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The Crystal and Molecular Structure of Thiuret
Hydrobromide

ASBJORN HORDVIK and SIGURD JOYS

Chemical. Institute, University of Bergen, Bergen, Norway

The crystal and molecular structure of thiuret hydrobromide has
been solved by Patterson projections, and refined by least squares
methods using anisotropic temperature parameters. The refinement
comprises the h0l, 0kl, and 1k! reflections.

Average length of C—N bonds in the thiuret ion is 1.34 A and
no C—N bond length deviates significantly from this value. The C—S
bond lengths are 1.722 + 0.025 A and 1.742 + 0.024 A, and the S—S
bond length is 2.081 -+ 0.008 A.

The thiuret ion is planar within experimental error, and the bond
lengths show that the ion is stabilized through =-orbital delocaliza-
tion. The conjugation is most pronounced in the carbon-nitrogen
part of the ion.

In the crystal, the sulphur atoms of the disulphide group form
four close contacts with three neighbouring bromide ions. Two of these
contacts (3.391 and 3.453 + 0.006 A) occur in an approximately
linear Br-.-8—8..-Br arrangement, and two (3.382 and 3.399 + 0.006
A) between a third bromide ion and both sulphur atoms of the di-
sulphide group.

“Ray crystallographic structure investigations of the analogous five-

membered cyclic disulphides, thiuret hydroiodide! and 3,5-diamino-1,2-
dithiolium iodide,2 give the lengths, 2.088 4 0.012 A and 2.08 ++ 0.02 A,
respectively, for the sulphur-sulphur bonds in these compounds. The bonds
are thus apparently pure single bonds.

The two compounds are isomorphous, and the disulphide groups lie across
crystallographic mirror planes. The disulphide group is thus exactly planar in
both compounds.

Disulphide groups are normally non-planar, with a dihedral angle of about
90° between the planes of the valencies of the two sulphur atoms.? The normal
dihedral angle of 90° cannot, for strain reasons, be maintained when the
disulphide group is incorporated in a five-membered ring. In the saturated
five-membered disulphide, 1,2-dithiolane-4-carboxylic acid,* a dihedral angle
of 27 4 1° has been found, and the dithiolane ring is rather unstable.
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The stability of the planar disulphide group in unsaturated cyclic disulphides
is probably due to ring-conjugation in which sulphur z-orbitals participate.l
Support for sulphur-carbon n-bonding derives from structure investigations
of a series of unsaturated five-membered disulphides.®*® Sulphur-sulphur
n-bonding seems to be rather weak in 4-methyl-trithione,® xanthan hydride,®
and rhodan-hydrate,” for which the sulphur-sulphur bonds are found to be
2.047 4+ 0.007 A, 2.063 + 0.005 A, and 2.061 4 0.007 A, respectively. A
sulphur-sulphur bond (2.00 4+ 0.01 A) with considerable z-bond character
has been found in 3-phenyl-1,2-dithiolium iodide.® The last-mentioned bond
length agrees, if a linear relationship bond-length/bond-order is assumed,
with the bond-order calculated by Bergson 1° for the sulphur-sulphur bond in
the 1,2-dithiolium ion.

A reason why the sulphur-sulphur bond is longer in thiuret hydroiodide
(2.088 4- 0.012 A) and 3,5-diamino-1,2-dithiolium iodide (2.08 4+ 0.02 A) than
in the unsubstituted 1,2-dithiolium ion, may be the effect of the amino groups
on the ring-conjugation.? Attention should, however, also be paid to the envi-
ronment of the disulphide group.

In crystals of thiuret hydroiodide ! and 3,5-diamino-1,2-dithiolium iodide *
there are close contacts between the sulphur atoms of the disulphide group
and the neighbouring iodide ions. Two of these close contacts occur in an
approximately linear I...S-S..-I arrangement and may influence the length of
the sulphur-sulphur bond, through transfer of charge from the iodide ions
to those p-orbitals on the sulphur atoms already engaged in the sulphur-
sulphur ¢-bond.® One may expect the strength of this partial bonding to de-
crease with increasing electronegativity of the halide ion, and whether it
affects the length of the sulphur-sulphur bond in thiuret hydroiodide might
therefore be found through structure investigations of thiuret hydrobromide
and hydrochloride. The present structure investigation of thiuret hydro-
bromide has been undertaken with this view.

EXPERIMENTAL

Crystal data on thiuret hydrobromide have been reported by Foss.l! The compound
crystallizes from water as large plates {010} or as prisms extended along the a axis with,
also here, {010} predominant. The crystals are monoclinic prismatic, @ = 5.11 A, b
= 12.76 A, ¢ = 10.47 A, and § = 110°. There are four formula units per unit cell, density,
cale. 2.22, found 2.22 g/em3. The space group, from systematic absences, is P2,/c. Experi-
mental error is estimated to be within 0.5 9%,. -

The intensities of the h0l, 0kl, and 1kl reflections were estimated visually from Weissen-
berg photographs taken with CuK« radiation (z = 140 cm™). Small crystals of cross-
section 0.03 X 0.03 mm for the 20! reflections and 0.2 X 0.03 mm for the Okl and 1kl
reflections, were used in order to minimize absorption effects. 451 reflections were
observed and measured, with a range of intensities of 3 to 10.000. The intensities were
corrected for Lorentz and polarization factors but not for absorption. Common reflections
in hOI, Okl and 1kl were used to put all the reflections on the same scale.

The calculated structure factors in Table 6 are based on the atomic scattering curves
for bromide, sulphur, nitrogen, carbon and hydrogen which are given in the International
Tables,'* the first set of the listed scattering factors for carbon being used.
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DETERMINATION OF THE STRUCTURE

Coordinates for the bromide and sulphur atoms were found from Patterson
maps, and the positions of the nitrogen and carbon atoms revealed themselves
during subsequent Fourier refinement of the ¢ and b-axis projections. The
structure was thereafter refined by least squares methods on an IBM 1620"
computor, using a program designed by Mair.®® Weighting scheme No. 3,
recommended by Mair, was used with a = 24 and b = 15. The refinement
comprised the 20!, 0kl, and 1kl reflections, and was carried out with anisotropic
temperature factors for all atoms except the hydrogens, which were given
isotropic temperature factors. The hydrogen atoms were included, in the struc-
ture factor calculations after the shifts in nitrogen positions had become
small. The hydrogen position parameters were calculated on the basis of
sp®-hybridized nitrogen and a nitrogen-hydrogen distance of 1.0 A. They
were not refined. Final value of the agreement factor R = X||F | — |F ||/
Z|F,| is 0.09.

Table 1. Final atomic coordinates, in fractions of corresponding cell edges.

x Y z
Br 0.7724 0.1954 —0.0628
S, 0.8607 —0.0109 0.1614
S, 0.9702 —0.1268 0.3103
N, 0.5011 0.1338 0.1687
N, 0.6000 0.0129 0.3426
N, 0.7406 —0.1211 0.5041
C, 0.6379 0.0499 0.2297
C, 0.7492 —0.0736 0.3883
H, 0.530 0.167 0.087
H, 0.383 0.173 0.210
H, 0.850 —0.183 0.536
H 0.606 —0.088 0.554

Table 2. Final temperature parameters f;;. The expression used is
exp —(h*Byy + k*Bas + UBss + klBas + hlf1s + hkBys).

ﬂll ﬂﬂﬂ ﬁaa ﬁ23 ﬂla ﬂl!
Br 0.0341 0.0046 0.0083 —0.0004 0.0162 —0.0006
S, 0.0250 0.0043 0.0060 0.0005 0.0138 . 0.0028
S, 0.0247 0.0039 0.0066 0.0003 0.0155 0.0028
N, 0.0468 0.0042 0.0095 0.0028 0.0160 0.0049
N, 0.0283 0.0039 0.0054 —0.0007 0.0166 0.0030
N, 0.0427 0.0049 0.0052 0.0009 0.0197 —0.0049
C, 0.0183 0.0046 0.0063 —0.0007 0.0140 0.0128
C, 0.0159 0.0046 0.0070 —0.0010 0.0105 0.0014

For the hydrogen atoms a temperature factor exp [— 3(sin?@/4?)] was used.

The final coordinates and temperature parameters are given in Tables 1
and 2, respectively. The observed and calculated structure factors are listed in
Table 6. An electron density map of the a-axis projection, corresponding to
the final state of refinement is shown in Fig. 1.
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Table 3. Bond lengths ! and standard deviation in bond length ¢(l) in the thiuret ion.

Bond

1(A)
2.081
1.72
1.74
1.32
1.35
1.33
1.37

a(®) (&)
0.008
0.025
0.025
0.04
0.03
0.03
0.03

Table 4. Bond angles and standard deviation in bond angles in the thiuret ion.

C,—8,-5,
8,—C,—N,
8,—C,—N,
NZ_CI_NI
Cy—N,—C,
NQ#CZ_NS
N,—C,y—8,
NS_CZ_SB
CS_SB_SI

-1/4

174

b

Fig. 1. Electron density projection of

172

Angle (°)

93.2
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121.4
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111.6
119.8
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117.8
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thiuret hydrobromide along the a axis,
showing one asymmetric unit. Plane group
pgg and origin in center of symmetry.
Contour intervals for carbon and nitrogen
2e . A-2, for sulphur 3e - A-? and for the
bromide ion 6e - A2, Lowest contour at
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Standard deviation (°)
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Fig. 2. Bond lengths (A) and bond angles

(°) in the thiuret ion.
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DISCUSSION OF RESULT

The thiuret ton. Bond lenghts and angles in the thiuret ion, corresponding
to the coordinates in Table 1 are listed in Tables 3 and 4 and shown in Fig. 2.

The thiuret ion is planar within the error. The equation for the least squares
plane of the ring atoms, with sulphur given three times the weight of carbon
and nitrogen, and @ sin f chosen as the third orthogonal axis is

0.7512X + 0.5717Y + 0.3297Z = 3.0890

where X, ¥ and Z are in A units. 8; and S, are —0.002 A and 0.003 A,
respectively, out of this plane, and the deviation from the plane for the carbon
and nitrogen atoms are: C; 0.002 A, C, —0.013 A, N, —0.012 A, N, 0.008 A,
and N, 0.014 A, All deviations are less than the corresponding standard
deviations in atomic positions.

The average value of carbon-nitrogen bond lengths in thiuret hydrobromide
is 1.34 A and thus the same as in thiuret hydroiodide.! No C—N bond length
in thiuret hydrobromide deviates significantly from the mentioned average
value, and the bond lengths are in good agreement with the length of the aro-
matic carbon-nitrogen bond, which in pyridine 1 has been found to be 1.340 A.

The S—C bonds in thiuret hydrobromide are found to be 1.722 4- 0.025
A and 1.742 4 0.024 A and the S—8 bond is found to be 2.081 4 0.008 A.
If the lengths of the sulphur-carbon and sulphur-sulphur single bond are taken
as 1.81 A and 2.08 A, respectively,’® the S—C bonds in thiuret hydrobromide
are significantly shorter than the single bond, and the S—S bond apparently
equal to a single bond. For thiuret hydroiodide! the S—C and S—S bond
lengths are reported to be 1.73 4 0.03 A and 2.088 4 0.012 A, respectively.

There is thus good agreement between the dimensions of the thiuret ion
as found in thiuret hydroiodide! and in thiuret hydrobromide. The thiuret
ion is stabilized through n-orbital delocalization, which is most pronounced
in the carbon-nitrogen part of the ion. It is still a question, however, whether
the conjugation extends over the sulphur-sulphur bond, and it is hoped that
an accurate structure determination of thiuret hydrochloride hemihydrate,!6
see below, may provide additional information on this point.

The bond angle C, —N,—C, in thiuret hydrobromide is found to be 111.6 +
2.0° and is apparently significantly smaller than the 120° valency angle of an
sp*-hybridized atom. N, regarded as sp*hybridized, contributes one -
electron to the m-bonding system of the thiuret ion, and has one of its sp?-
orbitals occupied by a lone pair.

Coppens and Hirshfeld 17 have discussed how the asymmetry in the electron
cloud about an atomic nucleus, due to lone pair electrons, may constitute an
appreciable “atomic”’ dipole moment. This implies that the centroid of the
electron cloud is displaced from the nucleus in direction of the lone-pair
orbital. For such an atom in a crystal, coordinates as determined by X-ray
methods should deviate from the real coordinates of the atomic nucleus, and
the deviation should be in direction of the lone-pair orbital. Support for
this idea derives from structure investigations, carried out for the same
compounds both by X-ray diffraction and neutron diffraction.l?
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According to the above, the C,—N,—C, angleJof 111.6 4 2.0° seems to
indicate that the centroid of the electron cloud of the cyclic nitrogen atom
N, in thiuret hydrobromide is displaced from the nucleus. A displacement of
the centroid in direction of the lone-pair orbital corresponding to apparent
atomic coordinates (X-ray) about 0.03 A from the nucleus, is not improbable,!?
and would correspond to a corrected value for the C,—N,—C, angle of about
115°. This value agrees with the value, 116.25° found for the C—N—C angle
in pyridine !* by microwave methods.

.8\

Fig. 3. Atomic distances (A) and angles (°) in the environment of the disulphide group.

Table 5. Atomic distances and angles with reference to the environment of the disulphide
group, together with the respective standard deviations in atomic distances and angles.

Distance (A) Standard deviation (A)

S,...Br; 3.453 0.006
Sl'"BrXI 3.382 0.006
S,...Bryy 3.399 0.006
Sﬁ"'BrIll 3.391 0.006
N,..Br; 3.28 0.02

Ns...BrIn 3.32 0.02

Angle (°) Standard deviation (°)

Bry..N,—C, 105.4 1.6
Bry...8,—C, 89.3 0.8
Bry..S.—S, 171.8 0.5
BrI...Sl...Brn 106.2 0.2
S,..Br..N, 45.8 0.5
BI‘II...S 1——83 72.6 0.5
Bl‘II...Sg—Sl 71.7 0.5
BrII”'SZ"'Brlll 106.0 0.2
S,...Bry...S, 35.7 0.3
BrIII"'SI_"Sl 173.1 0.5
Bl'nI...Sg—Cg 92.0 0.8
Brnl...Na—Cg 103.1 1.6
Sﬂ"'BrIII'"NS 46.9 0.5
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Table 6. Observed and calculated 20l Okl and 1kl structure factors for thiuret hydro-
bromide. The values given are fifty times the absolute values.
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The environment of the disulphide group. The environment of the disulphide
group in crystals of thiuret hydrobromide is shown in Fig. 3, and the corre-
sponding interatomic distances and angles are listed in Table 5.

The sum of the van der Waals radii for bromine and sulphur is 3.80 A,
according to Paulig’s !® values, and thus Fig. 3 shows that the sulphur atoms
of the disulphide group form four close contacts with three neighbouring
bromide ions. Two of the close contacts occur in a very nearly linear
Br...S—S..-Br arrangement, with bromide-sulphur distances 3.391 and 3.453
+ 0.006 A and corresponding Br---S—S§ angles 173.1 and 171.8 + 0.5°, respec-
tively. This partial covalent bonding between bromide and sulphur may be
established through a transfer of charge from the bromine ions to those p-
orbitals on the sulphur atoms already engaged in the sulphur-sulphur ¢-bond,
probably at the expense of this bond. Bromine-sulphur distances of 3.40
—3.45 A correspond to o-bond orders of 0.26—0.23, if a linear relationship
bond-order/bond-length is assumed, and if the sum of van der Waals radii
and single bond radii for bromine and sulphur are taken to be 3.80 A and
2.18 A, respectively.

In crystals of thiuret hydroiodide there is a very nearly linear I...S—8...I
arrangement analogous to that in thiuret hydrobromide. The iodine-sulphur
close contacts are 3.62 A and the I...S—S angles 171°. If the sum of van der
Waals radii and single bond radii 2 for sulphur and iodine are taken to be
4.00 A and 2.37 A, respectively, and if a linear relationship bond-order/bond-
length is assumed, the iodide-sulphur distances of 3.62 A correspond to a
o-bond order of 0.23. The ¢-bond order of the partial halogen-sulphur bonding
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in the linear X..-S—§8...X arrangement is thus about the same in thiuret
hydroiodide and hydrobromide.

If the partial bonding between halogen and sulphur, described above,
influences the length of the sulphur-sulphur bond in thiuret hydroiodide and
hydrobromide, it probably does so to a rather small degree. Preliminary re-
sults from an almost completed X-ray crystallographic investigation of thiuret
hydrochloride hemihydrate,® show that the sulphur-sulphur bond in this
compound, is 2.063 4 0.004 A. Also in crystals of thiuret hydrochloride hemi-
hydrate a very nearly linear X...S—8S...X arrangement occurs, the correspond-
ing sulphur-chlorine distances being 3.864 4 0.004 A and 3.527 - 0.004 A,
Taking 3.65 A as the sum of van der Waals radii for sulphur and chlorine %
the sulphur-chlorine distance of 3.527 A indicates a weak bond, which,
however, probably is too weak (s-bond order 0.10) to influence the sulphur-
sulphur bond. Accordingly the sulphur-sulphur bond in thiuret hydrochloride
should be unaffected by neighbouring chloride ions, and the bond length
2.063 4 0.004 A then indicates that there is some conjugation, albeit very
weak, over the sulphur-sulphur bond in the thiuret ion; the sulphur-sulphur
bonds, 2.081 + 0.008 A and 2.088 -+ 0.012 A, in thiuret hydrobromide and
hydroiodide are slightly lengthened due to partial sulphur-halogen bonding.

In crystals of 3-phenyl-1,2-dithiolium iodide,® a linear I..-S—S arrangement
occurs, with S—8 = 2.00 4+ 0.01 A and I..-S = 3.374 4 0.007 A; the partial
iodine-sulphur bonding of o-bond order 0.39 does here not seem to have
caused a lengthening of the sulphur-sulphur bond. However, aside from other
effects, in thiuret hydroiodide and hydrobromide the sulphur-sulphur bond
is “attacked” from both sides. -

Beside the sulphur-bromine close contacts discussed above, the sulphur
atoms of the disulphide group in crystals of thiuret hydrobromide form two
close contacts with a third bromide ion. This bromide ion lies close to the nor-

0 csinfi r . Q [ 144

Fig. 4. The arrangement of ions in the unit

cell as seen along the a axis. Broken lines

indicate hydrogen bonds N—H..N and

N—-H...Br", and dotted lines indicate the

partial covalent bonding between bromine
and sulphur.
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mal to the sulphur-sulphur bond through its midpoint, 0.57 A from the
plane of the thiuret ion; the sulphur-bromide distances are 3.399 and 3.382
4+ 0.006 A. The S..-Br---S angle is rather small, 35.7°, and it appears likely
that partial sulphur-bromine bonds are established through overlap of one
filled orbital of the bromide ion with two orbitals of the sulphur atoms, one
from each. The bonding thus seems to be of the same nature as the sulphur-
iodine bonding in an equivalent triangular sulphur-iodine-sulphur configura-
tion in 3-phenyl-1,2-dithiolium iodide. Because both sulphur atoms form
weak bonds with bromide, one may assume that electrons are partially trans-
ferred from the bromide ion to the sulphur atoms, e. g. to those p-orbitals on
the sulphur atoms already engaged in the sulphur-carbon o¢-bonds, with weak
three-center two-electron bonds as result.

The a-projection of the crystal structure of thiuret hydrobromide is shown
in Fig. 4. The thiuret ions are arranged in pairs across a center of symmetry,
through N—H...N hydrogen bonds of length 3.07 4 0.03 A. The least squares
plane of a thiuret ion passes 0.15 A from this center. The exocyclic nitrogen
atoms of each ion in a pair form hydrogen bonds to the bromide ions in their
respective Br...S—S...Br arrangements. Br.--S—S§S...Br...S—S...Br chains,
with S...Br---S angles of 93°, zig-zag through the crystal in the direction of the
b axis; the chains are interconnected through the partial bonding between
the bromide ion and both sulphur atoms of the disulphide group.
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