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Two new water-soluble bismuth(iir) complexes with polyaminocarboxylate ligands have been

prepared, characterized by IR spectroscopy and crystal-structure analysis. The complex with
triethylenetetraaminehexaacetic acid (Hgttha) has the stoichiometry Bi(H;ttha)-3H,O 1. It crystallizes

in the space group P2/c with two independent 4 (H;ttha-Bi) units in which the cations are located on the
crystallographic two-fold axis. It is the first example of a polyaminocarboxylate complex of Bi'™ displaying a
co-ordination number of ten, through four nitrogen atoms and six oxygens belonging to the acetates. The
ligand is wrapped round the cation in a bicapped square-antiprismatic geometry. In the complex with trans-
cyclohexane-1,2-diaminetetraacetic acid (H,cydta), Bi(Hcydta)-SH,O 2, the co-ordination number is eight with
a square-antiprismatic geometry around the Bi. For each Bi atom two of the co-ordinated oxygen atoms belong
to neighbouring molecules; these bridging oxygen atoms are different in the two subunits and connect the

complexed entities in a polymeric network.

Great interest is devoted nowadays to the co-ordination
chemistry of bismuth because of the wide applicability of this
element in various research fields like bioinorganic chemistry,
oxide-based superconductors, and heterogeneous catalysis. The
antacid properties of bismuth salts have actually been used in
medicine for more than 200 years in the treatment of ulcers and
gastrointestinal disorders. Colloidal bismuth subcitrate (CBS)
is the most widely used active component in modern Bi-based
pharmaceuticals. !

Interest in bismuth chemistry was increased by the discovery
by Maeda er al? of the high-T. superconductivity in the
Bi~Ca-Sr—Cu-O system, promoting thereby investigations on
the use of Bi-based compounds as potential precursors for the
manufacture of Bi-containing ceramics. The so-called chelating
method,? involving low-temperature decomposition of solid
metal precursors obtained from a solution of the complexed
metals, has proved to be an advantageous way to obtain mixed
metal oxides displaying homogeneous composition, and
competes efficiently with the conventional ceramic route based
on the high-temperature treatment of a mixture of the oxides or
carbonates. Since they form stable complexes with a wide range
of metals, the most widely used chelating agents are cthyl-
enediaminetetraacetic acid (H,edta), hydroxyethylethylene-
diaminetriacetic acid and nitrilotriacetic acid (H;nta). Anal-
ogous procedures involving the use of citric acid (3-carboxy-
3-hydroxypentane-1,5-dioic acid) (citrate process) were also
used with success, not only in the ceramic field but also for the
preparation of oxide-based heterogeneous catalysts.* ¢ In
addition, chelate complexes with H,edta or Hdtpa (diethyl-
enetriaminepentaacetic acid) were sometimes used as solid-
state molecular precursors for the synthesis of Y-Ba—Cu-O
superconductors.’

From a co-ordination chemistry point of view, a further
point of interest in bismuth compounds is related to the
potential stereochemical activity of the lone electron pair,
giving rise to various structural peculiarities. The synthesis
and the crystal structures of several bismuth(i) complexes
with Hyedta, Hinta and Hsdtpa have been already described.

These compounds correspond to the following stoichiometries:
Bi(nta)(H,0),.>° [NH,]1,[Bi(nta),],'® [NH,][Bi(nta),-
(NCS)],° Bi(Hedta),'! Bi(Hedta)-2H,0,® [NH,][Bi(edta)]-
H,0,!! [CN;H¢][Bi(edta)(H,0)],'? K[Bi(Hdtpa)(H,0)]-
4H,0'? and [CN,;H]1,[Bi(dtpa)]-4H,0.® The starting mate-
rial is traditionally Bi(OH),, exceptionally the oxocarbonate
Bi,0,(CO,).

We report here the isolation, crystal structures and IR
spectroscopic characterization of two new water-soluble
bismuth(ir) complexes with the polyaminocarboxylate ligands
triethylenetetraaminehexaacetic acid [N,N’-dicarboxy-
ethylenedinitrilobis(ethylenenitrilo)tetraacetic acid] (Hgttha)
and trans-cyclohexane-1,2-diaminetetraacetic acid (trans-
cyclohexane-1,2-diyldinitrilotetraacetic acid) (H,cydta).

Experimental
Materials

The compounds Hgttha and H,cydta and bismuth(i)
carbonate dioxide from Fluka were used as received.

Preparations

Bi(H,ttha)-3H,0 1. The compound Hgttha (3 g, 6.07 mmol)
was dissolved in water (150 cm?®) upon heating. The
oxocarbonate, Bi,0,(CO,) (1.55 g, 3.04 mmol), was added and
the mixture heated with stirring for 5 h. Undissolved bismuth
oxocarbonate was filtered off whilst hot. The colourless filtrate
was allowed to evaporate in the air and crystals of compound 1
appeared on cooling. Drying under vacuum at room
temperature for several hours resulted in opaque crystals
corresponding to the chemical composition Bi(H,ttha)2H,O
(Found: C, 28.70; H, 4.45; N, 7.35. Calc. for C,3H,,BiN,O,,:
C, 28.65; H, 4.40; N, 7.45%,).

Bi(Hcydta)-SH,O 2. The compound H,cydta (1 g, 2.745

mmol) was added to water (100 cm?) and heated to boiling. The
compound Bi,0,(CO;) (0.7 g, 1.373 mmol) was added and
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Table 1 Infrared spectroscopic data (cm™) for the free acids and

complexes 1 and 2

Compound v(OH) v(CO,7) v(CO,H)

H,ttha 3442 (br) 1737vs
1700 (sh)

1 Bi(H,ttha)-2H,0 3400s 1610vs 1703vs

3293s 1690s

H,cydta 3510s 1752, 1730, 1708vs
1656-1586

2 Bi(Hcydta)-H,O 3435 (br) 1619vs (br) Masked

Fig. 1 Schematic drawing of the crystal structure of compound 1

heated with stirring for at least 2 h. After filtration of the hot
solution, the colourless filtrate was allowed to stand at room
temperature and crystals of compound 2 appeared after several
days. Drying under vacuum at room temperature for several
hours caused disintegration of the crystals and the powder
obtained corresponded to the chemical composition Bi-
(Hcydta)-H,O (Found: C, 29.05; H, 3.80; N, 4.75. Calc. for
C,4H;,BiN,0,: C, 29.50; H, 3.70; N, 4.90%).

X-Ray crystallography

Crystals sealed in Lindemann glass capillaries were examined at
20°C on a Huber four-circle diffractometer with graphite-
monochromatized Mo-K« radiation (A = 0.710 69 A). Crystal
measurement and refinement data are summarized in Table 2.
The lattice parameters were refined using 30 reflections for
compound 1 and 26 for 2 in the range 5 < 26 < 20°.
Intensities were measured with ® scans. One standard
reflection was checked every 50 and no significant deviation
was observed. The intensity data were corrected for Lorentz-
polarization and for absorption by semiempirical (y scans)
method. Both structures were solved from Patterson and
difference syntheses using the program SHELXS 86.'* They
were refined by full-matrix least squares on F? with
anisotropic thermal parameters for all non-hydrogen atoms
(SHELXL 931!%). It was not possible to locate the H atoms
from the Fourier-difference map; and in both structures the
H atoms of the methylene groups were calculated, while those
of the carboxylic groups were not included in the refinement.
The largest peaks in the final difference syntheses were close
to the heavy atoms. Atomic scattering factors were taken
from ref. 16.

Atomic coordinates, thermal parameters and bond lengths
and angles have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC). See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1996, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 186/13.
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Results and Discussion
Infrared analysis

The main infrared absorption bands of the free acids and the
bismuth(1) complexes are listed in Table 1. Several changes in
the IR data in the OH and CO,H regions occur on formation of
compound 1 and result from the ionization of the ligand. The
coexistence of ionized and non-ionized carboxylic groups is
shown by the presence of characteristic bands at 1610 cm™ and
in the region 16901705 cm™. In the IR spectrum of compound
2 the bands characteristic of the non-ionized carboxylic group
are assumed to be masked by the very broad absorption band of
CO,” at 1619 cm™!

Crystal structures

Selected bond lengths and angles in complexes 1 and 2 are
presented in Tables 3 (co-ordination distances Bi-O and Bi-N),
4 and 5 (angles around Bi atoms).

Complex 1. Fig. 1 presents a schematic drawing of complex 1.
The triionized ttha acts as a decadentate ligand which co-
ordinates the central Bi atom through its four nitrogen atoms
and six oxygen atoms belonging to the acetate groups.
Nevertheless, the asymmetric part of the unit cell does not
correspond to the Bi(H;ttha) moiety, but to two independent
halves of that entity (labelled 1A and 1B). The two independent
bismuth cations lie on distinct crystallographic two-fold axes at
(0,0.1026, }) and (4, 0.9698, 3). The diad axis passes through the
midpoint of the central C(9)-C(9*) bond of the ttha molecule.
Fig. 2 shows the wrapping of the ligand around Bi for 1A. The
geometry of molecules 1A and 1B is essentially the same and, in
particular, the conformations of the ttha ligand are very similar.
The main difference is the Bi-O(1) distance which is
significantly shorter in 1A [2.694(7) A] than in 1B [2.912(7) A]
(see Table 3). There is no clear correlation between the C-O
distances in the carboxylic(ate) groups and the involvement of
the oxygen atoms in bismuth co-ordination or hydrogen-bond
formation (Table 6).

The co-ordination polyhedron (co-ordination number 10)
can be best described as a distorted bicapped square antiprism
(Fig. 3). This environment is common to the two non-
equivalent metal centres. In this structure the two external
nitrogen atoms [N(1), N(1')] are in capping positions, and the
square faces are formed by the remaining chelating atoms: N(2),
0(3"), O(2), O(1) and N(2'), O(1"), O(2"), O(3). Table 7 lists the
root-mean-square (r.m.s.) values of the fitted atoms to the best
mean planes and the dihedral angles between these planes for
the two Bi atoms.

The overall structure consists of isolated complexes
connected to each other through an intricate network of
hydrogen bonds involving the three co-crystallized water
molecules. Table 8 lists the intermolecular O« O contact
distances shorter than 3.2 A. No intermolecular O-.--N
interaction was observed within this range. One of the water
molecules is removed on drying and was not found in the
samples submitted to elemental analysis.

Complex 2. Fig. 4 shows the crystal structure of the complex
Bi(Hcydta)-5SH,O 2. There are again two independent complex
entities (Hcydta-Bi) in the asymmetric part of the unit cell. The
two bismuth atoms are surrounded by eight co-ordinating
atoms arranged in a square antiprism. The Hcydta molecule
behaves as a hexadentate ligand and the two additional
positions are occupied by two oxygen atoms belonging to
neighbouring molecules. These two atoms are seen to be
different if one compares the surroundings of Bi(1) [O(53),
0O(53"™)] and Bi(2) [O(3'™), O(52""V)]. Among the four acetate
groups, two are in bridging positions and the other two are co-
ordinated in a monodentate fashion to a single bismuth. For
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Fig. 2 Stereoscopic view of complex 1A.!7 Atoms labelled I are related by the symmetry transformation —x, y, ¥ — z

Table 2 Data collection and refinement parameters *

Formula

M

Crystal system
Space group
alA
biA
¢/A
1',‘0

B
v/°
U/A?
F(000)
p/mm

Approximate crystal size/mm
hk! Ranges

)]

1
C,sH,,BiN,O,,-3H,0
754.48

Monoclinic

P2/c

17.691(3)

8.175(2)

17.782(5)

102.59(2)

2510(1)

1476

7.11

0.40 x 0.32 x 0.20
0-22,0-10, —~23 to 23

2

C,.H,,BiN,045H,0
642.37

Triclinic

P1

12.494(4)

13.924(2)

13.264(7)

72.52(3)

72.75(3)

82.59(3)

2130(2)

1244

7.94

0.40 x 0.28 x 0.08
0-15, —17t0 18, —16to 17

Standard reflection 6—~10 -3 -32

No. reflections 6344 9752

No. observed reflections [/ = 2a([)] 3577 5766

No. parameters 346 542

Minimum, maximum transmission factors 0.9248, 1.0421 0.6701, 1.3611

R(I = 20I) 0.059 0.062

(all data) 0.102 0.115

wR2 0.119 0.136

w 1/[o(F,)* + 0.0686P%] 1/[o(F,)* + 0.0811P?]

A) 0.923 0.928

Extinction parameter 0.0048 None

Maximum shift/e.s.d. 0.001 0.002

Maximum, minimum residual density/e A3 2.39, —1.59 1.99, —2.49

* Details in common: Z = 4; D, = 2.00 g cm™>; maximum (sin 8)/A 0.65 A !
Table 3 Co-ordination bond lengths (A) in complexes 1 and 2
1A 1B 2

Bi-O(1) 2.694(7) 2.912(7) 2.584(10) -0O(51) 2.497(11)
Bi-O(2) 3.055(8) 2.988(8) 2.286(9) -0(52) 2.404(9)
Bi-O(3) 2.320(7) 2.327(7) 2.439(9) -0(53) 2.454(8)
Bi-0O(4) 2.339(9) ~O(54) 2.431(10)
Bi-O -0(53') 2.695(9) —O(31ly 2.617(11)
Bi-O -0(53") 2.916(10) -0(52'") 2.612(9)
Bi-N(1) 2.813(8) 2.803(8) 2.512(11) -N(51) 2.513(10)
Bi-N(2) 2.473(9) 2.472(8) 2.491(11) -N(52) 2.504(11)

Symmetry transformations: IIl —x, —p, —z + LIV —x+ 1, —y — 1, —z + .

Bi(1) the square faces are delimited by O(4), N(2), O(3), O(53'™")
and O(2), N(1), O(1), O(53"), respectively [Fig. 5(a)]. For Bi(2)
they are delimited by O(52), O(52'"), O(51), N(51) and O(54),
0O(3'™), O(53), N(52), respectively [Fig. 5(b)]. The r.m.s. values
of the fitted atoms to the mean planes, distances of Bi from
these planes and their dihedral angles are listed in Table 7.

The conformation of the Hcydta molecule is similar in the
two independent complex entities and, except for one
C-C-N-C torsion angle, is the same as that observed for the
free acid.'®

Ten water molecules have been located in the structure. They
are all involved in a hydrogen-bonding network for which
intermolecular O «.. O contact distances are summarized in
Table 8.

General comments

Crystallographic data characteristic of various polyaminocarb-
oxylate complexes of Bi™ previously described are presented

in Table 9. In the complexes described so far the bismuth co-
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Fig. 3 Co-ordination polyhedron around Bi in complex 1A'’

Table 4 Bond angles (°) around Bi in complex 1

1A 1B

O(3")-Bi(1)-0(3) 134.2(4) 136.5(4)
O(3')-Bi(1)-N(2") 70.0(3) 70.2(2)
O(3)-Bi(1)-N(2") 73.9(3) 75.5(3)
N(')-Bi(1)-N(2) 75.0(4) 74.6(4)
N(2)-Bi(1)}-0(1") 138.3(3) 139.0(2)
O(3)-Bi(1)-0(1) 67.1(2) 66.1(2)
N(Q2)-Bi(1)-0(1) 78.3(3) 79.5(2)
O(1)-Bi(1)-0(1) 139.9(3) 137.8(3)
O(3%-Bi(1)-N(1) 73.8(2) 76.4(2)
O(3)-Bi(1)-N(1) 116.8(3) 113.3(2)
N(2')}-Bi(1)-N(1) 134.6(3) 135.2(3)
N(2)-Bi(1)-N(1) 69.3(3) 68.6(3)
O(1')}-Bi(1)-N(1) 111.5(2) 113.12)
O(1)-Bi(1)-N(1) 58.8(2) 56.7(2)
N(1)-Bi(1)}-N(1}) 154.6(4) 154.9(4)
O(3')-Bi(1)-0(2) 72.8(2) 71.8(2)
O(3)-Bi(1)-0(2) 151.7(2) 150.1(2)
N(2)-Bi(1)-0(2) 132.6(3) 133.1Q2)
N(2)-Bi(1)}-0(2) 121.0(3) 120.5(2)
O(1'-Bi(1)-0(2) 60.5(2) 60.3(2)
O(1)-Bi(1)-0(2) 88.7(2) 87.5(2)
N(1)-Bi(1)-0(2) 55.3(2) 56.2(2)
N()-Bi(1)-0(2) 103.8(2) 103.4(2)
O(2)-Bi(1)-0(2") 82.6(3) 83.13)

Symmetry transformation: I — x, y, —z + 3.

ordination number is usually eight, with various co-ordination
polyhedra. Despite the fact that some authors have described
the Bi-edta complexes as having different co-ordination
geometries,® ! careful re-examination of the published
structures suggests that all three complexes can be described
with the same model, i.e. square antiprismatic. A co-ordination
number of nine is reached in the case of dtpa (compounds 10
and 11 in Table 9) or when an additional ligand is present in the
co-ordination sphere (thiocyanate in 5).

Compound 2 displays a coordination number of eight, in line
with the pronounced analogy between the Hcydta and Hedta
ligands. Compound 1 is the first example of a polyaminocarb-
oxylate complex with a co-ordination number of 10. Such a
high value had been observed in bismuth complexes with
polyethylene glycols or crown ethers, showing various kinds of
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Table 5 Bond angles (°) around Bi in complex 2

0O(2)-Bi(1)-0(4) 76.6(3) O(52)-Bi(2)-0(54) 76.7(3)
O(2)-Bi(1)-0(3) 147.6(3) O(52)-Bi(2)-0(53) 143.9(3)
0O(4)-Bi(1)-0(3) 111.1(3) 0O(54)-Bi(2)-0(53) 110.8(3)
O(2)-Bi(1)-N(2) 88.9(4) O(52)-Bi(2)-N(52) 86.0(3)
0O(4)-Bi(1)-N(2) 68.2(3) 0O(54)-Bi(2)-N(52) 68.5(3)
O(3)-Bi(1)-N(2) 67.0(3) O(53)-Bi(2)-N(52) 66.1(3)
O2)-Bi(1)-N(1) 68.7(3) 0O(52)-Bi(2)-N(51) 67.2(3)
O(4)-Bi(1)-N(1) 127.0(3) O(54)-Bi(2)-N(51) 128.0(3)
O(3)-Bi(1)-N(1) 83.0(3) O(53)-Bi(2)-N(51) 82.4(3)
N(2)-Bi(1)-N(1) 72.2(3) N(52)-Bi(2)-N(51) 72.8(3)
0O(2)-Bi(1)-0(1) 104.6(3) 0O(52)-Bi(2)-0O(51) 105.9(4)
O(4)-Bi(1)-0(1) 165.9(3) O(54)-Bi(2)-O(51) 165.1(3)
O(3)-Bi(1)-0O(1) 75.7(3) O(53)-Bi(2)-0O(51) 76.1(3)
N(2)-Bi(1)-O(1) 125.5(3) O(51)-Bi(2)-N(52) 126.0(3)
N(1)-Bi(1)-0O(1) 65.0(3) O(51)-Bi(2)-N(51) 65.0(3)
O(2)-Bi(1)-0(53") 73.2(3) O(52)-Bi(2)-0O(52"") 73.1(3)
O(4)-Bi(1)-0(53") 85.7(3) O(54)-Bi(2)-0(52") 83.3(4)
O(3)-Bi(1)-0O(53") 137.1(3) O(53)-Bi(2)-0(52"Y)  141.4(3)
N(2)-Bi(1)-O(53") 151.3(3) O(51)-Bi(2)-0(52'"Y) 83.5(4)
N(1)-Bi(1)-0(53") 119.0(3) N(52)-Bi(2)-O(52'"Y)  148.2(4)
O(1)-Bi(1)-0(53") 81.4(3) N(5D-Bi(2)-0(52"Y)  117.9(3)
O(2)-Bi(1)-0O(53"™) 143.4(3) 0O(52)-Bi(2)-0(3™) 141.5(3)
O(4)-Bi(1)-0(53"™) 92.4(3) O(54)-Bi(2)-0(3™) 88.4(3)
O(3)-Bi(1)-0O(53'™) 69.0(3) O(53)-Bi(2)-0(3"™) 74.6(3)
N(2)-Bi(1)-0(53") 119.7(3) O(51)-Bi(2)-0(3™) 80.6(3)
N(1)-Bi(1)}-0(53™) 138.4(3) N(52)-Bi(2)-O(3™) 121.4(3)
O(1)-Bi(1)-0(53™) 78.3(3) N(51)-Bi(2)-O(3"" 142.3(3)
0O(53")-Bi(1)-0O(531 71.2(3) O(52™M-Bi(2)-0(3"'M 69.9(3)
Symmetry transformation: Il —x + 1, p, —z + 3.
Table 6 Bond lengths (A) in the carboxylic (ate) groups

1A 1B 2A 2B
C(1'-0(1) 1.234(12) 1.221(12) 1.22(2) -0O(51) 1.22(2)
C(17-0(1")  1.298(11) 1.281(12) 1.31(2) -0(51") 1.31(2)
C(2'y-0(2) 1.209(12) 1.220(12) 1.28(2) -0(52) 1.28(2)
C(27-0(2)  1.319(13) 1.311(12) 1.26(2) -0O(52)  1.24(2)
C(3"-0(3) 1.274(13) 1.282(12) 1.27(2) -0(53) 1.30(2)
C(3)-0(3") 1.244(13) 1.214(12) 1.23(2) -0(53) 1.246(14)

co-ordination polyhedra.!® In our case this structure is directly
related to the decadentate nature of the ttha ligand. In most of
these compounds the attainment of a high co-ordination


http://dx.doi.org/10.1039/DT9960002023

Table 7 Root-mean-square values of the fitted atoms to the mean planes and dihedral angles around Bi atoms !*

1 2

Bi(1A) Bi(1B) Bi(1) Bi(2)
R.m.s. plane 1 0.013 0.066 0.145 0.140
R.m.s. plane 2 0.074 0.058 0.145 0.140
Dihedral angles between 1-2/° 4 6 3 4
Distances/A of Bi to plane 1 1.31 1.29 1.18 1.19
Bi to plane 2 -1.39 ~1.38 —1.18 —1.19

Table 8 Hydrogen bonds in the structures of compounds 1 and 2:0 -+ - O contact distances (A) less than 3.2 A (¢ = 0.01 A)

1 2
O(1A)---O(I'BY 3.19 O(1') - - O(54™Y 2.52 O(1w) - - - O(2w) 2.67
O(I'A) - +- O(I'B}) 2.49 02’ -+ O(lw) 2.67 O(1w)+ - - O(3w) 2.76
O(I'A) - - - O(3w) 3.00 0(@3)- - 0O(53"M 3.05 O(1w) - - - O(8w™™) 2.72
O(I'A) - - - O(2wlh) 3.02 0(3’) - - - O(3w"M) 2.81 0(3w) - - - O(5w) 291
O(2'A) -+ - O(1w) 2.60 0(3') - -+ O(52') 3.00 0(3w) + - - O(TwX) 2.80
O(3'A) - - O(1wW'") 2.72 0(3') -+ O(53"%) 3.08 O(4w) « + - O(7w) 2.84
O(lw) - - O(1I'B") 2.72 O’ - - - O(6W¥) 2.80 O(4w) - - - O(5wl) 278
O(2'B) - - - O(2w) 2.61 o) - - - O(8w*Y) 2.82 O(4w) - - - O(dw1Y) 3.02
O(2'B) - - - O(3w™") 3.19 O(51) + - - O(5WX) 3.09 O(6w) + - - O(Tw) 2.69
O(1B) - + - O(3W*Y) 2.83 O(51) - - - O(2w) 2.50 O(8w) + - - O(9w) 2.85
O(3'B) - - O(2wXY) 2.82 0(52) - - - O(5wWXY) 2.97
O(3'B) - - - O(3WXY) 294 0(52) - - - O(52%my 3.05
O(2w) - - - O(3w!) 3.04 0(52') - - - O(52X11) 2.99

0(53) - - - OQ2w¥) 2.78

0(53") -+ - O(2) 2.99

0O(53) - - - O(3"1 3.06

O(54) - - - O(10wXMy 2.99

O(54) - - - O(10w"H) 2.95

Symmetry transformations: ITx, 1 — y,z — Z 111 — x,1 — p; I ~x,y = 1,5 — IV —x,1 —p, 1 —z;V1 —x,1 + »,3 — z2;VIx, 1 + y,z; VII
—x, =yl - VIIx - Ly oz IX,x — L1+ y, X1 —x, =y, =z XIx,p,z— XM x,p— L, XIIITL —x, =1 —y, | — i XIV] — x,
L—p,2— =XV, l —y i +z

.
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Fig. 4 Schematic drawing of the crystal structure of compound 2

number requires atoms from neighbouring molecules to be achieved by incorporating additional nitrogen atoms in capping
involved in the co-ordination sphere, resulting in the occurrence positions, converting thereby the initial square antiprism into a
of a polymeric network. A comparison of the structures of the monocapped, then bicapped polyhedron. Simultaneously, the
bismuth complexes with edta, dtpa and ttha ligands shows a number of oxygen atoms from outside decreases. In the edta
regular increase in co-ordination number from eight to 10, complexes 6-9 and the dtpa complex 11, the formation of the
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Table 9 Comparative crystallographic data for bismuth(ii) complexes with various polyaminocarboxylate ligands

Complex

Bi(H;ttha)-3H,0
Bi(Hcydta)-5H,0
[NH,1;[Bi(nta), ]
{Bi(nta)(H,0),]
[NH,].[Bi(nta),(NCS)}
[CN;H][Bi(edta)(H,0)]
Bi(Hedta)
[NH,][Bi(edta)}-H,O
Bi(Hedta)-2H,0
K[Bi(Hdtpa)}(H,0)}-4H,O
[CN;H¢1,[Bi(dtpa)]-4H,0

_O oINS NN -

[y

Co-ordination
number

10

O \O 00 00 00 00 \D 0 0 O

Co-ordination polyhedron

Bicapped square antiprism
Square antiprism

Bicapped trigonal prism
Bicapped trigonal prism
Tricapped trigonal prism
Square antiprism

Square antiprism

Bicapped octahedron
Bicapped trigonal prism
Monocapped square antiprism
Monocapped square antiprism

Bi-O/A
Ref Minimum Maximum Bi-N/A
This work 2.32-2.33  3.05-2.99 2.47-2.81
This work 2.29-2.40 292-2.62 2.49-2.51
10 2.40 2.44 2.58-2.60
8,9 2.24 2.76 2.50
9 2.36 2.55 2.60-2.71
12 2.34 2.70 2.56-2.59
1 2.40 2.62 2.46
11 2.29 2.80 2.48-2.49
8 2.29 2.68 2.46-2.58
13 2.36 2.75 2.49,2.55,2.67
8 2.37 2.69 2.54,2.64,2.67

0O(52lV)

Fig. 5 Co-ordination polyhedra around (a) Bi(1) and (b) Bi(2) in
compound 27

square faces requires the involvement of two or one bridging
oxygen, respectively; in the dtpa complex 10 the same is
achieved by the presence of a co-ordinating water molecule. In
compound 1 the ttha ligand is self-sufficient as regards the
complete co-ordination (Fig. 6). A quite different situation was
found in ttha complexes described previously with Cr' 2°
Sb™,2! Cu"?? and V' (vanadyl);?* all these compounds
appear as dinuclear species in which the ttha ligand
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Fig. 6 Comparison of the co-ordination modes in polyaminocarboxy-
late complexes of Bi* with edta, dtpa and ttha

symmetrically chelates the two metal atoms using two nitrogens
and three oxygens.

In both compounds 1 and 2 as in all the analogous bismuth
complexes described so far, the Bi-O bonding distances vary
within a wide range. In 1 the shortest Bi—O bond lengths (2.32 A)
are comparable with the mean values observed for the shortest
bonds in compounds 3-11. The longest Bi-O distances (2.99—
3.05 A) are however significantly larger than in those
compounds, but the oxygen atoms involved in these bonds are
not of the same nature. If one excepts the case of the nta
complexes in which two ligand molecules are involved in co-
ordination (compounds 3 and 5), these values lic in the range
2.60-2.80 A, but correspond to interactions between Bi atoms
and oxygen atoms belonging either to water molecules or to
bridging acetate groups. In 1 there are no acetate groups in
bridging positions. A further difference concerns the Bi-N
distances, the maximum value (2.81 A) of which is here much
larger than the common values. In 2 the minimum Bi~O bond
lengths and the average Bi-N distances are comparable with
those in 3-11, the only difference being observed in one of
the longest Bi-O bond lengths (2.92 A), which is again larger
than the common values. Bismuth-oxygen bond lengths larger
than 3.0 A were previously observed in the citrate complex
NH,[Bi(cit)}-2H,0,?* as the result of the stereochemical
activity of the bismuth lone pair. Such an effect is definitely not
present in compounds 1 and 2.

The Bi - - - Bi contact distances observed in these compounds
are rather large (> 4.7 A in 2) and consistent with the absence of
any interaction. In each acetate group of compounds 1 and 2,
the C'-O bonds involving the co-ordinated oxygens are eclipsed
by the C-N bond (torsion angles N-C-C'-O between 4 and 19°
in 1, —6 and —27° in 2). In the cydta complex 2 the chair
conformation of the ligand is not altered by the chelation
process.
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Without discussing the choice of appropriate reference values
for the Bi-N or the Bi-O distances,® calculations of the so-
called ‘valence bond sum’?3 for the Bi atoms in both com-
plexes are consistent with the tervalent state of the central atom.
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