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Abstract 0 The assignments of four additional signals observed in 
the NMR spectrum of tetracycline hydrochloride were made with 
the help of modified tetracyclines and model compounds. The sig- 
nals, all occurring downfield from 8 ppm, were caused by ex- 
changeable protons. The signals were observed at 9.10, 9.59, 
11.80, and 15.11 ppm and were assigned to the two amide protons, 
the 10-position hydroxyl proton, and the 12-position hydroxyl 
proton, respectively. The signals observed in the NMR spectra of 
other tetracyclines were also assigned. 
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NMR spectroscopy has been applied in the study 
of tetracyclines to elucidate stereochemical and 
structural features (1-6), to determine the micro- 
scopic dissociation constants (7, 8), and to monitor 
the kinetics of epimerization a t  the 4-position (9). 
The assignments of some protons in 16 tetracyclines 
were reported (10). The application of NMR to prob- 
lems in tetracycline chemistry has not been extensive 
because the spectra obtained are fairly complex and 
the solubility properties of tetracyclines limit the 
choice of solvents. Observations of signals between 4 
and 16 ppm for the exchangeable protons of tetracy- 
cline have been reported, but no assignments have 
been made (10). 

Four exchangeable protons, all downfield from 8 
ppm versus tetramethylsilane, were observed in the 
NMR spectrum of tetracycline hydrochloride (I) in 
deuterated dimethyl sulfoxide at  9.10, 9.59, 11.80, 
and 15.11 ppm (Fig. 1). Similar NMR spectra were 
obtained for oxytetracycline hydrochloride (11) and 
chlortetracycline hydrochloride (111) with signals at  
9.15, 9.65, 11.75, and 15.19 ppm.for the former and at  
9.18, 9.67, and 12.28 ppm for the latter. The struc- 
ture of the tetracycline molecule contains seven easi- 
ly exchangeable protons, of which five are hydroxyl 
protons and two are associated with the amide func- 
tional group. 
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The variability of hydroxyl proton chemical shifts 
is caused principally by hydrogen bonding which, in 
turn, depends upon concentration, temperature, and 
solvent. Intramolecular hydrogen bonds are much 
less susceptible to change by these factors than in- 
termolecular bonds. The reasons for a downfield shift 
resulting from hydrogen bonding are not completely 
understood, but it is generally found that the magni- 
tude of the downfield shift increases with the 
strength of the hydrogen bond (11). The 6 -  and 12a- 
position hydroxyl protons would not be expected to 
have chemical shifts downfield from 8 ppm. 

EXPERIMENTAL 

NMR Spectra-The NMR spectra were obtained using high- 
resolution NMR spectrometers' a t  probe temperatures of 33 f 1". 
The chemical shift data were measured relative to tetramethylsil- 
aneZ as an  internal standard, and all values are presented as 
parts per million. All NMR spectra were recorded using dg-dimeth- 
yl sulfoxide as a solvent unless otherwise noted. Deuterated sol- 
vents were obtained from commercial sources3. 

Compounds-Samples of tetracycline hydrochloride4, oxytetra- 
cycline hydrochloride4, dedimethylamin~tetracycline~, and chlor- 
tetracyclines, as well as the model compounds and starting mate- 
rialss for the syntheses of model compounds, were purchased from 
commercial sources. 
2-Carbamoylcyclohexane-1,3-dione was synthesized by the pro- 

cedure of Tomino (12). 8,9,10-Trihydroxy-l-keto-l,2,3,4-tetrahy- 
droanthracene was synthesized by the procedure of Hochstein et 
al. (13). 2Xyanotetracycline was prepared according to Soder and 
Siedel (14). The synthesis of 10-benzenesulfonyl-2-cyanotetracy- 
cline followed the procedure of McCormick et  al. ( 15). 

RESULTS AND DISCUSSION 

A number of model compounds have structures similar to por- 
tions of the tetracycline molecule. These compounds and modified 
tetracyclines were investigated to aid in the assignments of the ob- 
served exchangeable protons of tetracycline. The data shown in 
Table I for some model compounds give the range of the chemical 
shift of a hydroxyl proton in phenols beta to a carbonyl, in 8-di- 
ketones, and in P-triketones. 

Signals of identical shape were observed in the NMR spectrum of 
tetracycline hydrochloride at  9.10 and 9.59 ppm. The NMR spec- 
trum of 2-carbamoylcyclohexane-1,3-dione (VII), which is similar 
to the A-ring in tetracycline, produced signals a t  8.7 and 9.5 ppm 
which were assigned to the amide protons. The assignments of 
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Table I-Chemical Shifts of Hydroxyl Protons 

Compound Parts per Million 

Phenols 
1,8-Dihydroxyanthraquinone 1 2  .o 
5-Hydroxy-1 ,Cnaphthoquinone 12 .o 
l&Dihydroxynaphthalene 11 .o  
1-Amino-4-hydroxyanthraquinone 1 3 . 9  

l-Amino-4-hydroxy-2-methoxyanthraquinone 14.22O (16) 
C hrysin, galangin, quercetin, kaempferol, myricetin, morin 
Pinocembrin, naringenin, hesperetin, dihydroquercetin, dihydrokaempferol 

2,4-Pentanedione 1 5 . 1  
l-Phenyl-1,3-butanedione 1 6 . 3  
1,3-Diphenyl-1,3-propanedione 1 7 . 2  
1,3- (4,l'-Dibromo) diphenyl-1,3-propanedione 
Ethyl  anisoylacetate 15 .3"  (16) 

2-Carbamoyl-5,5-dimethylcyclohexane-1,3-dione 18.7c  (18) 
2-Carbamoyldecalin-l,3-dione 18.98' (18) 
3-Acetylpentane-2,4-dione 17 . 4 d  (19) 
2-Acetyl-5,5-dimethyIcyclohexane-1,3-dione 1 8 . 1 d  (19) 

2-Cinnamoyl-5,5-dimethylcyclohexane-1,3-dione 18 .6d  (19) 
Ceroptene 18 .gd (19) 

1 2 . 4 0 t 0 1 2 . 8 6 b  (17) 
1 1 . 9 5 t 0 1 2 . 2 0 b ( 1 7 )  

p-Dike tonee  

1 6  .61a (16) 

p-Triketones 

2-Hydrocinnamoyl-5,5-dimethylcyclohexane-1,3-dione 18 .Id (19) 

d-Chloroform. &-Dimethyl sulfoxide. dl-Pyridine. Carbon tetrachloride. 

these protons in 2-carbamoyl-5,5-dimethylcyclohexane-1,3-dione 
and 2-carbamoyldecaline-l,3-dione to signals observed between 
9.6 and 10.3 ppm in ds-pyridine solution were previously made (18). 
No signals were observed in the spectra of either 2-cyanotetracy- 
cline (IV) or 10-benzenesulfonyl-2-cyanotetracycline (V) in the 
9.0-10.5-ppm range. Thus, the signals a t  9.10 and 9.59 ppm in the 
spectrum of tetracycline hydrochloride were assigned to the 
amide protons. The nonequivalence of these protons can be ex- 
plained by the hindered rotation about the carbon-nitrogen bond 
due to the contribution of the canonical form (20): 

The third downfield signal in the spectrum of tetracycline hy- 
drochloride was observed at  11.80 ppm. As shown in Table I, most 
phenolic protons, favorably situated for chelation with a carbon- 

I 
J h 

yl, have chemical shifts in the range of 12 ppm. The only tetracy- 
clines shown in Table I1 that have no observed signals near 12 
ppm are l0-benzenesulfonyl-2-cyanotetracycline and dedimethyl- 
aminoanhydrotetracycline (IX). The absence of this signal for 
10-benzenesulfonyl-2-cyanotetracycline is easily explained be- 
cause the phenolic proton has been replaced by the benzenesul- 
fonyl ester. Thus, the signal a t  11.80 ppm in the spectrum of tet- 
racycline hydrochloride was assigned to the phenol in the 10-posi- 
tion. The case of dedimethylaminoanhydrotetracycline is dis- 
cussed later. 

The final peak was observed in the spectrum of tetracycline hy- 
drochloride at 15.11 ppm. All tetracyclines in Table I1 have a sig- 
nal in the 15-17-ppm range with the exception of chlortetracy- 
cline hydrochloride. The p-diketones in Table I also have their 
enolic proton chemical shifts in the 15-17-ppm range. Thus, the 
signal a t  15.11 in tetracycline hydrochloride was assigned to the 
hydroxyl proton in the 12-position. 

F ED 

Figure 1-NMR spectrum of tetracycline hydrochloride in  de-dimethyl sulfoxide (0.20 M). Key: A, 1.54 ppm, C-6, CH,; B,  
2.92 ppm, C-4, N(CH3)%; C ,  4.38 ppm,  C-4, H ;  D,  6.92 ppm,  C-9, H; E, 7.10 ppm,  (2-7, H; F,  7.55 ppm, C-8, H; G, 9.10 
ppm; H ,  9.59 ppm; I, 11.80 ppm; and J, 15.11 p p m .  See Table II for additional assignments. 
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Table 11-Proton Resonance Data for Tetracyclines 

Com- 
pound NH, NH? 10-OH 12-OH 3-OH 

I 9.10 9 . 5 9  11.80 15 .11  -b  
I1 9 . 1 5  9.65 11.75 15.19 -b  

I11 9 . 1 8  9 . 6 7  12 .28  - I ,  -b 
I V  -a -a 11 .90  15 .28  -b  v -” - 0  16 .26  - b  

V I  8 . 7 0  8 . 9 4  11 .83  15 .24  18 .34  
IX 8.85 8 . 9 8  9 . 9 0  15.2gC 1 8 . 1 6  

Proton not present in compound. * Not observed in NMR spectrum. 
11-Position hydroxyl proton. 

The assignments of the 10- and 11-position hydroxyl protons for 
dedimethylaminoanhydrotetracycline (Table 11) were aided by in- 
vestigation of the model compound 8,9,10-trihydroxy-l-keto- 
1,2,3,4-tetrahydroanthracene (VIII). Three signals for the ex- 
changeable protons for this compound were observed at  8.60, 9.84, 
and 15.65 ppm. The 8.60-ppm signal was assigned to the 10-hy- 
droxyl proton, because it is not capable of intramolecular hydro- 
gen bonding. The 8-hydroxyl proton would not be expected to hy- 
drogen bond intramolecularly as strongly as the 9-hydroxyl pro- 
ton. Therefore, the signal a t  9.84 ppm was assigned to the 8-hy- 
droxyl proton and the signal at  15.65 ppm was assigned to the 9- 
hydroxyl proton. The 15.65-ppm signal fell into the range of 
chemical shifts for enolic protons of 8-diketones, providing addi- 
tional evidence for this assignment. The signals observed at  9.90 
and 15.29 ppm in the spectrum of dedimethylaminoanhydrotetra- 
cycline were assigned to the 10-position and 11-position hydroxyl 
protons, respectively. 

Finally, it must be explained why only four signals were detect- 
ed in the downfield portion of the NMR spectrum of tetracycline 
hydrochloride instead of the predicted five. As shown in Table 11, 
signals were observed for dedimethylaminotetracycline (VI) and 
dedimethylaminoanhydrotetracycline a t  greater than 18 ppm and 
were assigned to the 3-position hydroxyl proton on the basis of 
the data for 8-triketones in Table I. 

It has been observed that the presence of the dimethylamino 
group increases the acidity of the 3-position hydroxyl (21, 22). 

OH 
I 

VIII 

CH 

IX 

Therefore, the signal of the 3-position enolic proton in tetracycline 
hydrochloride was not observed because of rapid exchange. 

REFERENCES 

(1) M. Schach von Wittenau, F. A. Hochstein, and C. R. Ste- 
phens, J. Org. Chem., 28,2454(196:). 

(2) C. R. Stephens, J. J. Beereboom, H. H. Rennhard, P.  N. 
Gordon, K. Murai, R. K. Blackwood, and M. Schach von Witten- 
au, J.  h e r .  Chem. soc . ,  85,2643( 1963). 

(3) R. K. Blackwood, J. J .  Beereboom, H. H. Rennhard, M. 
Schachvon Wittenau, and C. R. Stephens, ibid., 85,3943(1963). 

(4) M. Schach von Wittenau, J. Org. Chem., 29,2746(1964). 
(5) M. Schach von Wittenau, R. K. Blackwood, L. H. Conov- 

er, R. H. Glauert, and R. B. Woodward, J .  Amer. Chem. SOC.,  87, 
134( 1965). 

(6) F. Barbatschi, M. Dann, T.  H. Martin, P. Miller, L. A. 
Mitscher, and N. Bohonos, Experientia, 21,162(1965). 

(7) N. E. Rigler, S. P. Bag, D. E. Leyden, T. L. Sudmeier, 
and C. N. Reilley, Anal. Chem., 37,872(1965). 

(8) U. W. Kesselring and L. Z.  Benet, ibid., 41,1535(1969). 
(9) K. D. Schlecht and C. W. Frank, J.  Pharm. Sci., 62, 

258( 1973). 
(10) M. Schach von Wittenau and R. K. Blackwood, J. Org. 

Chem., 31,613(1966). 
(11) J. W. Emsley, J .  Feeney, and L. H. Sutcliffe, “High Reso- 

lution Nuclear Magnetic Resonance Spectroscopy,” vol. 1, Perga- 
mon, New York, N.Y., 1965, pp. 534-551. 

(12) K. Tomino, J. Pharm. SOC. Jap.,  78,1425( 1958). 
(13) F. A. Hochstein, C. R. Stephens, L. H. Conover, P. P.  

Regna, R. Pastemack, P .  N. Gordon, F. J .  Pilgrim, K. J. Brun- 
ings, and R. B. Woodward, J .  Amer. Chem. SOC., 75,5455(1953). 

(14) A. SMer and W. Siedel, German Pat. 1,091,564 (Oct. 27, 
1960); through Chem. Abstr.,  55,19882g(1961). 

(15) J. R. D. McCormick, S. M. Fox, L. L. Smith, B. A. Bitler, 
J. Reichenthal, V. E. Origoni, W. H. Muller, R. Winterbottom, 
and A.  P. boerschuk, J. Amer. Chem. SOC., 79,2849(1957). 

(16) “High Resolution NMR Spectra Catalog,” vols. 1 and 2, 
Varian Associates, Palo Alto, Calif., 1962. 

(17) T. J .  Batterham and R. J .  Highet, Aust. J. Chem., 17, 
428( 1964). 

(18) G. 0. Dudek and G. P.  Volpp, J .  Org. Chem., 30,50(1965). 
(19) S. For sh  and M. Nilsson, Acta Chem. Scand., 13, 

1383( 1959). 
(20) J .  W. Emsley, J. Feeney, and L. H. Rutcliffe, “High Reso- 

lution Magnetic Resonance Spectroscopy,” vol. 1, Pergamon, New 
York, N.Y., 1965, p.553. 

(21) C. R. Stephens, K. Murai, K. J. Brunings, and R. B. 
Woodward,J. Amer. Chem. SOC., 78,4155(1956). 

(22) L. J. Leeson, J .  E. Krueger, and R. A. Nash, Tetrahedron 
Lett . ,  1963,1155. 

ACKNOWLEDGMENTS AND ADDRESSES 

Received January 4, 1974, from the Department of Chemistry, 

Accepted for publication March 14, 1974. 
Partial support by Pfizer, Inc. is gratefully acknowledged. 
* Present address: Department of Chemistry, Augustana Col- 

University ofIowa,  Iowa City, IA 52242 

lege, Rock Island, Ill. 
To whom inquiries should be directed. 

1146 /Journal of Pharmaceutical Sciences 




