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Thiourea Coordination Complexes of Pb(II) Salts. IV.* Irregular Coordination in

Bis(thiourea)lead(II) Formate Monohydrate Pb(HCOO),.[SC(NH.).].. H:0O
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Pb(HCOO),.2tu. H,O (tu=thiourea) is triclinic with a=12-58 (2), 5=891 (2), c=594 (3) A, a=
90°40” (307, f=106°10" (30"), y=98°25" (20"), space group P1, Z=2. The structure was solved by
Patterson and Fourier methods (using intensities visually estimated from Weissenberg photographs)
and refined to R=152% by least-squares calculations. The first coordination sphere of Pb?* has three
sulphur atoms and five oxygen atoms in a distorted dodecahedral arrangement. The structure can be de-
scribed in terms of two parallel - - -S- - .Pb- - -S- - - chains extended along [001], with each pair of centro-
symmetrically related lead ions bridged by two similarly related formate ions. The sulphur atoms of the
thiourea molecules in the chains are bicoordinate, while the bridging formate ions each have one mono-
coordinate and one bicoordinate oxygen atom. The remaining water molecule, thiourea molecule and
formate ion of the formula unit are monocoordinately bonded to the same lead ion. The bonding within
the chains is by ion-dipole forces, while the bonding between chains is by a fairly isotropic distribution
of hydrogen bonds and by electrostatic interactions.

Introduction

During the study of Pb(HCOO),.4tu (tu=thiourea)
(Goldberg & Herbstein, 19725), large colourless tri-
clinic rhombs were obtained from mother liquors that
had been left to stand. A chemical analysis indicated
that the composition of the rhombs was
Pb(HCOO),.2tu.H,0: measured and calculated
weight percentages were C=10-64, 10-28; H 2-50,
2:56; N 12-40, 11-98; O 17-47, 17-11; Pb 44-30, 44-35;
S 9-71, 13-72; total 97-12, 100-00. As compounds of
this type had not been investigated previously, it was
decided to determine the crystal structure of the title
compound. The proposed composition was confirmed
and a rather complicated crystal structure found.

* Part III: Goldberg & Herbstein (1972b).
1 In part fulfilment of the requirements for M. Sc, degree in
Chemistry.

Experimental

Unit-cell dimensions were measured from Weissenberg
[A(Cu Kx)=1-5418 A] and precession [/(Mo Ka)=
0-7107 A] photographs.

Crystallographic results

Pb(HCQO),.[SC(NH,),],. H,0, M =467-4;

u=287 cm~! (Cu Ka); triclinic;

a=12:58 (2), b5=8-91(2), c=5-94 (3) A,

a=90°40" (30"), B=106°10" (30"), y=98°25" (20');
a*=0-08383 (10), b*=0-1137 (1), c*=0-1756 (1) A1
oa*=86-8 (5)°, B*=755(5)°, y*=81-0 (5)°.

U=631-4 A3;

D,,=247(1) g.cm™3, D,=246 (1) g. cm~3 for Z=2.

No systematic absences, hence space group P1 (No. 1)
or P1 (No. 2).
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The intensities of 1686 k! (I=0, 1, 2, 3) reflexions
were measured by the visual method from multiple-
film equi-inclination = Weissenberg photographs
(Cu Ku). Corrections were made for geometrical fac-
tors (Lp, spot-shape) and absorption (cylindrical crys-
tal approximation; uR=3-8 for the crystal used). Dif-
ferent layers were put on approximately the same scale
by use of precession photographs (Mo Ko).

Determination and refinement of the structure

A three-dimensional Patterson synthesis showed a
strong peak at (0-288, 0-402, 0-120). This was iden-
tified as being due to the vector between two Pb atoms
related by a centre of symmetry, assuming the space
group to be PT. Encouraging agreement was obtained
between the observed structure factors and those cal-
culated for the Pb atoms alone. The positions of the
other atoms were found from a series of electron-
density and difference syntheses. Confirmation of the
chemical composition was obtained from a difference
synthesis based on structure factors calculated from
the positions of the Pb and S atoms only (R=20%).

nd

asin B

¢ down

b sin

Fig. 1. Projection on (001). The origin of the coordinate system
is at the centre of the diagram; the view is down the axis of
the double chain referred to in the text. Some, but not all, of
the close approaches to neighbouring chains are shown. The
atoms numbered are those listed in Table 1.
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All C, N, O, atoms required by the postulated formula
appeared as peaks of height 5-7 e.A~2 while the larger
remaining peaks did not exceed 2 e.A~3 (no attempt
was made to identify hydrogen atoms which were not
included at any stage of this analysis). Introduction
of all atoms into the structure-factor calculations gave
R=153%, R,=[Sw(|F,|—I|F.1)*/2w|F,|*|'*=4-34%.
After three cycles of full-matrix least-squares refine-
ment convergence was reached at R=152%, R,=
3:95%. The goodness of fit was 1:65. Shifts from the
positions derived from the difference synthesis were
negligible for Pb and S atoms but as large as 0-18 A
for the z coordinates of some light atoms. Inspection
of the structure-factor table (Table 2*) showed that
there were no serious individual discrepancies and it
seems that the rather large value of R is due partly to
measurement errors in the strong reflexions and partly
to inadequate absorption corrections. Atomic param-
eters are listed in Table 1. The approximate e.s.d.’s of

* Deposited with National Lending Library for Science and
Technology, Boston Spa, England as Supplementary Publica-
tion No. SUP 30016. Copies may be obtained through the
Executive Secretary, International Union of Crystallography,
13 White Friars, Chester CH1 1NZ, England.

Table 1. Fractional atomic coordinates, Debye-Waller
factors, and their e.s.d.’s (in parentheses)

Isotropic Debye-Waller factor T=exp(—8n*U"sin’d/A?).

x/a y/b z/c Ur(Ay?
Pb 0-1436 (1)  0-2059 (1)  0-0599 (3) *
Formate ion
O(l) —0-084 (2) 0-124 3) —0-018 (7) 0:034 (7)
C(3) —0-085(2) 0-223 (3) 0-149 (9) 0-016 (7)
0@3) —0-004 (3) 0-300 (4) 0-234 (6) 0-024 (6)
Formate ion
o) 0-533 (2) 0-262 (3) 0-366 (7) 0-027 (6)
C4) 0:438 (3) 0-251 (5) 0-317 (11) 0-039 (10)
O(5) 0-376 (2) 0-207 (3) 0-119 (7) 0-032 (7)
Water molecule
0(2) 0-058 (3) 0-387 (4) —0-288 (8) 0-033 (7)
Thiourea molecule
S(1) 0-181 (1) 0-120 (1) 0-548 (3) *
C(1) 0-281 (2) —0-011 (3) 0-570 (8) 0-011 (6)
N(ID) 0-353(3) —0-012(4) 0-759 (9) 0-:037 (9)
N(3) 0-:260 (3) —0-112 (4 0-420 (9) 0-034 (8)
Thiourea molecule
S(2) 0-229 (1) 0-511 (1) 0-225 (3) *
C(2) 0-321 (3) 0-559 (4) 0-031 (12) 0:027 (9)
N(2) 0-423 (4) 0:663 (5) 0-108 (11) 0-051 (11)
N@4) 0-302 (3) 0:539 (4) —0-161 (11) 0-040 (9)

* The anisotropic Debye-Waller factors and their e.s.d.’s
are in units of A? and have the form

303
T=exp (—2n2 > > Ulhhaia))
i=1j=1

where U}, are the coefficients of the (symmetric) atomic
Debye-Waller tensor and a| are the reciprocal lattice param-
eters.
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Table 1 (cont.)

Ull U22 U33T UIZ U13 U23
Pb 0-0103 (7) 0-0148 (7) —0-0166 (129) —0-0021 (5) 0-0043 (7) 0:0017 (7)
S(1) 0033 (4) 0-034 (4) 0019 (19) 0-017 (3) 0-011 (5) 0-023 (5)
S(2) 0-023 (4) 0-021 (4) 0-005 (18) —0-008 (3) 0-008 (4) 0:003 (4)

1 The absolute values of Us; are in doubt because the inter-layer scale factors were not measured sufficiently accurately (Lin-
gafelter & Donohue, 1966). No physical significance is to be ascribed to the negative value of Us; of Pb.

the atoms are, Pb=o0(x)~a(y)~0-001 A, o(z) ~
0002 A; S=0(x) ~a(»)~0-01 A, 6(z)~0-02 A; C, N,
O =0(x) ~0(y) ~0-03-0-07 A, o(z) ~0-04-0-08 A. The
Debye-Waller factors cannot have much physical sig-
nificance.

Computing procedures have been described in part I
(Goldberg & Herbstein, 1972a); the weighting scheme
used here was, however, w(hkl)=1/|F,| for |F,|> 12,
w(hkl)=12 for |F,| <12.

Description of the structure

The arrangement of the structural units (Pb2* jons,
HCOO~ ions, thiourea and water molecules) in the
unit cell is shown in Fig. 1 [projection on (001)] and
in Fig. 2 [projection on (010)] while important inter-
atomic distances and angles are collected in Table 3
(the first coordination sphere about Pb**) and Table 4
(distances between different structural units).

The first coordination sphere around Pb** contains
eight atoms: three sulphur atoms from thiourea mol-
ecules [S(1), S(2), S(1'), shifted by —c¢ from S(1)], four
oxygen atoms from formate ions, [two of these from
one formate ion, O(1) and O(3), and the other two
from different formate ions, O(1’) and O(5)), and one
oxygen from a water molecule, O(2). These atoms are
at the vertices of a distorted dodecahedron (Fig. 3), a
coordination polyhedron often found among eight-co-
ordinate species (Lippard, 1967). An elongated bi-
sphenoid and a compressed bisphenoid are indeed found
here as in a regular dodecahedron but edges that would
be equal in a regular dodecahedron are far from
equality here. These distortions must arise, at least in
part, from the different radii of sulphur and oxygen
atoms and from the geometrical constraints imposed
by the bidentate nature of one formate ion.

Further description of the structure should be based
on the stronger inter-unit interactions, with weaker
interactions receiving secondary consideration. How-
ever, to the extent that interatomic distances give a
measure of strength of interaction, the interactions
between the different units appear to be roughly equally
strong in different directions. This is what would be
expected of ion—dipole interactions without covalent
bonding. We have based our present description on
primacy for Pb?* -..S interactions, then Pb?*...0O
interactions and finally hydrogen bonding, but em-
phasize that other rankings are possible. The descrip-
tion of the structure would require appropriate modi-
fication if one of these was shown to be preferable.

The two thiourea molecules per formula unit fill
different structural roles. One is bonded [through S(2)]
to a single Pb?* ion, with Pb ---$(2)=2-83 (2) A and
ZPb-8(2)-C(2)=99 (3)°. The second thiourea mol-
ecule bridges [through S(1)] the two Pb?* ions sepa-
rated by translation along [001] [Pb- - -S(1)=2:93 (2) A
and S(1)---Pb’=3-30 (2) A]. The bond angles are
Pb-§(1)-C(1)=102 (2) and Pb'-S(1)-C(1)=113 (3)°
and thus both Pb.-..S distances and Pb-S—C angles
differ significantly. The Pb?* ion and one of the

: ~N(1)
thiourea molecules [S(l)—C(l)\N(3)
tric unit constitute the repeat unit of an infinite chain
along [001]. A second, parallel chain is related to
the first chain by the centres of symmetry at the
origins of the unit cells. The lead ions of these two
chains (here Pb and Pb" related by the centre of sym-
metry at the origin) are each bridged by two formate
ions, each of which has one of its oxygen atoms bonded
monocoordinately to one lead ion [Pb-O(3)=Pb"'-
0(3')=2-59 (4) A] and its second oxygen atom bonded
bicoordinately to Pb and Pb”’ [Pb-O(1)=Pb"~O(1")=

of the asymme-

Table 3. Distances X - - - Y and X-Pb-Y angles for atoms in the first coordination sphere about Pb?+
Distances X- - Y (A)
Y—

First Second Mono-
bridging bridging coordinate
formate formate formate Water
S(1) S(17) S(2) 0(3) o(1) o(1) 0O(5) 0(2)
X Pb 293 3-30 2-83 2-59 275 291 2-84 2:72
i S(1) 594 4-04 319 4-02 361 4-01 545
Angles S(17) 144 514 5-55 475 391 3-59 3-30
X-Pb-Y(°) S(2) 89 114 326 4-71 5-69 3-64 327
0@3) 70 140 74 2-09 4-36 519 347
o(l) 90 103 115 46 324 5-55 342
o(1) 76 78 165 105 70 425 494
O(5) 88 71 80 146 165 95 4-58
0(2) 150 66 72 82 77 123 111
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275 (4) A; Pb-O(1')=Pb""-O(1)=2-94 (4) A]. Thus
these two formate ions are both bidentate, one with
respect to Pb and the other with respect to Pb”, and

asn7 I

b up l\« 3k

¢ sin [

Fig. 2. Projection on (010). The double chain referred to in the
text runs parallel to ¢ sin a. Some, but not all, of the close
approaches to neighbouring chains are shown.
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they form a pair of bridges between Pb and Pb”. The
second formate group of the asymmetric unit has one
bond to Pb [Pb-.-O(5)=2-84 (4) A] while O(5) is
definitely and O(4) possibly hydrogen-bonded to NH,
groups of thiourea molecules (Table 4). The oxygen
of the water molecule has a bond to Pb [Pb---(0)2)
=275 (4) A], and forms hydrogen bonds to bidentate
formate groups and, perhaps, to thiourea molecules.
Thus the double chains on which the present descrip-
tion of the structure is based are hydrogen-bonded to
surrounding double chains and a rather densely packed
structure results.

The dimensions of the thiourea molecules and the
formate ions are compatible with standard values but
are not accurate enough to warrant discussion. The
Pb- - -S distances are similar to those found in similar
structures; the Pb- - -O(3) distance of 2:59 A is rather
longer than that [2-45 (2) A] found in hexakis(anti-
pyrine)lead(II) perchlorate (Vijayan & Viswamitra,
1966). It seems clear that hydrogen bonds are formed
between N(1)---0(5), N(3)---O(1) and O(2)---0(3)
(see Table 4 for detailed designations of which atoms
are actually involved here), but the nature of the other
interactions cannot be clarified without knowledge of
hydrogen atom positions. In some instances electro-
static interactions may be important; this is also pos-
sible for N(3)- - - S(2) and N(4)- - - S(2) where hydrogen
bonds seem unlikely.

Some O- - -S distances of 3-2 A are also found, but

Fig. 3. The first coordination sphere about Pb** shown as a distorted dodecahedron oriented with its approximate fourfold
inversion axis vertical [stereodiagrams by ORTEP (Johnson, 1965)]. This figure should be compared with the regular dode-
cahedron shown by Lippard (1967, see Fig. 4 on p. 128). Dimensions of the distorted dodecahedron are in Table 3. A measure
of the distortion is given by the unequal edges of the two bisphenoids (elongated, insert (a), A4 vertices; compressed, insert (),
B vertices) and by the deviations of the angles from the values of 90° found in the undistorted dodecahedron.
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Table 4. Distances between atoms in different units of the structure
Parent atom Neighbour atom
Atom in Designation of
asymmetric neighbour Asymmetric Distance
unit 55501 atom unit (A) Angle (°)
N(1) 0@) 65602 3-01 C(D-N(1)---04) 99
O(5) 55601 2-80 C(1)-N(1): -+ O(5) 120
N(3) o(1) 55502 2-75 C(1)-N@3)---0(1) 122
04) 65602 3-07 C(1)-N@3):--04) 96
S(2) 54501 3-47 C(1)-N@3)---S(2) 154
N(2) 04) 66602 3-07 C(2)-N(2) - -0O(4) 108
0(4) 66502 3-08 C(2)-N(2)- - -0O(4) 101
N(4) 0(2) 55501 3-05 C(2)-N4)- - -0(2) 101
0(4) 66502 3-02 C(2)-N@4)---04) 112
S(2) 55401 3-50 C(2)-N4)---S(2) 174
0(2) 0o@3) 55401 279
0o@3) 56502 3-00

Notes:

(1) Designation of the atoms is based on the system used by Johnson (1965). The ‘parent’ atom is in the asymmetric unit
55501 at x, y, z (coordinates listed in Table 1). The ‘neighbour’ atoms are designated as follows: xyz, 01; %5z, 02; origin
of unit cell is 555 and shifts in a, b, ¢ directions are denoted by increments in 1st, 2nd, 3rd digits respectively. Only one of
the many symmetry-related distances is given in this Table; many of these are shown in Fig. 1.

(2) The ‘parent’ atom has been chosen as the hydrogen bond donor [an ambiguity exists for N(4)- - - O(2)].

(3) The angle shown is X-Y(H)- - - Z where Z is the neighbour atom designated in columns 2 and 3 of the Table.

(4)  An upper limit of 3-1 A has been set for N---O and O- - -O interactions, and of 3-6 A for N- - -S interactions.

have not been listed because they are presumably re-
pulsive.

Discussion

To the best of our knowledge the only similar struc-
ture reported is that of mono(thiourea) lead(Il) ace-
tate (Nardelli, Fava & Branchi, 1960), where the essen-
tial structural unit can be described as consisting of
two parallel chains of alternating Pb?* ions and
thiourea groups. There are also weaker Pb- - -S bonds
between the parallel chains and the sulphur atoms are
thus tricoordinate. One carboxyl group has both its
oxygen atoms bonded to the same lead ion, whereas
the other bridges between two adjacent lead ions
through its two oxygen atoms. There is distorted
dodecahedral coordination of three sulphur atoms and
five oxygens about each Pb** ion. Thus both struc-
tures have quite complicated arrangements of ionic,
ion-dipole and hydrogen-bonding interactions extend-
ing in three dimensions. Pb- - - O interactions are rela-
tively more important in mono(thiourea)Pb(II) acetate
(distances of 2:37, 2:44, 262, 2-63 A) than in the present
compound, while Pb---S interactions are relatively
less important (distances of 3:09, 3-45, 3-60 A). Al-
though both structures have been described in terms

of pairs of parallel chains, the anisotropy of the struc-
tures does not appear to be particularly marked and
the bonding between different chemical units occurs
without marked preference for particular directions;
it is not known if this also holds for other physical
properties.

We are grateful to Dr Dov Rabinovich (Weizmann
Institute) for assistance with computing.
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