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n-Bu 4N n-tetrabutylammonium 
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C,H,,NO,S 

Cyclam 
diars 

dmg 
DMPE 

dpa 
DPPE 
dtt 
EDTA 
ema 
en 
Et,N 
Et ZNCSz 
HBPz, 
hx 
im 
L ax 
Lc 
L,, 
L eq 
L uf 
m 
MDP 
Me,CCO, 
Meim 
Me,N 
MeOX 
MP 
nzeso-SCH( CO, Me)- 

CH(C0, Me)S 
NPY 
NTA 

OCsH,N 
Or 

Pd 
Ph,As 
Ph,P 

a-penicillamine anion deprotonated at S 
1,4,&l I-tetracyclotetradecane 
U-phenylenebis(dimethylarsine) 
dimethylglyoxime 
bis(l,2-dimethylphosphino)ethane 
N, N’-diphenylacetamidinate 
bis(l,2-diphenylphosphino)ethane 
N, IV’-di-p-tolyltriazenide 
ethylenediamine-N, N, N”, N’-tetraacetate 
N, N’-ethylene-bis(2-mercaptoacetamide) 
ethylenediamine 
tetraethylammonium 
N, N-diethyldithiocarbamate 
hydrotris( 1-pyrazolyl)borate 
hexagonal 
imidazole 
axial ligand 
capped ligand 
capped face ligand 
equatorial ligand 
uncapped face ligand 
monoclinic 
methylenediphosphonate 
pivala te 
methylimidazole 
tetramethylammonium 
2-methyl-8-quinolinate 
mesoporphyrin IX dimethyl-esterate 

1,2-di(carbomethoxy)ethane-1,2-dithiolate 
4-nitropyridine 
nitrilotriacetate 
2-oxo-pyridinate 
orthorhombic 
pentane-2,4-dione 
tetraphenylarsonium 
tetraphenylphosphonium 

Ph,PC(Me),CH,COMe (l,l-dimethyl-3-oxobutyl)triphenylphosphoniu 
(PH,P),N bis( triphenylphosphin)iminium 
phsal N-phenylsalicylideneiminate 
PMe, Ph dimethylphenylphosphine 
pnao. 3H [3,3’-( 1,3-propanediyldiimino)bis(3-methyl-2- 

butanone oximato)(3 - )] 

m 
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P(OEt) ,Ph 
PPh, 

PY 
sal 
salbd 
(Sal) *en 
salpd 

tg 
TPP 
tr 

trg 

diethylphenylphosphonite 
triphenylphosphine 
pyridine 
salicylaldehyde 
N, N’-butane-1,4-diylbis(salicylide-iminate) 
N-N ‘-ethylenebis( salicylideneiminate) 
N, N ‘-propane-l ,3-diylbis(salicylideiminate) 
tetragonal 
meso-tetraphenylporphyrine 
triclinic 
trigonal. 

A, INTRODUCTION 

The chemistry of technetium remains an active research area, with empha- 
sis on the production of new compounds for use in diagnostic nuclear 
medicine [l]. All isotopes of technetium are unstable toward p decay or 
electron capture, and traces exist in nature only as fragments from the 
spontaneous fission of uranium. Isotopes available from commercial sources 
include 95mT~ (60 d half-life), 99mTc (6 h) and 99Tc (2.12 X lo5 y). Most 
chemical studies utilize the relatively long-lived 99Tc, which is available in 
sufficient quantities. Furthermore, since this isotope emits essentially only a 
292 keV P-ray, mg quantities can be handled with negligible radiation 
exposure. The short-lived radionuclide 99mTc, with a 6 h half-life, a single y 
emission of 140 keV and convenient availability as a 99Mo/99mTc generator, 
is used extensively in routine clinical diagnostic imaging procedures. 

The solvated technetium compounds have been the subject of numerous 
publications [2-121. During the last few years abundant structural studies 
have been reported. However, with the exception of the review by Bandolli 
et al. [12], which compiles crystal structures of technetium compounds 
published through the year 1980, earlier reviews of technetium compounds 
are more general in nature. We review the basic crystal and structural data 
available through the year 1985 and we have classified the technetium 
compounds from a coordination chemistry point of view. The coordination 
numbers found in inorganic and organic complexes of technetium range 
from 4 to 8, with number 6 occurring most frequently. 

B. STRUCTURAL DATA FOR TECHNETIUM COMPOUNDS WITH COORDINA- 
TION NUMBER FOUR 

(i) Mononuclear compounds 

Four-coordinate compounds have two possible geometries- tetrahedral 
and square planar, although intermediate and distorted structures are known 
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[13]. Of these two common geometries only the tetrahedral structure is 
found in the chemistry of technetium coordination compounds. Crystal data 
of the pertechnetates are presented in Table 1. Figure 1 depicts a representa- 
tive example, the crystal structure of KTcO, [14]. The simple tetrahedral 
technetium(VI1) oxo-anion, [TcO,] -, consists of one Tc atom coordinated to 
four 0 atoms with Tc-0 bond lengths of 1.711(3) A, or 1.724 A if corrected 
for vibrational oscillation of the tetrahedral and 0-Tc-0 angles of 109.0(2) 
and 110.5( 2) O respectively. 

Faggiani et al. [15] studied the crystal structure of NH,TcO, at 295, 208 
and 141 K. The Tc-0 bond distances as well as 0-Tc-0 bond angles of 
NH,TcO, (Table 1) are similar to those found in KTcO,. These authors 
report that despite the changes in cell parameters (Table 1) the variation in 
structure as a function of temperature is only minor. There is very little 
effect on the cell volume. which increases gradually over the temperature 
range 129-295 K, while the axial ratio c/a decreases with a minimum phase 
transition. However, at temperatures over 210 K the C/U value increases as 
well. 

Some general trends emerge from the crystal data presented in Table 1. 
The value of the axial ratio c/a decreases when the ionic radii (I”;,,) of the 

0 0 o-co 
6 0 

Fig. 1. A view of the technetium(VI1) environment in (TcO,) [14]. 
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cation are reduced in the following order: Cs+ (c/a 2.501, ,rion 1.81 
A) < NH: (2.295,1.75 A) < K+ (2.285,1.52 A) < Na’ (2.223, I.16 A) < Y3+ 
(1.598, 1.04 A) < Mg2+ (1.263, (O-868), 0.86 A). In the lanthanide series the 
monotonic decrease of Ho < Er < Tm < Lu (Table l), in both the unit cell 
volume as well as the axial ratio c/a, is due to the lanthanide contraction. 

Muller et al. [16] studied ternary and quaternary oxides of technetium by 
F-ray analyses and reported the following values: Mg%TcO, (a = 8.498(3) 
A); CozTcO, (a = 8.450(3) A); Mn,TcO,O(a = 8.682(3) A); NiZnTcO, (a,= 
8.462(3) A); NiMnTcO, ja = 8.557(3) A); CoMnTcO, (a = 8.563(3) A); 
NiCdTcO, (a = 8.786(3) A). Using rare earth pyrochlorides as an indicator 
of the relative size of the tetravalent ions, an ionic radius of 0.67 A was 
assigned to Tc(IV). (Me,N),TcO, crystallizes in antifluorite as a cubic 
face-centered lattice with a = 11.20 A in the space group F-23 or J’-43~2 
with four molecules per unit cell [17,23]. 

(ii) Binuclear compounds 

The crystal structure of ditechnetium(VI1) heptaoxide, Tc,O,, was de- 
termined by Krebs [18]. The compound crystallizes in the orthorhombic 
system in space group Pbca with four molecules per unit cell and with unit 
cell dimensions of a = 13.756(7), b = 7.439(4) and c = 5.617(3) A. The 
compound contains isolated centrosymmetric Tc,O, molecules with a linear 
central Tc-0-Tc bridge angle of 180.0” (Fig. 2). Four oxygen atoms are 
coordinated to each technetium(VII) atom, forming a tetragonal coordinate 
environment, with Tc-0 bridge distances of 1.658(5), l-684(5), 1.706(5) and 

Fig. 2. A schematic view of the molecular structure of Tc207 [18]. 
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1.840(l)& respectively. Although the Tc--0 distances in this binuclear 
compound cover a rather large range (1.658-1.840 A) the sum of all 
interatomic distances in the TcO, chromophore (6.88 A) compares well with 
those found in mononuclear compounds (6.83 A average). The O- Tc---0 
bond angles, which are in the range of 107.8(2) to 110.9(2)O in the dimer. are 
also comparable to those found in the monomers. 

Unit cell dimensions in the lanthanide series: Sm,Tc,O, ((1 = 10.352(4) 
A); Dy,Tc,O, (a = 10.245(4) A) and Er,Tc,O, (a = 10.194(4) Li) are de- 
creased due to lanthanide contraction [16]. 

C. STRUCTURAL DATA FOR TECHNETIUM COMPOUNDS WITH COORDINA- 
TION NUMBER FIVE 

(i) klononuclear compound.s 

Although five-coordinate compounds are less common than those with 
coordination number four or six, there has recently been considerable 
interest in the former and the number of known compounds of this type has 
increased rapidly. Furlani [19] has suggested the following classification for 
the stereochemical arrangements of five-coordinate compounds: regular 
trigonal bipyramid, slightly distorted trigonal bipyramid, highly distorted 
structures (trigonal bipyramidal or square pyramidal), regular square pyra- 
mid and distorted square pyramid. Distorted square pyramid is “distorted” 
in the sense that the metal atom lies above the plane of the four basal 
ligands, an arrangement found in all technetium compounds listed in Table 
2. The structures are tabulated in order of increasing number of different 
ligands. Figure 3 depicts the crystal structure of [TcO(S,CH,COS)J as a 
representative example of this class of complexes [20]. The technetiu.m(V) 
ttom is coordinated by four sulfur atoms in a basal plane (Tc--S = $303(3) 
A (2 x > and 2.336(3) A (2 x >) and by an oxygen (Tc--0 = 1.672(8) A) in an 
apical position. In this distorted square-pyramidal geometry the technetium 
atom lies 0.791 ,& above the basal plane, and the Tc-0 ligand is perpendicu- 
lar to the least-squares plane formed by the four sulfur atoms [20]. As in 
most complexes of this type, the metal atom is positioned above the basal 
plane towards the apex ligand resulting in a strong apical bond and weaker 
basal bonds. Likewise, good ligand donors, such as “free” 0xyge.n and 
nitrogen, usually seek the apical positions. The bond lengths shown in Table 
2 support this suggestion. There is an obvious correlation between bond 
lengths and movement of the metal atom: out-of plane technetium-ligand 
distances increase upon displacement of the technetium (V) atom from the 
basal plane towards the apical ligand. There are some exceptions, but they 
could reflect the presence of increased numbers of different ligands. 
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Fig. 3. A schematic view of the technetium(V) environment in [TcO(SCH,COS)~] [20]. 

The data in Table 2 reveal that there is no example of five equivalent 
ligands and only two examples with five unidentate ligands. e.g. TcCl,X- 
(X = 0 or N). The (TcCl,Oj- ion possesses C-,, symmetry with truns 
Cl.,--Tc-Cl,, angles of 139.2(I) and 153.7(l)* and with two distinct differ- 
ent TcGC~,~ bond distances. While the trans Cl,,--TcPCl,, angles vary by at 
least 14.5*, which is the largest variation found among the technetium(V) 
compounds collected in Table 2, the c~is Cl.,--Tc--Cl,, angles vary only by 
0.7O, which is the smallest variation observed. Furthermore, the 
C1,,PTc-Cl,, angles from 103.0 to 111.5(2)O (the largest variation among 
these complexes, Table 2). indicates distortion of the oxo-tetrachlorotech- 
netium(Vj anion from absolute C,, symmetry. In the case of TcOCl, , where 
there is no significant interionic contact [21], it appears that crystal-packing 
forces are responsible for the distortion. 

There are two examples of tetradentate ligands: Tc(V)O(pnao - 3H) 1221 
and Tc(V)O(ema) [23]. In both compounds the chelating ligands are in the 
basal plane and the oxygen ligand is in the apex, in a nearly square-pyra- 
midal environment about the technetium(V) atom. 

A distorted square pyramidal geometry is observed in Tc(V)O(phsal)Cl 
[24]. The structure consists of the tridentate (phsal) ligand coordinated 
through two oxygen atoms and a nitrogen atom in the equatorial positions, a 
chlorine ligand in the remaining equatorial position and an oxo ligand in the 
axial position. This is the only example of a tridentate ligand in this series. 
In all other compounds (Table 2) basal planes are built up by two bidentate 
ligands and an 0--1igand in the apex; in TcN(S,CNEt 2) 1 the N ligand is in 
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the apex. It is of interest to note that the central atom is always in an 
oxidation state of five. The one exception is (Ph,As)TcCl,N, where Tc is in 
an oxidation state of six (Table 2). As suggested by Wood [25], it is possible 
to enumerate a few factors that seem to predict formation of five-coordinate 
species. Among them, the size of the central atom is of importance. The 
larger radii of the second row elements, in their higher oxidation states, 
apparently prefer a lower coordination number. The data presented in 
Tables 1 and 2 generally follow this pattern. Another significant feature is 
that the apical position in a distorted square-pyramidal geometry, such as in 
[Tc(VI)Cl,N] - and [Tc(V)N(S,CNEt *) *], is occupied by multiple tech- 
netium-nitrogen bonds (1.581(5) and 1.604(6) A). In the remaining com- 
pounds (Table 2) the multiple technetium-oxygen bonds range from 1.610 
to 1.679 A with a mean of 1.65 A. 

Most of the five-coordinate compounds contain five-membered rings. 
Exceptions are the tetra- and tridentate ligands, which do also form five- 
and also six-membered chelate ring systems. As can be seen from the data in 
Table 2, the coordinated atoms residing in the basal plane are: chlorine, with 
Tc-Cl bonds from 2.291 to 2.317 A (2.30 A mean); oxygen: Tc-0 = 
l-930-1.963 A (1.95 A mean); nitrogen, Tc-N = 1.908-2.093 A (2.02 A 
mean); and sulfur, Tc-S = 2.283-2.405 A (2.33 A mean). 

The average Tc-O,, bond length of 1.95 A in five-coordinate 
technetium(V) compounds is, as expected, longer than the average 
Tc(VIII)-0 length of 1.70 A as observed in four-coordinate compounds 
(Section B (i)). Furthermore, the sum of all interatomic distances around the 
central atom increases with the combined values of van der Waals radii of 
the coordinated atoms, e.g. TcN,O < TcO,NCl < TcO,S, < TcCl,O < 
TcS,O < TcS,N (values of van der Waais radii include [26]: 0, 1.50; N, 
1.55; Cl, 1.70-1.90; and S, 1.80 A). 

(ii) &nuclear compounds 
Structural data for binuclear five-coordinate technetium compounds are 

presented in Table 3. The structures are listed in order of increased Tc-Tc’ 
bond distances. A representative example, the octachloroditechnetate(II1) 
ion (Tc$&)~-, is depicted in Fig. 4 [27]. Four chlorine atoms and one 
technetium atom form the square-pyramidal coordination sphere of each Tc 
atom. There are two crystallographically independent anions with Tc-Tc’ 
bond distances of 2.151(l) A (Tc(l)-Tc(1)‘) and 2.133(3) A (Tc(2)-Tc(2)‘). 
It is of interest to note that while the Tc(l)-Tc(l)’ bond is 0.018 A longer 
than the Tc(2)-Tc(2)’ bond, the mean value of the Tc-Cl bond length in the 
former is 0.018 A shorter than in the latter. Such data are indicative of the 
presence of two distortion isomers of technetium(II1) in (n-Bu 4N) ,(Tc,Cl,) 
[28]. The observed difference suggests that the (Tc,C~,)~- anion resides on a 
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l Tc 
@ Cl 

Fig. 4. A schematic view of the structure of (Tc~C~,)~~ [27]. 

center of inversion, and thus only half of it is crystallographically indepen- 
dent, whereas the entire cation is parbof an asymmetricOunit [27]. The Tc-Tc 
bond length in [Tc,Cl,12- (2.142(4) A mean) is 0.023 A longer than that in 
[Tc,C~,]~- (2.119 A mean) (Table 3), reflecting the differences in technetium 
oxidation states (+ 3 and + 2.5 respectively). The matter has been discussed 
in detail by Cotton et al. 1271. Other differences also exist between the 
(Tc,Cl,)*- and (TczC1,)3- ions. For instance, the average values of Tc-Cl 
distances are 2.33 A and 2.36 A respectively and the sum of all interatomic 
distances in TcCl,Tc’ is almost constant, e.g. 11.45 A in (Tl,Cl,)‘- and 
11.56 A in (Tc,Cl,)‘-. The mean values of the cis- and trans-Cl-Tc-Cl 
angles in (Tc,CY,)~- are 86.9 and 153-O”, which is about 0.7 and 2.0” larger 
than the 84.2 and 151.0” angles observed in (Tc,C~,)~- (Table 3). On the 
other hand, the mean value of the Tc’-Tc-Cl angles in (Tc-C~,)~- (103.4”) 
is about 0.7” smaller than the 104.7” angle observed in (Tc,C~,)~ ~ (Table 

3). 
There is an obvious correlation between the oxidation state of the 

technetium atom and the Tc-Cl bond distances in five-coordinate com- 
pounds. The mean value of Tc-Cl bond lengths increases with decreased 
oxidation states of technetium, e.g. 2.30 A (Tc(V)) < 2.33 A (Tc (III)) < 2.36 
A (Tc (2.5)) (Tables 2 and 3). Insufficient data are available for analogous 
technetium compounds in order to allow for conclusion regarding the 
general nature of this tendency. 

Finally, we note the lack of influence of the cation on the unit cell 
parameters. In the case of mononuclear pertechnetates, the value of the axial 



ratio c/a increases with larger ionic radii of the cation. No such correlation 
exists for binuclear compounds (Table 3) suggesting that other factors. such 
as strong interaction between the two technetium atoms and between the 
binuclear units. determine the unit parameters. 

D. STRUCTURAL DATA FOR TECHNETIUM COMPOUNDS WITH COORDINA- 
TION NUMRER SIX 

Crystal data for six-coordinate technetium compounds are presented in 
Table 4. It is obvious that the hexahalogeno-compounds of quadrivalent 
technetium have been more completely studied than the corresponding 
penta- or hexavalent-technetium compounds. The lattice constants of the 
hexahalogeno-complexes of quadrivalent technetium increase with increas- 
ing ionic radius of the alkali metal cation or substituted halogen. e.g. 
hexafluoro- < hexachloro- < hexabromo- < hexaiodo-compounds. X-ray dif- 
fraction patterns of TcF, (Table 4) indicate that the unit cell dimensions 
change with temperature; at lower temperatures a phase transition to a 
lower symmetry occurs [29]. Tn the series of the ternary oxides (Table 4), the 
axial ratio c/n of the orthorhombic unit cell increases with lower oxidation 
states of technetium. e.g. 5.655 (P-Li,Tc(IV)O,) < 5.760 (,&Li,Tc(V)O,) < 
5.940 (Li ,Tc(IV)OJ). T ernary oxides with the hexagonal unit cell configura- 
tion do not follow this pattern, e.g. (2.80 (Li,Tc(VII)O,) and 2.81 
(Li,Tc(VI)O,). 

(i) Mononuclear compounds 

Six is by far the most common coordination number of technetium 
compounds. Structural data for mononuclear six-coordinate technetium 
compounds are presented in Table 5. The structure are tabulated in order of 
increasing number of different ligands. Regular or nearly perfect octahedral 
symmetry around the technetium atom exists in (NH,),TcCl, [30], K’,TcCI, 
[31], (NH,),TcBr, [32]. and (n-Bu,N),[Tc(NCS),] [33]. The crystal struc- 
ture of [Tc(NCS),]” is presented as a typical example (Fig. 5). In all four 
compounds the octahedral arrangement about the central technetium atom 
consists of six equivalent atoms. In spite of the presence of two different 
types of ligands, the technetium atom in WUZ.Y-[TCC~ :{ P( OEt),Ph},]. has an 
octahedral configuration with almost equal bond lengths in equatorial and 
axial positions (Table 5) [34]. 

There are three principal distortions of the octahedron. First of all 
tetragonal elongation or contraction along a single C, axis, which results in 
D4, symmetry. A typical example of a mononuclear six-coordinate tech- 
netium compound with such a symmetry is a-trarzs-[Tc(pd) ,(PPh,)CI] (Fig. 
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TABLE 4 

Crystal data for technetium compounds with coordination number six 

Compounds Crystal Space z QG 
class group b(+) 

c(A) 

Ref. 

K 2Tc(VII)H, hx 9.64 99 

Tc(VI)F, 
Tc(VI)F, 

C 2 
4 

NaTc(V)F, 
KTc(V)(F) 6 
RbTc(V)F, 
CsTc(V)F, 
K ,Tc(Iv)F, 

C 
C 
C 
C 
tr C3 

5.56 
6.16(3) ’ 
9.55(2) ’ 
8.74(2) 
5.02(2) 
5.71 d 
4.97 r 
5.09 f 
5.25 g 
5.807 

29 
29 

100,101 
100,101 
100 
100 
102,103 

- 

Rb,Tc(IV)F, 

(NH,) 2Tc(Iv>F, 

tr 

hx 

103 

104 

TcMF, or 105 

Tc(VI)OF, m 16 105 

K,Tc(IV)Cl, 
K,Tc(IV)Cl, 
K 2Tc(IV)C1, 
K2Tc(IV)C16 
K ,Tc(IV)Cl, 
Rb,Tc(IV)Cl, 
Rb,Tc(IV)Cl, 
Cs,Tc(IV)Cl, 
(NH,) 2TcWY& 
(NH,) ,Tc(Iv)CI, 
(NH,),Tc(IV)Cl, 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

Fm3m 
Fm3m 4 

Fm3md 
Fm3m 
pi 

4.645 
5.986 
4.798 
5.98 
4.79 
7.75 

17.01 
5.76 

18.83 h 
5.49 

14.43 
9.89 
9.83(l) i 
9.82(l) 
9.825(2) 
9.811(l) 
9.965(2) 
9.949(l) 

10.237(4) 
9.936(l) 
9.92 
9.9072(8) 1 

10.111(4) lJ 
12.165(3) 
10.263(5) 
10.37(2) 
10.354(l) 
10.371(2) 
10.460(2) 

106 
31 

107 
103 
108 
103 
108 
108 
108 
109 

30 
110 (PH,As) lTc(IV)Cl, tr 

K,Tc(IV)Br, C 

K,Tc(IV)Br, C 

K,Tc(IV)Br, C 

Rb,Tc(IV)Br, C 

Fm3m 
Fm3m 

107 
108 
103 
103 
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TABLE 4 (continued) 

Crystal data for technetium compounds with coordination number six 

Compounds Crystal 
class 

R&Tc( IV)Br, 
Cs,Tc(IV)Br, 
(NH,) ,Tc(IV)Br, 
K,Tc(IV)I, 

- 
C 

C 

c 
or 

K ,TC(IV)I, or 

Rb,Tc(IV)I, c 
Rb,Tc(IV)I, C 

(NH,) :Tc(IV)I, or 

Cs,Tc(V)(O)Cl, 
Cs,Tc(V)(O)Br, 
K ,Tc(IV)(OH)Cl 5 
K ,Tc(IV)(OH)Cl j 
Rb?Tc( IV)(OH)Cl j 
CszTc(IV)(OII)C1, 
Cs,Tc(IV)(OH)Br, 
K,Tc(l)(CN), 
Li ,Tc(VI)O, 

c 
C 

C 

C 

C 

C 

C 

C 

hx 

Li ,Tc(VII)O, hx 

p-Li 4Tc(VI)05 or 

@Li ,Tc(V)O, Or 

Li :Tc(IV)O, or 

Space 

group 

- 
10.461(2) 
10.6X)(3) 

Fm 3 111 3 10.417( 1) I 
I l-22(3) 

X.00( 3) 
7.X4( 3) 

11.24(2) 
7.96(2) 
7.X5(2) 

11.301(2) 
11.410(?) 
11.24(2) 

X.02( 2) 
7.92(2) 

10.lY9(1) 
10.672(3) 

Fm 3 nt 4 9.829( 7) 
Y.X51( 2) 
9.964(2) 

10.315(2) 
10.715(3) 

4 11.890(2) 
5.05(l) 

14.20(2) 
5.04(l) 

14.10(2) 
5.055(2) ’ 
8.755(2) 

X59(,2) 
5,03X(2) k 
X.726(2) 

29.02( 2) 
4.98X(2) ’ 
8.639(2) 

29.63(Z) 

111 
111 
10x,32 
107 

112 

103 
112 
112 

113 
113 

31 
113 
113 
113 
113 

43 
114 

114 

114 

114 

114 

il c, cubic; hx, hexagonal; m, monoclinic; or, orthorhombic. tr, trigonal; ’ at 2X3 K; L’ at 253 

K; d a = 55.8O; e cy = 97.0”; ’ a = 95.5O; g Q = 96.2”; h p = 114.0*: ’ structural data are 
given in Table 5: j a= 93.86(J); p =114.51(4)O and y = 99.08(3)“: k B = 99.8”: ’ p = 99.4”. 
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6) [35]. The four “short” equatorial Tc-0 bonds have an average length of 
2.01(l) A, while the two “long” axial Tc-Cl and Tc-P bonds are 2.42(l) and 
2.46(l) A, respectively. Imrzs-[TcO&(en),]Cl (Fig. 7) with its four “long” 
equatorial Tc-N bonds of 2.166(2) A and two “short” axial Tc-0 bonds of 
1.746(l) A, is a typical example of tetragonal contraction [36]. The second 
type of distortion involves rhombic changes in the length of two of the C, 
axes such that as they become equal, the resulting symmetry is Dzh. The 
crystal structure of the trans-[Tc(diars),Cl,]’ cation is a typical example of 
such a symmetry (Fig. 8). The mean Tc-As bond Olength is 2.515(2) A 
( + 0.007 A), whereas the Tc-Cl bond is 2.329(l) A. The third type of 
distortion is a trigonal distortion, elongation or contraction along one of the 
C, axes, resulting in Ojd symmetry. The cation [Tc{ SC(NH,),},]“+ (Fig. 9) 
is a typical example [37]. The cation is roughly octahedrally coordinated by 
six sulfur atoms, even though all donor atoms are part of thiourea sub- 
stituent groups. This distortion, also known as the Jahn-Teller distortion, 
can be accounted for by either a tetragonal or a trigonal distortion. Both 
effects are present in [Tc{ SC(NH,) 2 } ,]Cl 3 - 4H 2O, as discussed in detail by 
Abrams et al. [38]. 

Among the data presented in Table 5, the tetragonal distortion is by far 
the most common. Crystallographic analysis of trans-[TcO,(cyclam)]ClO, - 

H,O [39], ~~~~~-[Tc(DPPE),(NCS)~] [40], mer-[TcC13(PMe,Ph),] [41] and 
cu-trans-[Tc(pd),(PPh,)Cl] [39] indicate the presence of two independent 
molecules which differ mainly in their Tc-L bond lengths (Table 5) resulting 
in different tetragonal distortions. These results indicate the presence of two 
distortion isomers for each of these technetium compounds [28]. 

Fig. 5. A view of the technetium(II1) environment in [Tc(NCS),]“~ [33] 
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Fig. 6. A schematic view of the molecular structure of a-rmns-[Tc(pd),(PPh q )Cl] [35]. 

truns-[TcO{ (Sal) 2en> Cl] contains two independent molecules with only 
minor differences in their ligand conformations [42]. Similar differences 
found between trans-[Tc0,(en)2]C1 and lruns-[TcO,(en)JI (Table 5) have 

Fig. 7. A view of the technetium(V) environment in rrcln.s-[TcO)l(en),] ’ [36]. 



297 

Fig. 8. A view of the technetium(II1) environment in trans-[Tc(diars),Cl,li [79]. 

Fig. 9. A view of the technetium(II1) environment in [Tc{SC(NH,),},]~+ [38]. 
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been attributed to the configuration of the ethylenediamine ligands [43]. As 
indicated in Section C. second row transition metals including technetium. 
prefer higher coordination numbers at lower oxidation states. From the data 
in Table 5, it may be seen that technetium can be found in electronic 
configuration d” to d’. 

Another significant factor in stabilizing the coordination arrangement 
about the central atom, is the size and shape of the ligands. There are several 
examples of complexes with six equivalent ligands whereas tetradentate 
ligands are less common (Table 5). Examples of the latter include trum- 
[TcO,(cyclam)]ClO,H,O [39] and trans-[TcO{ (Sal) ?en) Cl] [42] with ligands 
in an equatorial position and [Tc(HBPz,)Cl,O] [44]. with the tridentate 
HBPz, occupyin g two ligands in the equatorial position and one in the axial 
position. Two different types of chelate ligands are present in 
[TcO(C5H,N0,S)(C5H,,,N0,S)] [45]. Bidentate (C,H,,,NO,Sj is coordi- 
nated in the equatorial position and tridentate (C,H,NO,S) ;s coordinated 
through the S and N atoms in the equatorial position and through the 0 
atom in the axial position. The second axial position is occupied by a 
monodentate 0 atom (Fig. 10). There are more examples of bis(bidentate) 
and mono(bidentate)-ligands as compared to tridentate-Iigands (Table 5). 

Fig. 10. A schematic view of the molecular structure of ITcO(C,H,NO,S)(CpH,,,NOIS)l [451. 
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The data in Table 5 reveal that equatorial positions are occupied by donor 
atoms with Tc-L bond lengths increasing in the order C < 0 < N < Cl - S 
< P -=z As < Br. A similar trend is observed for the donor atoms coordinated 
in the axial position, e.g. H < C -=z 0 < N < Cl < S < P - Br. The order is in 
correspondence with the van der Waals radii of the donor atoms [26]. There 
is also a correlation between the oxidation state of the central technetium 
atom and the Tc-L bond length. The Tc-P(N) bond length (equatorial as 
well as axial) increases with higher oxidation states of technetium. This 
phenomenon may be related to variations in the effective ionic radii of 
technetium in the different oxidation states. In the case of the Tc-Cl bond 
length, only the axial ligand follows this general pattern. 

The angle data presented in Table 5 reveal that the cis-L,,-M-L,, angles 
observed for technetium compounds with unidentate ligands are comparable 
to those of chelate ligands (80.6-99.4” versus 79.7-100.5”). The differences 
between unidentate and chelate ligand ~rans-L,,-M-Leq angles are more 
extreme and vary from 160-179” for the former but only from 171.5-178.5” 
for the latter. There are however a few exceptions: in aans-[TcCl,{ P(OEt), 
Ph} J [34], Tc(HBPz,)Cl *O [46], cis-[TcO(oxMe) ,Cl] [47], TcOCl( salpd) 
[48], and TcO(C,H,NO,S)(C,H,~NO,S) [45], trans-Leg-M-L,, exhibit an- 
gles of 164, 164, 166, 165 and 158” respectively, which differ from the 
average values. Such deviations result from the steric requirements of the 
chelate ligands coordinated in both equatorial and axial positions. This is 
also reflected on the L,-M-L, angles, which range from 1688158” as 
compared to 174-179” for technetium compounds with unidentate and 
chelate ligands. Furthermore, chelate ligands are coordinated only in an 
equatorial position. Similar deviations are found for the L,-M-L,, angles 
(Table 5). 

Tsutsui and Hrung [49] studied { [tricarbonyl technetium(I)]-p(meso- 
porphyrin IX dimethyl-es-terato)-[tricarbonyl rhenium(I)]} ; [(OC),Tc’ 
MPRe’(CO),], and found that the central metal atoms are hexacoordinated 
with the chromophore MC,N,. The distance between the two central atoms 
is 3.13 A. 

(ii) Bin&ear compounds 

X-ray data for binuclear technetium compounds are summarized in Table 
6. From the structural point of view these data can be divided into four 
groups. The structures of Tc,(OAc),Cl [50], Tc,(OAc),Br [51], KTc,(OAc), 
Cl, [52], Tc,(O,CCMe,),Cl [53], and Tc,(OC,H,N),Cl [54] consist of 
tetra-carboxylato-(inTc,(OC,H,N),Cl, chelated with tetra-(2-oxopyri- 
dinato-)-bridged binuclear [Tc,(O,CR),]+ and [(Tc,(OC,H,N),]‘) units 
symmetrically linked via Cll ions. The crystal structure of 
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Tc,(O,CCMe,),Cl, is shown in Fig. 11 as a representative example of this 
group. In these binuclear complexes the two technetium atoms are hnked via 
multiple bonds. The average T--Tc bond distance in [Tc,(OR),] (OR = 
OAc- or OC,H,N ) is 2.11 A. This is at least 0.08 A shorter than the same 
bond in [Tc,(O,CCMe,) 4] ’ ‘~ and corresponds to a change in the oxidation 
state of the central atom from +2.S in [Tc,(OR),] to + 3 in 
[Tc,( O,CCM, ) 4] ’ . . Similar differences are observed between [Tc,Cl s] ’ . 

with a Tc oxidation state of + 2.5, and [Tc,CI,]’ with a Tc oxidation state 
of + 3 (Section C (ii)* Table 3). We also note that the Tc---1, bond in 
[Tcz(OR),]-+ . IS in general longer than the same bond in [Tc,(O,CCMe,),]’ ’ 

(Table 6). and also that the sum of all interatomic distances around Tc in 
[Tc,(OR),] ’ (oxidation state +2.5) is somewhat longer than that in 
[Tc2(02CCMe3),]* ’ ( 0x1 a ion ‘d, t state + 3). This is also in agreement with 
similar differences between [Tc,Cl,]’ (Tc is +2.5) and [Tc,Cl,]’ (Tc is 
+ 3) (Section C (ii)). 

In general the Tc(III)-Tc(II1) distance is longer than the Tc(2.5).-Tc(2.5) 
distance, but at the same time the Tc(III)-L bond is shorter than the 
Tc(2.5)--L. This is also reflected in the sum of all interatomic distances. 
which is smaller around Tc(II1) than around Tc(2.5) (Tables 4 and 6). These 

Fig. 11. A schematic view of the molecular structure of Tc,(O,CCMe,),Cl, [S3]. 
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variations most likely result from differences in the u, 7~ and 6 bond 
strengths between Tc(II1) and Tc(2.5) binuclear complexes [55]. 

In the structure of Tc,(CO),,, which exhibits an approximately Da, 
symmetry, each Tc(0) atom is octahedrally coordinated to five carbonyl 
ligands (Tc-C = 1.899-2.023(12) A; Tc-Tc = 3.036(6) A) such that the 
equatorial carbons are arranged in a staggered configuration [%I. The 
Tc-CO bond length of l-90(3) A in cis-[Tc(CO) 7{ P(OEt) ,Ph} 4]C10, [57] is 
still within the range observed for Tc,(CO),,, and the angle values found in 
these two compounds are also comparable (Tables 3 and 6). 

The crystal structure of TPP{ Tc(CO),} 2 is shown in Fig. 12 and bond 
lengths and bond angles are given in Table 6 [58]. The M-C bond lengths 
appear to be normal and comparable to those found in other familiar 
technetium compounds. However, the average Tc-N bond length of 2.32 A, 
is larger than that found in rrans-[Tc(cyclam)O,]ClO, . H,O (2.125 A) [39]. 
In the latter the tetradentate N donor cyclam ligand builds up a plane which 
together with two oxygen atoms in the apex complete a tetragonal distortion 
around Tc(V). In TPP{ Tc(CO), } 2 the metal atom is situated 1.42 A above 
the plane of the four pyrrole nitrogen atoms (distance from the Tc(1) to the 
N atoms is 3.208 A) and the porphyrin macrocycle is highly distorted. It is 

Fig. 12. A schematic view of the molecular structure of [TPP{Tc(CO), },I [%I. 
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possible to enumerate a few factors that seem to influence the Tc--N bond 
length. First of all, the size of the central atom is of some importance. As 
expected, the effective ionic radii of a technetium ion with u’” electronic 
configuration such as in TPP{ Tc(C0) ?} ?, is larger than the radii of a 
technetium ion with dh configuration such as in tmnr-[Tc(cyclam)O,]Cl~), . 

H,O. Secondly, and of more significance, the size and shape of the ligands 
strongly influence the bond length. Finally, there is a Tc--Tc (bond length 
3.101(l) A) interaction between the central atoms in compounds like 
TPP{Tc(CO),}2. which is absent in others, such as rruns-[Tc(cyclam)O,] 
ClO,. H?O. X-ray analysis of the orange (TcO),(SCH,CH,S), complex 
shows two Tc(V) atoms with similar environments [58]. Two sulphur atoms 
of a square pyramidal TcOS, core are bonded to another TcOS, unit 
forming two square pyramids sharing a corner. with an angle of 106.0(l) A 
ketween the basal planes. The technetium atoms are 0.7410(3) and 0.802.5(4) 
A above the sulfur atom planes and these values are similar to those 
reported for other TcL, systems (Table 2). The Tc--Tc distance of 3.654(l) A 
rules out direct bonding. The values of bond distances and angles are 
summarized in Table 6. 

The binuclear structure of [{ TcO(salpd)} 2]O [48] consists of two crystallo- 
graphically independent TcO(salpd) moieties bridged by an oxygen atom. 
with the bridging Tc-O- Tc angle symmetrically imposed at 180”. The 
Tc(V) atoms have octahedral coordination with the equatorial plane formed 
by the N,O, donor set of the salpd-ligand, whereas the 0 and the “bridging” 
0 atom are truns to each other in axial positions. Selected bond distances 
and angles are given in Table $. The average value of Tc-L,, (L = 0 or N) 
bond lengths is 2.01 and 2.12 A, respectively. which may be compared with 
2.00 and 2.11 A found in hexacoordinated technetium compounds (Table S). 
The non-bridged Tc---O,, bond length of 1.69 ,& is comparable with the bond 
length of 1.70 ,& found in mononuclear hexacoordinated Tc compounds 
(Table 5). The bridging Tc~O~~ distance of 1.90 A is well within the average 
Tc-OsY bond length of 1.70 A and the average Tc--0 single bond length of 
2.00 A (Table 6). 

(iii) Trinuclear compounds 

Edwards et al. [59] studied the crystal structure of technetium(V1) oxide 
tetrafluoride. Crystals of0 the hexagonal form have space group P6,/rn 
(a = 9.00(l), c = 7.92(l) A; 2 = 6), and consist of distinct trinuclear units, 
(TcOF,),, positioned in the mirror planes of the space group with the three 
technetium(V1) atoms forming a triangle, linked asymmetrically by cis-bridg- 
ing fluorine atoms (Fig. 13). The distorted octahedral arrangement around 
the technetium atom consists of two fluorine atoms (terminal) (Tc-F, = 
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Fig. 13. A schematic view of the molecular structure of (TcOF,), [59]. 

l-80(2) and 1.82(4) A), an oxygen atom (Tc-0 = 1.66(3) A) and fluorine 
atoms (bridge) (Tc-F,, = 1.89(2) and 2.26(2) A). Distortion is also reflected 
in the various bond angles: F,-Tc-F,, = 78.0(2.9) and 78.7t1.5)” (cis); and 
157.2(3.0) (truns); 0-Tc-F,, = 96.8(2.2)O (cis) and 175.9(2.1)” (trans); 
F,-Tc-F, = 89.1(1.5)“; F,-Tc-0 = lOl.l(l.5) and 106.0(3.3)“; F,,-Tc-F,, 
= 79.1(1.5)O; and Tc-F,,-Tc’ = 160.9(2.1)” [59]. 

(iv) Hexanuclear compounds 

Two examples of hexanuclear technetium compounds are reported. The 
crystal structure of [Tc,(Br,OH),Br,][(H,O),H,O], is monoclinic with space 

group p2,,, and the following cell dimensions: a = 9.258(4), b = 9.211(3) 
and c = 17.437(7) A; p = 101.09(3)” and 2 = 2 [60]. The crystals of the 
compound consists of the [Tc, (Br,OH) 6Br6] * ~~ anion and [(H 2O) 3 H 3O] + 
cations. The six technetium atoms in the [Tc,(Br,OH),Br]‘- anion form a 
proper octahedron positioned within a cube with six apices occupied by 
bromine atoms and probably oxygen atoms of hydroxyl groups and with two 
apices unoccupied. In addition, the technetium atoms are bound to the 
terminal bromine atoms positioned above the midpoints of the six surfaces 
of the cube. Each technetium atom is bound to four adjacent technetium 
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atoms with bond lengths of 2.59-2.60 A. The lengths of the bonds of the 
technetium atoms with the bridging ligands, which partially occupy the cube 
apices, are in the range 2.41L2.51 A. The bond distances between the 
technetium atoms and the terminal bromine atoms are uniform (2.55 A). 
The Tc--Br terminal bond distance is somewhat longer than those of 
mononuclear technetium compounds (Table 5). 

Another example of a hexanuclear technetium compound is [Tc,Cl,,] 
[(Me,),N], [60]. The compound crystallizes in the orthorhombic space group 
Pcmn with four formula units in a cell with the following dimensions: 
u = 11.583(2), h = 13.527(3), and L’ = 24.387(3) A. The crystals consist of the 
[Tc,Cl,,]’ anion and tetramethylammonium cations. The structure of the 
anion shows D3, symmetry. The six technetium atoms form a trigonal prism 
with a base in the form of a right triangle. There are three quaternary TcTc 
bonds (2.16 A) which form the lateral edges of the prism, and six weak 
Tc-Tc bonds (2.70 A) which form the sides of the triangles of the prism. 
The three bridging chlorine atoms which are bound in pairs to three 
technetium atoms (Tc-Cl,,, = 2.36-2.40 A) and three terminal chlorine 
atoms (Tc-Cl ter = 2.37-2.38 A) in each half of the complex. All six chlorine 
atoms occupy equatorial positions relative to the triangle consisting of 
technetium atoms. The seventh chlorine atom interacts with three tech- 
netium atoms forming a unique axial ligand (Tc-Cl, = 2.88~~3.08 A) above 
the center of this triangle. The complex consists of three identical fragments 
of [Tc,Cl,]“- dimers, excluding the axial chlorine atoms [60]. 

((I) Octunuclear cornpounds 

The crystal structure of Tc,Br,, . 21-110 was determined by Kozmin et al. 
[61]. Crystals of the compound are monoclinic pith the following dimen- 
sions, u = 7.561(2), h = 13.553(5), c = 12.620(3) A, ,0 = 102.62(2)“, includ- 
ing two formula units and space group P2i,,,. The compound consisted of 
octanuclear Tc,Br,, moieties. Br ions, as well as H,O molecules, (OH) 
anions, and (H,O)‘~ cations. In the Tc,Br,: structure (Fig. 14). eight 
technetium atoms occupy the vertices of a prism. The base of this prism is a 
rhombus and the side edges are perpendicular to the base. There are two 
types of technetium atoms, Tc, and Tc, (both in a formal oxidation state of 
+ l), located at the vertices of the short diagonals, while atoms Tc, and Tc, 
(formal oxidation state of + 2) are located at the vertices of the long 
diagonals of the rhombi. All the technetium atoms interact in a pairwise 
manner to form four Tc-Tc bonds of high multiplicity with lengths of 
2.155(2) and 2.156(2) A (the side edges of the prism). In addition. each 
technetium(I) atom forms three metal--metal bonds with a length of 2.531(2) 
(short diagonals of the rhombus) and 2.679(2) and 2.721(2) A (sides of the 



307 

Fig. 14. A schematic view of the structure of [Tc,Br,,] [61]. 

rhombus). Each of the Tc(I1) atoms is bound to Tc(1) atoms (3.30-3.46 A). 
Eight bromine bridging atoms link the Tc(1) and Tc(I1) atoms in a pairwise 
manner (Tc(l)-BrO= 2.504(2)0-3.066(2) A, 2.677 A (mean); Tc(II)-Br = 
2.496(2)-2.519(2) A, 2.508 A ( mean)); while the four terminal bromine 
atoms are linked only to the Tc(I1) atoms (Tc(II)-Br = 2.513(2), 2.549(2) A, 
2.531 A (mean)). The average Tc(I)-Br bond is longer than the Tc(II)-Br 
bond, and the average Tc(II)-Br bond is also longer than the bonds found 
in hexanuclear [Tc,(Br,OH),Br,lZP (oxidation state of technetium is close to 
+ 3). It thus seems that there is a tendency towards larger Tc-Br bond 
lengths at lower oxidation states of technetium. The Tc-Tc-Tc valence 
angles between a side edge and a side of the base of the prism vary between 
89.4 and 90.7”. In the plane of the rhombus the angles are 55.7 and 56.3” 
(between sides of the rhombus formed by the Tc(I1) atoms) and 61.7 to 
62.6” (between a sides and a short diagonal of the rhombus). The remaining 
angles include Tc-Tc-Brterm: 106.6 and 112.8O, Tc-Tc-Brbridge: 110.1 to 
112.9O, and Tc-Brbridge -Tc: 44.3 to 65.6” [61]. The octanuclear complex 
consists of two pairs of different fragments: in contrast, the hexanuclear 
complex consists of three identical fragments. 

(vi) Polynuclear compounds 

The X-ray powder pattern of polynuclear TcO, has been reported by 
Mooney [62], Lam et al. [63], and Muller et al. [16]. While the unit cell 
dimensions for hexagonal TcO, reported by the last two laboratories are in 
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good agreement (a = 2.743 and c = 4.400 A versus a = 2.741(l) and c = 
4.400(l) A), Mooney’s 1621 cell dimensions are smaller (a = 2.735 and 
c = 4.388 A). The lower values may indicate impurities in the technetium 
sample. No other structural data of TcO, are available. Structural data for 
polynuclear technetium compounds are presented in Table 7. The crystal 
structure of (TcCl,), [64] is shown in Fig. 15 as a representative example of 
this class. There are three chemically distinct Tc-Cl bond lengths, e.g. 2.24, 
2.38 and 2.49 A (mean values) and two crystallographically independent 
examples of each. The shortest Tc-Cl bonds involve the non-bridging Cl(4) 
and C1(5), whereas the longest bonds involve the bridging Cl(2) and Cl(3) 
atom, with ligands perpendicularly to the chain. The intermediate Tc-Cl 
bonds involve the bridging Cl(2)’ and Cl(3)’ atoms, parallel to the chain. All 
bond angles are within 6” of 90”, as expected for a regular octahedron. The 
Tc-Cl bond lengths are within the same range as found in other Tc(IV) 
compounds (Table 5). On the other hand, the mean Tc-Cl bridge bond 
length in the polynuclear compounds is longer than in hexanuclear 
[Tc,CI,13-, whereas the reverse holds for Tc-Cl terminal bond lengths. 

In the case of the infinite polymeric chain of [Tc(OH)(MDP)] - [65] each 
MDP ligand bridges two symmetrically related technetium atoms, and the 

l Tc 
6% Cl 

Fig. 15. A schematic view of a section of a (TcCl,), chain [64]. 
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charge of each unit is neutrahzed by the hydrated lithium cation [Li(H,O),] . 

In addition, there is a single oxygen atom ( HzO) on the threefold axis of the 
space group. The coordination geometry around each technetium atom is 
approximately octahedral, with the two bridging oxygen atoms (TGO = 
1.917( 12) and 1.968(15) A) occupying cis coordinate sites and the oxygen 0 
atoms of the MDP ligands (Tc-0 = 2.01 A average) occupying the remain- 
ing four sites. The Tc---0 bond length is generally in accordance with 
observed Tc-0 single bond lengths (Tables 4 and 5). In the case of TcP, 
[66]. the average phosphorus to technetium bond distance of 2.386 A 
compares well with the correspondin g distance of> 2.398 .4 in TcP, [67] 
(Table 7)_ The average Tc- P distance in Tc,P (2.48 A) [67] is longer than in 
TcP, and TcP,. but all distances are comparable to those found in other 
hexacoordinate Tc compounds (Table 5). 

E. STRUCTURAL DATA FOR TECHNETIUM COMPOUNDS WITH COORDINA- 
TION NUMBER SEVEN 

(i) Mononuclear compounds 

(a) Pentagonal hipyrumidui geometry’ 
Seven-coordinate compounds are probably the most complicated in coor- 

dination chemistry [SS]. Structural and dynamic aspects of their stereochem- 
istry are also of importance for a better understanding of dissociation 
reactions of six- and eight-coordinate compounds [69]. The majority of 
seven-coordinate compounds analyzed by X-ray crystallography exhibit 
geometries related to one of three possible polyhedra, e.g. the pentagonal 
bipyramid, the capped octahedron, and the capped trigonal prism. ,411 
additional type, the tetragonal base-trigonal base. is less frequently found 
[70]. Structural data of the tetragonal base-trigonal base type for technetium 
are not available but some interesting examples of the other three types have 
been reported. In Table 8 we summarize structural data for mononuclear 
technetium c.ompounds with a pentagonal bipyramidal geometry. The struc- 
tures are tabulated in order of increasing number of different ligands. Figure 
16 illustrates a representative example of this class of compounds. the 
structure of Tc(S,CNEt 2)3(CO) [71]. The technetium is surrounded by one 
unidentate and three bidentate ligands in a distorted pentagonal bipyra- 
midal conformation, and the equatorial plane consists of two S,CNEt , ions 
(Tc-S bond. 2.475(3)-2.491(3) A) and a S,CNEt; ion which ckcupies both 
an equatorial (Tc--S(6) = 2.440(3) A) and an axial position (TcS(5) = 
2.520(3) A). The remaining axial site is occupied by the carhonyl group 
(Tc--C = 1.861(2) A). 
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Fig. 16. A schematic view of the molecular structure of [Tc(S,CNEt :)? (CO)] (711. 

It is of interest to note that in all possible polyhedra the central Tc atom 
is in an oxidation state + 3 (Table 8). Furthermore, the data in Table 8 
reveal that the mean Tc-L, bond of 2.20 A is shorter than the TcL,, bond 
(2.45 A). This relatively large difference is in agreement with the notion that 
the two apical sites of a pentagonal bipyramid are less sterically hindered 
than the five equatorial sites [72]. The TcL, girdle is distorted in such a way 
that the central atom is above the equatorial plane, at the site of the apical 
ligand with the shorter Tc-Lax bond length. There are no examples with 
equivalent Tc-L,, bond lengths. 

One of the important shape characteristics for describing a pentagonal 
bipyramidal geometry is the ratio of the bond distances M-L,,/M-L,,. In 
Tc(S,CNEt 7).C12(NS) this ratio is 0.97, versus 0.88 for the remaining 
tris(diethyldithiocarbamato) compounds. This indicates that the geometry 
about technetium in Tc(S,CNEt,) ,Cl ?(NS) resembles closely an ideal pen- 
tagonal bipyramid, whereas in tris(diethyldithiocarbamato) compounds a 
considerably distorted pentagonal bipyramidal geometry prevails. The latter 
distortion results from the restricted bite of the dithiocarbamato l&and 
which spans both the axial and equatorial sites. Any deviation from the ideal 
geometry is also reflected in the the bond angles La,-M ~-La., L,--Mu-L,, 
and L,,-M-L,,. In the ideal pentagonal bipyramidal the angles are: 
L,--M-L,, 180”; LX-M-L,,, 90”: L,,-M-L,,, 72 and 144” [72]. In 
tris(diethyldithiocarbamato) compounds the angle differs from the ideal 
geometry by 7-ll”, in bis(diethyldithiocarbamato) compounds only by 2-3” 
(Table 8). The La.-Tc-L., angles are also indicative of larger distortion in 
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tris- than in bis(diethyldithiocarbamato) compounds: 87.1-93.7” for bis- 
compounds versus 71-102.2” for tris-compounds. As can be expected, the 
smaller L,,-M-L,, angles (68-78”) in the pentagonal base between in- 
traligand coordinated atoms are similar for both bis- and tris(diethyldithio- 
carbamato) compounds. In contrast, the larger L,,-M-L,, angles between 
interligand atoms vary to some extent. Angles in bis-compounds resemble 
those found in the pentagonal bipyramid (144.2” versus 144”), whereas in 
triscompounds they range from 139 to 152O. Again, they reflect deviation 
from the ideal pentagonal bipyramidal geometry. It should be noted that the 
average values are comparable to those of an ideal bipyramid (Table 8). 

(b) Capped octahedral geometry 
Pale, yellow plates of carbonyltrichlorotris(dimethylphenylphosphine) 

technetium(II1) ethanol ([TcCl,(CO)(PMe,Ph),]C,H,OH), were observed 
when carbon monoxide was passed through a boiling solution of mer- 
T~cl,(PMe,ph)~ [73]. The compound crystallizes as monoclinic crystals in 
space group P2,/c with 4 molecules per unit. The crystal structure consists 
of molecular units of Tc(III)Cl,(CO)(PMe,Ph), and C2H,0H (Fig. 17) [73]. 
The coordination polyhedron around technetium(II1) is a distorted capped 

Fig. 17. A schematic view of the molecular structure of [TcCl,(CO)(PMe,Ph),] [73]. 
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octahedron, with the capped face consisting of the three phosphorus atoms 
(Tc-P: 2.44(l) (2 X ) and 2.45(l) A) and the uncapped face consisting of the 
three chlorine atoms (Tc-Cl: 2.47, 2.48 and 2.49(l) A):” the carbonyl group 
occupies the unique capping position (Tc-C: 1.86(2) A). In seven-coordi- 
nated MO compounds the bond distances in the capped octahedron increase 
in the following order: (Mo--L,) ( (MO-L,,) < (MO---L,,,) [70]. The mean 
values of similar bonds in TcCl,(CO)(PMe,Ph), follow the same trend. 
This. in spite of the fact that the phosphorus atom has a larger atomic radius 
(T,, 1.10 A) than chlorine ( rc, 0.99 A) [26], suggesting that the capped 
position is more populated than the uncapped face. Average bond angles 
about technetium are: L,.-Tc-L,,, 74.2”; L,,-Tc-L,,, 112.9 O; L,f-mTc~L,,V 
(cis to L.,) 77.3”. In the capped octahedron, the freedom, or confinement 
of the atom in the uncapped face is usually revealed by the LU,-M-L angles. 
The mean values of the L.,--Tc-L angles are 8S.0, 159.1 and 126.6”, for L,,. 
L,, and L, respectively, which is fairly close to values reported for related 
structures with different central atoms (90, 162 and 127 o ) [70.72]. 

(c) Capped trigond prism geometry 
X-ray analysis of a technetium compound with clinical applications as a 

Y9’nT~ radiopharmaceutical was accomplished by Deutsch et al. [74]. They 

Fig. 18. A schematic view of the molecular structure of [Tc(dmg) ,(SnCl z )(OH)] [74]. 
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reported the synthesis and structure of the yellow compound [Tc(dmg),(Sn- 
Cl,)(OH)] . 3H,O. The compound crystallizes in the triclinic system in the 
space group PI with 2 molecules per unit cell (2 = 2). The coordination 
polyhedron around technetium(V) is a capped trigonal prismatic (Fig. IS). 
The coordination sphere is built up by the six imino nitrogen atoms from the 
dmg ligands (Tc-N, 2.074(y)-2.104(9) A) and the bridging nitrogen atom 
(Tc-N, 2.074(9)-2.?04(9) A) together with the bridging oxygen atom 
(Tc-OH, 2.030(6) A) comprise the coordination sphere. The Sn atom is 
octahedrally coordinated. The Tc and Sn atoms are joined by three bridges, 
including a single bridge from the OH group and two diatomic N-O bridges 
from different dmg ligands. The distance between the metal centers is 3.47 A 

(ii) Binuclear compounds 

The crystal structure of diamagnetic binuclear red-brown (H,EDTA)Tc 
(IV)(p-O),Tc(IV)(H,EDTA) .5H,O, prepared via the reaction between am- 
monium pertechnetate and Na,H,EDTA, reveals that the coordination of 
the central Tc( p-O),Tc unit includes two H,EDTA molecules, one for each 
Tc atom (Fig. 19) [75]. The coordination number about each Tc atom is 
seven with TcO,N,Tc’ as a chromophore. The technetium(W) atoms are 
bridged by two oxygen atoms with the Tc-0 distances averaging 1.912(5) A 
and the Tc-Tc atoms 2.331(l) A apart. Each technetium atom is bound in 
the axial positions to two oxygen atoms derived from two different carboxy- 

Fig. 19. A schematic view of the molecular structure of [(EDTA)Tc( p-0) ,Tc(EDTA)] [75]. 
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late groups (Tc-0, 2.011(7) A), and in the equatorial position (except for the 
two bridged 0 atoms) to two amine nitrogens (Tc-N, 2.207(16) A). This 
complex contains some of the shortest Tc(IV)-Tc(IV) bonds observed so far. 

Burgi et al. [76] prepared and studied the crystal structure of diamagnetic 
binuclear sevencoordinate NaJNTATc(IV)( y-O),Tc(IV)NTA] .6H,O. with 
the TcO,NTc’ chromophore. The crystal and molecular structure of this 
compound reveal that two Tc-NTA moieties are joined via two oxo-bridging 
O-atoms (Tc-0, 1.919(2) A) and that the Tc-Tc atoms are 2.363(2) A apart. 
Coordination polyhedron around each0 technetium atom is built up by 
bonding to the N-atom (Tc-N, 2.14X(2) A) and to three carboxylate O-atoms 
(Tc-0, average 2.047(3) A) of the NTA-ligand. The elongation of the Tc-Tc 
distance is reflected in simultaneous opening of the Tc-0-Tc bridging 
angle. In [NTATc-( p-0) ,TcNTAJ z-m the Tc-0-Tc bridge angle is 76.0(l)” 
and the Tc-Tc atoms are 2.363(2) A apart, whereas in (Hz EDTA)Tc( ,LL- 
0) 2T~( H 2 EDTA). these values are 75.2( 1) o and 2.33 l(l) A. respectively. 

E;. STRUCTURAL DATA FOR TECHNETIUM COMPOUNDS WITH COORDINA- 
TION NUMBER EIGHT 

Glavan et al. [77] investigated [Tc(V)(diars)1C14] - (PF,) and found that 
the dark brown compound belongs to the orthorhombic space group Fddd 

l -Ii 
6 Cl 
@ As 

i 
Fig. 20. A schematic view of the molecular structure of [Tc(diars),CI,] _ [77] 
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with eight independent molecules per unit cell (2 = 8) and with ynit cell 
dimension: a, 13.821(4); b, 21.159(8); and c, 21.227(18) A. The 
technetium(V) atom is eight coordinate in a D,, dodecahedral coordination 
geometry (Fig. 20). This geometry consists of a Ocompressed tetrahedron, 
built up by four chlorine ligands (Tc-Cl, 2.442(4) A; Cl-Tc-Cl, 91.21(12)“) 
and four As atoms (from the diars ligands), which form a second elongated 
tetrahedron (Tc-As, 2.578(2) A; As-Tc-As, 126.46(5)“). This is the only 
example of a Tc-complex with coordination number eight. 

G. CONCLUSIONS 

This review reports on the crystal and structural data of technetium 
compounds which appeared through 1985. It describes over 140 technetium 
compounds for which crystal data are available, and X-ray and molecular 
structural data for over 80 compounds. 

From the stereochemistry point of view, there are technetium compounds 
with coordination number four, five, six, seven, and eight. Six-coordinate 
compounds are the most common, while only one example was found of an 
eight-coordinate complex. 

From the electronic configuration point of view, the technetium atom can 
exist in eight oxidation states, e.g. from Tc(0) (d 7, to Tc(VII) (do). The 
oxidation states of Tc(0) ( d7), Tc(1) (dl) and Tc(I1) (d 2, are rare, the other 
four are common. There are examples of Tc oxidation states of +2.5. In 
general, second-row elements prefer a lower coordination number in their 
higher oxidation states. It appears that technetium is no exception. For 
example, Tc(VII) (do) exists only in a four-coordinate compound, whereas 
compounds with coordination number seven only feature Tc(III) or Tc(IV). 
There is however an exception, Tc(diars) $1, contains Tc(V) (d’), even 
though its coordination number is eight. 

The lowest coordination number of technetium compounds is four. There 
is no example available with a square-planar form. Bond lengths, as well as 
bond angles in mononuclear or binuclear technetium(VI1) compounds, with 
tetrahedral environments about Tc(VII), are similar. There is a clear correla- 
tion between the axial ratio c/a and the ionic radii of the cation (Table 1): 
substitution for cations with smaller ionic radii results in decrease of the 
axial ratio C/Q. In the series of M(Tc(VII)O,), - H,O and M,Tc,(VII)O, 
(M = lanthanide), both the unit cell volume, as well as the axial ratio c/a, 
exhibit monotonic decrease with lanthanide contraction (Table 1 and Sec- 
tion B (ii)). 

A distorted square pyramidal geometry around the technetium atom is a 
commonly found geometry for five-coordinate Tc compounds. Except for 
[TcCl,N]-, where Tc is in the + 6 oxidation state, all examples listed in 
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Table 2 feature Tc(IVj as the central metal ion. The apical position in 
distorted square-pyramidal geometries is occupied by multiple Tc-N or 
Tc-0 bonds, with a mean value of 1.593 A for TeN and 1.655 A for TczO. 
Equatorial positions are built up by ligands of oxygen, nitrogen. chlorine. 
and sulfur. The average Tc-T_,,, bond length increases in the following 
order: 1.949 A (0) < 2.019 A (N) < 2.303 A (Cl) < 2.324 A (S); this increase 
parallels the van der Waals radii of the various coordinated atoms. Further- 
more, the sum of all interatomic distances around the technetium atom 
increases with larger van der Waals radii of the coordinated atoms, e.g.: 
TcN,O < TcO,NCl < TcO,Sz < TcCl,O < TcS,O < TcS,N. 

It is of interest to note that the mean value of the Tc(V)-L,, and 
Tc(V)-L,, bond lengths in pentacoordinate technetium compounds is lower 
than in hexacoordinate technetium(V) compounds (Table 9). This is in 
agreement with the notion that the substituents around pentacoordinate 
technetium are less sterically hindered than those around hexacoordinate 
technetium. 

Two types of binuclear anions were studied by X-ray analysis, e.g. 
[Tc,CI,]~~ and [Tc,Cl,]‘.-. Their structures are comparable, although a few 
differences exist. The O’Tc--Tc bond length in [Tc,Cl,]’ (2.142 A, mean 
value) is about 0.023 A longer than in [Tc,Cl,]’ (2.119 A); however, the 
Tc-Cl bond length in the former (2.33 A, mean value) is about 0.03 A 
shorter than in the latter (2.36 A). The lower oxidation state (+2.5 versus 
+ 3) of the central atoms results in decreased repulsion. which in turn may 
explain the variations in bond lengths between the central atoms. 

In a series of hexahalogeno-quadrivalent technetium compounds (Table 4) 
the lattice constants increase with both the ionic radii of the alkali metal 
cation and the van der Waals radii of the substituents, e.g. hexafluoro < 
hexachloro < hexabromo < hexaiodo compounds. 

Six-coordinate technetium compounds are by far the most common. 
Three principal forms of octahedron distortion are observed: among them 
the tetragonal distortion is the predominant conformation. Finally, of the 
possible d’-dh electronic configurations of the Tc atom, the cl’. n’ and d3 
configurations are most frequently encountered. 

Among the 35 examples of dentate ligands (Table 5) are 15 examples with 
unidentate ligands, three with tetradentate and only two with tridentate 
ligands; the remaining examples exhibit bidentate ligands. It should be 
noted that tri- and tetradentate ligands are only observed in coordination 
compounds of Tc(V)( d’). In contrast, unidentate ligands form an octahedral 
environment around Tc( IVj( d’ ) . m six out of the seven known examples. 
Further inspection of the data presented in Table 5 reveals that the equa- 
torial Tc-L,, bond lengths increase with the van der Waals radii of the 
donor atoms (ligands) in the following order: C < 0 < N < Cl < S -=z P - Br. 
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TABLE 9 

Summary data for Tc-L bond lengths 

C.N. b L M-L, (A) a 

Tc( III) Tc(I\r) Tc(v) a.v.(A) ’ 

6 Cd 
5 0 
6 0 
7 0” 
5 N 
6 N 
7 N 
6 Pf 
5 S 
6 S 
7 S 
5 Cl a 
6 Cl 
7 Cl 
8 Cl 
6 As 
6 Br 

6 Hh 
6 C’ 
5 0’ 
6 0 

7 0 
5 N” 
6 N” 
6 N” 
7 N 
6 P” 
7 P 
6 S 
7 S 
6 Cl p 
7 Cl 
6 Br 

2.00-2.03(2.015) 1.98,2.04(2.01) 
2.034-2.072(2.046) 

2.04,2.05(2.045) 
2.148 

2.42-2.513(2.46) 2.473,2.480(2.476) 

2.431,2.440(2.435) 
2.43-2.502(2.467) 

2.45,2.46(2.455) 2.22-2.39(2.340) 
2.367,2.401(2.384) 

2.507-2X3(2.512) 
2.500 

1.930-1.963(1.949) 
1.947-2.012t1.985) 

1.908-2.093(2.019) 
2.001-2.215(2.122) 

2.283-2.405(2.326) 
2.283,2.296(2.289) 

2.291,2.317(2.303) 
2.324-2.360(2.338) 

2.442 

2.538,2.570(2.554) 

1.95 
1.949 
2.005 
2.046 
2.019 
2.114 
2.148 
2.429 
2.326 
2.363 
2.467 
2.313 
2.357 
2.384 
2.442 
2.512 
2.536 

M-L, [A] 

2.05 
1.70,1.80(1.75) 
2.44-2.47(2.46) 
2.330 
2.412 
2.505,2.520(2.512) 
2.288-2.42(2.353) 
2.414,2.492(2.453) 
2.440 

1.604-1.697Q.655) 
1.626-1.795(1.911) 
1.795-2.282(2.985) 
1.861 
1.604 
1.629 
2.259,2.491(2.375) 

2.57 

2.32-2X(2.41) 2&k&2.527(2.483) 

2.36,2.50(2.43) 

1.7 
1.90 
1.655 
1.691 k 
1.985 ’ 
1.861 
1.593 
1.629 
2.156 
1.75 
2.47 
2.33 
2.412 
2.512 
2.39 
2.453 
2.433 

a The number in parentheses is an average value. ’ C.N., coordination number. ’ a.v., 
average value. d Tc(O)-C = 2.00 A (mean); Tc(I)-C =1.88-1.90 A; (1.89 A, mean). e 
Tc(IV)-q,rid, =1.919 A. f Tc(I)-P = 2.341-2.44 A (2.335 A, mean); Tc(II)-P = 2.40-2.436 
A, (2.42 A, mean). g Tc(VI)-Cl = 2.322 A. h Tc(I)-H = 1.7 A. i Tc(O)-C = 1.899 A; Tc(I)-C 
= 1.90, 1.91 A, (1.905 A, mean). j Tc=O. k There are three types of Tc(V)-0 bond lengths: a, 
To=0 =1.626-1.684 A (1.656 A, mean) (Tc(V)OL); b, Tc-0 =1.746-1.754 (1.750 A, mean) 
(Tc(V)O,L); c, Tc-O(OH) =1.795 A in [Tc(V)O(OH)(DMPE)].(F,CSO,),. ’ Type of ligands: 
OH-, CH,CH,O-, H,O, etc. m Tc(VIpN =1.581 A; TEN. n Tc(I)-N = 2.05, 2.161 A 
(2.105 A, mean); Tc(II)-N = 2.035, 2.047 A (2.041 A, mean). o Tc(I)-P = 2.44 A. p 
Tc(II)-Cl = 2.41, 2.42 A (2.415 A, mean). 
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The Tc=O, bond lengths are not taken into account in this sequence. Again, 
there is a tendency for longer Tc-L bonds with increased effective ionic 
radii of the different oxidation states of technetium (Table 9). 

The Tc(III)-Tc(II1) bond in binuclear [Tc,(O,CCMe,),]” _ (2.192 A) is at 
least 0.08 A longer than the Tc(2.5)-Tc(2.5) bond in [Tc,(OR),]“ (OR = 
AcO- or OC,H,N-) (2.11 A mean value). Also, the Tc(III)-L bonds in 

[Tc,(WCMe,M2+ are shorter than the Tc (2.5)-L bonds in [Tc~(OR)~] ‘, 
whereas the sum of all interatomic distances around Tc(II1) are also some- 
what smaller than those around Tc(2.5). Similar differences were found in 
[Tc,Cl,]*-- ]Tc(III)] and [Tc,CI,]~~~ [Tc(2.5)]. 

Even though coordination number seven is rare for Tc compounds, there 
are three distinct geometries known: a pentagonal bipyramid, a capped 
octahedron and a capped trigonal prism. An oxidation state of Tc( III)( d4) is 
common in these geometries of the technetium atom. 

Finally, the data in Table 9 confirm the following general rules: 
(a) M-L bond lengths increase with higher coordination numbers around 
the central atom; 
(b) M-L bond lengths increase with larger van der Waals radii of the 
ligands; 
(c) M-L bond lengths increase with higher oxidation states of the tech- 
netium atom in the case of L = N, P or Br, but decreases when L = 0 or S. 
However, if L = Cl, the M-L,, bond length decreases whereas the M-L, 
bond length increases with higher oxidation states of the technetium atom. 

ACKNOWLEDGEMENTS 

We thank the Medical Research Council of Canada for financial support 
and Mrs. Francine Lussier for her expert and dedicated assistance in typing 
and assembling the manuscript. 

REFERENCES 

1 E. Deutsch, M. Nicolim and H.N. Wagner, Jr. (Eds.), Technetium in Chemistry and 
Nuclear Medicine, Cortina International, Verona, 1983. 

2 G.E. Boyd, J. Chem. Educ., 36 (1959) 3. 
3 H. Taube, Chem. Rev., 36 (1962) 69. 
4 K. Schwochau, Angew. Chem., 76 (1964) 9. 
5 A.A. Posdnyakov, Russ. Chem. Rev., 34 (1965) 129. 
6 K.V. Kotegov, O.N. Pavlov and V.P. Shvedov, Adv. Inorg. Chem. Radiochem., 11 (196X) 

I. 
7 V.I. Spitsyn, A.F. Kuzina and A.A. Oblova, Russ. Chem. Rev., 46 (1977) 1030. 
8 K. Schwochau, Chem. Ztg., 102 (1978) 329. 
9 E. Deutsch in V.J. Sodd, D.R. Allen, D.R. Hoogland and R.D. Ice (Eds.), The chemistry 

of Radiopharmaceuticals, Masson, New York, 1978. pp. 1555168. 



321 

10 E. Deutsch and B.L. Bamett, in A.E. Martell (Ed.), Inorganic chemistry in Biology and 
Medicine, A.C.S. Symposium Series No. 140, American Chemical Society, Washington, 
D.C., 1980, pp. 104-119. 

11 M.Y. Clarke and P.H. Fackler, Struct. Bonding (Berlin), 50 (1982) 57. 
12 G. Bandolli, V. Mazzi, E. Roncari and E. Deutsch, Coord. Chem. Rev., 44 (1982) 191. 
13 M.C. Favas and D.L. Kepert, Progr. Inorg. Chem., 27 (1980) 325. 
14 B. Krebs and K.D. Hasse, Acta Crystallogr. Sect. B, 32 (1976) 1334. 
15 R. Faggiani, C.Y.L. Lock and Y. PO&, Acta Crystallogr. Sect. B, 36 (1980) 236. 
16 0. Muller, W.B. White and R. Roy, J. Inorg. Nucl. Chem., 26 (1964) 2075. 
17 L. Astheimer, J. Hauck, H.J. Schenk and K. Schwochau, J. Chem. Phys., 63 (1975) 1988. 
18 B. Krebs, Z. Anorg. Allg. Chem., 380 (1971) 146. 
19 C. Furlani, Coord. Chem. Rev., 3 (1968) 141. 
20 B.V. De Pamphilis, A.G. Jones, A. Davison and M.D. Davis, J. Labelled Comp. 

Radiopharm., 16 (1979) 26. 
21 F.A. Cotton, A. Davison, V.W. Day, L.D. Gage, and H.S. Trop, Inorg. Chem., 18 (1979) 

3024. 
22 C.R. Fair, D.E. Troutner, E.O. Schlemper, R.K. Murmann, and M.L. Hoppe, Acta 

Crystallogr. Sect. C, 40 (1984) 1544. 
23 A.G. Jones, A. Davison, R.M. LaTegola, W.J. Brodack, Ch. Orvig. M. Suhn, K.A. 

Toothaker, J.L.C. Lock, and J.K. Franklin, J. Nucl. Med., 23 (1982) 801. 
24 G. Bandoli, B. Mazzi, B.E. Wilcox, S. Jurisson, and E. Deutsch, Inorg. Chim. Acta, 95 

(1984) 217. 
25 J.S. Wood, Progr. Inorg. Chem., 16 (1972) 227. 
26 A. Bondi, J. Phys. Chem., 68 (1964) 441. 
27 F.A. Cotton, L. Daniels, A. Davison, and Ch. Orvig, Inorg. Chem., 20 (1981) 3051. 
28 M. Melnik, Coord. Chem. Rev., 47 (1982) 239 and references therein. 
29 S. Siegel and D.A. Northrop, Inorg. Chem., 5 (1966) 2187. 
30 R.C. Elder, G.W. Estes and E. Deutsch, Acta Crystahogr. Sect. B, 35 (1979) 136. 
31 M. Alder, J.E. Fergusson, G.J. Gainsford, J.H. Hickford, and B.R. Penfold, J. Chem. 

Sot. A, (1967) 1423. 
32 S.V. Shepel’kov, N.J. Konarev, T.N. Chebotarev, L.L. Zaitseva, and I.V. Vinogradov, 

Zh. Neorg. Khim., 20 (1975) 3310. 
33 H.S. Trop, A. Davison, A.G. Jones, M.A. Davis, D.J. SzaIda, and S.J. Lippard, Inorg. 

Chem., 19 (1980) 1105. 
34 U. Mazzi, D.A. Clemente, G. Bandoli, L. Magon, and A.A. Orio, Inorg. Chem., 16 

(1977) 1042. 
35 G. Bandoh, D.A. Clemente and U. Mazzi, J. Chem. Sot., Dalton Trans., (1977) 1837. 
36 M.E. Kastner, M.J. Lindsay and M.J. Clarke, Inorg. Chem., 21 (1982) 2037. 
37 J. BaIdas, J. Bonnyman and G.A. Williams, J. Chem. Sot., Dalton Trans., (1984) 833. 
38 M.J. Abrams, A. Davison, R. Faggiani, A.G. Jones, and C.J.L. Lock, Inorg. Chem., 23 

(1984) 3284. 
39 S.A. Zuckman, G.M. Freeman, D.E. Troutner, W.A. Volkert, R.A. Homes, D.G. van 

Derveer, and E.K. Barefield, Inorg. Chem., 20 (1981) 2386. 
40 G. Bandoli, U. Mazzi, A. Chinura, K. Libson, W.R. Heineman, and E. Deutsch, Inorg. 

Chem., 23 (1984) 2898. 
41 G. Bandoli, D.A. Clemente and U. Mazzi, J. Chem. Sot., Dalton Trans., (1976) 125. 
42 S. Jurisson, L.F. Linday, K.P. Dancey, M. McPartIin, P.A. Tasker, D.K. Uppal, and E. 

Deutsch, Inorg. Chem., 23 (1984) 227. 
43 K. Schwochau and W. Herr, Z. Anorg. Allg. Chem., 319 (1962) 148. 



322 

44 G. Ilandoli, D.A. Clemente, U. Mazzi. and E. Roncari, Acta Crystallogr. Sect. B, 34 
(1978) 3359. 

45 K.J. Franklin, H.E. Howard-Lock and C.J.L. Lock, Inorg. Chem.. 21 (1982) 1941. 
46 R.W. Thomas, G.W. Estes, R.C. Elder, and E. Deutsch, J. Am. Chem. Sot., 101 (1979) 

4581. 
47 B.E. Wilcox, M.J. Heeg and E. Deutsch, Inorg. Chem., 23 (1984) 2962. 
48 Cr. Bandoli. M. Nicolini. U. Mazzi, and F. Refosco, J. Chem. Sot., Dalton Trans., (1984) 

2505. 
49 M. Tsutsui and C.P. Hrung, J. Am. Chem. Sot., 95 (1973) 5777. 
50 P.A. Koz’min, T.B. Larina and M.D. Surazhskaya, Koord. Khim., 7 (1981) 1719. 
51 P.A. Koz’min, T.B. Larina and M.D. Surazhskaya, Koord. Khim., 9 (1983) 1114. 
52 P.A. Koz’min, T.B. Larina and M.D. Surazhskaya, Koord. Khim., 8 (1982) 851. 
53 F.A. Cotton and L.D. Gage, Nouv. J. Chim., 1 (1977) 441. 
54 F.A. Cotton, P.E. Fanwick and L.D. Gage, J. Am. Chem. Sot., 102 (1980) 1570. 
55 F.A. Cotton, A. Davison V.W. Day, M.F. Fredrich, Ch. ON& and R. Swanson, Inorg. 

Chem., 21 (1982) 1211. 
56 M.F. Bailey and L.F. Dahl, Inorg. Chem., 4 (1965) 1140. 
57 M.B. Cingi, D.A. Clemente, L. Magon, and U. Mazsi. Inorg. Chim. Acta, 13 (1975) 47. 
58 M. Tsutsui, C.P. Hrung, D. Ostfeld, T.S. Srivastava, D.L. Cullen. and E.F. Meyer, Jr.. J. 

Am. Chem. Sot., 97 (1975) 3952. 
59 A.J. Edwards. G.R. Jones and R.J.C. Sills, J. Chem. Sot. A, (19’70) 2521. 
60 P.A. Koz’min, T.B. Larina and M.D. Surazhskaya, Dokl. Akad. Nauk. SSSR, 271 (1983) 

1157. 
61 P.A. Koz’min, M.D. Surazhskaya and T.B. Larina, Dokl Akad. Nauk SSSR. 265 (1982) 

1420. 
62 R.C.L. Mooney, Acta Crystallogr., 1 (1948) 161. 
63 D.J. Lam. J.B. Darby, Jr., J.W. Downey, and L.J. Norton, Nature (London), 192 (1961) 

744. 
64 M. Elder and B.R. Penfold, J. Chem. Sot. Chem. Commun., (1965) 308; Inorg. Chem.. 5 

(1966) 1197. 
65 K. Libson, E. Deutsch and B.L. Barnett, J. Am. Chem. Sot., 102 (1980) 2474. 
66 R. Ruhl and W. Jeitschko, Acta Crystallogr. Sect. B, 38 (1982) 2784. 
67 R. Ruhl. W. Jeitschko and K. Schwochau, J. Solid State Chem., 44 (1982) 134. 
6X D.L. Kepert, Progr. Inorg. Chem., 25 (1979) 41. 
69 R. Hoffmann, B.F. Beier, E.L. Muetterties, and A.R. Rossi, Inorg. Chem., 16 (1977) 511. 
70 M. Melnik and P. Sharrock, Coord. Chem. Rev., 65 (1985) 49. 
71 J. Baldas, J. Bonnyman, P.M. Pojer, G.A. Williams, and M.F. Mackay, J. Chem. Sot.. 

Dalton Trans., (1982) 451. 
72 M.G.B. Drew, Progr. Inorg. Chem.. 23 (1977) 67. 
73 G. Bandoli, D.A. Clemente and W. Mazzi, J. Chem. Sot., Dalton Trans., (1978) 373. 
74 E. Deutsch, R.C. Elder. B.A. Lange, M.J. Vaal and D.G. Lay, Proc. Natl. Acad. Sci. 

USA, (1976) 4287. 
75 H.B. Burgi, G. Anderegg and P. Blauenstein, Inorg. Chem., 20 (1981) 3829. 
76 G. Anderegg, E. Muller, K. Zollinger, and H.B. Burgi, Helv. Chim. Acta, 66 (1983) 1593. 
77 K.A. Glavan, R. Whittle, J.F. Johnson, R.C. Elder, and E. Deutsch, J. Am. Chem. Sot.. 

102 (1980) 2103. 
78 J. Baldas, J.F. Boas, J. Bonnyman, and G.A. Williams, J. Chem. Sot. Dalton Trans., 

(1984) 2395. 
79 R.C. Elder, R. Whittle, K.A. Glavan, J.F. Johnson, and E. Deutsch. Acta Crystallogr. 

Sect. B, 36 (1980) 1662. 



323 

80 B.Y. McDonald and G.Y. Tyson, Acta Crystallogr., 15 (1962) 87. 
81 K. Schwochau, Z. Naturforsch. Teil A, 17 (1962) 630. 
82 L.L. Zaitseva, A.D. Belikov, A.I. Sukhikh, A.A. Kruglov, and N.T. Chebotarev, Zh. 

Neorg. Khim., 20 (1976) 287. 
83 A.A. Kruglov and L.L. Zaitseva, Zh. Neorg. Khim., 27 (1983) 525. 
84 L.L. Zaitseva, M.I. Konarev, A.D. Belikov, AI. Sukhikh, and N.T. Chebotarev, Zh. 

Neorg. Khim., 19 (1974) 3248. 
85 M.B. Varfolomeev, L.L. Zaitseva, A.A. Kruglov, and S.V. Mikheikin, Zh. Neorg. Khim., 

28 (1983) 1336. 
86 L.L. Zaitseva, MI. Komarev, A.V. Velithko, A.I. Sukhikh, and N.T. Chebotarev, Zh. 

Neorg. Khim., 19 (1974) 2973. 
87 B.V. De Pamphilis, A.G. Jones, M.A. Davis, and A. Davison, J. Am. Chem. Sot., 100 

(1978) 5570. 
88 J.E. Smith, E.F. Byrne, F.A. Cotton, and J.C. Sekutowski, J. Am. Chem. Sot., 100 (1978) 

5571. 
89 G. Bandoli, M. Nicolini, U. Mazzi, H. Spies, and R. Munze, Transition Met. Chem., 9 

(1984) 127. 
90 J. Baldas, J. Bonnymqn, P.M. Pojer, G.A. Williams, and M.F. Mackay, J. Chem. Sot., 

Dalton Trans., (1981) i798. 
91 A.J. Jones, B.V. De Pamphilis and A. Davison, Inorg. Chem., 20 (1981) 1617. 
92 J. Baldas, J. Bonnyman and G.A. Williams, Aust. J. Chem., 38 (1985) 215. 
93 P.A. Koz’min and G.N. Novitskaya, Zh. Neorg. Khim., 17 (1972) 3138. 
94 F.A. Cotton and L.W. Shive, Inorg. Chem., 14 (1975) 2032. 
95 F.A. Cotton and W.K. Bratton, J. Am. Chem. Sot., 87 (1965) 921. 
96 W.K. Bratton and F.A. Cotton, Inorg. Chem., 9 (1970) 789. 
97 P.A. Koz’min and G.N. Novitskaya, Koord. Khim., 1 (1975) 248. 
98 K. Schwochau, K. Hedwig, H.J. Schenk, and 0. Greis, Inorg. Nucl. Chem. Lett., 13 

(1977) 77. 
99 A.P. Ginsberg, Inorg. Chem., 3 (1964) 567. 

100 D. Hugilland, R.D. Peacock, J. Chem. Sot. A, (1967) 1339. 
101 A.J. Edwards, D. Hugill and R.D. Peacock, Nature (London), 200 (1963) 672. 
102 K. Schwochau and W. Herr, Angew. Chem., 75 (1963) 95. 
103 K. Schwochau, Z. Naturforsch. Teil A, 19 (1964) 1237. 
104 M. Cowie, C.J.L. Lock and J. Ororg, Can. J. Chem., 48 (1970) 3760. 
105 A.J. Edwards, G.R. Jones and B.R. Steventon, J. Chem. Sot., Chem. Commun., (1967) 

462. 
106 C.M. Nelson, G.E. Boyd and W.T. Smith, J. Am. Chem. Sot., 76 (1954) 348. 
107 J. Dalziel, N.S. Gill, R.S. Nyholm, and R.D. Peacock, J. Chem. Sot., (1958) 4012. 
108 L.L. Zaitseva, M.I. Konarev, P.B. Kozhevnikov, IV. Vinogradov, A.A. Kruglov, and 

N.T. Chebotarev, Zh. Neorg. Khim., 17 (1972) 2411. 
109 A.F. Kuzina, P.A. Koz’min and G.N. Novitskaya, Zh. Neorg. Khim., 18 (1973) 841. 
110 J. Baldas, J. Bonnyman, D.L. Samuels, and G.A. Williams, Acta Crystallogr. Sect. C, 40 

(1984) 1343. 
111 L.L. Zaitseva, M.I. Konarev, VS. Il’yashenko, V.I. Vinogradov, S.V. Shepel’kov, A.A. 

Kruglov, and T.N. Chebotarev, Zh. Neorg. Khim., 18 (1973) 2410. 
112 L.L. Zaitseva, M.J. Konarev, I.V. Vinogradov, E.G. Kozhinov, A.A. Kruglov, and N.T. 

Chebotarev, Zh. Neorg. Khim., 19 (1974) 976. 
113 J.E. Ferguson, A.M. Greenaway and B.R. Penfold, Inorg. Chim. Acta, 71 (1983) 29. 
114 C. Keller and B. Kanellakopulos, J. Inorg. Nucl. Chem., 27 (1965) 787. 



324 

115 P.A. Koz’min, G.N. Novitskaya and A.F. Kuzina, Zh. Strukt. Khim., 13 (1972) 941. 
116 P.A. Koz’min and G.N. Novitskaya, Koord. Khim., 1 (1975) 473. 
117 J. Hauck, K. Schwochau and R. Bucksch, Inorg. Nucl. Chem. Lett., 9 (1973) 927. 
118 G. Bandoli, D.A. Clemente, V. Mazzi, and E. Roncari. J. Chem. Sot., Dalton Trans., 

(1982) 1381. 
119 U. Mazzi, E. Roncari, G. Bandoli, and D.A. Clemente, Transition Met. Chem., 7 (1982) 

163. 
120 P.H. Fackler, M.J. Lindsay, M.J. Clarke, and M.E. Kastner, Inorg. Chim. Acta, 109 

(1985) 39. 
121 V.G. Kunetsov, G.N. Novitskaya, P.A. Koz’min and A.S. Kotel’nikova, Zh. Neorg. 

Khim., 18 (1973) 1276. 
122 K. Libson, B.L. Barnett and E. Deutsch, Inorg. Chem., 22 (1983) 1695. 
I23 J.L. Vanderheyden, A.R. K&ring, K. Libson, MJ. Heeg, L. Roecker, P. Motz, R. Whittle, 

R.C. Elder, and E. Deutsch, Inorg. Chem., 23 (1984) 3184; E. Deutsch, W. Bushong, 
K.A. Glavan, R.C. Elder, V.J. Sodd, K.L. Schulz, D.L. Fortman, and S.J. Lukes, J. 
Science (Washington, D.C.), 214 (1981) 85. 

124 Yu. T. Struchkov, A.D. Bazanov, L. Kaden, B. Lorenz, M. W&en, and H. Meyer, Z. 
Anorg. Allg. Chem., 494 (1982) 91. 

125 G. Bandoli, U. Mazzi, D.A. Clemente, and E. Roncari, J. Chem. Sot., Dalton Trans., 
(1982) 2455. 

126 A. Marchi, R. Rossi, A. Deratti, L. Magon, V. Bertolasi, V. Ferretti and G. Gilli, Inorg. 
Chem., 24 (1985) 4744. 

127 P.H. Fackler, M.E. Kastner and M.J. Clarke, Inorg. Chem., 23 (1984) 3968. 
128 D. Wallach, Acta Crystallogr. 15 (1962) 1058. 
129 A. Davison, B.V. Detamphilis, R. Faggiani, A.G. Jones, C.J.L. Locks, and C. Orvig, Can. 

J. Chem., 63 (1985) 319. 
130 W. Jeitschko and H.L. Dietrich, J. Solid State Chem., 57 (1985) 59. 
131 J. Baldas, J. Bonnyman, M.P. Pojer, and A.G. Williams, Aust. Radiat. Lab., (1981) 1. 
132 A.S. Batsanov, Yu.T. Struchkov, B. Lorenz, and M. Wahren, Z. Anorg. Allg. Chem., 510 

(1984) 117. 
133 J. Baldas, J. Bonnyman, M.F. Mackay, and G.A. Williams, Aust. J. Chem., 37 (1984) 

751. 


