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INTRODUCTION

This survey covers the coordination chemistry of technetium that was published in 1992,
with some additional papers from the tail end of 1991. Ies format is similar to that of the 1990
survey [1]; a review of the 1991 literature has also recently been published [2]. The literature has
been searched by using Current Contenis and also by use of the Cambridge Crystallographic Data
Base, implemented through the ETH, Ziirich [2]. Although net fulty comprehensive, this article does
provide the reader with a significant coverage of papers published; 1 apologise to authors whose
waork has not been included. One aspect not covered directly is that of medical applications of
technetium chemisiry. However, new complexes which have been prepared and studied with the
expectation of possible applications have been discussed. Organometallic complexes are outside the
scope of this review,; technetium(l} carbonyl complexes are included where they additonally involve
inorganic ligands of interest to the coordination chernist.

Complexes have been arranged according o the formal oxidation state of the technetium
centre. The dominant features of techaetiuvm(V) chemisiry are those of oxo- and nitride-species; for
these complexes, the presence of the Tc=0 or Tc=N moiety has taken preference over the identity of
the donor atoms is other ligands present for the purposes of categorization. Section 2.8 deals with
dimetallic species.
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Caution: PTe is 2 weak B emitter (E =0.292 MeV, 0, 2.12 x 105 yr).

A review article concerning transition metal nitrido complexes has been published [4] and
incindes significant desails of technetium compounds.

2.1 TECHNETIUM{VIH)

An overview of the structure of the technetiurn{VII) oxide TczO7 has been presented. This
article focuses on the use X-ray diffraction results ard infrared spectroscopic data to probe Tca(y in
the solid, liquid and gas phases. Differences in structure as a funciion of state are discussed [3].

The extraction of technetiumi{Vil} as a fuaciion of the concentrasion of HNQOs at
temperatures of 25, 50 and 70°C using the amine {Poctyl)sN and the organophosphorus compound
tributylphosphate has been assessed. Mechanistic aspects have alse been discussed [6).

The anion [TcO4}~ appears in several crystallographic studies, for example in a structural
investigation of {N.N°"N"-wis(2-methyl-(2-mercaptopropyl)-1,4,7-triazacyclononane} } tin{IV)
pertechrate with chloraform solvate [7] and in the complex [Te(-OAc)])[TcOalz [8] {see section
2.8); see also (TcL3)[TcO4] where HoL = 1,2-diaminobenzene which is described below.,

As part of a study of the synthesis in the vapour staie and the mass spectrometric properties
of some halides and oxyhatides (X = C! or F) of technetivm, the technetium{Vil) complexes
TeOCl, TeOsF, TeO3Cl3 and TeQoF3 have been reported [9).

The oxidation of  TcOCI3L] or the reaction of [TeOg)~ with L+ in acidified ethanol where L-
= hydrotris(1-pyrazolyl)boraie generates the technesium(VIl} complex [TcOsL]. This has been
characterized by elemental analysis, mass spectrometric data, and IR and NMR spectroscopies [10].

The reaction of [Tci(NCgH3-2,6-1Prp)3] with potassium cyclopentadienide, KCp, leads to the
elimination of KI and the formation of [Te(!-Cp)}NCgH3-2,6-1Pr2)3) (1). The 1)!-bonding mode
of the organic ligand and the retention of tetrahedral coordination at the metal cenire have been
confirmed by the results of a crystallographic study. The Tc-N bond distances are 1.753(2),
1.761(2) and 1.748(2)A. Use of an excess of KCp in the reaction leads to K|CpTeNCgH3-2,6-
iPra)3 instead of (1}. In selution, the 'H NMR spectrum of (1) exhibits just one signal in the Cp
region {8 +6.70) even though the ligand is 11! -bonded; the resonance begins to broaden at 220 K
[11]. The reaction of {TcO4]~ with 1,2-diaminobenzene {HzL) in methanol yields the salt
[TcL3][TeO4l. On the other hand, in the presence of a reducing agent {sodium dithionite) in an
alkaiine medium, the anionic complex {TcYOLy) forms. These compiexes have been characterized
by IR and elecwonic spectroscopies, conductivity measurements, elemental analysis and single
crysial X-ray diffraction studies. In the IR spectrum, absorptions can be assigned to the mode
w{NH), consistent with the formulation of L2-. The technetium(VI{) cation {TcL3]* has an
octahedral structure in the solid state and Tc-N bond distances lie in the range 1.948(1) to 2.03()A.
The chelating ligands subtend angles at the melal cenire (ZN-Te-N) of 77.22(7), 75.5(7) and
75.7¢6) [12].

The technetium{VI) complexes [TcLO3] where L = [CpCo{PF{O)}OR12}3} (R = Me, Ex
or Ba) will be described in section 2.3.1 along with a related technetium{ V) species [21].



22 TECHNETIUM(VI)

The vapour state synthesis and the mass spectrometric properties of some halides and
oxyhalides (X = Cl or F) of technetium have been described. Complexes studied include the
technetium{VI} complexes TcOF4 and TcO2Cl3 [9]. Following on from studies of the analogous
chlore species, [TcVINBraj- diamagnetically diluted with [TcVOB14]- has been the subject of a
single crystal EPR spectroscopic and SN powder ENDOR investigations. The results are discussed
in terms of the bonding in the system. The EPR spectra typify a 44! configuration and indicate that
the single electron resides in an in-plane -type orbital. The resulis of this new study have been
compared with those obtained previcusly for the chlore complex [13]. A series of technetium(V1(}
complexes has been included in an EPR spectroscopic study in which the EPR parameters have
been related to the structures of the anions concerned, namely [TeNFa]-, [TeNClal-, [TeNCls]2-,
[TeNBrCl3j—, [TcNBraClzi-, [TeN(CN)Cl3)- and [TeOClsi [141.

(2)

The ions [TeNClsi2- and {{ TeN 20031 2(11-03212% have been used as precursors o the
technetium(VI) oxo complexes [{TeN(S2CNE ) }2(p-072], 1{TeN{SCNC4Hg) j2(11-0)7] (2},
T{TeN(CN}2) 262-0)2)2- and ({TeN(L}}2(-0)2]12- (Hal = ethang-1,2-diol). Infrared data have
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been aralysed for the new complexes; for example, {2} exhibiis two absorptions 1062(s) and
1055(m) cm! assigred to v(Tc=N) and consistent with a non-centrosymmetric peomeiry. This
structure has been confirmed crystallographically; the Tc-N bond distances are 1.65(2) and
1.59(2)A. In the oxo-bridged unit, the Te-O distances range from 1.934(13; to 1.947¢12)A and the
angles Tc-Q-Tc are 81.8(5) and 81.9(5)", The crysial struciure of [{ TcN{S2CNE:2} }o(1-0)2] has
also been determined and is similar to that of (2). In both, the coordination geomerry about each
technetium centre is sguare pyramidal. UV-VIS and EPR spectroscopic data have also been
presented for the complexes [15].

2.3 TECHNETIUM(V}
23.1 Cxo complexes

The vapour phase syatheses of and mass specrometric data for a range of technetiam({VII}
and (VI) complexes have already been mentioned in the previous sections. This same work [9]
includes the technetium(V) oxo complexes [TcOCl3], [TcQF2C1) and [TcOFCls] as well as
technetium pentafluoride. The salt [PhaAs][TcOB14] has been prepared from [BugNI[TcO4], HBr
and PhaAsBr , and its crystal structure has been determined. The crystal lattice contains discrete
[TcOBr4]- anions, (3, and cach has C4y symmetry. The bond lengths are Te=0 = 1.61 DA and
Te-Br = 2.46((1)A [16].

Br Br
Tc
Br Br

%))

The protonation of the technetium{V) species {Tc(O}2(CN)4)3- leads to the formation of
[Tc(OXOHYCNY12- and [Tc{OYH2OXCNYI-. The mononuciear anion [To{O}OHXCN)12-
capnot be isclated since association occurs to give [Tea(0)3(CN)gl4-. The new complexes have
been characterized by UV-VIS and IR spectroscopies and mass spectrometry, The anion
[Tc{O)HIOWCN)4T- (used as the [bpyH12+ salt) undergoes ligand exchange reactions, e.g. with
NCS-. In this case the product is [Tc(O}NCS)(CN)4)2~ for which X-ray crystallographic data
confirm that the CNS- ligand lies trans 1o the oxo group. The soluiion equilibriom given in equation
(i} has been studied [17]. The kdnetics of ligand exchange in the cation [Te{O)2(py)a]* as defined in
equation (ii) have been investigated by use of IH NMR spectroscopy. The rate law is found to be
first order in the complex and zero order in pyridine. A rate constant (298 K) of 0.04 £0.02 51 has
been estimated; the estimated values of the activation parameters AHF and ASY are 101 £ 9 kJ moi-!
and 68 £ 35 J K- mol-! respectively [18].



25

trans—ITe(ONH2O)CNY- + CNS- = rrans-[Te(ONCNSHCN)I2- + Ha0 {
[Te(Dafpyialt + 4L = [Te(O)bal* + 4py where L = Ds(py) {ii)

The reaction of [TcOs])~ with 1,2-diaminobenzene (H>L) in methanol vields a
techaetivm(VII) complex which was described in secdon 2.1. When the medivm is alkaline and the
reaction is carried out in the presence of a reducing agent (sodium dithionite), the product is the
technetium(V) complex anion [TcOL2]}-, isolated and structurally characterized as the etrabueyl
ammeonium salt. In the TR spectrum, an absorption at 891 cm-! is assigned to the mode v(Te=0).
The solid state struciure shows the technetium(V) centre to be within a square pyramidal array of
donor atoms with the oxo ligand in the apical site. The Te=0 bond lengsh is 1.668(T)A and the Tc-
N distance li¢ in the range 1.97(1) to 1.99(1)A [12).

‘The product of the reaction of [TeOClys]- with the ligand terpy depends upon the conditions
used, In dichloromethane, the complex [Tc(ierpy)(Q)Cla] is formed in which terpy functions as an
N N'-donor with one pyridine ring free from a role in the coordination sphere, In boiling ethanol,
and with a Tciterpy ratio of 2:1, the product is the cation [Te(lerpy)()Cla|* (precipitated as the
(TcO4]- sal) and here, terpy provides an NN’ N"-donor set. An excess of the ligand (and still
running the reaction in EtOH) leads to the formation of an oxygen-bridged dimer and, again, the
ligand terpy, makes use of all three nitrogen donor atoms. The reaction of [TcO4]- and terpy in a
mixture of ethanol and HCI provides a route to [TcOCix{terpy. HCLY], a complex that can also be
accessed from {TcOClgk. All the new complexes have been characierized by elemental analysis and
IR, UV-VIS and 'H NMR spectroscopies [19).

OH Lo o
OH Co.
RO/ P(OR),
[i POR) ||
ol 0
B o _
NG, R = Mg, Eior Bu
{4) (5)

The structure of the compound [BusNI[Tc{O)L2], for which HyL = (4), has been
determined by X-ray diffraction. In the anion, the iechretium(V) centre is in a square pyramidal
environment, with the oxo group in the apical site (Te=0Q = 1.634{4)A). For the two catecholate
ligands, the Tc-O distances are in the range 1.952¢4) 10 1.979(5)A. The nitro- group of each of the
basal ligands lies in the same plane as the rest of the atoms contained in L2- [20). The anicn (S)is a
wipodal 0,0",0"-ligand, the sodium salt of which reacts with [NHa1{TcQ4] in the presence of
concenirated HCI to yield the techaetivm{V) complex [Tc{O}(5)Cl3] for R = Et in ligand ¢5).
Treatment of [Te{O)S)Cla] (R = Er) with concentrated HNG3 leads to oxidation and the formation
of the technetium{VII) species [Tc(5)03] (R = E1); this complex can be cbtained directly from
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[NH4)[TcO4) by using HNOs in place of HCL The analogous complexes [Tc(5)03] for R = Me
and Bu have been prepared from [NH][TcOy4] in a similar manner. These new derivatives of the
ligand (5) have been characterized by mass spectrometric and spectroscopic means and this includes
the use of 99Tc NMR spectroscopy for the technetium{V1I) complexes j21].

During the reaction of the complex [Tc{OL4]{PFg)3 (L = {(MeaN)2C=8) with dppe in dmf,
rearrangement of the tetramethylthicurea to dimethyldithiocarbamate ligands is observed. Two
products have been isolated and these are the technesium(V}) complex | Te(Q)La(MesNCS2)[(PFe)2
and the technetivm(ll) species [Tc(dppe)2(MeaNCS2)(PFg) (see section 2.6). A mechanism has
been suggesied for the ligand rearrangement. The structure of [Tc(O)La{MeaNCS2)){PFg)z has
been elucidated. The cation has a square pyramidal geometry aboul the metal cenwe; the apical Te=0
bond is of length 1.661(6)A. The Tc-S bonds are in the range 2.328(2) to 2.353(2)A with chelate
angles of 74.0° which distort the basal array away from a true square planar arrangement [22].
Technetivm{V} oxo-complexes with dithioetherdithiol ligands have also been reported [23].

PPh, NQ
O: <I OH
sH CH
(6) 7N

Technetium(V) and technetium(Iily complexes involving the conjugate base of the ligard
HL, (6), have been prepared from technetium(V) precursors; the lower oxidation state complex
[TcLal is described in section 2.5, The two technetum(V) products are [Te{O)L2C1) and the nirido-
containing complex [Te{N3Lo]. The UV-VIS speciroscopic properiies of the new complexes have
been detailed and cyclic veltammetric studies have also been carried out [24].

The reactions of bpy or phen with [Te{OILCY (HaL = (7)) lead to the formation of the
mixed ligand complexes [Te(O)L{bpy)]* and {Tc{O)L(phen)j*. Spectroscopic daia are in accord
with octahedral complexes coniaining L2- zcting as a iridentate tigand. It is proposed that the three
doror atoms of L2- are in a mer-arrangement. This places the oxo-group trans 1o one N-donor atom
of the bpy (or phen) ligand, When [Tc{OLCl] (HoL = (7)) reacts with bis{2-pyridyliketore {L') in
ethanol, addition of EtOH across the unsaturated ketonic group occurs and the product is
Frc(O)L{L E:OH)(Cl] [25]. A pentadentate ligand with an O N N'N”,0"-donor set i5 derived from
Hsl = (8). This ligand has been prepared by a Schiff's base condensation reaction and its reaction
with [TcOCl4]- and NaQyCMe.3H20 in methancl and chioroform yields the technetium{V)
complex [Tc{O)LI. This may also be synthesized from [Tc{(G)Y2])~ in which Y- is ethyleae
glycolate. The new complex [Te{Q)L) has been characterized from IR, UV-VIS and NMR ('H and
13C} speciroscopies and by the results of a single crystal X-ray diffraction swdy. The technetium{V}
centre is ectahedrally sited with the oxo-group trans to one of the oxygen deonor atems of L3-, In the
presence of the { Te=0}3* unit, the central NH functionality of the tigand is rendered sufficiently
acidic for the ligand 1o be wiply deprotonated [26].



27

F — Me

N
5 Ne= (8]
HO / O
Me
(8)

Technetium(V) complexes containing the ligand L- where HL is a substituted
benzimidazolyl-alcohol or -thio! have been reported. In the presence of EisN, the reaction of
[TcOCl4]- and HL (HL = 2-beazimidazolyl-CH(SH)R; R = H or Me) leads to the formation of
{Te(OL2{HMICL. In contrast, the corresponding system for HL' = 2-benzimidazolyl-CH(OH)R
(R = H, Me or Ph) yields six coordinate complexes of the type [Tc(Q)L»Cl] where (LI~ functions
as an N, O-donor. In the same study, the complex [Te{O)L"2Cl] has been prepared where HL" = 2-
(2-hydroxyphenyl}benzothiazole. The products have been characterized by use of vibrational and
electzonic spectroscopic techniques and by elemental analysis, and the influence of the donor atom
on the complex geometry has been discussed [27).

The crystal siructure of the complex [Te{QX¥SPh)L] (9) in which the ligand 1.2- is N-(2-
sulfidophenyl)salicytideneimidato) (an N,0,5-donor) has been determined crystallographically. The
technetinm(V) centre is in a square pyramidal environment with the oxo-group in the apical site; the
metal atom bes 0.66A above the mean plane of the four basal donor atoms [28].

9

Several technetium({V) oxo-complexes featuring NN',5,5ligands have been reponied. For
HaL = (18), complexatior with technetivm{V) gives rise to the anions [Tc(O)L]", isolated as either
the teraphenylphosphonium or tetrapheaylarsonium salts, Mdss spectral, UV-VIS and IR
spectroscopic data are consistent with the formulation of these as 5-coordinate species. ForR = H,
the solid state structure has been crystallographicatly confirmed; the Te=0O bond distance is
1.65?(3)13\. The basal plane of the two sulfur and two nitrogen donor atoms is "ruffled” and the
metal atom lies 0.67A above the mean N3S2-plane [29]. The reactions of the four ligands in the
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family (11} with [ TcOCla]~ lead to the formation of the cationic complexes [Tc{OJLI*, [Tc{O}L'}J*,
[Te{OXHLM]* and [Tc{O)}HaL")]*. These have been characterized by elemental analysis,
conductivity and magnetic measurements, and IR and 1H NMR spectroscopies. The influence on
the complexes of varying the solution pH has been investigated; at pH 12.5, the cations
[Tc(OXHL"]* and [Te(O)HL")]* are deprotonated to give reuiral complexes containing either
[HL"]- or [HL"]-. The crystal structures of the tetrafluoroborate salis of [Tc(O)L]* and
[Te{O)H2L")1+ (12) have been elucidated. In each of these cations, a square based pyramidal
arrangement around the technetium(V) centre has been confirmed; the mesal is raised above the
plane of the N N".§,5"-donor set by 0.?74{1)A in the case of [Te(O}L]* and 0.773HDA in (12)
[30]. A further example of an N.N',5,5" - Higand is seen in the complex [Tc{O)(H2OHL]CT in which
HoL = (HS)YCR=CHCMe=NCH;CHyN=CMeCH=CR(SH) (R = Me) and in [Tc(O}.Ci] (same
HsL but with R = Ph). In solution, these complexes show solvent dependent UV-VIS and *H NMR
spectra and this is atributed to exchange involving the axially bound ligand. The crystal structure of
[Te{OXHOILICI (R = Me) has been determined and a distoried octahedral geometry with a trans-
{O=Tec-OH>} core is thus confirmed [31].

O R
R
R
R LS
NH SH N SH
H HsL R'=E;,R=Me
H;L' R=R'=Me
H Hi" R'=H R=Et
Hi™ R'=H,R=Me
R NH SH ,N SH
R
R
o R
R=HorPh
(1) (11}

Neutral and lipophilic complexes [99TcO(HL), (13) and (14), in whichk HgL is
HSCEt;CHaNHCH2CHoNHCESH or a related ligand with a biphenyldiamine-backbore have
been prepared by the reactions of [79TcOg4i-, tindll) tarirate and Hal.. Both (13) and (14) have been
structurally and spectroscopically characterized. The presence of the biphenyl-unit produces a
central 7-membered chelate ring in complex (14). In the solid state, both complexes adopt a square
pyramidal geometry, but the erientation of the remaining nitrogen-atiached hydrogen atom in the
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NNS. 8" higand differs in the two complexes. This featore is indicated in the diagrams of structures
{13} and (14). The resulis of NMR spectroscopic studies indicate that the solid state struciures are
retained in solution.. The effects of compound lipophilicity on brain uptake is illustrated through
these new technerium(V) complexes [32). With the aim of producing new #9Miechnetium(V)
coraplexes which are of potential use as myocardial imaging agents, Ohmorto ez af have utilized an
N,N'.§,5"ligand with a piperazine unit which is conformationally restricted. In this work, the
complex [(15))(PFg) has been syathesized and characterized by IR, UV-VIS and NMR
spectroscopies and single crystal X-ray diffraction methods. The techaetium(V} centre is in a square
pyramidal! environment with the N N°.S.5'-donor atoms residing in the basal plane of the 5-
coordinate areay [33].
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The preparation and characterization of the new ligand PhP(=S}(NMeNH,); (H;L) have
been described. It complexes with 99%technetium{ V) to yield the compound [Tc(C)LCI] in which
L2~ functions as an NN".S-doner. [Te(OMClj is formed in good yields and is stable over a wide pH
range. ks potential application as a 99™Tc imaging agent has been discussed [34].

A synthetic investigation dealing mainly with rhenium(VI) oxo-complexes which are of
relevance to technetium renal imaging agents has been reporied. As an integral part of this study,
molecular mechanics parameters have been developed, and their availability permits investigations of
the anionic complex [Te(Q}HL)]- (HL#- = tetra-anion derived from mercaptoacetylirigiycine) and
related systems. Moving from [Tc(O}HL)}- to the dianion [Tc(Q)L]2- provides results that
illustrate that this system is conformationally flexible. The data have been placed inio the context of
the renal system [35].

A further oxo-complex is [Te{O)Cla{ N(CH2CgHa-2-PPh3)3} 1[BPhy); this compound
forms part of a series of nitride and other complexes involving the ligands {23) and is described in
section 2,3.2 [44],

232  Niwido complexes

Technetium nitrido complexes have been inciuded within a general review of ransitior mezal
nitrido compourds {4].

The reaction of [Tc{N)Cla(S:CNE1}] with K2[SCOCOS] leads to the formation of a mixed
ligand complex with corcomiiant reduction of the technetiom from oxidation state VIio V. The
product, [To(NXS2CNEta¥SCOCOS)]~ can also be prepared from [[ TeN(S2CNE}2{pe-0)3)
{see section 2.2). The anion [TC{N}S2CNE)(SCOCOS)] has been isolated and characterized as
the tetraphenylarsonium salt, and a monomeric species has been confirmed from the resulis of a
single crystal X-ray diffraction study. The technetium(V) centre is in a sguare pyramidal
coordination sphere with an apical Tc=N group (Te=N is 1.54(2)A). For the [C28202)2- ligand, the
Tc-$ bond distances are 2.377¢5) and 2.374(6)A, compared with 2.424(5) and 2.396{5)A for the
Tc-5 bonds involving the [S2CNEt2- ligand [15]. The reaction of [TcQga]~ with HCl, PPhs and
HaNN{MejC(S)SMe gives rise to an intermediate species which, when treated with NaL {HL =
(16)) yields the complex [Tc(N)L2]. This synthesis has been carried out both at the tracer level {i.e.
10-2-10-11 mol dm-3 #9MTc) and on a millimolar scale (i.e. 10-3 mol dm~3 %9T¢) and at the
millimolar level of reaction, the intermediate has been shown 1o be {Te(N)Clp(PPh3)z]. This is an
unusual example of a preparation that gives the same techaetium-containing product at two very
different concentration levels. The new complex [Tc(N)L), which has a square pyramidal geomesry,
has been characterized fully, including by a crystal structure determination although details of the
latter are not given, Elecochemical studies have been carried out [36]. Ia another related report,
Pasqualini er al. discuss an improved method of preparing 9™ Tc-radiopharmaceuticals which
contain the {Tc=N]2* core unit; the route starts from [#9MTcO4) and HoNN(RIC(S)SMe (R=H
or Me) in reactions that take place in the presence of HCI and a tertiary phosphine.
HyNN(R)YC(8)SMe is both a source of N3- and of a ligand that can later be exchanged to give the
required radiopharmaceutical [37]. Further studies describe conditions for preparing [$9MTeNCls]-
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from [99%TcQ4]-, azide and HCL ligand exchange reactions ianvolving the complex
[FIMTe{N)Cla { P(CHCH2CN)3 1 2] have been described [38]. Technetium(V) nitrido-complexes
with dithioetherdithiol ligands have also been repored [23].

\ S O

EtI— O SH Ph Ph

(16} am

Ligand (17}, HL, reacts with [TeNCly]~ 1o give the technetivm(V) complex [To(NIL7]. This
compound has been the subject of elemental and FAB mass spectral analysis and of UV-VIS
speciroscopic studies [39].

Technetivm(V} nitrido-complexes with other N-donor ligands include several with pyridyl-
derived ligands; two are described here and one other, ramely ¢is-[Tc(N)Bribpy)2]*, is detailed at
the end of this secticn along with related complexes. The complex ¢is-[ Te{NYClphen)z]* (18) (see
also reference [43] discussed below) is of particular interest because its structural characterization
addresses the question of the so-called ‘bond-siretch isomerism’, an issve that has received much
attention of late. The two salts cis-I Te{N)Cl{pheni2]CLH2O and cis-[Te{N)CHphen)z|(PFg) have
been prepared; slight differences in the physical properties of the two systems have been noted. The
crystal structures of both salis have been determined. In [Te(N)Clphen)2]{PFg), the cation
possesses a pseudo-two-fold axis of symmetry and this gives rise 10 an enantiomeric disorder
(0.85:0.15). These data may be incorrectly interpreted in terms of a particularly long Te=N bond
lengih thus leading to a suggestion of the occurrence of 'bond stretch isomerism’. The complex
cation in ¢is-[Tc{NYCl{phen)2]C1.HO exhibits no pseudo-symmetry and there is no bond length
ambiguity. The final analysis yields Tc=N bond distances of 1.6(:3(5) and 1.593(5)A for the two
cations; Tc-Cl = 2.412(2) and 2.405(2)15\ respectively. There are however real distoridonal
differences between the two caions and these are discussed. Experimental resuelts are complemented
by theoretical studies [40). The synthesis of ligand (19) has been detailed; it reacts with
[Te{N)Bra(PPha);] in acetonitrile 1o yield [Te(N}Bra(19}] (R = Me). The resulis of a single crystal
X-tay diffracion stady of [Te{N)Br2(19}] show it to be an octzhedral complex and ilusirate that the

™
“I\R
Q [
P N x
N N
R =Haor Mc

(18) (19)
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ligand behaves as an N,N'N“-donor and the thioether moiety dangles free. The theee nitrogen donor
atoms of (19} are in a fac-arrangement and, accordingly, the bromide ligands are cis to one another.
Important bond lengths are Tc=N = l.él(l)A and Tc-Nyjg) = 2.116(9), 2.166() and 247(DA; the
one long Tc-Nyyg) value corresponds to the bond which is srans to the nitrido group. This feature is
in keeping with the swong frans-influence of N3~ In solution, {H NMR spectroscopic studies show
that an equilibrinm exists between the complex in a structure analogous to that found in the solid
state and one in which the thioether-S donor atorn displaces a bromide ligand. Parallel chemistry for
(19} with R = H has also been reporied [41].

The crystal structure of a technetiom(V) complex containing a cyclic tetraamine Hgand has
been determined. The complex is [TcNIL{H0MCI (L- = 1,4,8,1 i -tetraazacyclotetradecan-3-onato)
and, in the cation, the technesium centre is six-coordinate with the water molecule coordinated trans
o the nitrido group. The tong Tc-Oyqer bond leagth of 2.560A reflects the strong trans influence of
N3-, Notably, the angles N=Tc-N average 101(3)" and these obtuse vaiues indicate that the
geometry of the cation is part way between being square pyramidal and fully octahedral [42].

N/\/\ N/\
Me Me

PMe, PMe,
(20)

A series of complexes involving bisphosphine ligands has been prepared by Dilworth and
coworkers. Two members of the family are [Te(N)}{dppeyCli* and [Te{N){dmpe)2Cl]*; these have
been synthesized from [TeNCly)- and the bisphosphine ligand, 2nd isolaied as either the
ietraphenylborate or hexafluorophosphate salts. A similar reaction is seen when {TcNCly]- reacts
with the ligand {20); here the product is [Te{N){26)C1)*. In contrast, when the bisphosphine is
more sterically demanding, a pathway to a dinuclear species is observed. This is exemplified by the
reaction of [TcNCla}~ with Pr;PCHzCH2PiPra which leads io the formation of a complex the
structure of which is proposed to invelve two octahedrally coordinated technetinm{V) centres
bridged by two chloride ligands: [{ Te(N)(*PraPCHCH2PPr2)Cl ) 2(li-Clizl. The crystal structure
of [Tc(N)(dmpe)C1)| BPhal has been elucidated and an octahedral coordination sphere for the metal
centre has been confirmed. The trans relationship between the nitride ard chloro ligands leads to a
long Tc-Cl bond (2.608(3)A), but even though lengthening is to be expecied due to the trans
influcnce of N3-, this distance is noted for the fact that it the longest such reported to date. The
authors, however, poiat ont that the pseudo-symmedy of the system caused problems with the
refinement [43]. The situation should be compared with that experienced in dealing with the
structure of [Te{N)Cl(phen}z] [40] {see above), Dilworth and coworkers have also looked at the
reactions of [TcNBzaj— and [TcNClyj- with bpy and phen {see also reference [40] discussed above).
Spectroscopic data are consistent with the formation of ¢is- {rather than trans) cations of the type
[Te(N)L)2X]J* (L = bpy or phen; X = Br or Cl). However difficulties were experienced in obtaining
analytically pure materials when the cations were precipitated as halide salts from ethanol.
Unexpectedly, recrystallization from a mixiure of acetore and diethyl ether of ihe product of the
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reaction of [TcNBrg]- and bpy led to the isolation of the mixed oxidation state compound
[TeY{N)}bpy)Bria[TellBry], the identity of which has been confirmed by X-ray diffraction. The
cation [TcY(N}bpy)zBri+ (21) has a distorted octahedral geometry; for one of two independent
molecules, selected bond distances are TesN = 1.6210200A, Te-Nppy = 2.104(19) 10 2.415019A
(the longest bond being associated with the rrans influence of N3-}, and Te-Br = 2.529(4)A. The
tetrahedral [TcBra)2- anion is particularly unusual and is detailed in section 2.6. [TcNClg}- also
reacts with the Schiff's base (22), HaL, to give [Te(N)(L)] in good yield [43].

25

E PPh,
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(22) (23)

‘The technetium( V) complex [Tc(N)L2] where HL = 2-SHCgH4PPhy (6) was mentioned in
section 2.3.1 as one of a group of technetum(I) and techretium{V) products containing the P,§-
donor ligand L- [24]. The preparations of the technetinm(V) complex cations cis-[Te{N)Br{23)*
(isolated as the PFg or BF4- salts) have been reported atong with techretium(IiT) complexes of the
type cis-[Te(XXYICHIH (X =Y =C; X = CL, Y = NNCgH4Cl). Attiempts to syathesize cis-
[Tc(0)2(23)]* were not successful but [Te(@)Cl2(23)]t for E = N has been isolated as the
tetraphenylborate salt. Electrochemical studies on the systems have been carried out. The cis-chloro
technetumyITl) cations show reversible one electron reductions at ~0.13V (vs SCE) in dmf, the
potential being independent of E in the ligand. The other complex cations proved more difficult to
reduce (441
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2.3.3  Miscellaneous complexes

The reaction of [BugN][TcOCly] in methanol with 1-acetyi-2-phenylhydrazine and dppe
leads 10 the formation of the technetium{V) complex [TcCi3{NPh){dppe}]). This exhibits an
absorption of the infrared spectrum at 1118cm?, assigned 10 a v(Tc=N) mode. The complex has
also been characterized by 'H NMR spectroscopy, mass spectrometry and a crystal structure
determination. The chioride ligands are in a fac-arrangement; the Tc-N bond distance is 1.687(9)A.
When PPhy is used in the synihesis in place of dppe, the product is [TcCl3{NPh)}(PPh3)21 (a
previously reported complex). This reacts with pyridine o give [TcCl3(NPh}(PPh:Xpy)] which kas
been spectroscopically and mass spectrometrically characterized [45].

24 TECHNETIUM(IV}

The luminescence spectra of the mixed halides [TcClzBrg_nl2- {n = 1 to 5) have been
recorded and the results discussed [46].

235 TECHNETIUM(III)

The preparation of the technetium{III) complex {Te{acac)(MeCNyI* from [Te(acac)s] and
MeCN in the presence of HCI or HCIO4 has been detailed, and the kinetics of the process have been
investigated. [Tc(acac)z(MeCN)2]* has been characterized by elemental analysis, IR and UV-VI3
spectroscopies, ion exchange chromatography and electrophoresis. The aew cation appears to have a
potential application as a precussor to various mixed Hgand wechnetium(IIl} complexes [47].

Two thioether tigands, 5,8,11,14-terathizoctadecane (L} and 3,6,9,12-tetrathiatetradecane (L),
have been incorporated into complexes of technetium{IIl}. Prepared from [TcO4l-, the new
complexes are [To(L}{SPh))[PFg] and [Tc(L'YSR)2][PFg] (R = Ph, Pr and 4-MeOCgHa). Their
spectroscopic properties have been recorded, and [Te(LYSPh)21IPEg], [(24)][PF¢], has been the
subject of a crystallographic study. The metal cenire in cation (24) is in a greatly distorted
octahedral environment; the two thiolate ligands are mutually ¢fs [48]. Some reactions of thiols with
trans-[ Tc(OH)Y(O)diars)p12+ (diars = 1,2-(MeAs)CgHa) have been investigated. The initial
technetium(II} products can be oxidized to yield [Te{SR}a(diars)zi*. For R = Me or CHyPh, tans-
compiexes result, but for R = Ph, both cis- and trans-cations are formed, Complex characterization
has beea by use of mass spectral data, UV-VIS spectroscopy, and electrochemical and
speciroelectrochemical techaigues. The crystal structure of trans-[ Tc(SMe)z(diars)2][PFg] has been
determined. The techaetium{IT) atom les on an inversion centre; selected distances are Te-S =
2.292(2)A and Tc-As = 2.496(2)A. These values compare with Tc-S = 2.410(2)A and Tc-As =
247UD)A in the technetium(ih complex [ Te(SPh)a{diars)z}, the structure of which is also reported
in this study. Comparisons between the electrochemical and spectroscopic data for the new diars
complexes and related dmpe species indicate that in trans-[ To(SR)2L2]% (R = aikyl), greater n-
acceptance is effected by L = diars than by L = dmpe [49]. The same authors have looked at
complex formation involving the ligand (26), HzL. The reaction berween (26) and the
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technedurn(V) cation {Tc(OH)(O}(dmpe)g]2+ leads to the formation of the technetjum(iil} complex
[Tc(L){dmpe)s]*. Isolated as the hexafluorophosphate salt, [Te(L)}dmpe)s]* has been characterized
by elemenial analysis, UV-VIS spectroscopy, mass spectromeiry and single crystal X-ray
diffraction. The technetium{Ill} centre is in a coordination geometry that is in between octahedral
and trigonal prismatic, each ligand behaving as an 5,5%chelate. The ligand bite angle is 84.49(4)°.
Electrochemical studies reveal that [Te(L){dmpe);]* can be reversibly reduced with Te(TH Y Te(Il)
and Te(IEYTc(l} couples at —-0.600 and —1.217 V, respectively (vs Ag/AgCl}. In addition, a quasi-
reversible Te(IVY/Te(HI) couple was observed at +0.680 V [30].

(26) (27
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Technetinm{III) complexes of the type cis-fTe(XHY)23IN+* (X =Y =C[; X=Cl, Y=
NNCgH4Cl) were described in section 2.3.2 along with related technetivm(V) species [44],

The reaction of EtB(OH}; with dimethylglyoxime and [990TcCly(MeCN)PPha)l resulss in
the formation of the complexes [39MTcCHL)) (HL- = (27} with R=Hor OH). For R=H, a
crystallographic analysis of the new complex reveals that the technetium centre if 7-coordinate. The
new species have been compared with previously reported and related complexes [511.

Technetium(V) complexes involving the conjugate base of the ligand HL, (6}, were described
tn section 2.3.1. The technetiom(JII) complex [TcLs] has also been prepared and fully characterized
by Dilworth er al. The structural details of the complex have beest compared with those of the
rheniumy(IIT) analogue [24]. In independent work, Bolzati ez al have also prepared [Tcla] for HL =
{6) and in addition have studied the analogous complex [Tcl's] where HL' = 2-PhaPCgH4OH. The
method of synthesis is the reaction of an excess of either HL or HL.' with [NH4][TcO4l. In this
study, the complexes [TcL3] and [Tel.'3] have been characterized by elemental analysis, }H NMR,
IR and electronic spectroscopies, and conductivity and magnetic susceptibility measurements. For
[TcL3), efr = 3.0 up and for [TcL'3], Wefp = 2.7 R these values are consistent with a d4
configoration for the meial cenire. Many of the features of the solid state structures of [Tels] and
§TcL's] are very similar. In each complex, the metal centre is in a distorted octahedral coordination
sphere with a mer arrangement of donor atoms, Sclected distances are Te-§ = 2.258(1), 2.489%(2)
and 2.297(1)A for [TcLaj and Tc-O = 2.074(3), 2.000(3) and 1.990(3)A in [TcL7], the variation
within the three bond distances of a given type being due o the pasticular relationship of 2 bond with
other 8§ or P donor atoms [52].

2.6 TECHNETIUM(II}

A range of technetium{II) complexes has been included in an EPR spectroscopic study in
which the EPR parameters have been related to the structures of the complexes concerned, The
systems studied were [Tc(NO)Cls]2-, [Te{NO)Bra]~, [Tc(NO}4]-, [Tc(NO)Ci3(PPhMez)2],
[To{NO}H2O)(NHa)4)3+ along with related thionitrosyl complexes [14].

In section 2.3.2, reactions of [TcNB1s]~ with phen and bpy were described. It was noted that
recrysiallization of the product from the reaction of [TcNBry)~ and bpy from a mixture of acetone
and diethyl ether led to the isolation of [TcY(N)(bpy)2Br)s{ TclBry] instead of a simple bromide
salt. The crystal structure determination of [Te(N}{bpy)2BrlI TeBry] allows information about the
newly discovered technetium{II) anion (TcBrg]2- to be detailed. The ion possesses almost regular
terahedral symmetry. The Tc-Br bond lengths are 2.399(4), 2.401(5), 2.388(4) and 2.417¢(4)A and
Br-Tc-Br angles range from 106.1(2) to 112.1{2)° [43].

An EPR spectroscopic investigation of [Tc(bpy)z](PFs)2 has been carried out; the complex
contains a trigonally distorted octahedral, low spin techretium(I1) cation. The ligand ficld splitting
within the 273 manifold has been estimated. Spin-orbit coupling is reduced as a conseguence of
extensive metal-ligand covalent interactions [53]. Related to [Te(bpy)3)2+ is [Te(phen)s)2+, and this
cation has been prepared in the form of [$%Tc(phen)siCly through the borchydride reduction of
pertechnetate ion in the presence of excess phen. The product has been characterized by use of rmass
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spectrometry, IR and UV-VIS spectroscopies and magnetic measurernents. Additionally, its bio-
disribution in mice has been assessed. It is possible to obtain [99Tc{phen)31Cls in a state of
radiochemical purity of 92.5% [541.

The reduction of [TcO4)~ in 2 hot alcoholic solution during reacsion with dppe and HyCoO4
(Hzox) leads to the formation of [Te{dppela{ox)]. In its UV-VIS specorum, this complex exhibits
two intense absorptions at 323 and 497 nm, both of which are assigned to CT bands. Infrared and
TH NMR speciroscopic details are also given, and the solid state structure of [Te{dppe)x{ox)] has
been deiermined by X-ray diffraction methods. This species appears to be the first example of a
technetium compiex containing mixed phosphorus- and oxygen-donor chelating ligands.
Recrysiallization of [Tc(dppela(ox)] from EtOH leads to the formation of three different crystal
forms although only one was found to be stable in the X-ray beam. For this form, the Tc-P bond
distances lie in the range 2.404(5) to 2.442(5A and Tc-O lengths are 2.12(1) and 2.14{1}51. Within
the oxalate chelate ring, Z0-Tc-0 = 75.6(5)°, while the dppe ligands subtend angles at the metal
centre of 80.7(2) and 80.6(2)° [55]. Earlier (section 2.3.1) the reaction of [Tc(O)L41{PFg); (L =
{MesN);C=8) with dppe was ouilined. Concomitant with the reaction is a rearrangement of the
tetramethylthionrea 1o render dimethyldithiocarbamate ligands. One product of the reaction is the
technetium(Il} cation [Tc{dppe)r(MesNCS2)]*, the struciure of which has been elucidated. The
cation is a distorted octahedron, with Tc-S bond distances of 2.448(7) and 2.439(6)A and an acute
dithiocarbamate chelate bite angle of 71.0(2)°. The Tc-P distances fall in the range 2.413(6)—
2473(6)A [221.

The first homoleptic thicether complex of techaetium hus been prepared by reacting (28}
with [NHz]{TcO4] in MeCN under reflux in the presence of hydrated tin(fl) chloride and
teirafluorchoric acid. The product is the technetium(Il} complex [Tc(28)21(BF4)2. The
characterization of this complex has included IR speciral analysis which confimmed the absence of a
Tc=0 bond. The effective magaetic moment of 1.8 Pp is consisient with a low spin 45
configuration, The crystal structure of the complex has been determined. The technetivm(Il) centre
in the dication [Tc{28)212+, (29}, has been shown to be in an octahedral environment and the
average Tc-S bond distance is 2.38A. Electrochemical studies have been carried out [56].

(28) 29
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27 TECHNETIUM{1}

The reaciion between S2Cly and cis-[Te{N}Cl{phen)2 ){PFg) leads to the formation of the
thionitrosyl complex cis-[Tc{NS)Cl(phen);]J{PFg). The related nitrosyl complex cis-
[Tc{NO}NH3}(phen); {PFg)2 has been prepared by treating [NHa12[ TeClg) or [INH41ITcO4) with
hydroxylamine hydrochloride in the presence of phen. Both the new complexes have been fully
characterized, including by the use of elecirochemical measurements. The infrared spectrum of
[Te(NOGXNH3)phen)2)(PFg)2 (KBr pellei) exhibits (amongst others) a strong absorption at 1715
em~! which is assigned to the mode v(N=0). The structural parameters for cis-
[Tc{NOYNH;)(phen};]2+ are instructive and have been discussed in terms of the bonding in the
complex. In particular, note is made of competition beiween the nitrosy! and phen ligands for the
metad dr-orbitals. The bond parameters involving the nitrosy! ligand are: Te-Nng = 1.73%(9)A, N-O
= 1L.160(9A and £Tc-N-O = 171.9(8)°. The infrared spectrum of | Te(NSHNH3)phen)s](PFg)
exhibits a strong absorption at 1173 cm~! which is assigned to the thionitrosy) stretching mode, The
structure of the hexafluorophosphate salt of cis-[To{NS)Cl{phen)z]* has been determined and the
N-§ bond distance for the linear nitrosyt ligand is 1.538(6)A. Overall, the experimental data for
[Te(NS)Cl{phen)2j* poini towards there being significant back boading from technetium(l) 10 the
N=§+* unit [57].

(36 (31

The use of phosphine complexes as precursors to new iechnetivm species has been a feature
in several substitution reactions described in previous sections. Low valent technetiuen chemistry
also makes use of phosphine substiwution reactions. For this purpose [Tc{CORCHPPh3);] has been
synthesized and shown i be a profitable starting material. This technetium(I) compound can be
prepared from [TcOCls)- and mripheaylphosphine under an atmosphere of carbon monoxide. The
crystal structure of [Te(COBCI{PPh3)2] has been determined. The technetium(I) centre is
ociahedrally coordinated and the two PPhj ligands are mutvally trens. The complex
iTc(CORCIUPPhI)2] reacts with 1,4,7-wiazacyclononane, L, 1o yield [Te{CO)2(PPh3)}L)}C}
H3MICY, and with potasstum hydridotris{pyrazolyljborate, KL, 1o give [Te{CO)2(PPh3}(LY] (31).
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The new complexes have been fully characterized, including by crystallographic methods [58].
Dinitrogen is a labile ligand in the complex [Te(H}N2)(dppe)a] and it exchanges readily with
carbon moncxide, isonitriles and phosphites (e.g. P(OMe)3). In boiling methanol, and in the
presence of sodium or pyridiae, [Te{H)(N2)dppe)2] abstracts CO from the solvent and forms
[Te(H}COYdppe)2]. The hydride ligand is also an active site for exchange as seen in the reactions
of complexes [TcH)XLYdppelz} (L = CO, P(OMe)3 or RCN; R = various} with MeCN which yield
[Te{MeCN) L}dppe)a]*, isolated as the PFg- salts. The new complexes have been characterized
speciroscopically and past of the study includes the use of 99Tc NMR spectroscopy. The shift range
observed for the technetium(l) species is from & —1080 to —3517 (vs & O for [TcQ4l). For some of
the complexes, #9Tc-31P spin-spin coupling has been resolved; for example in
ITe(H)(BUNCYdppe)a, JTcp = 605 Hz [591.

The technetium carbonyl [#Tc(COMol reacts quantitatively with NOPFg in acetonitrile w0
give [PTe{CO)5(MeCN)|(PFg). Like the phosphine and dinitrogen complexes described above, the
acetonitrile derivative [Te{CO}5{MeCN)]* has also been shown to be a useful stasting material for
the synthesis of low valent technetium complexes by using a ligand exchange route. The
technetium(l} cation [99Tc{CO)s(MeCN}]* reacts with tridentate ligands, L, such as 1,4,7-
razacyclononane, 1.4,7-trimethyl-1,4,7-triazacyclononane and 1,4,7-mrithiacyclononane (28) to give
the respective complex cation [P Te(COY3(LYJ*. Complexes involving the ligands bpy and 4,4'-
Meobpy have also been prepared, including the cations [P9Te(COM(bpy) [F{OR}3]2)* (R = Me or
1Pr) [60].

2.8 DIMETALLIC COMPLEXES

Like CO, PF3 uacts as a n-acid and stabilizes low oxidation state ransition metal centres. This
is apparent in the isolation of [Tca(PF3}10l. a2 complex that forms when technetium vapour and PE3
are cooled together o 77 K. The compound is volatile; at 293 K, its vapour pressure is {7 £ 3) x 1~
3 Pa. [Tea(PF3)10] decomposes above 470 K. It has been characterized by IR spectroscopy and
mass specromelry [611.

it has been possible to isolate single crystals of the metal-metal quadruply bonded complex
[Tea(-OAC)1[TcO41; from a sample of [Tea{u-OAc)s]Cly. The new compound has been
structsrally studied. The TcTc bond distance is 2. 149(1)A. The two [TeQ4) ions are associated
with the axial sites of the [Tca{i-QAc)a)?- dimer. The electronic structure of the system has been
investigated at the extended Hiickel molecular orbital level [8].
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