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Fig. 3. A stereo view of the packing within the unit cell using ellipsoids of 15 % probability. Three-atom 'molecules' are methanol 
oxygen atoms with two disordered half-carbon atoms. Two-atom molecules are methanol, and a water molecule is represented 
by only its oxygen atom. The view is nearly along c, with b horizontal and a vertical in the plane of the page. 

etry of the disulfide linkage. The C( 11)-S(5)-S(6)-C(18) 
dihedral  angle is 86.7 ° and the S(5)-S(6) bond is 
2.047 (3) A. These values can be compared to those of 
90.5 ° and 2.060 (3) A found in an analogous compound,  
2 ,2 ' -diaminodiphenyl  disulfide (Lee & Bryant, 1970), 
(to illustrate the similarity, the present anion may be 
named hydrogen-2,2 '-dicarboxylate diphenyl  disul- 
fide), as well as to many  other organic disulfides (Hord- 
viA, 1966; Lee, 1972). A stereo view of  the packing is 
shown in Fig. 3. 

This work was supported by the Nat ional  Institutes 
of  Health (grant no. GM-18813-01). We are also in- 
debted to the Nat ional  Science Foundat ion  for their 
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The 2:1 Crystal Complex of 5,5-Diethylbarbituric Acid (Barbital) and Caffeine 

BY B. M. CRAVEN AND G. L. GARTLAND* 

Department of  Crystallography, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, U.S.A. 

(Received 5 September 1973; accepted 19 October 1973) 

Triclinic, PI ;  a =  14.627 (4), b=  14"160 (4), c= 6.902 (2)/~, ct=92-25 (4), fl=92.80 (4), y= 100"75 (4)°; 
Z = 2  for 2C=HI2N203.CsH~oN402; D . . . .  = 1"344 g cm -3, D== 1"334 g cm-3; m.p. 142°C; p(Cu K~)= 
8.67 cm-1. The crystal structure was determined by direct methods from 4665 intensity data which 
were measured with a computer-controlled four-circle diffractometer and nickel-filtered Cu Kct radiation. 
Refinement by a block-diagonal least-squares procedure gave a final R index of 0.053. Bond lengths 
and angles are similar to those observed in related crystal structures. 

Introduction 

The crystals were prepared as described by Higuchi 
& L a c h  (1954). Integrated intensity data were col- 

* Present address: The University of Alabama Medical 
Center, Birmingham, Alabama 35233, U.S.A. 

lected f rom a crystal elongated along c and exhibit- 
ing the forms {100}, {010}, and {001}. The crystal 
was mounted  with the c* reciprocal axis along the 
diffractometer ~0 axis. 4665 independent  reflections in 
the range sin 0/2_<0.59 ,~-1 were scanned in the 0-20 
mode at a rate of  2 ° m i n - k  A variable 20 scan width 
was used, based on a m i n i m u m  of  1-5 °. Stationary 
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Fig. 1. Bond lengths (a) and angles (b) for the barbital molecules. Circles of decreasing radius represent oxygen, nitrogen, carbon 
and hydrogen atoms. For each parameter, the values given are for molecule A (above) and molecule B (below). Estimated 
standard deviations in distances are: 0.006 A for ring and carbonyl bonds, 0.007 A for C(5)-C(~) bonds of the ethyl groups, 
0"008 A for the C(c0-C(#) bonds, 0"05 ,~ for N - H  bonds, and 0"06 ,~ for C-H bonds. The estimated error in a bond angle 
determination is 0.4 ° . Dashed lines indicate atoms involved in hydrogen bonding. 

T a b l e  1. Atomic parameters 

Positional parameters are given as fractions of the lattice translations. Anisotropic temperature factors correspond to the expres- 
sion: exp [ - (h2f111 + k2fl2z + 12fl3a + 2hkf112 + 2hlfl~3 + 2klf123)], and isotropic temperature factors to the expression : exp ( - B sin 2 0/22). 
The entry Uk is the r.m.s, atomic vibrational amplitude (,~,) in the direction of the kth principal axis of the thermal ellipsoid. These 
were calculated from the experimental fllj values. For barbital parameters, the values given are for molecule A (above) and tool- 
ecule B (below). E.s.d.'s shown in parentheses refer to the least significant figures in parameter values. 
(a) Carbon, nitrogen and oxygen atoms 

(All parameters × 104, except ,Sss x l0 s and U~ x 102) 

x y z /~,, / ~  / ~  / ~  
(i) Barbital 
N(1) 2054 (3) 2105 (2) 7951 (6) 43 (2) 30 (2) 

2618 (2) 5810 (2) 7305 (5) 23 (2) 37 (2) 
C(2) 1185 (3) 1928 (3) 8635 (7) 42 (2) 38 (2) 

2958 (3) 5039 (3) 7918 (6) 31 (2) 35 (2) 
0(2) 723 (3) 2544 (2) 8903 (6) 60 (2) 46 (2) 

2477 (2) 4238 (2) 7837 (5) 43 (2) 34 (2) 
N(3) 861 (2) 993 (2) 9043 (6) 36 (2) 33 (2) 

3883 (2) 5231 (2) 8602 (5) 28 (2) 33 (2) 
C(4) 1330 (3) 246 (3) 8868 (6) 37 (2) 32 (2) 

4466 (3) 6111 (3) 8810 (6) 26 (2) 38 (2) 
0(4) 994 (2) - 5 2 7  (2) 9423 (5) 50 (2) 34 (2) 

5241 (2) 6208 (2) 9619 (5) 30 (1) 51 (2)  
C(5) 2251 (3) 399 (3) 7919 (7) 37 (2) 33 (2) 

4139 (3) 6944 (3) 7929 (7) 26 (2) 32 (2) 
C(6) 2594 (3) 1437 (3) 7451 (7) 38 (2) 40 (2) 

3119 (3) 6720 (3) 7180 (7) 27 (2) 38 (2) 
0(6) 3317 (3) 1674 (3) 6708 (7) 51 (2) 58 (2) 

2748 (2) 7320 (2) 6489 (6) 37 (2) 51 (2) 
C(7) 2131 (4) - 2 7 5  (3) 5994 (7) 55 (3) 45 (3) 

4748 (3) 7194 (3) 6200 (7) 32 (2) 44 (2) 
C(8) 1328 (4) - 188 (4) 4617 (8) 80 (4) 67 (4) 

4764 (3) 6371 (4) 4669 (7) 45 (3) 65 (3) 
C(9) 3000 (4) 139 (4) 9317 (9) 43 (3) 57 (3) 

4298 (3) 7832 (3) 9482 (8) 38 (2) 38 (2) 
C(10) 3195 (4) 779 (5) 11216 (9) 54 (3) 111 (5) 

3636 (4) 7765 (4) 11101 (9) 67 (3) 57 (3) 

~13 ~23 Wl U2 U3 

27 (1) 6 (2) 21 (4) 33 (3) 
24 (1) 5 (1) - 2  (3) 25 (3) 
22 (1) 11 (2) 14 (4) 22 (4) 
20 (1) 6 (2) 6 (3) 15 (4) 
40 (1) 24 (2) 45 (4) 47 (4) 
33 (1) 0 (I) - 3  (3) 21 (3) 
25 (1) 6 (1) 30 (3) 19 (3) 
24 (1) 9 (1) 3 (3) 29 (3) 
20 (1) 4 (2) 9 (4) 9 (4) 
21 (1) 8 (2) 12 (3) 21 (4) 
28 (1) 4 (1) 33 (3) 22 (3) 
28(1) 8(1) - 1 0 ( 3 )  33 (3) 
24 (1) 7 (2) 23 (4) 20 (4) 
25 (1) 4 (2) 1 (4) 21 (4) 
27 (1) 5 (2) 19 (4) 28 (4) 
27 (1) 6 (2) 5 (4) 30 (4) 
49 (1) 8 (2) 77 (4) 58 (4) 
51 (1) 10(1) - 1 9 ( 4 )  76 (4) 
26 (1) 11 (2) 42 (5) 12 (4) 
25 (1) 2 (2) 4 (4) 36 (4) 
23 (1) 5 (3) 8 (6) 14 (5) 
23 (1) 8 (2) 5 (4) 13 (5) 
37 (2) 10 (2) 0 (5) 52 (6) 
30 (1) 6 (2) 11 (4) 14 (4) 
31 (2) - 7 ( 3 )  - 1 7 ( 6 )  47 (7) 
32 (2) 19 (3) 35 (6) 22 (5) 

16 21 26 
15 18 25 
18 21 24 
18 18 22 
18 24 32 
17 22 28 
17 18 25 
16 18 24 
18 20 22 
16 19 23 
17 22 27 
17 21 27 
18 19 24 
17 17 25 
18 21 26 
17 18 26 
18 24 36 
17 21 37 
20 21 27 
17 20 26 
23 25 30 
22 23 25 
20 22 31 
19 20 27 
22 26 36 
22 25 29 



B. M.  C R A V E N  A N D  G.  L. G A R T L A N D  1193 

(ii) Caffeine 

N(I) 1972 (2) 3786 (3) 
C(I) 2890 (3) 3500 (4) 
C(2) 1216 (3) 3071 (3) 
0(2) 1312 (3) 2260 (3) 
N(3) 352 (2) 3327 (2) 
C(3) -461  (3) 2590 (3) 
C(4) 267 (3) 4238 (3) 
C(5) 1022 (3) 4911 (3) 
C(6) 1946 (3) 4731 (3) 
0(6) 2653 (2) 5298 (3) 
N(7) 675 (2) 5731 (2) 
C(7) 1215 (3) 6654 (3) 
C(8) - 2 4 7  (3) 5504 (3) 
N(9) - 5 3 4  (2) 4596 (2) 

Table 1 (cont.) 

2937 (5) 28 (2) 53 (2) 22 (1) 15 (2) 
3000 (9) 32 (2) 82 (4) 36 (2) 28 (2) 
3253 (7) 40 (2) 49 (3) 21 (1) 16 (2) 
3534 (6) 57 (2) 56 (2) 39 (1) 27 (2) 
3247 (5) 31 (2) 35 (2) 21 (1) 7 (1) 
3512 (8) 40 (2) 37 (2) 31 (1) 4 (2) 
2849 (6) 27 (2) 37 (2) 15 (1) 7 (2) 
2499 (6) 29 (2) 40 (2) 17 (1) 8 (2) 
2510 (6) 28 (2) 52 (3) 17 (1) 5 (2) 
2213 (5) 30 (2) 64 (2) 33 (1) 1 (1) 
2186 (5) 29 (2) 36 (2) 18 (1) 4 (1) 
1730 (7) 41 (2) 40 (2) 26 (1) 0 (2) 
2341 (6) 31 (2) 40 (2) 18 (1) 8 (2) 
2763 (5) 26 (2) 36 (2) 18 (1) 7 (1) 

4 (3) 10 (4) 16 23 23 
13 (5) 22 (6) 15 29 29 
5 (4) 12 (4) 18 22 23 

14 (4) 42 (4) 19 26 31 
7 (3) 9 (3) 18 19 22 

19 (4) 18 (4) 18 21 27 
3 (3) 2 (3) 17 18 20 
5 (3) 2 (3) 17 19 21 
5 (3) - 5  (4) 17 19 24 

15 (3) 8 (4) 17 26 28 
6 (3) 9 (3) 17 19 21 

18 (4) 13 (4) 18 22 25 
2 (3) 6 (4) 18 20 21 
4 (3) 4 (3) 16 19 21 

Table 1 (cont.) 
(b) Hydrogen atoms 

Positional parameters × 10 a 
(i) Barbital 

x y z B (/~fl) 
H(I) 223 (4) 269 (4) 771 (8) 6 (1) 

200 (3) 569 (4) 705 (7) 5 (1) 
H(3) 30 (3) 88 (4) 954 (7) 5 (1) 

410 (3) 475 (3) 911 (7) 4 (1) 
H(71) 205 (3) - 8 9  (4) 639 (7) 4 (1) 

535 (3) 748 (3) 681 (7) 4 (1) 
H(72) 276 (4) - 12 (4) 535 (7) 5 (1) 

451 (3) 771 (4) 563 (7) 4 (1) 
H(81) 69 (4) - 4 0  (4) 521 (8) 6 (1) 

502 (4) 582 (4) 524 (7) 5 (1) 
H(82) 140 (4) 48 (4) 432 (9) 7 (1) 

415 (4) 605 (4) 411 (7) 5 (I) 
H(83) 131 (5) - 64 (5) 336 (9) 8 (2) 

514 (4) 656 (4) 350 (8) 6 (1) 
H(91) 282 (4) - 5 3  (4) 961 (8) 6 (1) 

493 (4) 790 (4) 998 (7) 5 (1) 
H(92) 363 (4) 20 (4) 858 (9) 6 (1) 

423 (4) 841 (4) 876 (7) 5 (1) 
H(101) 264 (5) 74 (5) 1184 (9) 9 (2) 

361 (4) 719 (4) 1167 (9) 7 (1) 
H(102) 345 (5) 145 (5) 1086 (9) 8 (2) 

300 (4) 780 (4) 1060 (9) 6 (1) 
H(103) 367 (5) 55 (5) 1208 (9) 8 (2) 

383 (4) 833 (4) 1214 (9) 7 (1) 

(ii) Caffeine 
x y z B (A 2) 

H(11) 338 (5) 409 (5) 340 (10) 9 (2) 
H(12) 297 (5) 327 (5) 173 (10) 9 (2) 
H(13) 297 (5) 311 (5) 414 (11) 9 (2) 
H(31) -101  (4) 287 (4) 374 (7) 5 (1) 
H(32) - 5 6  (4) 207 (5) 247 (9) 8 (2) 
H(33) - 3 4  (4) 227 (4) 471 (9) 7 (1) 
H(71 ) 80 (4) 709 (4) 159 (8) 6 (1) 
H(72) 152 (4) 654 (4) 52 (9) 7 (1) 
H(73) 167 (4) 692 (4) 281 (8) 5 (1) 
H(8) - 6 5  (3) 596 (3) 217 (7) 4 (1) 

background counts of 20 s were recorded at each of 
the 20 scan limits. There were 882 reflections for which 
the integrated intensity I was less than 1.2 a(1). They 
were assigned intensities of a(1)/2, where a(1) is the 
standard deviation of I as estimated from counting 
statistics. No corrections were made for X-ray absorp- 
tion or extinction. 

The structure was solved by direct methods with the 

symbolic addition procedure followed by automated 
tangent refinement (Karle & Karle, 1966). All 40 non- 
hydrogen atoms were found in the first E map, and 
all 34 hydrogen atoms were subsequently found in a 
difference Fourier synthesis. 

The positional and anisotropic thermal parameters 
for heavier atoms and positional and isotropic thermal 
parameters for hydrogen atoms were refined by a block- 
diagonal least-squares procedure. The atomic form 
factors used were those of Cromer & Waber (1965) 
for carbon, nitrogen and oxygen, and Stewart, David- 
son & Simpson (1965) for hydrogen. The function min- 
imized was ~wHA~, where A~= IF~bS[- IF~lC[ andw~ 1 
= 1.2+ [0.05FH[ z. Convergence occurred with R (all re- 
flections)=Z[An]/~[F°~bsl=O.053. The atomic param- 
eters and their e.s.d.'s are in Table 1.* 

Discussion 

The present discussion is restricted to the molecular 
structures of the components, because the intermolec- 
ular aspects of the crystal structure, including the 
hydrogen bonding, ring stacking and carbonyl-carbon- 
yl interactions, have been described elsewhere (Craven 
& Gartland, 1970). 

(a) Barbital 
Bond lengths and angles for the two crystallograph- 

ically independent molecules of barbital are shown in 
Fig. l(a) and (b). These have not been corrected for 
thermal motion effects. There are no significant differ- 
ences between the values determined for the two differ- 
ent molecules. In addition, the values are in good agree- 
ment with those found in polymorphs of barbital itself 
(Craven, Vizzini & Rodrigues, 1969). 

Both molecules A and B exhibit small differences 
(0.01 A) in the lengths of pairs of C-N and C--O bonds, 

* Final observed and calculated structure amplitudes have 
been deposited with the British Library Lending Division 
as Supplementary Publication No. SUP 30255 (28 pp., 1 micro- 
fiche). Copies may be obtained through the Executive Secretary, 
International Union of Crystallography, 13 White Friars, 
Chester CH1 1NZ, England. 

A C 30B - 5* 
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e.g. C(6)N(1) and C(4)N(3) which should be equivalent 
in an isolated molecule. These differences are not signif- 
icant in terms of their e.s.d.'s. However, Craven, Cusa- 
tis, Gartland & Vizzini (1973) have pointed out that 
these differences occur with the same sense in a num- 
ber of barbiturate crystal structures, and that they 
seem to arise whenever atom 0(4) is hydrogen bonded, 
but 0(6) is not. The slight puckering of the oxopyrimi- 
dine ring in molecules A and B is similar to that ob- 
served in other barbiturate crystal structures [see Fig. 3 
in Craven et al. (1973)]. 

In both molecules A and B, the hydrocarbon chains 
consisting of the ethyl groups and C(5) are distorted 
from idealized all-trans conformations by small twists 
about C(5)-C(c0 bonds. In molecule B the distortions 
are slightly larger. Torsion angles about the C(5)-C(~) 
bonds are 182.4 and 182.5 ° for molecule A and 183.6 
and 186.5 ° for molecule B. When viewed along the 
C(5) . . .C(2)  direction, the hydrocarbon backbone for 
each molecule assumes a slight 'S' shape such that the 
terminal atom C(8) lies closer to 0(4) than to 0(6) and 
vice versa for the terminal atom C(10). 

(b) Caffeine 
Bond lengths and angles for caffeine in the 2:1 bar- 

bital--caffeine complex are shown in Fig. 2(a) and (b). 
Differences between the caffeine molecular dimensions 
determined in this complex and those found in a 1:1 
complex with 5-chlorosalicylic acid (Shefter, 1968) are 
also shown in Fig. 2. There is overall agreement be- 
tween the two sets of parameters. The only possibly 
significant differences are in the bond length C(6)- 
0(6) (A=2.6a),  and the bond angle C(5)-N(7)-C(7) 
(A=3.2a).  The smaller C(5)-N(7)-C(7) angle in the 
complex with barbital may be attributed to a repulsion 
between the caffeine methyl group C(7) and the barbital 
oxygen atom 0(2) of molecule A (Craven & Gartland, 
1970). 

Although the atoms of the purine ring system are 
almost coplanar, there are small but significant dis- 
placements of the methyl carbon atoms (0.06, 0-02 and 
0.01 A) and the carbonyl 0(2) atom (0.06 A) from this 
plane (Fig. 3). A similar pattern of atomic displace- 
ments is reported for the caffeine molecule in the com- 
plex with 5-chlorosalicylic acid (Shelter, 1968). How- 
ever, in this case, there is also a slight folding of the 
molecule about the C(4)-C(5) bond. The orientation 
of the methyl hydrogen atoms is similar in both crystal 
complexes for the methyl substituents at the nitrogen 
atoms N(1) and N(7). In the complex with 5-chlorosali- 
cylic acid, the methyl group at N(3) is twisted about 
40 ° around the N(3)-C bond relative to the configura- 
tion shown in Fig. 3. Presumably these differences are 
the result of crystal packing effects. 

This work was supported by Grant No. NS-02763 
of the U. S. Public Health Service, National Institutes 
of Health. We thank Dr R. Shiono for use of programs 
for the IBM 1130 and 7090 computers. 
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Fig.2. Bond lengths (a) and angles (b) for caffeine. The values 
shown are for the 2:1 complex of barbital with caffeine. 
The quantities in parentheses are differences between the 
presently reported values and those found in a 1 : 1 complex 
of caffeine with 5-chlorosalicyclic acid (Shelter, 1968). Thus 
a negative number indicates that the larger parameter was 
found in the latter complex. Estimated standard errors in 
distances are 0.06 A for bonds involving hydrogen; other- 
wise, 0"006 A. The estimated error in an angle is 0.4 °. 
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Fig.3. Geometry of the caffeine molecule. Nitrogen atoms 
which have methyl substituents are numbered in paren- 
theses. For each non-hydrogen atom, the distance (A, x 103) 
above or below the best least-squares plane through the 
purine atoms is indicated. The orientations of methyl hy- 
drogen atoms are shown in projections down appropriate 
N-C bonds. 
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The Geometry of Polyhedral Distortions. Predictive Relationships for the Phosphate Group 

BY WERNER H.  BAUR 

Department of  Geological Sciences, University of  IllinoLv at Chicago, Chicago, Illinois 60680, U.S.A. 

(Received 4 June 1973; accepted 26 September 1973) 

The shapes of 211 phosphate tetrahedra have been studied. Their dimensions are known precisely from 
published X-ray and neutron-diffraction investigations. Results: (1) The site symmetry of the P atoms is 
found in 85 % of the cases to be 1. Other observed symmetries are m, 2, 3, 4, mm, ~2m, 222 and 23. (2) 
The deviations from regular symmetry, ~3m, are pronounced. The distortions can be measured by de- 
fining for every phosphate group three distortion indices: DI(TO)= (~lTOt-TO,,])/4TOm, DI(OTO)= 
(YlOYOl-OTOml)/6OYOm and DI(OO)= (YIOO~-OOml)/6OOm, where TO is the distance P-O, OTO 
the angle O-P-O,  OO the distance O-O, the subscripts m refer to the mean and i to individual values. The 
average distortion indices for all groups are: DI(TO)=0.021, DI(OTO)=0.028, DI(OO)=0.012. This 
means that distortions are more pronounced in the P-O distances than in O-O and thus the phosphate 
group can be viewed, to a first approximation, as a rigid regular arrangement of O atoms, with the P 
atoms displaced from their centroid. (3) Mean P-O distances of the phosphate groups vary from 1-506 
to 1.572 A. (4) Individual P-O distances are correlated with the bond strengths received by the individual 
oxygen atoms. (5) The individual O-P-O angles are strongly correlated with the average of the P-O 
distances on the sides of the angle, and with the opposite O-O distance. The various correlations are 
strong enough to formulate six equations which are useful for predictive purposes: the mean P-O dis- 
tances can be calculated from the coordination numbers and the distortion indices; the individual P-O 
distances follow from the bond strength distribution ; the bond angles are based on the normalized bond 
lengths; the mean O-O distances are a function of the mean P-O distances and the distortion indices; 
the lengths of shared tetrahedral edges depend on the number of shared edges per tetrahedron. Some of 
the correlations are affected by the presence of shared edges in the phosphate groups and differ for various 
subpopulations of the sample (ortho-, di-, ring-, poly-, acid or organic phosphates). The calculated 
shapes can be used as input to computer simulation of crystal structures. 

Introduct ion 

The ar rangement  of  four oxygen atoms around a 
central pentavalent phosphorus  a tom is called the tet- 
rahedral  phosphate  group because the oxygen ligands 
are distributed over the four corners of  a tetrahedron.  
A regular te t rahedron possesses point group symmetry 
743m or 23. However,  to my knowledge no phosphate  
te t rahedron observed so far in a crystalline solid is 
located at a site with 43m symmetry.  The site sym- 
metries of  the phosphate  group in Ag3PO4 (Helmholz, 
1936) and of  one of  the P O ] -  groups in Na6F(OH2)a8 
(NaH20)  (PO4)2 (Tillmanns & Baur, in preparat ion)  
are 23. However,  these data  are not used here because 
in the first case the structure is not determined pre- 
cisely, while in the second case the phosphate  group 
is disordered and therefore its actual dimensions are 
not precisely known. The site symmetry of  85 % of the 

phosphate  groups studied in this paper  is 1 (Table 1). 
Most  phosphate  te t rahedra  deviate significantly in their 
dimensions from the values expected for a regular tet- 
rahedral  arrangement .  The geometry of  these devia- 
tions and the extent and the limits of  the distortions 
are the topics of  this study. 'Te t rahedron '  is used to 

Table 1. Site symmetries of  a sample of  211 phosphate 
groups observed in crystalline solids (see Appendix) 

Number of 
Symmetry groups % of total 

1 179 84.8 
m 16 7"6 
2 7 3.3 
3 4 1.9 

2 0.9 
mm 1 0"5 
222 1 0-5 
~2m 1 0"5 


