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Fig. 1. Stereoscopic ORTEPII drawing (Johnson, 1976) of the molecular packing within the unit cell, projected onto the (011) plane. H 
atoms are omitted. 

It is hoped that the crystal will be a good fre- 
quency doubler,  with good coupling of  light in and 
out of  the (001) face. The molecular  dipoles are 
slanted somewhat  away from the (001) face normal ,  
so maybe  the electric vector of  incoming laser radia- 
tion will form a significant dot product  with the 
largest expected , t '~ component  (which should be 
approximately  parallel to the resultant of  the 
molecular  dipoles). It is significant that the powder 
second-harmonic  generation efficiency (intensity of  
green light produced at 532 nm from irradiat ion at 
1064 nn. from a pulsed N d : Y A G  laser) was found in 
a prel iminary experiment to be the same as that of  
MAP,  but less than that of  M N A  (Rao, Batra, Lal, 
Evans, Loo, Metzger & Lee, 1991). 

The work was supported at the University of  
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and M Universi ty by N S F  grant  R2-88-02971. 
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Abstract. C8H6N4Os, M ,  = 238.16, monoclinic,  
P21/n, a = 7.845 (1), b = 6.462 (3), c = 18.920 (4)/~, 
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/3 = 93.18 (2) °, V = 957.7 (5) A 3, Z = 4, Dx = 
1.65 g cm -3, A(Mo K a )  = 0.71069 A, # = 
1.318 c m - l ,  F(000) = 488, T = 298 K, R = 0.040 for 
1052 observed reflections. The configurat ion around 
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the N(3~--C(4) double bond is E. The packing 
arrangement is determined by ribbons of inter- 
molecular N--H.. .O and C--H...O hydrogen bonds 
linking the molecules in sheets parallel to (207~) 
planes and centrosymmetrically stacked at a distance 
of approximately 3.2 A. It is shown that the coupling 
of the sheets is determined by a dipolar interaction 
between centrosymmetrically related molecules, 
whose INDO calculated dipole moment amounts to 
8.11 D (= 1.69 e A  = 27.0 × 10-3° C m). 

O(1) 
0(2) 
0(3) 
0(4) 
0(5) 
N(I) 
N(2) 

Introduction. Since the introduction of nitrofurazone, N(3) 
N(4) 

the first of the chemotherapeutic nitroheterocycles, c(1) 
several other nitrofurans have been synthesized and c(2) C(3) 
examined for their antibacterial activity. Out of these c(4) 

c(5) only nitrofurantoin is widely employed for human c(6) 
use as a urinary-tract antibacterial drug. However, it c(7) 

c(8) 
presents bio-availability problems which are strictly .(1) 
related to the crystal size and to the two anhydrate H(31) 

H(32) 
and monohydrate crystalline forms (Marshall & n(4) 

H(7) York, 1989; Otsuka, Teraoka & Matsuda, 1990). We n(8) 
report here the crystal structure of the anhydrate 
form and an attempt at rationalization of its crystal 
packing. 

Experimental. A pale-yellow prismatic crystal of 
dimensions 0.17 x 0.28 x 0.50 mm was used for data 
collection on an Enraf-Nonius CAD-4 diffractom- 
eter with graphite-monochromated Mo Ka radiation 
and o9/20 scans (2 _< 0 _< 27°). Cell parameters were 
determined from 25 reflections in the range 8 _< 0 _< 
13 °. 2081 unique reflections were collected (0 _ h __ 9, 
0 _< k _< 8, - 23 _< l _< 23; Rint = 0.030 on 96 equiva- 
lent couples of reflections collected), of which 1052 
with Io >-3~r(Io) were used in the refinement. Three 
standard reflections monitored every 2 h showed no 
significant variation during data collection. Lorentz 
and polarization corrections were applied, but 
absorption was ignored. Solution was by direct 
methods (MULTAN; Main, Fiske, Hull, Lessinger, 
Germain, Declercq & Woolfson, 1982), refinement 
by full-matrix least squares on F, with anisotropic 
non-H and isotropic H atoms (all located in a AF 
map). For 178 parameters refined, final R = 0.040, 
wR = 0.046 {w = 4FoZ/[o~2(Fo) 2 + (0.05Fo2)2]}; maxi- 
mum ZlAr=0.03, S = 1.23; final difference map 
peaks were in the range -0.20-0.17 e A -3. Scat- 
tering factors were obtained from International 
Tables for X-ray Crystallography (1974, Vol. IV). All 
calculations were performed with MolEN (Fair, 
1990) system of programs and PARST (Nardelli, 
1983). 

Discussion. Final atomic positional and thermal 
parameters are given in Table 1 and bond distances 
and angles in Table 2; an ORTEPII (Johnson, 1976) 
view of the molecule is shown in Fig. 1 and the 

Table 1. A tomic positional parameters ( × 10 4, X 10, 3 
for H atoms) and thermal parameters (A 2) with e.s.d, s 

& parentheses 

B~q = (4/3)Y.,YjBqa,.aj for non-H atoms. H atoms were 
refined isotropically. 

x y z B~q/B~o 
795 (3) 1366 (3) 4092 (1) 3.89 (5) 

-2126 (3) 6044 (4) 2700 (I) 4.74 (5) 
4091 (2) 5535 (3) 5810 (I) 2.50 (4) 
5697 (3) 2949 (3) 6652 (1) 4.28 (5) 
6712 (3) 5385 (4) 7334 (1) 4.92 (5) 

-826 (3) 3331 (4) 3280 (1) 3.00 (5) 
842 (3) 4940 (3) 4076 (1) 2.65 (5) 

1933 (3) 5136 (3) 4658 (1) 2.47 (4) 
5870 (3) 4761 (4) 6810 (I) 3.08 (5) 
342 (3) 3000 (4) 3853 (I) 2.69 (5) 

- 1145 (4) 5360 (5) 3155 (1) 3.12 (6) 
-45  (4) 6574 (4) 3683 (2) 3.05 (6) 
2357 (3) 6977 (4) 4846 (1) 2.71 (6) 
3510 (4) 7264 (4) 5455 (1) 2.48 (5) 
5097 (3) 6262 (4) 6355 (1) 2.60 (5) 
5188 (4) 8331 (4) 6369 (1) 2.86 (5) 
4161 (4) 8974 (4) 5782 (2) 2.91 (6) 

- 133 (4) 236 (6) 298 (2) 7.3 (9) 
-75  (4) 734 (5) 401 (1) 4.5 (7) 

73 (3) 738 (4) 345 (I) 4.2 (7) 
190 (3) 827 (4) 463 (1) 2.8 (6) 
587 (3) 904 (4) 670 (I) 3.7 (6) 
388 (3) 1029 (5) 562 (1) 3.9 (6) 

Table 2. Bond lengths (A) and bond angles (o) with 
e.s.d. 's in parentheses 

O(l)--C(l)  1.195 (3) N(2)---C(1) 1.373 (3) 
O(2)--C(2) 1.206 (3) N(2)--C(3) 1.447 (4) 
O(3)--C(5) 1.369 (3) N(3)--C(4) 1.280 (3) 
O(3)--C(6) 1.348 (3) N(4)--C(6) 1.411 (3) 
O(4)---N(4) 1.214 (3) C(2)--C(3) 1.504 (4) 
O(5)--N(4) 1.228 (3) C(4)--C(5) 1.437 (3) 
N(1)--C(1) 1.397 (3) C(5)--C(8) 1.353 (4) 
N(1)--C(2) 1.353 (4) C(6)--C(7) 1.339 (4) 
N(E)--N(3) 1.363 (3) C(7)--C(8) 1.397 (4) 

C(5)--O(3)--C(6) 104.8 (2) O(2)--C(2)--C(3) 127.1 (3) 
C(1)--N(1)--C(2) 113.0 (2) N(1)---C(2)---C(3) 107.2 (2) 
N(3)--N(2)---C(I) 119.3 (2) N(2)--C(3)--C(2) 101.7 (2) 
N(3)--N(2)--C(3) 127.6 (2) N(3)--C(4)--C(5) 119.0 (2) 
C(1)---N(2)--C(3) 112.8 (2) O(3)--C(5)----C(4) 117.8 (2) 
N(2)---N(3)---C(4) 116.9 (2) 0(3)--C(5)---C(8) 109.6 (2) 
O(4)---N(4)--O(5) 124.3 (3) C(4)--C(5)--C(8) 132.6 (2) 
O(4)---N(4)---C(6) 118.3 (2) O(3)---C(6)--N(4) 116.1 (2) 
0(5)--N(4)--C(6) 117.4 (2) O(3)--C(6)---C(7) I13.0 (2) 
0(1)--C(1)---N(I) 126.7 (2) N(4)--C(6)--C(7) 130.9 (2) 
O(1)--C(I)---N(2) 128.1 (2) C(6)--C(7)---C(8) 104.8 (2) 
N(I)---C(I)--N(2) 105.2 (2) C(5)--C(8)--C(7) 107.8 (2) 
O(2)--C(2)--N(1) 125.8 (2) 

packing of molecules in the unit cell is presented in 
Fig. 2.* 

The molecule, excluding the H atoms, is not far 
from planar, the maximum displacement from the 
mean molecular plane being 0.149(2) and 
0.163 (2)A for the 0(2) and 0(5) atoms, respec- 
tively. The molecular configuration with respect to 
the C(4~N(3 )  double bond is E, with a torsion 
angle N(2)--N(3)--C(4)---C(5) of - 179.8 (2) °. The 
molecular packing can be described as infinite corm- 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Document Supply 
Centre as Supplementary Publication No. SUP 55715 (14 pp.). 
Copies may be obtained through The Technical Editor, Interna- 
tional Union of Crystallography, 5 Abbey Square, Chester CH1 
2HU, England. [CIF reference: NA1016] 
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gated sheets parallel (see Fig. 2) to the (2074) planes 
(which, accordingly, give the outstanding diffraction 
intensity). The sheet is stabilized by hydrogen- 
bonding interactions, described in Table 3 and 
depicted in Fig. 3. The N(1)--H...O(2) hydrogen 
bonds connect the molecules related by the n glide in 
infinite ribbons. Owing to the scarcity of hydrogen- 
bond donors with respect to acceptors, the packing is 
completed by two C--H...O interactions C(4)-- 
H...O(1) and C(7)--H...O(4), which can be con- 
sidered weak hydrogen bonds. Both C- -H groups 
involved are close to electronegative atoms which 
make them presumably more acidic and, conse- 
quently, good candidates to be involved in C--H...O 
hydrogen bonds (Taylor & Kennard, 1982). It seems 
of some interest that, although these C--H...O inter- 
actions are certainly weaker than classical hydrogen 
bonds, their presence has been reported to be often 
important in conferring additional stability to 
molecular associations in biological systems (Jeffrey 
& Saenger, 1991; Bertolasi, Ferretti, Gilli & Borea, 
1990), and in crystal engineering (Sarma & Desiraju, 
1986; Desiraju, 1991). The hydrogen-bonded sheets 
are, in turn, centrosymmetrically stacked in the lat- 
tice at an average separation of 3.2 A, the driving 
force of such association probably being the coupling 
of the molecular dipoles. To confirm such a qualita- 
tive idea, semi-empirical quantum-chemical INDO 

Table 3. Hydrogen-bond parameters (A, °) with 
e.s.d. 's in parentheses 

D - - H ' " A  D'"A H"'A D---H D - - H ' " A  
N(I)--H(I) . . .O(2')  2.806 (3) 1.92 (4) 0.92 (4) 162 (3) 
C(4)--H(4)-..O(1") 3.374 (3) 2.39 (2) 0.99 (2) 179 (2) 
C(7)--H(7)..-O(4") 3.054 (3) 2.53 (3) 0.92 (2) 116 (2) 

S y m m e t r y  code :  (i) - x - {, y - ~, - z + ~; (ii) x,  y + 1, z. 

! 
! 

~ #,,, ... , 

2 ~ "~. . ' ._o~ t~ - Y e" - 

, , ,  . 

J 

Fig. 3. Packing diagram of molecular layers parallel to (207). 
N--H---O and C--H-'-O hydrogen bonds are shown as dotted 
and broken lines, respectively. 

Z 
C 7  - - - , . , 8  , ~  0 2  

Fig. 1. An ORTEPII (Johnson, 1976) view of nitrofurantoin 
displaying the thermal ellipsoids at 30% probability. 

Fig. 2. The unit cell and its contents. 

Fig. 4. A couple of centrosymmetrically related molecules. The 
arrows show the direction of the dipole moments. 

(intermediate neglect of differential orbitals) calcula- 
tions (Phillips, 1975) were accomplished. The total 
calculated dipole moment assumes the remarkable 
value of 8.11 D (27.0 x 10-3o C m) and its direction 
is shown in Fig. 4 for a couple of centrosym- 
metrically related molecules. 

Bond distances are regular with the exception of 
the different bond lengths of the chemically equiva- 
lent bonds N(1)--C(1) and N(1)--C(2) of the imid- 
azolidinedione ring which are 1.397 (3) and 
1.353 (4)A, respectively. A survey of the bond dis- 
tances in similar compounds containing the imid- 
azolidinedione group shows that such bond 
dissymmetry is usually much smaller with bond- 
length averages of 1.37(1)A (Florencio, Smith- 
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Verdier & Garcia-Blanco, 1978; Smith-Verdier, 
Florencio & Garcia-Blanco, 1979; Drew, Mok, Ang 
& Tan, 1987; Gallucci, Mathur  & Shechter, 1992). 
The dissymmetric situation in the present compound 
is to be imputed to the fact that only the N(1)--- 
C ( 2 ~ O ( 2 )  fragment forms infinite chains of 
hydrogen-bonded amide groups, the mutual rela- 
tionships between hydrogen-bond strengthening and 
rr-bond delocalization in conjugated systems having 
been already discussed in detail in previous papers 
(Gilli, Bellucci, Ferretti & Bertolasi, 1989; Gilli & 
Bertolasi, 1990). 

The authors are indebted to the chemical company 
FIS SpA (Alte di Montecchio Maggiore, Italy) for 
supplying the crystals of nitrofurantoin. 
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Structure of N-Hexadeeylpyridinium Chloride Monohydrate 
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Germany 
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Abstract. C21H38N+.C1-.H20, Mr = 358.01, triclinic, 
P i ,  a = 7.426 (1), b = 28.301 (3), c = 5.227 (1) .~, a 
=92.58(1) ,  /3=99.18(1) ,  y = 9 2 . 5 6 ( 1 )  °, V = 
1081.8 (3)/~3, Z = 2, Dx = 1.099 g cm -3, A(Cu Kee) 
= 1.54178/~, /.~ = 16.05 cm-1, F(000) = 396, T = 
158 (1)K, R = 0.065, wR = 0.073 for 1907 observed 
reflections. The aliphatic chain is fully extended and 
inclined to the b axis by 23 °. The molecules are 
packed in a bilayer parallel to the (001) plane. The C1 
anion and water of hydration are hydrogen bonded 
to each other and occupy the interstitial spaces 
between the hexadecylpyridinium cations. The bond 
lengths and angles are as expected when the contrac- 
tion resulting from low-temperature data collection 
is taken into consideration. 

* To whom correspondence should be addressed. 
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Introduction. The analysis of the title compound was 
prompted by the very recent understanding that 
cationic surfactants, in contrast to anionic sur- 
factants, especially of the type of N-hexadecyl- 
pyridinium chloride (cetylpyridinium-C1-), exhibit 
antiviral and antifungal properties at moderate acid 
pH 6.5 (Paradies & Schr6er, 1988; Paradies, 1989, 
1991). This work is part of an ongoing study of 
antiviral biosurfactants with regard to crystal 
properties and molecular packing of aromatic qua- 
ternized N atoms having various alkyl chain lengths, 
biodegradation properties and different sizes and 
shapes, when forming micelles in aqueous solutions 
(Paradies, 1991; Clancy, Tanner, Thies & Paradies, 
1992). Counterion dependency of micelle size, struc- 
ture and shape (Anacker & Ghose, 1968; Anacker, 
1958) is also important. In addition, the present 

© 1993 International Union of Crystallography 


