H Me H OH doxycycline - 

complicates spectral interpretations by its influence on ionization equilibria and by 
complexation effects, as discussed below, while use of the strong acid TFA seems 
inadvisable in view of the known acid-lability of most TC derivatives. In the present 
work, the ‘H NMR spectra of many commonly used TC derivatives have been recorded 
and critically evaluated in the polar and neutral solvents DMSO-d6 and/or DzO. 

Materials and Methods 

‘H NA4R spectra 
Spectra were obtained on a JEOL PS 100 NMR spectrometer operating at normal 

temperatures and were thus more highly resolved than those of an earlier 60 MHz study 
[3]. Samples were prepared in 5 mm o.d. tubes as approximately 10% m/v solutions in 
DMSO-d6 and in other solvents with tetramethylsilane (TMS) as reference, and in DzO 
with 2,2-dimethyl-2-silapentane-5sulphonate (DSS) as reference. The 220 MHz spectra 
were provided by the Physico-chemical Measurements Unit, Harwell, UK. 

Materials 
All materials used were commercial samples kindly supplied by Lederle Laboratories, 

Gosport (TC, CTC, 6-demethyl CTC, minocycline, all as hydrochlorides) and by Pfizer 
Ltd (Sandwich Kent, UK) (TC, OTC, methacycline. all as hydrochlorides, doxycycline 
hyclate, and TC base). The sample of 4-epi-TC HCI was kindly donated by Lederle 
Laboratories (Pearl River, NY, USA). Anhydro-TC HCl was prepared by the method of 
Asleson [4] and the 2-cyano analogues of TC and OTC were obtained by treating the 
antibiotics with dicyclohexylcarbodiimide [5]. 



TETRACYCLINE ANTIBIOTICS BY ‘H NMR 283 

Results and Discussion 

‘H NMR chemical shift data are given in Table 1. The conventional numbering system of c 
tetracyclines is shown in 1 while formulae la to lg give details of structure, generic name 
and abbreviation (where appropriate) of the compounds examined in this study. 
Assignments of the aromatic protons of ring D, the 6-methyl and C1 and C7 
dimethylamino proton resonances were straightforward, being based on known ‘H 
chemical shifts [6). Other assignments are discussed below in terms of the various types 
of proton resonance. 

Aromatic protons of ring D 
Examination of the 6.8-7.8 ppm region of the spectra readily permits the identification 

of those TC derivatives with two ring D substituents, since insertion of a substituent at CT 
changes the aromatic multiplicity pattern and integrals characterizing TC and OTC (i.e. 
three l-proton resonances observed as a triplet and two doublets; items 1 and 8)* to an 
AB (or AX) two-proton doublet pair. This is exemplified by CTC and minocycline 
(items 5-7). 

C&vlethyl protons 
The broad 3-proton resonance at 1.5 ppm of TC HCI (item 1) is a diagnostic feature of 

. TC derivatives with methyl substituents at Cg, the broad nature of this and related 
resonances of other derivatives probably results from the operation of small, long-range 
coupling interactions. Electronegative atoms close to C6, such as oxygen in OTC and 
chlorine in CTC, shift the resonance significantly downfield (items 8 and 5); absence of 
this signal narrows the range of possibilities for TC identification. 

The 6-methyl resonance of doxycycline has an identical chemical shift to that of TC 
HCI, indicating that the shielding influences of 6-hydroxyl removal and 5-hydroxyl 
insertion are compensatory. The fact that the 6-methyl resonance appears as a notably 
broad singlet (WI,* - 12 Hz) rather than as a doublet probably results from virtual long- 
range coupling [7, 81; and is evidence that the C6 and Csa protons are strongly coupled. 
This is also evidence for a pseudo-equatorial conformation of the 6-methyl group of ring 
C, in accord with chemical evidence of configuration [9]. 

In the spectrum of anhydro-TC HC1(2), the 6-methyl proton resonance forms a sharp 
singlet at 2.4 ppm. The downfield shift of this signal (A 6 - 0.9 ppm), as a result of the 
change of the C6 carbon from sp3 to sp* hybridization, yields a significant difference 
between the TC and anhydro-TC spectra (cf. items 1 and 13). This provides a useful 
means to monitor dehydration of the parent antibiotic. 

q$q$c-LH2 
OH OH 0 0 

2 

l All item numbers refer to column 1 in Table 1. 
t Direct long-range couplings may contribute to signal width, but cannot be the principal factor, taking into 

account the 6-methyl signal profiles of other derivatives. 
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Dimethylamino protons 
Ail spectra of hydrochlorides display intense resonances near 2.9 ppm attributable to 

the common C,-quaternary substituent. The additional and similar resonance at 2.6 ppm 
in the spectrum of minocycline HCI reveals the C,-quaternary amino feature of this 
derivative. Of the two N-dimethyl substituents, that at Cj is the more basic and would be 
expected to be the preferred site of protonation of the mono-hydrochloride. This fact 
allows assignment of the two resonances, because N-protonation leads to a pronounced 
downfield shift of N-methyl resonances [ lOa]. 

The broad nature of the &dimethyl resonance in the 220 MHz spectrum of OTC HCI 
(Fig. 1) requires comment, especially as Wittenau and Blackwood [3] describe the N- 
dimethyl signal of TC derivatives as appearing as two doublets in acidic solvents. The 220 
MHz spectrum was run in D20 plus DCl, i.e. under comparable low pH conditions. The 
broadening of the N-dimethyl resonance of OTC HCl in DzO by addition of DCI (- 4% 
v/v) was then confirmed at 100 MHz, when the signal half-width (W,,?) increased from 3 
to 10 Hz. Signal broadening as a result of &quaternary ammonium coupling may be 
discounted, since a large excess of DzO is pr,esent; it must therefore be due to non- 
equivalence of the two N-methyl environments at low pH. This situation will arise under 
conditions of slow proton exchange, because the two N-methyl groups are adjacent to an 
asymmetric centre at C,; any restricted rotation about the CJ-N bond should enhance the 
magnitude of the N-methyl chemical shift difference. 

An analogous case is provided by the spectrum of the trans-2-dimethylaminocyclo- 
hexanol hydrochloride 3, where distinct N-methyl signals are observed. This phen- 
omenon has also been seen in the spectrum of the corresponding c&isomer, but with less 
pronounced separation [ll]. A similar situation may be readily envisaged for protonated 
TC derivatives. The phenomenon requires a slow rate of proton (or deuteron) exchange 
at the basic centre and hence is best observed when the pH is lowered. Separate lines 
should appear if the exchange rate is sufficiently slow, otherwise the two resonances 
overlap to form a broad band, as observed in Fig. 1. 

NMe, signal: two singlets near 2.8 ppm; separation 7 
Hz at 60 MHz in D20. 

3 

View down N-C bond of preferred conformation: 
Me subject to influence of OH substituent. 

Acidic protons 
Tetracycline derivatives are remarkable for their high content of exchangeable 

protons. Most hydrochlorides possess the eight protons of TC HCl itself (hydroxyl at C3, 

c6, cl09 cl2v C12a; the amino group of the &-amide; the protonated &quaternary 
ammonium function). In principle all protons are detectable by comparing spectra in 
DMSO-d6 before and after addition of DzO. In practice, however, only four resonances 
attributable to acidic protons can be assigned with certainty and then only if sufficient 
field-offset is employed when recording the spectrum (Table 1). 
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Two groups have reported on the acidic proton resonances (chiefly those of TC [4. 121) 
and a summary of assignments is made here. A pair of broad one-proton resonances near 
9 and 9.6 ppm invariably appears in spectra run in DMSO-d6. This is attributed to the 
amide protons on the basis of their absence in spectra of the corresponding 2-cyano 
analogues, and by reference to the spectra of model compounds such as 4 [4]. The 
appearance of these bands typifies protons exchanging between two different environ- 
ments, such as could arise as a result of restricted rotation about the N-C amide bond 

P31. 

Broad resonances at 8.7 and 9.5 ppm in DMSO-d,+ 

P 

OH 

I 

CONHz 

0 

4 

a ‘OH IXppm 

OH O..... HO 

5 6 

The narrower resonances at lower field near 12 and 1.5 ppm are assigned to the Cl”- 
and Ciz-hydroxyl protons, as there is evidence that these are intramolecularly hydrogen- 
bonded to nearby carbonyl oxygen at C ti and C, respectively [4]. The deshielding 
consequence of hydrogen bond formation upon acidic protons is well known, especially 
when intramolecular [lob]. Data on the models 5 and 6 support these assignments [ 121. 

The Cg- and C,z,-hydroxyl groups probably form intermolecular hydrogen bonds with 
the solvent and absorb upfield of 8 ppm to form less well-defined bands due to overlap 
with other resonances. It is likely that the Crhydroxyl and quatemary ammonium proton 
absorptions are too broad for detection because of rapid exchange rates. 

Acidic proton NMR data on TC derivatives are thus of little’value for characterization 
purposes. For example, variations in acidic proton content, as in OTC with one extra and 
doxycycline with one less, cannot be exploited since diagnostic signals fall above 8 ppm 
and cannot b.e resolved. When solubilities permit, DzO is preferred to DMSO-d6 as an 
NMR solvent for TC derivatives, as it eliminates all separate acidic proton absorptions 
and makes for spectral simplicity, provided that the residual HDO band does not overlap 
any non-acidic proton signals. 

Methine (C,, C,,, C5 and C,,) and &methylene protons 
Only one resonance additional to the N-dimethyl and &-methyl signals could be 

resolved at a field higher than 6 ppm in the spectrum of TC HCl in DMSO-d6. This was a 
broad one-proton singlet at 4.3 ppm and assigned to the C, proton, since this should be 
the most deshielded of the three methine protons; it is flanked by charged nitrogen and 
an enolic carbon atom. The spectra of all TC samples displayed a similar band in the 
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range 4.3-4.8 ppm (Table 1). The Cd,- and Cj,-methine and the Cj-methylene proton 
resonances must therefore constitute part of the unresolved envelope between 1.5 and 3 
ppm. Wittenau and Blackwood [3] reported the PMR features of TC base in pyridine and 
gave 3.6 ppm as the chemical shift of the G-proton (see below), with a range of 2.2-3.2 
ppm for the C,,-, Cp- and &-protons. They also quoted a range of 3.6-J ppm for the 
&-proton resonance of a variety of derivatives, mostly bases, in pyridine or 
trifluoroacetic acid. 

If assignment of the &-proton resonance of TC HCI is correct (as supported also by 
spin-spin decoupling experiments on TC base) [ 121. its chemical shift should be sensitive 
to ionization changes at the L-nitrogen and C3-hydroxyl. Spectra of TC base in pyridine 
and DMSO-d6 provide supportive data. In these spectra, the 4.3 ppm resonance of TC 
HCI in DMSO-d6 shifts upfield to 3.7 ppm in pyridine, both signals forming narrow 
doublets (cf. items 2 and 3). Interpretation of these shifts is complicated by the fact that 
deprotonation of both the &-nitrogen and the C3-hydroxyl will have a shielding 
influence on the C,-proton [6, lOa]. The large upfield shift seen for TC base in DMSO-dh 
in which the zwitterion 7a predominates [14] (A.F. Casy and A. Yasin. unpublished 
results) suggests that shielding due to 4-hydroxyl ionization dominates over deshielding 
arising from the quaternary ammonium group. The same factor may also account for the 
fact that the chemical shift of the quaternary ammonium group is at higher field that that 
of the HCl salt. An estimate of the magnitude of shielding consequent upon hydroxyl 
ionization was gained from data on p-nitrophenol (8). 

7a 7b 

in DMSO-d6 6.98 ppm 

in DMSO-d$NaOH-DZO 6.30 ppm I 
HO 

8 

In pyridine the &-proton upfield shift from 4.3 to 3.7 ppm was less pronounced 
relative to that of its position in the spectrum of TC HCI in DMSO-de. In this case the 
feebly basic solvent would be expected to compete with the nitrogen of TC for the acidic 
proton. For this reason a large &-proton shift would be anticipated because of a rise in 
the population of the species 7b, where both ionizable functions are in a favourable state 
for shielding. However, when pyridine complexes with polar molecules, protons in the 
vicinity of association sites are often markedly deshielded, because they fall within the 
aryl deshielding region of the solvent molecule as a result of the geometry of the 
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solute-solvent association mode [15. 161. It is probable that the same deshielding 
mechanism operates in the case of TC-pyridine, where association may be through ion- 
pair formation of the type O- . . . HN’, to shift the CJ-proton to lower field than its 
position in DMSO-de. Low field shifts of the C&‘-dimethyl. &-methyl and C;-amide 
proton resonances relative to shifts in DMSO-d, were also apparent (cf. items 2 and 3). 

The narrow profile of the &proton signals supports a tetracycline structure in which 
ring A is bent approximately at 90” to the plane of rings B, C and D (9). This would be 
the preferred solute conformation of all the TC derivatives examined, as established for 
CTC and some of its analogues in the solid state by X-ray diffraction [17-191. In 9 the 
dihedral (torsion) angle relating the C_,- and C,,-protons is close to 60”, while in the 
conformation in which all four rings are approximately planar the angle is close to 180”; 
such magnitudes are associated with small and large vicinal couplings respectively (10~. 
201. 

Conformation of hydrochloride of tetracycline 9 
derivatives; Newman diagram depicts view down C,- 
C,, bond. 

H 

OH 

The spectra of most TC HCl samples displayed a low intensity broad band or narrow 
doublet to low field of the CA-proton resonance, which is indicative of the presence of 4- 
epi-TC HCI as an impurity: i.e. a broad band near 4.8 ppm in DMSO-d6 and a doublet 
with line separation - 3 Hz at 4.6 ppm in pyridine-ds. A commercial sample of the I-epi- 
TC HCl also displayed duplicate &-proton resonances in its spectrum (cf. item 14) and 
was judged to be an isomeric mixture with the 4-epi form as the major component. These 
signals provide the best means of assessing isomeric purity by ‘H NMR, since signal 
duplication in the N-dimethyl absorption region is complicated by possible non- 
equivalence effects as discussed above. 

In the cases of OTC, methacycline and 6-demethyl CTC hydrochlorides, two methine 
resonances could be resolved in spectra in DMSO-d6. In the OTC spectrum, the 
resonance at lower field (4.7 pm) was assigned to the &proton, since it was a broad 
singlet comparable with the Cd-proton resonances of all other TC spectra. Moreover, its 
downfield position relative to the same resonance of TC HCI (4.3 ppm) accords with the 
additional deshielding influence of the S-hydroxyl substituent of OTC. The higher field 
signal (3.8 ppm) formed a broad triplet in DMSO-d6 and appeared as a well-resolved 
doublet of doublets in DaO. Its multiplicity establishes that it is coupled to two protons 
(with apparent J values of 8.8 and 11 Hz). For this reason it must be attributable to the 
Cs- or &-proton if long-range coupling can be discounted (cf. 10). The &proton is the 
most probable assignation because it is adjacent to electronegative oxygen, thus 
accounting for its low field shift, while the 3J 4a,4 coupling is small, as evidenced by the C,- 
proton resonance, seen as a broad singlet; this coupling is too small to correspond with 
either of the two J values observed for the multiplet. 
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Partial structure of OTC showing CL,. CT. C,,, C, 
coupled proton unit. 

10 

With the aim of resolving additional methine signals, a spectrum of OTC HCl in DzO 
was run at 220 MHz. The spectrum over the region 1-6 ppm (Fig. 1) reveals the Cd- 
proton signal near 4.4 ppm and the doublet of doublets near 4 ppm; other resonances, 
however, remain within the broad N-dimethyl band centred at 3 ppm. The four sharp 
lines apparent on the right-hand shoulder of the V-dimethyl band can be reasonably 
attributed to the C&- and C4,-protons, since separations a-c and b-d are 8.8 and 11 Hz 
respectively, corresponding with the separations of the 4-line signal near 4 ppm. Lines b 
and d are broader than a and c, and thus form the broad doublet expected for the C?,- 
resonance. The signal centred at 3 ppm integrated as eight protons relative to the 3- 
proton intensity of the 6-methyl signal near 1.7 ppm. 

Figure 1 
220 MHz ‘H NMR spectrum of oxytetracycline HCI in D?O (plus ca. 4% viv DCI): sweep width I IO0 Hz. 

A double resonance experiment supported these assignments; when the region 
allocated to the Cda- and CT,-multiplet near 2.9 ppm was irradiated, the doublet of 
doublets near 4 ppm collapsed to a singlet, while the broad absorption near 4.4 ppm 
became narrower. The order of magnitude of coupling constants within the CSa, Cs, Cla, 
Cd-unit of the OTC molecule as deduced from this analysis supports a structure similar to 
9 as the preferred solute conformation of the hydrochloride in DzO and also gives direct 
NMR evidence of the configuration at Cs 1211. These arguments corroborate those of a 
study at 100 MHz [ 121 and reverse the original C,- and &-proton resonance assignments 
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of OTC HCl in DMSO-d6 (31. These were unsupported by clear evidence of signal 
multiplicities. Different conclusions should also be made on conformational preference. 

The spectrum of OTC HCl in pyridine-ds was equivalent to that of the corresponding 
anion 7b. as shown by the identical spectra of TC base and TC HCI in the same solvent 
(cf. items 3 and 4). In pyridine-ds, this spectrum showed pronounced downfield shifts of 
most resonances, as compared with shifts in DMSO-dh (cf. items 8 and 10). attributable 
to the deshielding influence of pyridine in the solute-solvent complexes, as already 
discussed. Of special note is the reversal of the relative field positions of the Cd- and Cs- 
proton signals, pr&umably due to the close association of solvent with the Cs-hydroxyl of 
OTC. Small changes in the separations of resonance bands also occurred, as can be 
clearly seen in those of the Cd- and Cs-protons; this is indicative of changes in 
conformation consequent upon complexation. The upfield shifts of resonances due to 
protons close to Cs- and the downfield shift of the iV-dimethyl signal following addition 
of DzO are interpreted as being due to a reduction in the extent of complexation of 
pyridine with OTC, as a result of its alternative association with DzO. Similar spectral 
changes occurred when DzO was added to TC HCI in pyridine-ds. 

Methine features of the spectrum of methacycline HCl in DMSO-dh (cf. item 11) were 
like those of OTC as regards the C,- (broad singlet at 4.7 ppm) and &-proton signals 
(poorly resolved triplet near 3.7 ppm). The latter integrated as two protons and probably 
includes the Csa-resonance, shifted downfield by the influence of the Cb-alkenic carbon. 
A doublet assigned to Cj, could be resolved to low field of the N-dimethyl singlet. All 
these features were confirmed in a 220 MHz spectrum, where the absorption band near 
3.7 ppm was resolved as a single-proton broad triplet (3.75 ppm) and doublet (3.6 ppm), 
both resonances showing evidence of long-range coupling, in addition to vicinal 
coupling. Well-resolved line separations of the doublet at 3.0 ppm near the N-dimethyl 
signal and of the doublet to lower field were 11 and 9 Hz respectively. These magnitudes 
are comparable with those of corresponding resonances of OTC HCI. 

6-Demethyl CTC HCI displayed two single-proton singlets near 4.5 ppm in its 
spectrum (cf. item 6). These are characteristic of structure, since all other TC spectra 
showed only one resonance of this type in the same region. The higher field resonance at 
4.4 ppm is assigned to C4 as before, while the signal at 4.7 ppm must arise from the Cg- 
proton, which is deshielded by its oxygen and chlorine neighbours. The low order df 
coupling (3Jsa.6) evident from the profile of the &-proton signal indicates that the 6- 
hydroxyl of 6-demethyl CTC is pseudo-axial in the half-chair conformation of the 
molecule in DMSO-d6, supplementing the rather sparse evidence of stereochemistry of 
this derivative [ 11. 

Miscellaneous signals 
The 6-methylene (vinyl) proton signal of methacycline, with two broad bands near 5.5 

ppm, separated by l-2 Hz and just resolved at 220 MHz, and the solvent resonances of 
doxycycline spectra (EtOH: 1.1 ppm triplet, 3.5 ppm quartet) are characteristic of 
structure in each case (cf. items 11 and 12). Moreover, comparative integrals of the 
ethanol triplet and 6-methyl resonances of the doxycycline spectrum confirm that half a 
mole of ethanol is involved in the crystallization of the hydrochloride salt. 
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