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Abstract. The title complexes (1, X =F; 2, X =Cl; 3, X = Br and isomorphous with 2; 4, X =1) have
been prepared and characterized by X-ray crystallography. Crystal data, Mo K« radiation: 1, space
group Ce, Z =4, a = 12.017(3), b = 14.263(5), ¢ = 17.210(7) A, # = 103.06(2)°, and R, = 0.053 for 2044
observed data; 2, space group Cc, Z =4, a = 12.817(3), b = 11.072(2), ¢ = 16.781(5) A, B =90.74(2)°,
Rp=0.044 for 2249 data; 3, a = 12.873(4), b = 11.119(2), ¢ = 16.957(2) A, B =89.11(2)°, Ry = 0.049
for 2059 data; 4, space group P2,/n, Z =4, a = 8.858(2), b = 14.358(3), ¢ = 15.379(3) A, B = 93.88(1)°,
Ry =0.068 for 3119 data. In all four structures each thiourea molecule interacts with adjacent thiourea
molecules via N—H--S hydrogen bonds to give a ribbon-like arrangement, and also forms a pair of
‘chelating’ N—H-~X hydrogen bonds with a halide ion, resulting in an anionic framework (in 1-3) or
composite ribbon (in 4) as a component in the crystal packing. The measured ranges of N---X distances
are: 2.819(5)-2.994(7) A for 1, 3.252(3)-3.291(3)A for 2, 3.353(6)—3.459(6)A for 3, and 3.564(5)-
3.680(5) A for 4.

Key words. Thiourea, hydrogen bonding, ribbon structure, tetraalkylammonium halide.

Supplementary Data relating to this article have been deposited with the British Library as Supple-
mentary Publication No. SUP 82077 (68 pages).

1. Introduction

Recently we reported the crystal structure of an isomorphous series of ternary
complexes (C,H;),N*X~+(NH,),CO-2H,0 (X =Cl, Br, CN). in which the
tetracthylammonium ions are sandwiched between hydrogen-bonded urea-water—
halide/pseudohalide puckered layers [1]. Parallel studies employing bulkier cations
and thiourea in place of urea yielded the series of anhydrous complexes 1—4, whose
structural characterization constitutes the essence of the present report. A simplified
description of the crystal structure of 1 has appeared in a recent communication [2).

(n-C4H,),N*F~-3(NH,),CS (1)
(n-C4H,),(CH,)N*+C1~-2(NH,),CS 2
(n-C4Hy);(CH;)N*Br~-2(NH,),CS 3
(n-C3H7),N*17-(NH,),CS C))

* Dedicated to Dr D. W. Davidson in honor of his great contributions to the sciences of inclusion
phenomena.
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2. Experimental

Each of the binary complexes was prepared from slow evaporation of an aqueous
solution containing stoichiometric amounts of quaternary ammonium salt and
thiourea. New phases were not obtained by variation of the molar ratios.

Measurement of the crystal data and reflection intensities on a Nicolet R3m
diffractometer using MoKu radiation (4 = 0.71069 A) followed the procedure de-
scribed previously [3], and the relevant parameters are summarized in Table 1.

Absorption corrections were applied by fitting a pseudoellipsoid to the azimuthal
scan data of two strong reflections spread over a range of 20-values [4, 5]. The
structure of 1 was derived by direct phase determination guided by negative quartets
(6], whereas those of 2 and 4 were solved by Patterson and Fourier methods. The
terminal CH;—CH,— leg of one n-butyl group in 1 exhibits disorder, and its
scattering power was represented by half-carbon atoms C(18A), C(19A), C(18B)
and C(19B). All non-hydrogen atoms except these disordered ones were subjected
to anisotropic refinement. The thioamido, methylene, and methyl H atoms were
generated geometrically; those of the first two types were allowed to ride on their
respective parent N and C atoms, and the methyl groups were treated as rigid
groups. Isotropic temperature factors (about 20% larger than those of the corre-
sponding parent atoms) were assigned to the H atoms.

Computations were performed on a Data General Nova 3 minicomputer using
the SHELXTL program package [7]. Analytic expressions of neutral-atom scatter-
ing factors were employed, and anomalous dispersion corrections were incorporated
[8]. Blocked-cascade least-squares refinement [9] coverged to the R indices and
other parameters listed in Table 1.

3. Results and Discussion

The final positional and thermal parameters of 1, the isomorphous pair 2 and 3, and
4 are listed in Tables II, ITI, and IV, respectively. Anisotropic temperature factors,
hydrogen coordinates, and structure factors have been deposited as Supplementary
Data. Bond distances and bond angles are given in Table V.

3.1. CRYSTAL STRUCTURE OF 1

Figure 1 illustrates the atom labelling and the hydrogen-bonding interactions
among the thiourea molecules and the fluoride ions. Each thiourea molecule is
linked by a pair of N—H---S hydrogen bonds to another thiourea molecule on
either side while forming donor hydrogen bonds to the fluoride ion in a bidentate
chelating mode. Three independent thiourea molecules, connected sequentially
in the manner described, constitute a trimeric unit which is repeated by the
symmetry operation (1 +x, —y, 3+ 2) to generate an extended twisted ribbon.
Ribbons running in different directions [as related by the symmetry operations
(x, y, 2), (x, —y, —3+2z) and 3+ x, 2+ y, z)] are bridged by the fluoride ions to
form an open framework which accommodates the tetrabutylammonium ions
(Figure 2).
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Fig. 1. Perspective view of a portion of the thiourea—fluoride lattice in (n-C,H,),N*F~-3(NH,),CS
(1). The thermal ellipsoids are drawn at the 25% probability level. The atom labels correspond to those
given in Tables II and V. Symmetry transformations: x,—y, %+ z; "—% + x, —% +y,z;¢ % + x, %+ ¥, Z;
dlyx vy el 4y 2 -y, —3+z

3.2. CRYSTAL STRUCTURE OF 2 AND 3

The atom labelling and the hydrogen-bonding interactions among its components
are shown in Figure 3. The thiourea molecules are alternately linked by pairs of
N—H---S hydrogen bonds to form a slightly buckled ribbon (Figure 4). The
resulting two criss-crossing ribbon systems (related by the c-glide and pointing in
the [110] and [110] directions) are bridged by the halide ions to generate an open
anionic lattice which accommodates the tributylmethylammonium ions (Figures 4
and 5).

3.3. CRYSTAL STRUCTURE OF 4

The atom labelling and hydrogen-bonding interactions are shown in Figure 6. The
thiourea molecules are connected by pairs of N—H-S hydrogen bonds, each
arranged about an inversion center, to form a slightly buckled ribbon running
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Fig. 2. Stereo drawing of the crystal structure of 1. The origin of the unit cell lies at the upper left
corner, with a pointing towards the reader, b downwards, and ¢ from left to right. Broken lines represent
hydrogen bonds, and atom types are distinguished by size and shading in all stereo drawings.

Fig. 3. Perspective view of a portion of the thiourea—chloride lattice in (#-C,Hy);(CH;)N*C1~-
2(NH,),CS (2). The thermal ellipsoids are drawn at the 30% probability level. The atom labels
correspond to those given in Tables III and V. Symmetry transformations: *—3 + x, 13— p, —2+ z; bx,
2—y, =24z %%+ x -y i+z 9% 22—y, 14z
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Table IV.  Atomic coordinates ( x 10° for I; x 10* for other atoms) and thermal parame-
ters® (A2 x 10 for I; x 10° for other atoms) of (n-C;H,),N+I~«(NH,),CS (4)

Atom x y z Ugot U

(i) Thiourea-iodide chain

I 28936(6) 35097(3) 45042(3) 736(2)*
S 2445(2) —495(1) 4989(1) 64(1)*
C(D 2500(6) 659(4) 4774(4) 48(2)*
N(1) 3757(6) 1085(4) 4574(4) 59(2)*
H(N1A) 3743 1740 4446 72
H(NI1B) 4683 740 4556 72
N(2) 1257(6) 1182(4) 4785(4) 68(2)*
H(N2A) 1302 1834 4652 76
H(N2B) 317 906 4926 76

(ii) Tetra-n-propylammonium ion

N(3) 2154(5) 1742(3) 1590(3) 43(1)*
C(2) 1022(9) 2543(5) 1459(5) 82(3)*
C(3) 470(10) 3007(6) 2151(7) 101(4)*
C(4) —367(13) 3886(7) 1960(6) 105(4)*
C(5) 1483(11) 1014(5) 2146(8) 115(5)*
C(6) 142(10) 594(7) 2032(8) 119(5)*
C(7) —403(12) —63(6) 2655(7) 102(4)*
C(8) 2347(10) 1345(9) 711(5) 107(4)*
C( 3105(14) 1726(9) 69(7) 126(5)*
C(10) 3138(12) 1289(8) —787(7) 106(4)*
C(11) 3626(9) 2076(9) 1976(6) 119(5)*
C(12) 4943(11) 1588(10) 2119(9) 153(7)*
C(13) 6297(10) 1947(9) 2564(9) 146(6)*

* Asterisk indicates equivalent isotropic temperature factor U,, defined as 1/3 of the trace
of the orthogonalised U matrix. The exponent of the isotropic temperature factor takes the
form —8xn2U sin? §/A%

Fig. 4. Stereo drawing of the crystal structure of 2. The origin of the unit cell lies at the upper left
corner, with a pointing from left to right, b towards the reader, and ¢ downwards.
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Fig. 5. Stereo drawing of the crystal structure of 3. The origin of the unit cell lies at the lower left
corner, with a pointing from left to right, b upwards, and ¢ towards the reader.

Fig. 6. Perspective view of a portion of the thiourea~iodide chain in (n-C;H,),N+1~-(NH,),CS (4).
The thermal ellipsoids are drawn at the 30% probability level. The atom labels correspond to those given
in Tables IV and V. Symmetry transformations: ® —x,—y, 1 —z; "1 —x, —y, 1 —z.
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Fig. 7. Stereo view of the crystal structure of 4. The origin of the unit cell lies at the upper left corner,
with a pointing towards the reader, b downwards, and ¢ from left to right.

parallel to the [100] direction, with the iodide ions attached to it on both sides via
N—H--I interactions. The crystal structure is built of a packing of these anionic
composite ribbons and the tetrapropylammonium ions (Figure 7).

3.4. GENERAL STRUCTURAL FEATURES

The present series of complexes are characterized by ribbon-like arrangement of
thiourea molecules alternately linked by pairs of N—H:--S hydrogen bonds. The
extent to which the ribbons in 1-4 deviate from planarity can be assessed by the
measured values of the C—N--S—C torsion angle 7, which is zero for the idealized
exactly planar zigzag configuration. The data in Table VI show that the ribbon in
1 has a twisted configuration, whereas those in the other complexes may be
regarded as approximately planar. Every thiourea molecule forms an additional pair
of donor hydrogen bonds with an adjacent halide ion in the manner of a bidentate
chelate, and the number of such interactions per halide ion is faithfully reflected by
the stoichiometry of the particular complex.

The bonding configuration at each of the N and S atoms is close to planar (Table
V1), indicating that the NH, groups are favorably oriented for donor hydrogen
bonding. The measured N---X distances increases monotonically from 1 to 4, but
the N--S distances vary in the order 1> thiourea >4>3>2 (Table VI). The
implication is that N—H--S bonding is quite weak in 1 but very strong in 2—4 in
relation to orthorhombic thiourea [10] as a standard.* The N—H-F hydrogen

* The three independent N---S distances in room-temperature orthorhombic thiourea (site symmetry m)
are 3.397(3), 3.522(8) and 3.683(6) A.
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THIOUREA-HALIDE LATTICES
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Table VI. Structural parameters of thiourea—thiourea and thiourea-halide interactions®

Compound  N--S (A) N--X (A) 2| (*) =0 (D) (")

1 3.521(7)—3.787(7)  2.819(5)—2.994(7) 0.9—64.8  358.5—360.0  355.5—359.0
2 3.355(4)—3.419(4)  3.252(3)—3.291(3) 1.5—21.5 358.0—358.6  354.5—359.6
3 3.367(8)—3.414(8)  3.353(6)—3.459(6) 2.2—19.5  357.1—359.8  354.9—359.9
4 3.464(6)—3.490(6)  3.564(5)—3.680(5) 6.3—I19.8  353.5—360.0  358.3

® 1 is the C—N---S—C torsion angle. £, is the sum of the bond angles at atom A, including hydrogen
bonds but neglecting the H atoms.

bonding is concomitantly strong, so that to a good approximation the crystal
structure of 1 can be described as a packing of (n-C,H,),N* ions and quasi-
isolated {SC(NH,),};F~ units of trigonal-prismatic geometry [2].

The crystal structures of 1-4 can be rationalized in terms of the hydrophobic
nature of thiourea, which favors direct bridging of the thiourea ribbons by halide
ions. In contrast to this, the complexes of tetraalkylammonium salts with urea are
generally hydrated [11], so that both halide ions and water molecules partake in
bridging the analogous urea ribbons to generate an anionic lattice [1].
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