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Introduction 

The tetracyclines are an important class of widely used 
antibiotics.1,2 Their mode of action involves the inhibition of 
protein synthesis by interference with the binding of amino-
acyl-tRNA to the ribosome,3 but the precise molecular 
mechanism remains obscure. The binding of the tetracycline 
molecule to an appropriate site on the ribosome could prevent 
the attachment of the aminoacyl-tRNA. Consequently, the 
manner in which the tetracycline molecule interacts with other 
molecules is important for the development of a model for the 
binding to ribosomes. 

The solubilities of tetracyclines can be increased by various 
anions and neutral molecules, indicating complex formation.4,5 

However, in the case of urea an insoluble adduct is formed with 
tetracycline but under the same conditions, not with either 
7-chlorotetracycline or 5-hydroxytetracycline.6 To elucidate 
this puzzling difference in these three closely related drugs, we 
initiated a crystal structure study of the tetracycline-urea 
adduct. 

Experimental Section 
Light yellow octahedral crystals were formed from a urea-tetra-

cycline solution. Preliminary Weissenberg and precession photographs 

R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. Phys., 42, 3175 
(1965). The other scattering factors were from H. P. Hanson, F. Herman, 
J. D. Lea, and S. Skillman, Acta Crystallogr., 17, 1040 (1964). 

(21) G. J. Palenik and M. Mathew, J. Am. Chem. Soc, following paper in this 
issue. 

(22) Discussions of the conformations of tetracyclines can be found in virtually 
all papers on tetracyclines. The discussion in ref 13 is one of the latest and 
gives the pertinent references to other work. 

(23) In neither ref 11 or 15 is there any mention of the biological activity of the 
solid used in the x-ray studies. This omission is not completely unreasonable 
since both forms revert to the hydrated species when dissolved in water 
which makes an assessment of biological activity impossible. 

(24) Similar effects have been observed by F. K. Winkler and J. D. Dunitz, Acta 
Crystallogr., Sect. B, 31, 264-288 (1975). 

(25) Anhydrous 5-HTC was prepared by refluxing or azeotroping a benzene (bp 
80.1 0C) or toluene (bp 110.6 0C) solution of the hydrated compound. The 
5,12a-DA-5-HTC derivative was synthesized from anhydrous 5-HTC under 
anhydrous conditions so that retention of the conformation was not unex­
pected. Since both 5-HTC and 5,12a-DA-5-HTC require elevated temper­
atures for their preparation, we feel that the designation "high temperature 
forms" is very appropriate. 

(26) E. F. Gale, E. Cundliffe, P. E. Reynolds, M. H. Richmond, and M. J. Waring, 
"The Molecular Basis of Antibiotic Action", Wiley, New York, N.Y., 1972, 
gives a good review on the mode of action of tetracyclines. 

indicated that the crystals were orthorhombic with the space group 
P2\2\2\. An approximately equidimensional crystal, 0.15 mm on edge, 
was used for the measurement of the cell constants and intensity data. 
The cell dimensions obtained from a least-squares fit of 15 28 values 
for CuK13 peak (X= 1.39217 A) were a = 12.228(3), b = 12.884(3), 
and c = 16.663 (4) A. The cell volume is 2625.2 A3. The density cal­
culated for four molecules of tetracycline-urea tetrahydrate, 
C23H36N4O13, fw 576.56, is 1.459 g cm-3, in good agreement with 
the value of 1.45 g cm -3 determined by flotation. The adduct had 
previously been reported to be a trihydrate.6 

The intensity data were measured using previously described 
techniques.7 All the reflections in one octant of reciprocal space to a 
limit of 20 < 135° were measured first and then one half of the 
hemisphere was measured. The intensities were corrected for a small 
(maximum 3%) variation in the four standard reflections and then 
equivalent reflections were averaged. Of the 2682 reflections in the 
octant, 2395 had an intensity > 1.2 times the appropriate background 
and were considered reliable and used in the analysis. The value of ^ 
for Cu Ka radiation is only 10.4 cm-1 and no corrections for ab­
sorption were necessary. 

Structure Determination and Refinement. The structure was 
eventually solved by direct methods when we obtained a copy of 
MULTAN.8 The correct E map indicated the positions of the tetra­
cycline molecule and many of the other atoms. However, only the 
tetracycline group was used in calculating a Fourier synthesis which 
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Table I. The Final Parameters of Nonhydrogen Atoms for Tetracycline-Urea Complex. All Values are XlO4. The Estimated Standard 
Deviations Are Given in Parentheses" 

Atom 023 

O(l) 
O(am) 
0(3) 
0(6) 
0(1O) 
O(ll) 
0(12) 
0(12a) 
N(am) 
N(4) 
C(I) 
C(2) 
C(3) 
C(4) 
C(4a) 
C(5) 
C(5a) 
C(6) 
C(6a) 
C(7) 
C(8) 
C(9) 
C(IO) 
C(IOa) 
C(Il) 
C(IIa) 
C(12) 
C(12a) 
C(am) 
C(Me1) 
C(Me2) 
C(6M) 
O(lu) 
N(Iu) 
N(2u) 
C(Iu) 
0(w,) 
O(w^) 
0(W3) 
Q(W4) 

3133(2) 
4916(2) 
2525 (2) 
156(2) 

-962 (2) 
641 (2) 
1907(2) 
1894(2) 
4494(2) 
447 (2) 

2691 (3) 
3072(3) 
2319(3) 
1094(3) 
707 (2) 
239(3) 

-340(3) 
-764(3) 

-1384(3) 
-2385 (3) 
-2891 (3) 
-2416(3) 
-1408 (3) 
-904(3) 

95(3) 
388(3) 
1283(3) 
1629(3) 
4222(3) 
529(4) 

-724(3) 
-1449(3) 
4089 (2) 
5048 (3) 
3954(3) 
4350(3) 
2363(2) 
3476(2) 
2406 (2) 
4434(2) 

2003 (2) 
3287 (2) 
5272(2) 
1187(2) 

-2071 (2) 
-815(2) 
496 (2) 
2362 (2) 
4926 (2) 
4821 (2) 
2631 (2) 
3648 (3) 
4403 (3) 
4199(3) 
3073 (2) 
2846(3) 
1808(3) 
1458(3) 
442(3) 
232(3) 

-714(3) 
-1471 (3) 
-1288(3) 
-319(3) 
-82(3) 
988(2) 
1214(3) 
2309(3) 
3932(3) 
4461 (3) 
4922 (3) 
2281 (3) 
7840 (3) 
7263(3) 
8676(3) 
7923 (3) 
473 (2) 
942 (2) 
2050 (2) 
3035 (2) 

1320(2) 
1049(1) 
136(2) 

2795(2) 
1156(2) 
912(2) 
317(2) 

-407(1) 
756(2) 
-39(2) 
867(2) 
680(2) 
397(2) 
553(2) 
620 (2) 
1455(2) 
1459(2) 
2286(2) 
2165(2) 
2522(2) 
2394(2) 
1941 (2) 
1588(2) 
1671 (2) 
1215(2) 
1096(2) 
642 (2) 
422(2) 
833(2) 

-880(3) 
215(3) 

2688(2) 
1263(2) 
2319(2) 
2446(2) 
1982(2) 
2380(2) 
3769(2) 
5044(2) 
5019(2) 

41 (2) 
25(1) 
41 (2) 
53(2) 
53(2) 
45(2) 
37(2) 
35(2) 
35(2) 
36(2) 
28 (2) 
29(2) 
40(2) 
36(2) 
23(2) 
31 (2) 
26(2) 
34(2) 
41 (2) 
45(3) 
38(3) 
46(3) 
41 (2) 
36(2) 
35(2) 
27(2) 
30(2) 
31 (2) 
34(2) 
75 (4) 
35(3) 
53(3) 
60(2) 
64(3) 
60(3) 
34(3) 
63 (2) 
53(2) 
53(2) 
59(2) 

38(2) 
42(2) 
40(2) 
41 (2) 
32(1) 
27(1) 
28(1) 
43(2) 
38(2) 
30(2) 
28(2) 
32(2) 
31 (2) 
26(2) 
28(2) 
28 (2) 
30(2) 
38 (2) 
44(2) 
52(3) 
68(3) 
44(3) 
37 (2) 
30(2) 
30(2) 
28(2) 
28(2) 
28(2) 
31 (2) 
57(3) 
47(3) 
53(3) 
139(3) 
61 (3) 
70(3) 
67(3) 
69(2) 
79(2) 
62(2) 
50(2) 

39 ( 
34 ( 
66 (. 
29 ( 
38 ( 
38 ( 
41 ( 
25 ( 
45 ( 
44 C 
20 ( 
23 ( 
29 (; 
28 ( 
26 ( 
30 ( 
26 ( 
27 ( 
20 ( 
25 ( 
28 ( 
28 (: 
24 ( 
23 ( 
21 ( 
21 ( 
23 ( 
25 ( 
20 ( 
40 (: 
71 ( 
33 (: 
33 ( 
35 ( 
35 C 
32 ( 
48 ( 
47 ( 
42 ( 
52 ( 

) -8(3) 
) 5(3) 
>) -22(3) 
) 7 (3) 
) -14(3) 
) 5(3) 

) -1 (3) 
) -19(3) 
>-) -22 (4) 
>) -10(3) 
) 7(4) 
) 2(4) 
>) -20(4) 
) 2(4) 
) -6 (4) 
) 14(4) 
) 6(4) 
) 2(4) 
) 2(4) 
) -5(5) 
>) -29 (5) 
>) -34(5) 
) "7 (4) 
) -4 (4) 
) 0(4) 
) -10(4) 
) 1 (4( 
) -8 (4) 
) -2(4) 
>) -11(6) 

5) 8 (5) 
>) 14(5) 
) 32(5) 
) 16(5) 
>) 28(5) 
>) -28(5) 
) 18(4) 
) 30 (4) 
) 16(4) 
) -22(4) 

-19(2) 
-5(2) 
-20(3) 
-8(2) 
10(3) 
16(2) 
25(2) 
0(2) 

-5(3) 
-19(3) 

6(3) 
3(3) 

-12(3) 
-9(3) 

-10(3) 
-4(3) 
-6(3) 
3(3) 

-8(3) 
13(3) 
11 (3) 
-5(3) 
-1(3) 
-5(3) 
-7(3) 
-9(3) 
-4(3) 
4(3) 
1(3) 

-37(5) 
-22(4) 
15(4) 

-19(3) 
-17(4) 
-13(3) 

2(3) 
-15(3) 
-4(3) 
10(3) 
12(3) 

14(2) 
0(2) 

49(3) 
-7(2) 
-2(2) 
-7(2) 

-14(2) 
-3(2) 
5(3) 
11(3) 
-7(3) 
2(3) 
8(3) 
1(3) 
1(3) 

-5(3) 
-4(3) 
-6(3) 
10(3) 
6(3) 

20(4) 
18(3) 
15(3) 
13(3) 
-5(3) 
0(3) 

-7(3) 
3(3) 

-6(3) 
28(4) 
18(5) 
-9(4) 

-11(4) 
-8(3) 
-6(3) 
14(4) 
28(3) 
8(3) 
13(3) 
-4(3) 

" The temperature factor is of the form exp(-/3M/i2 + ^k2 + /333/2 + @nhk + (JnM + /S23Zt/). 

Figure 1. An ORTEP drawing of the tetracycline zwitterion in the tetra-
cycline-urea adduct. The urea molecule which is hydrogen bonded O(am) 
and 0( 1) was omitted. The orientation is identical with that given in the 
preceding paper for the 6-demethyltetracycline cation and the anhydro-
tetracycline cation. 

confirmed the positions of the urea and four water molecules. The 
initial refinement used the full matrix with individual isotropic thermal 
parameters. The O and N atoms of the amide group and the urea 
molecule were initially assigned nitrogen-scattering factors and the 
O and C on C(6) were given carbon-scattering factors to confirm the 
postulated assignments by least-squares techniques. After three 

least-squares cycles in which all the atoms were properly identified, 
the usual residual R (=ZAF/2F(obsd)) was 0.13 with individual 
isotropic thermal parameters. Least-squares refinement with aniso­
tropic thermal parameters was carried out using the block approxi­
mation (3X3 and 6X6 blocks) to the full matrix. Three cycles re­
duced R to 0.084 and a difference Fourier synthesis clearly indicated 
positions for all the hydrogen atoms. Two least-squares cycles with 
the hydrogen atoms included as fixed contributions reduced R to 
0.053. Four additional cycles in which all parameters were refined, 
including the hydrogen atoms with isotropic thermal parameters, 
reduced R to 0.043. At this point the shifts were all less than one-third 
of an esd and the refinement was considered complete. The final pa­
rameters for all atoms are given in Tables I and II. 

The quantity 2w(F(obsd) - F(calcd))2 was minimized in the 
least-squares refinement where w = (F(obsd)/F(min))2 if F(obsd) 
< F(min); w = 1 if F(min) < F(obsd) < 2F(min); and w = 
(2F(min)/F(obsd))2 if F(obsd) >2F(min) with F(min) = 16.0.The 
scattering factors were taken from the usual source.9'10 

Results and Discussion 

The TC* molecule (see footnote 11 for the abbreviations 
used) is shown in Figure 1 with the thermal ellipsoids and the 
standard numbering used for the tetracycline ring system. The 
conformation of TC* in the urea complex is virtually identical 
with that found in the free bases T O ^ H 2 O 1 3 1 4 and 5-
HTC ± -2H 2 0 1 4 and the protonated species 6-DM-7-CLTC-
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Table II. The Final Parameters of the Hydrogen Atoms in Tetracycline-Urea Tetrahydrate. The Atoms Is Followed by the Positional 
Parameters (XlO3), the Isotropic Thermal Parameter and the Distance to the Atom to Which It Is Bonded. The Estimated Standard 
Deviations Are Given in Parentheses 

Atom fi,A2 
Distance to atom 

H(I) 
H(2) 
H(3) 
H(4) 
H(5) 
H (6) 
H(7) 
H(8) 
H(9) 
H(IO) 
H(H) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(18) 
H(19) 
H(20) 
H(21) 
H(22) 
H(23) 
H(24) 
H(25) 
H(26) 
H(27) 
H(28) 
H(29) 
H(30) 
H(31) 
H(32) 
H(33) 
H(34) 
H(35) 
H(36) 

399(3) 
520(3) 
75(3) 
33(3) 

-31(3) 
156(3) 
136(3) 
96(2) 
15(2) 
84(3) 

-28(3) 
-95(3) 
-276(3) 
-362(3) 
-277(3) 

12(3) 
15(3) 
131(3) 

-107(3) 
-107(3) 
-71 (4) 
-204(3) 
-100(3) 
-168(3) 
534(3) 
542(3) 
417(3) 
336(4) 
260 (4) 
166(4) 
305 (4) 
299 (4) 
196(4) 
198(4) 
483(3) 
380(4) 

542(3) 
515(3) 
546(3) 
175(3) 

-187(3) 
-20(3) 
205(3) 
455(2) 
292 (2) 
286 (2) 
340 (3) 
187(2) 
71 (3) 

-88(3) 
-216(3) 
374(3) 
500 (3) 
435(3) 
421 (3) 
541 (3) 
523(3) 
247 (3) 
292(3) 
212(3) 
733 (3) 
676(3) 
871 (3) 
917(3) 
93(4) 
55(4) 
126(3) 
69(4) 

241 (3) 
198(4) 
281 (3) 
274 (4) 

55(2) 
91 (2) 
4(2) 

310(2) 
95(3) 
46(3) 

-66(2) 
109(2) 
23(2) 
184(2) 
156(2) 
110(2) 
292(2) 
264(2) 
181 (2) 
-94 (2) 

-126(2) 
-103(2) 

23(2) 
-18(2) 
74(3) 

232(2) 
279(2) 
324(2) 
282(2) 
198(2) 
298 (2) 
222(3) 
206(3) 
247 (3) 
414(3) 
336(3) 
475 (2) 
547(3) 
461 (2) 
503 (3) 

3.4 (0.9) 
2.9 (0.8 
3.2(0.8) 
2.8(0.8) 
4.4(1.0) 
5.0(1.0) 
2.1 (0.7) 
1.1 (0.6) 
1.2(0.6) 
1.8(0.7) 
2.0(0.7 
1.8(0.7) 
2.6 (0.8 
2.1 (0.7 
3.5(0.9 
4.8(1.0) 
4.7(1.0) 
4.7(1.0 
3.4(0.9) 
4.6(1.0) 
6.1 (1.2) 
4.2(1.O1 

3.5 (0.8 
4.8 (1.1 
3.7(0.9 
4.5(1.0 
3.6 (0.9̂  
5.4(1.1) 
6.8(1.3) 
7.1 (1.4 
5.0(1.1) 
5.5(1.1) 
5.0(1.0) 
7.7(1.3 
4.4(1.0 
8.0(1.4 

0.94 (4) 
0.94(4) 
0.92(4) 
0.91 (3) 
0.91 (4) 
1.02(4) 
0.87 (3) 
1.01 (3) 
0.97(3) 
0.97 (3) 
0.97(3) 
0.96 (3) 
1.01 (4) 
1.00(3) 
1.01 (4) 
1.06(4) 
1.05(4) 
0.99 (4) 
1.01 (4) 
1.01 (4) 
0.97 (5) 
0.98 (4) 
1.01 (4) 
0.98 (4) 
0.92(4) 
0.97 (4) 
0.93 (4) 
1.03 (4) 
0.85 (5) 
0.88(5) 
0.90(4) 
0.96 (4) 
0.87 (4) 
0.88(5) 
0.89(4) 
0.86(5) 

N(am) 
N(am) 
N(4) 
0(6) 
O(10) 
0(12) 
0(12a) 
C(4) 
C(4a) 
C(5) 
C(S) 
C(5a) 
C(7) 
C(8) 
C(9) 
C(Me,) 
C(Me1) 
C(Me1) 
C(Me2) 
C(Me2) 
C(Me2) 
C(6M) 
C(6M) 
C(6M) 
N(Iu) 
N(Iu) 
N(2u) 
N(2u) 
0(w,) 
0(w,) 
0(W2) 
0(W2) 
0(W3) 
0(W3) 
0(W4) 
0(W4) 

Table III. Torsion Angles in the Tetracycline Molecule 

Atoms Angle, deg Atoms Angle, deg 

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(4a 
C(4a)-C(l 
C(12a)-C( 
0(12a)--C( 
Od)-C(I) 
C(l)-C(2)-
C(3)-C(4)-
C(3)-C(4)-
C(lla)-C( 
C(12)-C(l 
C(5a)-C(5 
C(5)-C(4a 
C(4a)-C(5 
C(5)-C(5a 
C(5a)-C(l 

C(3)-C(4) 
C(4)-C(4a) 

-C(4a)C(12a) 
)-C(12a)-C(l) 
2a)-C(l)-C(2) 
1)-C(2)-C(3) 
12a)-C(l)-C(2) 
-C(2)-C(am) 
-C(am)-0(am) 
-N(4)-C(Mel) 
-N(4)-C(Me2) 
12)-C(12a)-C(l) 
2a)-C(l)-C(2) 
)-C(4a)-C(4) 
)-C(4)-C(3) 
)-C(5a)-C(l la) 
)-C(lla)-C(12) 
la)-C(12)-C(12a) 

18.5 
-28.3 
-6.3 
46.5 

-58.7 
24.5 
60.0 
18.4 
7.3 

69.5 
-163.1 
109.7 
179.2 
168.7 
117.3 
49.8 

-16.5 
-2.4 

C(lla)-C(12)-C(12a)-C(4a) 
C(12)-C(12a)-C(4a)-C(5) 
C(12a)-C(4a)-C(5)-C(5a) 
C(6a)-C(6)-C(5a)-C(5) 
C(10a)-C(ll)-C(lla)-C(12) 
C(5a)-C(6)-C(6a)-C(10a) 
C(6)-C(6a)-C(10a)-C(Il) 
C(6a)-C(l Oa)-C(I I)-C(I la) 
C(IOa)-C(I I)-C(I la)-C(5a) 
C(I I)-C(I la)-C(5a)-C(6) 
C(lla)-C(5a)-C(6)-C(6a) 
C(6a)-C(7)-C(8)-C(9) 
C(7)-C(8)-C(9)-C(10) 
C(8)-C(9)-C(10)-C(10a) 
C(9)-C(10)-C(10a)-C(6a) 
C(10-C(10a)-C(6a)-C(7) 
C(10a)-C(6a)-C(7)-C(8) 
N(4)-C(4)-C(4a)-C(5) 

-12.5 
45.4 

-67.0 
176.3 

-176.9 
44.7 
-7.2 

-17.7 
1.0 

37.8 
-58.5 

2.0 
-1.0 
-2.5 

4.9 
-3.8 

0.4 
-114.9 

HCl,12 7-CLTC-HC1,15 5-HTOHC1,16 and 6-DH-5-HTC-
HCl.'7 A comparison of the dihedral angles given in Table III 
for TC±-urea with the values12 for 6-DM-7-CLTC-HC1 and 
TC±-6H20 shows that the three compounds have virtually 
identical conformations. The average differences in the dihe­
dral angles of the A, B, and C rings of TC±-urea compared 
with 6-DM-7-CLTC-HC1 are 6.9, 4.8, and 2.8°, respectively, 
and, when compared with TC±-6H20, the differences average 

6.1, 4.2, and 5.6°, respectively. The largest difference in the 
three compounds is in the C(12a)-C(l)-C(2)-C(3) torsion 
angle. The larger angle in TC±-urea (24.5° vs. 5.4° in TC* 
and 8.3° in 6-DM-7-CLTGHC1 may be required to accom­
modate the urea molecule which is hydrogen bonded to 0 ( 1) 
and O(am). The interaction between the urea molecule and 
the A ring of TC* is shown in the packing diagram (Figure 2) 
and in more detail in Figure 3. 
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Figure 2. A crystal packing diagram of tetracycline-urea tetrahydrate. 
The various hydrogen bonds are shown by broken lines which are curved 
in three places to avoid ambiguities. 

Table IV. Bond Distances 

Distance Distance 
Atoms A Atoms A 

The tetracycline molecule in TC±-urea exists as a zwitterion 
with a formal positive charge on N(4) and a negative charge 
delocalized over the C(I )-C(2)-C(3) grouping. The zwitter-
ionic form is usually found in crystals of the free bases grown 
at room temperature.18 The bond distances and angles in the 
TC±-urea complex given in Tables IV and V are very similar 
to those found in TC=^H2O14 and reflect the zwitterionic 
character. A comparison of 35 chemically equivalent bonds 
in TC±-6H20 reveals an average bond length difference of 
0.009 A. Using standard tests,19 the majority of the differences 
are possibly significant or not significant. However, highly 
significant differences are found for the C(am)-0(am) and 
C( 12)-0( 12) bond lengths, while the difference in C(7)-C(8) 
appears to be significant. In T C ^ H 2 O , O(am) forms two 
strong intermolecular hydrogen bonds to 0(12a) and 0(6). 
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N(A) 

Figure 3. A view of the A ring in the tetracycline molecule, the urea mol­
ecule, and parts of the four water molecules showing the hydrogen-bonding 
pattern between the various groups. 

In TC±-urea the hydrogen bond between 0(12a) and 0(am) 
is weaker (see Table VI) and no interaction occurs with 0(6). 
Instead, 0(am) forms two weak bifurcated hydrogen bonds 
involving the NH groups on the urea molecule. The shorter 
C(am)-0(am) bond in TC±-urea is consistent with weaker 
hydrogen bonding involving 0(am) compared with TC*-
6H2O. Similarly, the slight lengthening of C(12)-0(12) in 
T C ^ H 2 O relative to that in TC±-urea can also be related 
to differences in the hydrogen-bonding patterns. The signifi­
cant difference in the C(7)-C(8) bond lengths in TC±-urea 
vs. TC±-6H2014 is more difficult to explain but is probably due 
to thermal motion. The TC±-urea data were measured at 
ambient temperature while the TC=^H2O data were collected 
at —150 0C.14 There is no significant difference in the 
C(7)-C(8) bond length in TC±-urea compared with the de­
termination which utilized room temperature data.12 Finally, 
the fact that the bond is apparently shorter in both room 
temperature studies is consistent with a thermal motion effect. 
In summary we see that, in both TC=1^H2O and TC±-urea-
4H2O, the TC* zwitterion has virtually the same shape and 
dimensions. Consequently, the conformation observed in 
TC±-6H20, TC±-urea-4H20, 5-HTC=1^H2O, and all the 
related protonated species is very stable and is most likely to 
also be found at the site of biological activity. This conclusion 
is essential in the development of a model for the molecular 
interaction of tetracyclines with ribosomes. Our study provides 
the first structural data for a tetracycline adduct and supports 
our earlier hypothesis12 regarding the conformation required 
for useful therapeutic activity. 

The dimensions of the urea molecule are similar to those in 
urea20 or in various urea adducts, i.e., the 5,5'-diethylbarbituric 
acid-urea complex.21 The urea molecule is hydrogen bonded 
to TC=1= and water molecules but not to other urea molecules 
(Figures 2 and 3). In many urea complexes there is extensive 
hydrogen bonding between the urea molecules but this does 
not occur in the TC±-urea complex. The urea forms hydrogen 
bonds to all four water molecules which are hydrogen bonded 
to each other as well as to the TC*. The observed hydrogen 
bonding patterns may account in part for the insoluble char­
acter of the adduct. In TC* the amide group is rotated around 
the C(2)-C(am) bond relative to the orientation found in 7-
CLTC-HCl15 or 5-HTCHC1,16 which may explain, in part, 
the formation of an insoluble urea adduct with only TC*. 

A. 
C( I ) -O( I ) 
C(l) -C(12a) 
C( l ) -C(2) 
C(2)-C(3) 
C(2)-C(am) 
C(am)-0(am) 
C(am)-N(am) 
C(3)-0(3) 
C(3)-C(4) 
C(4)-C(4a) 
C(4)-N(4) 
N(4)-C(Me,) 
N(4)-C(Me2) 
C(4a)-C(12a) 
C(4a)-C(5) 
C(5)-C(5a) 
C(5a) -C( l l a ) 
C(5a)-C(6) 

C( Iu ) -N( Iu ) 
C( lu) -N(2u) 

In the Tetracycline Molecule 
1.231 (4) 
1.552(5) 
1.426(5) 
1.421 (5) 
1.475(5) 
1.241 (4) 
1.330(5) 
1.227(4) 
1.542(5) 
1.530(5) 
1.498(5) 
1.480(6) 
1.498(5) 
1.532(5) 
1.533(5) 
1.514(5) 
1.508(5) 
1.539(5) 

B. In the Ui 
1.329(5) 
1.331 (6) 

C(6)-C(6a) 
C(6)-0(6) 
C(6)-C(6M) 
C(6a)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
C(IO-O(IO) 
C(IO)-C(IOa) 
C(10a)-C(6a) 
C(IOa)-C(I l ) 
C ( I l ) - O ( I l ) 
C ( I l ) - C ( H a ) 
C( l l a ) -C(12) 
C(12)-0(12) 
C(12)-C(12a) 
C(12a)-0(12a) 

ea Molecule 
C(Iu) -O(Iu) 

1.525(5) 
1.452(4) 
1.509(5) 
1.388(5) 
1.384(6) 
1.363(6) 
1.386(5) 
1.354(4) 
1.399(5) 
1.408(5) 
1.470(5) 
1.263(4) 
1.439(5) 
1.361 (5) 
1.316(4) 
1.518(5) 
1.421 (4) 

1.245(5) 



4468 Journal of the American Chemical Society / 100:14 / July 5, 1978 

Table V. Bond Angles. The Estimated Standard Deviation is 0.3° 

Atoms Angle, deg Atoms Angle, deg 

Od)-C(I) 
0(I)-C(I) 
C(2)-C(l) 
C(l)-C(2)-
C(l)-C(2) 
C(3)-C(2) 
C(2)-C(3)-
C(2)-C(3) 
C(4)-C(3) 
C(3)-C(4) 
C(3)-C(4) 
C(4a)-C(4) 
C(4)-C(4a) 
C(4)-C(4a) 
C(5)-C(4a) 
C(4a)-C(5) 
C(5)-C(5a) 
C(5)-C(5a) 
C(6)-C(5a) 
C(5a)-C(6) 
C(5a)-C(6) 
C(5a)-C(6) 
C(6a)-C(6) 
C(6a)-C(6) 
0(6)-C(6)-
C(6)-C(6a) 
C(6)-C(6a) 
C(7)-C(6a) 
C(6a)-C(7) 

C(2) 
C(12a) 
C(12a) 
C(3) 
C(am) 
C(am) 
C(4) 
0(3) 
0(3) 
C(4a) 
N(4) 
N(4) 
C(5) 

-C(12a) 
-C(12a) 
-C(5a) 
-C(6) 
-C(IIa) 
-C(IIa) 
-C(6a) 
-0(6) 
-C(6M) 
-0(6) 
-C(6M) 
C(6M) 
-C(7) 
-C(IOa) 
-C(IOa) 
-C(8) 

N(Iu)-C(Iu)-O(Iu) 
N(2u)-C(lu)-0(lu) 

A. In the Tetracycline Molecule 
126.5 C(7)-C(8)-C(9) 
119.0 C(8)-C(9)-C(10) 
114.5 C(9)-C(10)-O(10) 
119.4 C(9)-C(10)-C(10a) 
120.1 0(1O)-C(IO)-C(IOa) 
120.4 C(10)-C(10a)-C(6a) 
117.2 C(IO)-C(IOa)-C(Il) 
127.5 C(6a)-C(10a)-C(ll) 
114.6 C(IOa)-C(Il)-O(Il) 
118.4 C(IOa)-C(Il)-C(Ha) 
108.1 0(1I)-C(Il)-C(Ha) 
113.0 C(ll)-C(lla)-C(5a) 
111.2 C(ll)-C(lla)-C(12) 
111.4 C(5a)-C(lla)-C(12) 
110.4 C(lla)-C(12)-0(12) 
110.3 C(lla)-C(12)-C(12a) 
114.9 0(12)-C(12)-C(12a) 
109.9 C(12)-C(12a)-C(4a) 
110.6 C(12)-C(12a)-C(l) 
107.5 C(12)-C(12a)-0(12a) 
109.4 C(4a)-C(12a)-C(l) 
112.2 C(4a)-C(12a)-0(12a) 
104.9 C(l)-C(12a)-0(12a) 
112.7 C(2)-C(am)-0(am) 
109.8 C(2)-C(am)-N(am) 
123.3 0(am)-C(am)-N(am) 
117.9 C(4)-N(4)-C(Me,) 
118.9 C(4)-N(4)-C(Me,) 
120.0 C(Me,)-N(4)-C(Me2) 

B. In the Urea Molecule 
121.0 N(lu)-C(lu)-N(2u) 
121.9 

121.7 
119.5 
117.2 
120.1 
122.7 
119.7 
120.0 
120.2 
119.4 
118.5 
122.0 
117.9 
118.8 
123.2 
123.0 
123.8 
113.1 
109.9 
111.5 
110.1 
110.0 
110.3 
105.1 
122.4 
117.4 
120.1 
114.8 
111.5 
111.1 

117.1 

Table VI. Hydrogen Bonds 

D-H-A" 

N(am)-H(l)-0(3) 
N(am)-H(2)-0(w2) 
N(4)-H(3)-0(w4) 
O(6)-H(4)-O(10) 
O(10)-H(5)-O(ll) 
0(12)-H(6)-0(11) 
0(12a)-H(7)-0(am) 
N(lu)-H(25)-0(1) 
N(lu)-H(25)-0(am) 
N(lu)-H(26)-0(w2) 
N(2u)-H(27)-0(am) 
N(2u)-H(28)-O(w0 
0(w,)-H(29)-0(l) 
O(w,)-H(30)-O(6) 
0(w2)-H(31)-0(w3) 
0(w2)-H(32)-0(wi) 
O(w3)-H(33)-O(10) 
0(w3)-H(34)-0(lu) 
0(w4)-H(35)-0(lu) 
0(w4)-H(36)-0(w3) 

in Tetracycline-Lirea Tetrahydrate 

Position of A 

x, y, z 
1 -x,Vi + y,Vi~z 
V2 - x , 1 - y , z - V2 

-x, Vi + y,Vi-z 
x, y, z 
x, y, z 
X-1LV2-*;-z 
1 - x , V2 + >', V2 - z 
l - x , Vi +y\ Vi-z 
l - x, Vi + y, V2 - z 
l - x, V2 + y, Vi - z 
x, 1 + y.z 
x, y, z 
x, y, z 
x, y, z 
x, y, z 
-x,V2 + y\V2-z 
Vi -x,\-y,Vi + z 
\-x,y-ViMi-z 
x, y, z 

D-H, A 

0.94 (4) 
0.94(4) 
0.92(4) 
0.91 (3) 
0.91 (4) 
1.02(4) 
0.87 (3) 
0.92(4) 
0.92 (4) 
0.97 (4) 
0.93 (4) 
1.03(4) 
0.85 (5) 
0.88 (5) 
0.90 (4) 
0.96 (4) 
0.87 (4) 
0.88(5) 
0.89 (4) 
0.86(5) 

H-A, A 

1.93(4) 
1.99(3) 
1.95(3) 
2.11(3) 
1.79(4) 
1-57(4) 
1.93(3) 
2.39(4) 
2.27 (4) 
2.12(4) 
2.04 (4) 
2.10(4) 
1.96(5) 
2.08 (5) 
1.99(4) 
1.82(4) 
2.05 (4) 
1.87(5) 
1.96(4) 
1.93(5) 

D-A, A 

2.658 (4) 
2.915(4) 
2.767 (4) 
3.010(4) 
2.574 (4) 
2.497 (4) 
2.774(3) 
3.195(4) 
3.023 (4) 
3.072(5) 
2.907 (4) 
3.026 (5) 
2.809 (4) 
2.934(4) 
2.875 (4) 
2.751 (4) 
2.898 (4) 
2.736 (4) 
2.809 (4) 
2.786(4) 

D-H-A, deg 

132(3) 
167(3) 
148(3) 
171(3) 
144 (4) 
149(4) 
161(3) 
146(3) 
139(3) 
167(3) 
154(3) 
149(4) 
179(5) 
163(5) 
168 (4) 
161 (4) 
165(4) 
165(5) 
179(5) 
178(5) 

" Donor-hydrogen—acceptor. D-H at x, y, 

However, attempts to isolate a urea adduct of 6-DM-7-
CLTC-HCl, where the amide group has the same orientation 
as in TC*, have not been successful.22 The formation of the 
insoluble TC±-urea-4H20 must represent a complex, subtle 
balance between crystal packing and solvation energies which 
is not readily explicable. 

There is extensive hydrogen bonding in the solid state be­
tween the TC*, urea, and water molecules. Although the hy­

drogen-bond dimensions in Table V are fairly normal, there 
is a rare bifurcated hydrogen bond involving O(l) , O(am), and 
the urea molecules (see Figure 3). We also see in Figure 3 that 
replacing H(2) on N(am) with a large alkyl group would in­
terfere with the hydrogen-bonding linking O(am), the urea, 
and water molecules. Indeed, substitution of the hydrogen by 
large groups such as tert-butyl22, or cycloheptyl24 narrows the 
biological spectrum which accents the importance of our re-
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suits. Since the urea hydrogen bonds to TC* in a manner which 
could be duplicated by guanine or its derivatives, hydrogen 
bonding to guanine residues may be important in the biological 
activity of tetracyclines. We are attempting at present to isolate 
other tetracycline adducts, particularly with guanine-type 
compounds, to test these hypotheses. 

The optimum antimicrobial activity of tetracyclines is in the 
pH range25 where the zwitterion is the predominant species.26 

The zwitterion is also required for adduct formation since 
protonation of O(am) would prevent adduct formation similar 
to that observed with urea. Consequently, zwitterion adduct 
formation could be a significant step in the therapeutic action 
of tetracyclines. However, whether adduct formation enhances 
lipid solubility and hence transport or is involved in the inhi­
bition of protein synthesis can not yet be answered. 
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diffusion coefficient deduced from measurements of polarized 
fluorescence and fluorescence lifetime. However, attempts to 
determine the coupling positions in the monomers by NMR 
did not yield an unequivocal answer. As bis-ANS is finding 
application as a fluorescence probe of protein structure, we 
have now prepared bis-ANS, and also bistoluidylamino-
naphthalenesulfonate (bis-TNS), by an improved method and 
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