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1 Introduction

1.1 Technetium Complexes

The first artificially produced element, technetium, was originally isolated from neutron-bombarded
molybdenum sheets.[) Consequently, the element was named after the Greek word technetos,
meaning artificial or man-made.!* After its initial discovery, technetium was also proven to exist on
earth in natural uranium ores with a miniscule natural abundance given that it is mainly formed by
spontaneous nuclear fission - a highly improbable event.!! In a similar way, the majority of the
currently produced technetium results from the nuclear fission of uranium in standard 2**U-fueled
nuclear reactors.3! One of the most probable fission products of the 23U nucleus is the nuclide
“Mo.>3 Mo, however, is unstable and decays with a relatively short half-life of 66 h to give mainly
the excited nuclear isomer ®™Tc.1#3! %*Tc¢ results from the relaxation of the **™Tc nucleus to the ground-
state under y-emission and ultimately decays with a half-life of ca. 200 000 years to stable **Ru.>*! The
two nuclear reactions leading to the two common nuclides of technetium, *™Tc and *Tc, and the

radioactive decay properties involved are shown in Figure 1.
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Figure 1. Nuclear reactions involved in the production of Mo and its radioactive decay."

The most important application of technetium concerns the metastable nuclear isomer *™Tc, which is
used in nuclear medicine for single photon emission computed tomography (SPECT) due to its
beneficial y-decay properties such as a low energy and a reasonable half-life of 6 h.”** The mother
nuclide of ®™Tc, %Mo, for such applications is mainly produced from controlled nuclear fission
reactions through the exposure of suitable targets containing ca. 20% of the fissile uranium isotope
235U to the high neutron flux of a nuclear reactor./>3! Nuclear medical applications of ®°™Tc were sparked
by the introduction of the ®*Mo/%™Tc generator system in the early 1960s, where a steady formation
of ¥™Tc-pertechnetate by the B~ decay of immobilized *Mo-molybdate enabled the in-house
production of *™Tc as well as the formation of the corresponding imaging agents.>>® Ever since that
time a major interest in the chemistry of technetium revolved around the development of novel

chelators and imaging agents with an improved and specific biodistribution.>*¢! The structures of



three important **™Tc-based imaging agents are shown in Figure 2./ The hexakisisocyanide complex
9mTc-sestamibi is a myocardial imaging agent and the most frequently used radiopharmaceutical
diagnostic agent, while the also commonly used technetium(V) oxido complexes *™Tc-HMPAO and

9mTc-MAG3 are used as imaging agents for cerebral and renal imaging respectively.*57!

Tc-sestamibi Tc-HMPAO Tc-MAG3
Figure 2. The structures of three important ®™Tc-based radiopharmaceutical imaging agents.!*57!

Interestingly, nuclear medicine is not the only important aspect of technetium chemistry. Tc forms
and accumulates alongside numerous other long-lived fission products in the 23°*U-enriched fuel that
powers most nuclear reactors./>® The fission yield of *Tc is high with ca. 6% and contributes ca. 10%
to the total mass of fission products.””?! In such reactors, the 2*°U nuclei are cleaved in a nuclear
reaction by the impact of a neutron of sufficient energy under the emission of heat and excess
neutrons or convert to even heavier elements by neutron capture.’#% An initial enrichment of fissile
235 to ca. 3% is required in a potential fuel to sustain a nuclear fission cascade. %% The prevalent
isotope in natural uranium is 238U resulting in a consequently low abundance of *°U of ca. 0.71%.5
Until the fuel is too depleted in the fissile nuclide 2*°U to provide a sufficiently high neutron flux to
support the self-sustaining nuclear fission chain-reaction, the released thermal energy can be
harvested and converted into electrical power.®®® Nuclear fuel that no longer fulfils the requirements
of an efficient self-sustaining nuclear fission reaction is considered spent nuclear fuel.®! Spent nuclear
fuel represents the largest portion of high-level radioactive waste produced by human-kind.®! It mainly
consists of UO; (ca. 96%) that still contains significant amounts of fissile 3°U alongside fission and decay
products as well as transuranium elements formed by neutron capture.®® Therefore, the recovery of
the nuclear fuel 2°U (and fissile plutonium) from spent nuclear fuel has been extensively studied to
reduce the requirement for fresh uranium ore, which finally culminated in the development of nuclear
fuel recycling processes.'* The flow-chart for one commercial process, the classical plutonium

uranium reduction extraction (PUREX) process, is given in Figure 3.
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Figure 3. Flow-chart for one of the classical plutonium uranium reduction extraction (PUREX) processes

where *Tc is contained in every product and waste fraction.[*

Besides the recovery of uranium, a main aim of the PUREX processes is the volumetric reduction of
high-level waste, which is accompanied by a significantly increased volume of low-level waste. Since
9Tc is present throughout all fractions of the nuclear fuel recycling process, the nuclide majorly
contributes to the high-level and low-level waste generated by the process.!**%!! The enrichment of
25U in the uranium that is recovered through the PUREX process is too low for the direct regeneration
of the nuclear fuel and, thus, 23°U is further enriched from the mixture in the same way natural uranium
is processed.® 235y and 238U are separated through gaseous diffusion or through gas-phase
centrifugation of the volatile uranium hexafluoride, UFs.[81%11 |n contrast to natural uranium, however,
the uranium stream obtained through the standard PUREX procedure shown in Figure 3 contains ca.
20% of the technetium generated during nuclear fission.[>'? |f technetium is not removed from the
uranium stream before the re-enrichment procedure, highly volatile technetium species form under
the oxidizing conditions applied.’”) Most notably, the hexafluoride TcFs or related fluorides and
oxyfluorides cause major environmental hazards as they are easily released into the environment
through the discharge of polluted airstreams.>*? Nowadays, strict regulations limit the allowed
discharge of ®*Tc at the enrichment sites.'>®! Consequently, over 99% of the initially contained
technetium has to be separated from uranium during the PUREX procedure before the re-enrichment
to limit the unavoidable release of the artificial element.!>*2”! |n the early days of the nuclear fuel

recycling, the Sellafield reprocessing plant alone discharged a total activity of ca. 300 TBq (= 0.5 t;



specific activity of °°Tc: 6.2-108 Bg/g) of **Tc between 1978 and 1980.[:21¢! An adjusted PUREX process

that accounts for technetium is shown in Figure 4.
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Figure 4. Flow-chart for a technetium-accounted plutonium uranium reduction extraction (PUREX)

process where *Tc is contained in the waste fractions, but not in the products.!*!

Even with the implementation of strict regulations and the accounting for technetium in the nuclear
fuel reprocessing, the resultant high-level radioactive waste containing technetium presents an
environmental concern with regard to the final deposition in a nuclear waste containment repository,
while the discharge of low-level radioactive waste may still carry significant amounts of technetium
into the environment.[>>17-2% parallelly, the accidental release of technetium into the environment
poses a risk that cannot be prevented entirely as has been seen through the leakage of dissolved
technetium into the ground water at problematic nuclear waste sites such as the Hanford wastewater
tanks.[1#17:21-25] Qyerall, the Hanford waste site alone contains ca. 0.9 PBq (R 1.5 t) of **Tcin ca. 200 m?
of high-level radioactive waste as remnants of the plutonium production for nuclear weapon
development during the Manhattan project.!*”2:'%! Due to its omnipresence in nuclear waste, high
environmental mobility and the long half-life of ca. 200 000 years, **Tc is one of the major concerning

factors in the nuclear waste produced by the use of nuclear power.[21%17.1820]

Technetium, once an element of low natural abundance, has made its way into the biosphere and the
lithosphere not only through the continuous release by nuclear fuel recycling plants but also through
the uncontrolled release by nuclear disasters such as the Chernobyl catastrophe.l!2202¢1 QOther
contributing factors include the testing (and use) of nuclear arsenal and weaponry that also released

large amounts of radioactive fission products into the environment.*2?% |n comparison, the long-term



accumulation of technetium in the environment through the continuous release of *™Tc (and thus
%Tc) through medical applications of the element cannot be denied but plays a minor role.*%2% The
ultimate biological and geochemical fate of technetium, however, is largely unknown although an

increasing amount of the element has undisputedly entered the human habitat.!*22
Thus, four main pillars govern the interest in the chemistry of technetium:

Radiopharmacy
Behavior in the nuclear fuel cycle

Behavior in the environment

S e

Behavior towards biologically relevant ligands

In the light of these four main challenges in technetium chemistry, it is imperative to assess the basic
inorganic, organometallic and coordination chemistry of technetium through the synthesis and
characterization of defined molecular species and the study of their properties. Given the numerous
and complex redox processes present in all these areas especially highly reduced and highly oxidized
complexes play a major role. Exemplarily, complexes containing the {**Tc(CO)s}*-motif were found in
problematic nuclear waste sites such as the Hanford waste-water tanks.?*"?! In this context the study
of the basic chemistry of technetium hydrides and especially the chemistry of technetium carbonyl
hydrides became relevant and has been considered in this thesis (Publication 1: Organometallics, 2021,

40, 3095-3112).

The fundamental chemistry of
technetium hydrido complexes revolving
around [TcHs3(PPhs)s] and the derived
technetium(l) carbonyl hydride
[TcH(CO)s(PPhs),] have been studied. The
potential of the seven-coordinate
trihydride complex as a starting material
for other hydrido complexes of
technetium was evaluated and especially
the reactions of [TcH(CO)s(PPhs)2] with Organometallics, 2021, 40, 3095-3112.
inorganic and organic Brgnsted acids and

their reversible carbonylation/decarbonylation behavior were investigated. The
immediate displacement of H, in such protonation reactions provides a viable and flexible
method for the systematic preparation of the scarcely studied chemistry of mer-
tricarbonyl complexes of technetium. %*Tc NMR spectroscopy was revealed as a
convenient and powerful tool to distinguish di- and tricarbonyl complexes as well as the
mer- and fac-isomers of the formed products.

[TeH (PPh,),] mer-[TcH(CO),(PPh,),]

9




Commonly, hydrido complexes are good starting materials for further reactions with other ligands due
to their reactivity. Since the protonation of [TcH(CO)s(PPhs),] inevitably proceeds through an
intermediate H,-complex, it became interesting to investigate the protonation of [TcH(CO)s(PPhs),]
with Brgnsted acids of less-coordinating counter-ions to isolate a defined functional analog of the 16 e
metallo Lewis-acidic [Tc(CO)s(PPhs),]*. The protonation of [TcH(CO)s(PPhs),] with protic acids of weakly
coordinating anions results in the formation of the [Tc(OH,)(CO)s(PPhs),]* cation even in the absence
of water and when using the oxonium acid [H(OEt)2][BArF4]. In situ NMR spectroscopy suggests the
formation of water by the protolysis of diethylether from the oxonium cation at the highly Lewis-acidic
{Tc(CO)s(PPhs),}* fragment. A near-quantitative and scalable synthesis of the [Tc(OH;)(CO)s(PPhs).]*
cation enabled the study of its reactivity, which has been done in publication 2 (Inorg. Chem. 2021, 60,
16734-16753).

[TQ(HQO)(CO)Q(PPhQ)a]* The [TC(OHZ)(CO)g(PPh3)2]+ cation was
e : _ shown to be a valuable synthon for the
preparation of stable and inert or
unstable and labile technetium(l)
complexes with neutral ligands having C,
O, N, S, Se and Te donor atoms formally
derived from the unsaturated 16e
metallo Lewis-acidic [Tc(CO)s(PPhs),]*.
One of the highlights of this work was
Inorg. Chem. 2021, 60, 16734-16753. the isolation of the stable mixed

carbonyl ammine complex cis-cis-trans-
[Tc(NH3)2(CO)2(PPhs),]* which was ultimately supported by a >N-labeled isotopic study
and X-ray diffraction. Among others, the first unidentate selenoether complexes have
been structurally characterized and the first telluroether complexes of technetium were
prepared. Thioether complexes of the type [Tc(SR2)(CO)3(PPhs);]* have a potential as
highly reactive, non-protic substitutes for [Tc(OH,)(CO)s(PPhs).]* as synthons for the 16
electron compound [Tc(CO)3(PPhs),]*. **Tc NMR proved an invaluable tool for the
characterization and structural assessment of the resulting complexes even in complex
mixtures.

The high reactivity of the [Tc(OH,)(CO)s(PPhs),;]* cation with neutral ligands immediately suggested a
similar reactivity towards anionic ligands due to charge compensation. Surprisingly, the coordination
chemistry of technetium with many fundamental anionic inorganic ligands with relevance to nuclear
waste sites such as nitrite, nitrate, azide, chalcogenocyanates, tetraoxidometallates and more have
only been studied scarcely. The reactions of [Tc(OH,)(CO)s(PPhs),]* with seemingly simple anionic
ligands, however, proved surprisingly complex. An overview of the reactions of [Tc(OH;)(CO)s(PPhs),]*
with various fundamental anionic ligands has been published in publication 3 (Inorg. Chem. 2022, 61,

2980-2997).



The course of  reactions of
[Tc(OH,)(CO)3(PPh3),]*  with  azide
sources depends on the nucleophilicity
of the reagent. For sodium azide, a
surprising preference for the
nucleophilic attack at one of the
carbonyl ligands has been observed.
Reactions with chalcogenocyanates e ;
initially form complexes that are |
coordinated through the ligands Inorg. Chem. 2022, 61, 2980-2997.

chalcogen atom but quickly isomerize to

give the nitrogen coordinated products. The isomerization was slow when the potassium
salt of selenocyanate was employed and a mixture of Se- and N-bound products was
isolated. In contrast reactions with potassium cyanate and thiocyanate only yield the N-
bound isomers. The sole formation of the N-bound selenocyanato product was achieved
using the weakly coordinating cation bis(triphenylphosphonio)iminium, revealing a non-
innocence of the cations in reactions of technetium complexes with anionic ligands. The
N-bound NCSe-complex is not stable and slowly eliminates elemental selenium to give the
stable cyanido complex. Mixed carbonyl nitrito and nitrato complexes of technetium were
shown to engage in reversible carbonylation/decarbonylation processes. Both ligands
coordinate to technetium in n* and n? modes. The first complex of technetium with an
unsubstituted borohydrido ligand was structurally characterized revealing further insight
into the possible intermediates and products formed in redox processes involving
technetium. The mixed-valence complex [Tc'(OTc""03)(CO)s(PPhs);] containing both
technetium(l) and technetium(VIl) is obtained from the reaction of [Tc(OH,)(CO)s(PPhs),]*
with pertechnetate salts. Heating solutions of the mixed-valence compound in non-
coordinating media results in the formation of a n*-TcOs; complex due to the
decarbonylation of [Tc(OTc""0s)(CO)s(PPhs),]. If such reactions are performed in
coordinating solvents, dicarbonyl solvent complexes are obtained instead. Both, the
solvent and the n*Tc""Os; complexes easily comproportionate to give the stable
technetium(IV) oxide. The value of ®*Tc NMR was shown to characterize complex mixtures
and identify subtle changes in the coordination sphere of technetium.
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Given that not only small inorganic but also organometallic ligands may form under the conditions

technetium is exposed to in nuclear waste repositories, in biological systems or in the environment

also knowledge about the little developed fundamental organometallic chemistry of technetium

becomes crucial. As the previously used synthon [Tc(OH,)(CO)s(PPhs),]" is protic, a different starting

material was desired for the work with organometallic reagents. Consequently, the labile and highly

reactive dimethylsulfide complex [Tc(SMe3)(CO)s(PPhs);]* was introduced as a functional analog of

[Tc(CO)s(PPhs),]*, where non-protic conditions were required. This approach towards a better

understanding of the organometallic chemistry of technetium is presented in publication 4 (Inorg.

Chem. submitted).



The organometallic chemistry based
on the {Tc(CO)s(PPhs),}* fragment
was studied systematically and led to
the formation of air- and water-
stable organometallic technetium
complexes such as [TcMe(CO)s-
(PPh3)z], [TCPh(CO)g(PPha,)z] and
[Tc(Cp)(CO)2(PPhs3)]. The use of
organolithium  reagents for a
transmetallation procedure proved
crucial due to the high affinity of the
starting materials for halides, which prohibited the use of Grignard reagents. Reactions
with alkynols gave the first technetium cyclooxycarbene complexes and reactions with
acetylenes in the presence of a base as well as reactions with lithium acetylides resulted
in the first complexes of technetium containing ligands coordinating through a {C=C-R}
moiety. The neutral alkynyl technetium species [Tc(C=C-R)(CO)s(PPhs);] contain the
organometallic ligand in an end-on binding mode. *Tc NMR spectroscopy proved its value
as a tool for the structural determination of %Tc complexes and to distinguish carbon-
based donor ligands.

Inorg. Chem. submitted.

A relatively well-studied group of organotechnetium compounds are cyclopentadienyl complexes.
Recently, the {Tc(NO)(Cp)(PPhs)}* fragment became available!?” and a further insight into its chemistry
becomes interesting taking into account that the analogous rhenium fragment {Re(NO)(Cp)(PPhs)}*
acts as a versatile and highly reactive Lewis-acid towards many ligands. The related work is contained

in publication 5 (Organometallics, 2019, 38, 4471-1178).

_ }7 ., P The chemistry of complexes with the

2 . D2 OEZ general structure [Tc(X)(NO)(Cp)(PPhs)]
L e — " g‘b‘i‘i; — oy © was investigated for several different
O\ ey anionic donor ligands. Sometimes an

o5 \ ‘ [ unexpected reactivity was observed.
' \ [Tc(NO)(Cp)(PPhs)(Cl)] reacted with HI
- to give [Tc(NO)(Cp)(PPhs)(ls)] instead of

0.0 500 600 _ unm [Tc(NO)(Cp)(PPhs3)(l)]. The triiodido
complex decomposed by an internal

Organometallics, 2019, 38, 4471-1178. redox reaction to give [Tc"(l)2(NO)(Cp)].

According to the experimental EPR
spectrum, the unpaired electron of the paramagnetic complex is not fully localized at the
technetium atom but delocalized towards the Cp” ligand. DFT calculations explained this
interaction as the spin-density of the singly occupied molecular orbital (SOMO) in
[Tc"(NO)(Cp)(1)2], which partially expands into the cyclopentadienyl moiety. Another
surprising result is the formation of the S-bound thiocyanato complex
[Tc(NO)(Cp)(PPh3)(SCN)], while the majority of technetium complexes with the
pseudohalogenido ligand contain N-bound isocyanato ligands. On the basis of DFT
calculations, [Tc(NO)(Cp)(PPhs3)(SCN)] was revealed to be the kinetic product of this
reaction, while the thermodynamically more stable product is [Tc(NO)(Cp)(PPhs)(NCS)].
The theoretically predicted thermal isomerization was then proven experimentally by in
situ ®°Tc NMR spectroscopy.



The organometallic chemistry based on the {Tc(NO)(Cp)(PPhs)}'-fragment is limited by the formation
of the dimeric cation [{Tc(NO)(Cp)(PPhs)},-u-Cl]*,1®! which was sought to be overcome by the use of
the sterically somewhat more demanding phosphite-based Klaui ligand. As the Klaui ligand is
commonly discussed as an alternative to both Cp™ and trispyrazolylborate, a similar reactivity was
expected. The surprising outcome of these reactions is described in publication 6 (Z. Allg. Anorg. Chem.

2022, €202100316).

Reactions of the technetium(l) starting

=
material  [Tc'(NO)(PPhs)(L°Me)Cl]  with oo p(iM) Ao
AgPFs in dichloromethane lead to the Technetium(l) °.8 2 Technetium(ll)
oxidation of technetium and the oS

PPhs

formation of the cationic technetium(ll)
species  [Tc"(NO)(PPhs)(L°M¢)CI]*. The
isostructural but paramagnetic cation is
easily distinguished from the
diamagnetic starting material through
the absence of an NMR resonance but “ToNMR (] o ‘f i EPR
the observation of an EPR signal. A i ' ]
similar reaction in a mixture of THF and i 1 W
dimethylsulfide resulted in  the m
formation of the unexpected silver-
bridged technetium(l) dimer [{Tc(NO)-  Z Allg. Anorg. Chem. 2022, e202100316.
(PPh3)(L°Me)CI},Ag](PFs). The  silver-

bridged dimer exists in a dynamic equilibrium with the technetium(l) starting material
[Tc'(NO)(PPhs)(L°Me)Cl] and Ag(PFs) as indicated by the line-broadening observed in the
9Tc NMR spectrum of [{Tc'(NO)(PPhs)(L°M¢)ClI},Ag](PFs). Ultimately, the silver-bridged
dimer is not stable in solution and undergoes decomposition under formation of
[TC'(NO)(PPhs)(L°Me)Cl],  elemental  silver and  the  technetium(ll)  salt
[Tc"(NO)(PPh3)(L°Me)CI)(PFs), that was obtained from reactions performed in
dichloromethane. The different technetium-containing products can be separated by
extraction and well-distinguished by IR, NMR and EPR spectroscopy.

A surprising redox behavior may not only be observed for technetium complexes with the metal in low
oxidation states but also for those containing the metal in high oxidation states. An illustrative example
for the interplay of the redox behavior of technetium complexes in high and low oxidation states is the
previously mentioned comproportionation reaction of the mixed-valcence complex
[Tc'(OTc""03)(CO)3(PPhs),]. The high oxidation-state redox chemistry of technetium is governed by the
properties of technetyl {TcOs}* species and have major implications for the speciation of technetium
in nuclear waste solutions. Therefore, the basic reduction chemistry of pertechnetate in highly acidic
media is not only relevant to the general chemistry of technetium, but also to nuclear waste treatment.
Work about the chemistry of pertechnetate salts in super acidic media is contained in publication 7

(Angew. Chem. Int. Ed. 2021, 61, €202113777).



Ammonium pertechnetate reacts
with  triflic acid under initial
formation of pertechnetyl triflate,
which undergoes spontaneous redox
processes to give technetium(VI) and
ultimately technetium(V) complexes.

(NH,),[{TcVO(TcV"0,),},]

A= « “Tc  NMR  spectroscopy  was

- N\ confirmed as a powerful tool also for

the structural elucidation of *°Tc

Angew. Chem. Int. Ed. 2021, 61, e202113777. complexes with technetium in the

oxidation states +7 and +5. Besides
the highly reactive triflate complex [TcVO(OTf)s]*, the study revealed the surprising
formation of the previously unknown, mixed-valence ammonium polyoxometallate salt
(NHa)4[{Tc'O(Tc""04)a}s]. The latter is related to tech-red, a mysterious and volatile
technetium oxide of relevance to the nuclear waste processing and storage.

1.2 Chalcogen compounds

In the previous section, chalcogen-based ligands were already introduced in the form of
chalcogenoethers. Another form of chalcogen-based ligands are anionic chalcogenolates.
Arylchalcogenolate donor units of the lighter chalcogens oxygen and sulfur are valuable and common
building blocks in flexible ligand classes such as Schiff’ bases. Metal complexes containing such flexible
ligands often take part in catalytic reactions.?>** The use of the heavier chalcogens selenium and
tellurium in such ligands allows a modulation of the properties of the metal complexes. Our knowledge
about selenolato and tellurolato complexes in contrast to thiolato and alcoholato complexes is mainly
restricted by their limited stability and limitations on synthetic routes for their preparation./>>¢
Nevertheless, such compounds often have unique optical or electrical properties.l>’%8
Organoselenolates and tellurolates are usually prepared directly before use by the reduction of the
more stable dichalcogenides.[*>*! Unfortunately, a precise control of the reaction conditions is
commonly required and especially reactions with metal ions in their high oxidation states are
problematic due to a parallel reduction of the metal ions.!*>4®! A reasonable way to avoid the parallel
reduction of the high-valent metal ions might be the use of starting materials, which contain phosphine
ligands.”® When phosphine ligands are released during the reactions of such precursors, they may
then act as in situ reducing agents. A method for the preparation of defined chalcogenolato complexes
containing rhenium in the oxidation state “+5” based on this hypothesis is presented in publication 8

(Eur. J. Inorg. Chem. 2019, 47, 4974-4984).
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Triphenylphosphine ligands, which are

released during reactions of QTOH Hoﬁ
[REOC|3(PPh3)2] or [Re(NAr)C|3(PPh3)2] —N Y—Y N=
were found to represent ideal reducing C} @ Y =Se, Te
agents for the reduction of

(PPhs).]

dichalcogenides, since they have a
[ReOCl, [Re(NPhCF.)Cl,(PPh,).]
defined stoichiometry by design. i
> Te )

J

Although such reactions require oxygen-
free conditions, the presence of water
was found to be crucial to obtain the
products in reasonable vyields. A
suggested mechanism attributes the
need for water in these reactions to the
cleavage of an intermediate
phosphonium species, which can be  Eyr. J. Inorg. Chem. 2019, 47, 4974-4984.
cleaved by water to release the

chalcogenol(ate) and OPPhs. The formation of the stable phosphorus-oxygen double bond
is concluded as a reasonable driving force of the reaction. Additionally, the precise control
of the reaction conditions (solvent, water-content, etc.) is crucial for the success of such
reactions and a number of different protocols was derived depending on the observed
reactivity, solubility and stability of the corresponding rhenium starting materials and
products.

i, 12

The proposed mechanism for the rhenium-induced reduction of dichalcogenides by released
phosphine ligands shows the potential for an extension of this synthetic approach to other transition
metals. Chalcogenolato complexes of nickel, palladium or platinum, which contain Schiff’ base
fragments, are generally interesting regarding their applications as single-molecule precursors, for
catalysis and their optoelectronic properties.?** Therefore, reactions of suitable nickel, palladium
and platinum phosphine complexes with dichalcogenides were studied experimentally and by DFT

calculations in publication 9 (Eur. J. Inorg. Chem. 2020, 45, 4303-4312).

Indeed, phosphine-containing Ni'', Pd"

and Pt" complexes react analogously to °H H°
the previously discussed rhenium(V) N oy—v

complexes. No reduction of the metal d b

ions was observed and the mich(my Sl
chalcogenolato complexes were easily
prepared in high yield. This led to the % /g? (PAUOACI (PPl Q;‘f}
question, why triphenylphosphine - ,

normally a reducing agent of &

insufficient strength for the reduction ‘el
of the heavier dichalcogenides — was
able to reduce them effectively under

the applied conditions. A

computational study supports the
hypothesis that a coordination of the Eur. J. Inorg. Chem. 2020, 45, 4303-4312.

Pt Se

intact dichalcogenide moiety results in
an increased electrophilic nature in the sense of a positive polarization of the
uncoordinated chalcogen atom of the dichalcogenide. Finally, the calculations reveal that

11



the enlargement and intensity increase of the o-hole on the back-side of the
dichalcogenide upon coordination to the metal are the prevalent reasons for the feasible
reduction of dichalcogenides with triphenylphosphine. Consequently, the calculations
show that the feasibility of a reduction by triphenylphosphine is increased by the
introduction of electron-withdrawing substituents on the dichalcogenide moiety, which
has a similar effect. Finally, an oxidation of the complexes with elemental iodine did not
lead to defined high-valent nickel, palladium and platinum complexes but resulted in the
formation of a zwitterionic organotellurium(ll) diiodide species: {[(HO)CsH4-(CHN*H)-CgsH,-
Tel;] - OPPhs}. The same compound is obtained in somewhat better yields by the oxidation
of the corresponding ditelluride with elemental iodine in the presence of
triphenylphosphine oxide.
For palladium, also a different mechanism for the reduction of the dichalcogenides is possible: via the
formation of transient palladium(IV) species or intermediate palladium(0) species.*>% Complex
mixtures of several polynuclear complexes are commonly formed during such reactions.’*>
Contrarily, such a redox behavior is not known for nickel and the analogous disulfide Schiff’ base {L°},*
forms monomeric or dimeric nickel(ll) complexes containing the intact disulfide moiety, where one of
the disulfide sulfur atoms coordinates to the metal ion.*>*3 For both metals, the formation of
supramolecular products is poorly understood in terms of the aggregation into defined chalcogen-
metal clusters. Thus, it became interesting to study reactions of the dichalcogenides with phosphine-
free palladium(ll) and nickel(ll) starting materials. Indeed, reactions with palladium(ll) acetate lead to
chalcogenolato-based clusters, while the reaction with nickel(ll) acetate lead to clusters containing

coordinated dichalcogenides. A survey of the observed reactivity and structural diversity has been

assessed in publication 10 (/norg. Chem. 2022, 61, 3785-3800).

(L)% Y=Se, Te Reactions of the salicylidene Schiff’
base-functionalized dichalcogenides

“

» Pd

N {HL'}, (Y = Se, Te) with palladium(ll)

95 OV acetate led to the isolation of the

\ tetrameric palladium clusters

‘ [Pds(LY)4]. Two isomers with a

‘\ (PdulLY1a) _ | different arrangement of the central

‘V‘ ____________ Te PdsYs unit, but with an identical
chemical composition could be

Inorg. Chem. 2022, 61, 3785-3800. isolated and structurally

characterized for the first time. To
give a rationale for the formation of one isomer over the other, a reduced density gradient
analysis based on DFT calculations was performed. In agreement with the solid-state
structures, the analysis revealed the short Pd...Pd and Pd...Te contacts in both isomers as
weak van der Waals contacts. In reactions of {HL'}, (Y = Se, Te) with nickel(ll) acetate, the
dichalcogenides were not cleaved. Instead, the intact, deprotonated dichalcogenides act
as pentadentate ligands with an {O,N,Y,N,0} donor set and give the trimeric complexes
[Ni-p?-k2-(Ni{k>-L"},)2-u%-(0OAc),). The nickel clusters as well as the palladium clusters
appear to be fluxional in solution as is indicated by ESI mass spectrometry. After
prolonged storage in air, the tellurium complex [Ni-u?-k2-(Ni{k>-L"},),-

12



u*-(0OAc),] decomposes by hydrolysis of the central nickel(ll) acetate unit and oxidation of
all tellurium atoms to tellurium(lV). The formed hexanuclear cluster [Niy-Ks-(Nis-Kg-Lls-
{(L™,03)(L™0,),}2)-12-(H20)2] is a rare example of a defined compound containing tellurinic
anhydride and tellurinate units. Remarkably, the combination of tellurinic anhydride and
tellurinate units acts as a ligand framework for the nickel ions in an unprecedented
fashion.

As described in publication 10, metal complexes with dichalcogenide ligands can be sensitive to
oxidation and can form telluroxane-based ligands derived from tellurinic anhydride and tellurinate.
Similarly, organotellurium halides are often sensitive to hydrolysis, which leads to the formation of
chaotic and ill-defined telluroxane networks. Under certain conditions, however, the hydrolysis of in
situ generated [PhTel]lx leads to the formation of the defined, giant and bowl-shaped
organotelluroxane clusters. The syntheses and properties of such supramolecular clusters were
investigated experimentally and theoretically in publication 11 (Angew. Chem. Int. Ed. 2021, 60, 28,
15517-15523).

Giant clusters of general 1
composition  [{(PhTe)19024}2115] Q) <f\\ ?

are dimeric and consist of two }/’Qf <
{(PhTe)1s04} telluroxane half- | (i A%,
shells connected by an inner \\*\ ,‘ )
layer of halide ions. They are o ‘;,w*\ﬁ ¢/

robust enough to be transferred
into the gas-phase as is indicated
by mass-spectrometric analyses.
The whole cluster can act as a
supramolecular host towards
guest molecules, which are
accommodated in the central
cavity. Additionally, the central _
telluroxane unit of each half-shell 360 400 450 500 550 600 630 700 750 800
can act as a crown-ether like fayetenciu D)

ligand to coordinate metal ions. 4,001, chem. Int. Ed. 2021, 60, 28, 1551715523
The addition of metal ions such

as Ca®* or lanthanide3" ions to the central telluroxane unit results in a change of the
telluroxane network and interestingly, the deep red-brown color of the non-coordinating
parent compound is lost upon coordination of a Ca’* ion in each half-shell. Density
function theory calculations reveal a shift of the maximum UV/VIS absorption lines to
lower wave lengths due to an extension of the delocalization of electron density within
the telluroxane network and, thus, rationalize the discoloration.

colorless
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2 Summary

In the first part of this thesis, the general coordination and organometallic chemistry of technetium
was explored. The preparation and reactivity of technetium hydrido complexes based on an improved
synthetic protocol for the scalable synthesis of the technetium(lll) hydride [TcH3(PPhs)s] was
investigated. As a result, the technetium(l) hydride mer-trans-[TcH(CO)s(PPhs),] became available in
scalable amounts, which led to the isolation of a variety of structurally similar technetium(l) complexes
containing two or three carbonyl ligands through its reactions with Brgnsted acids. Reactions with
Brgnsted acids of weakly coordinating counter-ions resulted in the formation of the labile aqua
complex mer-trans-[Tc(OH)(CO)3(PPhs),]* that has been used as a labile starting material for ligand
exchange reactions with various ligands of general interest to the coordination chemistry of
technetium. The non-protic dimethylsulfide surrogate mer-trans-[Tc(SMe;)(CO)s(PPhs).]* was
developed and successfully used for the preparation of novel organometallic technetium complexes,
for example the isolation of the first acetylido complexes of technetium was accomplished.
Throughout these studies, a series of structurally related compounds containing the mer-{Tc(CO)s}* or
cis-{Tc(CO),}" cores was prepared, that enabled a detailed evaluation of structural relationships among
technetium complexes having the same core structure but different ligands. Most importantly, %Tc
NMR spectroscopy was proven as an invaluable and highly specific tool for the analysis of the low-
valent technetium carbonyl species. Besides carbonyl complexes, also the chemistry of the low-valent
technetium(l) complexes [Tc(NO)(Cp)(PPhs)Cl] and [Tc'(NO)(PPhs)(L°M¢)Cl] has been investigated.
Finally, the reduction chemistry of pertechnetate in highly acidic media was studied resulting in the
characterization of the previously unknown, mixed-valence ammonium polyoxometallate salt

(N H4)4[{TCVO(TCV”O4)4}4] .

In the second part of this thesis, the coordination chemistry of organoselenium- and tellurium
compounds was studied. A method for the easy and reliable preparation of organochalcogenolato
complexes from dichalcogenides and metal phosphine complexes was developed using reduction-
sensitive Schiff’ base substituted dichalcogenides as model compounds. The coordination of one
chalcogen atom of the dichalcogenide increases the reactivity of the second chalcogen atom through
anincrease in its electropositive o-hole and, thus, enables the nucleophilic attack of the in situ released
reducing agent. The method was expanded from the originally studied rhenium(V) oxido and arylimido
complexes to nickel, palladium and platinum complexes in the oxidation state +2. With phosphine-free
starting materials, the Schiff’ base substituted dichalcogenides form clusters of varying structure. For

the first time, the interconversion of the gyrobifastigial and cuboid-like structures of tetrameric
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PdsChals central units for compounds with the same chemical composition has been observed. Lastly,
large bowl-shaped telluroxane clusters have been investigated. The coordination of the central unit of
each half-shell in the large telluroxane-clusters to calcium in a crown-ether-like fashion led to a loss in
color. The shift of the UV-VIS absorption could be explained by DFT calculations due to an increased

delocalization of electron density in the telluroxane framework.
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3 Zusammenfassung

Im ersten Teil der vorliegenden Arbeit wurde die allgemeine Koordinations- und Organometallchemie
des Technetiums untersucht. Die Darstellung und Reaktivitdit von Technetiumhydridokomplexen
wurde dabei auf Basis einer optimierten und skalierbaren Synthese des Technetium(lll)-Hydrids
[TcH3(PPhs)s] untersucht. Das Technetium(l)-Hydrid mer-trans-[TcH(CO)3(PPhs),] wurde infolge dieser
Arbeiten in skalierbarer Menge verfiigbar. Reaktionen von mer-trans-[TcH(CO)s3(PPhs),] mit Brgnsted-
Sduren erlaubten die Isolation und Charakterisierung einer Vielzahl strukturell &hnlicher
Technetium(l)-Komplexe mit zwei oder drei Carbonylliganden. Dagegen flihrten Reaktionen mit
Brgnsted-Sauren schwachkoordinierender Anionen zur Bildung des Komplexes mer-trans-
[Tc(OH2)(CO)3(PPhs);]*. Dieser Komplex erwies sich aufgrund seines labilen Wasserliganden als
geeignete Startverbindung fiir Ligandenaustauschreaktionen mit vielen fiir die Koordinationschemie
des Technetiums interessanten Liganden. Das nicht-protische Analogon mer-trans-
[Tc(SMe;)(CO)s(PPhs)]* besitzt einen labilen Dimethylsulfidliganden und wurde fiir die Synthese
metallorganischer  Technetiumkomplexe entwickelt. Die Verwendung von mer-trans-
[Tc(SMe;)(CO)3(PPhs),]* flhrte beispielsweise zu einer zuverldssigen Route fir die Darstellung der
ersten Technetiumacetylido- und -cyclooxycarbenkomplexe. Insgesamt wurde im Rahmen dieser
Studien eine Reihe strukturell verwandter Verbindungen mit den Strukturmotiven mer-{Tc(CO)s}* und
cis-{Tc(CO),}* dargestellt. Der Zugang zu dieser Reihe und die einfache Erweiterung durch die
entwickelten, verallgemeinerbaren Synthesewege ermoglichte eine systematische Auswertung der
strukturellen Variationen in Technetiumkomplexen mit gleicher Grundstruktur aber unterschiedlichen
Liganden. Hierbei erwies sich insbesondere die **Tc-NMR-Spektroskopie als unersetzliches und
hochspezifisches Werkzeug fir die Charakterisierung, Analyse und Differenzierung der niedervalenten
Technetium(l)-Carbonylspezies. Neben Carbonylkomplexen wurde auch die Chemie der
niedervalenten Technetium(l)-Nitrosylverbindungen [Tc(NO)(Cp)(PPhs)Cl] und [Tc(NO)(PPh3)(L°Me)ClI]
untersucht. AbschlieRend wurde die Reduktionschemie des hochvalenten Pertechnetatanions in stark
sauren Losungen beleuchtet, wobei unteranderem das zuvor unbekannte, gemischtvalente

Ammoniumpolyoxometallat-Salz (NH4)a[{TcVO(Tc""04)4}a] charakterisiert und isoliert wurde.

Im zweiten Teil dieser Arbeit wurde die Koordinationschemie von Organoselen-
und -tellurverbindungen untersucht. Eine einfache und zuverladssige Methode fir die Synthese von
Organochalcogenolatokomplexen aus Diorganodichalcogeniden und Metallphosphankomplexen
wurde am Beispiel von reduktionsempfindlichen Schiff’'schen Basen modifizierten Dichalcogeniden

entwickelt. Die Koordination eines Chalcogenatoms der Dichalcogenideinheit erhohte dabei die
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Reaktivitat des zweiten Chalcogenatoms durch die VergrofRerung und Intensivierung des o-Lochs an
der Rickseite der Chalcogen-Chalcogen Bindung. Diese Erhohung der Polaritdit erlaubt den
nukleophilen Angriff des in situ freigesetzten Reduktionsmittels PPhs. Diese Methode konnte von den
urspriinglich untersuchten Rhenium(V)-Oxido- und -Arylimidospezies auch auf Nickel-, Palladium- und
Platinkomplexe der Oxidationsstufe +2 ausgeweitet werden. Mit phosphanfreien Startverbindungen
der Metalle Nickel und Palladium reagierten die Schiff’ Basen substituierten Dichalcogenide unter
Bildung von Clustern variabler Struktur. Insbesondere konnte die Umwandlung der gyrobifastigialen
und wirfeldahnlichen Strukturen der zentralen PdiChals-Einheit ineinander erstmals fiir Cluster der
gleichen Zusammensetzung beobachtet werden. AbschlieRend wurden grolRe, schisselformige
Telluroxancluster untersucht. Die kronenetherdhnliche Koordination von Calciumionen durch die
zentrale Telluroxaneinheit in jeder Halbschale fliihrte zu einer Entfarbung. Die Verschiebung der UV-
VIS-Absorption konnte mithilfe von DFT-Rechnungen hauptsachlich einer erhdhten Delokalisierung der

Elektronendichte im Telluroxannetzwerk zugeordnet werden.
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ABSTRACT: Optimized synthetic approaches to [TcH;(PPh;),] (1) and ' .

mer-trans-[ TcH(CO);(PPh,),] (5) as key compounds of the technetium [TeH,(PPh,),] mer-[TcH(CO),(PPh,),]
hydrido chemistry are reported. They give access to pure and stable
samples of the complexes. The solid-state structures of the two title
compounds have been determined. Reactions of [TcH;(PPh;),] with
monodentate basic phosphines such as PMe,Ph or PMe; lead to mixtures
of mixed-phosphine complexes of the compositions
[TcH,(PR,),(PPh;y),_,] (n = 1-3), from which the mixed-phosphine
trihydride complex [TcH,;(PPh;),(PMe;),] (2) could be isolated.
Spectroscopic data and DFT calculations suggest a fluxional structure = N o s
between a capped trigonal prism and a pentagonal bipyramid. Reactions of .
the monohydride mer-trans-[ TcH(CO);(PPh;),] (5) with HX (X = CJ,
Br, I) give [TcX(CO),(PPh,),] (6) complexes in good yields, while mer-trans-[Tc{n'-O(CR)O}(CO);(PPh;),] (7) or cis—trans-
[Tc{#*-O0O(CR)}(CO),(PPh;),] (8) complexes are formed with carboxylic acids depending on the substituent R and the
conditions applied. Chelate formation of the formato ligand can also be obtained by thermal decarbonylation of the isolated mer-
trans-[Tc(n'-O(CH)O)(CO);(PPh;),] (7a) complex. The latter reaction is reversible, and the tricarbonyl compound is reformed
when [Tc{?-O0(CH)}(CO),(PPh;),] (8a) is exposed to CO gas. Reactions of [TcH(CO);(PPh;),] (5) with phenyl seleninic
acid (PhSeOOH) in methanol give the tetranuclear cluster [{Tc(CO),};(¢>-OH)(4*-O(SePh)0),{Tc(CO),}] (10) and a small
amount of the bridged dinuclear oxalato complex [Tc,(CO)4(0x)(OPPh;),] (11). The latter compound is the result of a complex
reaction, which involves a metal-induced oxidation of methanol to formate and a subsequent C—C coupling of two formato ligands.
The plausibility of the proposed mechanism is supported by the fact that the dimeric oxalato complex is much more efficiently
formed when the formato complex [Tc{5'-O(CH)O}(CO);(PPh;),] (7a) is directly reacted with PhSeOOH. Exclusively the
monomeric oxalato complex [Tc(i7?-0xH)(CO),(PPh,),] (12) is formed during a reaction of mer-trans-[ TcH(CO);(PPh;),] (5)
with oxalic acid. The remaining proton of the Hox™ ligand of [Tc(#7*0xH)(CO),(PPh;),] (12) can be removed by NEt;, and the
ion pair (HNEt;)[Tc(#7%0x)(CO),(PPh;),] (13) is formed.

Bl INTRODUCTION Chart 1. Selected6Hydrid0/Dihydrogen Complexes of
. 10,13,16,18,23
In contrast to the coordination chemistry of its higher Technetium
congener rhenium, where many hydrido complexes are Won R on PN H Phen o Ph
known and play an important role in a number of catalytic \: =P, | o Pho HH pcPh
e ; : -/ ] oo
processes, reports about compounds with technetium— H—Tc =P | > p- o TIN j
hydrogen bonds are scarce.* > Only some of them have been / AN Ph N P . él E;Ph
characterized unambiguously, e.g, by single crystal X-ray HoH OC’?O H OC co N
crystallography. This includes mononuclear compounds such oc—l/T'c Tén-co co  HNS
as [TCH(N,)(dppe),],"> [TcH{y®-N,S-HNC(NH,)S}- oc| Neo oo, f2 A
(PMe;),](PFy),"* or [Tc(H,)Cl(dppe),],'® the binuclear .M e
19 oC'Tei-co oc” | B
compound [Tc,-u-H(u-C,N-CsH,N)(py),(CO)ql,~ but also /\ H—
the trinuclear clusters [Tc;-u-H3(CO)p,]""*' and [TcH- oc co
(CO)14]20 or some borohydride compounds.zz’23 The
structure of the iconic K,[TcH,] was determined by Received: May 4, 2021

comparison of its powder data with those of the rhenium Published: June 22, 2021
analogue.'” Some of the compounds are shown in Chart 1.
Most of the well-explored Tc hydrides have limited potential as
precursors. [TcH,]?™ is not suitable as a starting material for
the preparation of other technetium hydrides due to its
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intrinsic instability: it cannot be obtained in sufficient amounts
and/or purity. It is nearly insoluble and only short-term-stable
in KOH solutions at low temperatures.'” Although several
hydrido and dihydrogen complexes can be derived from the
16-electron dppe complex [TcCl(dppe),], their formation is
exclusively limited to this bisphosphine ligand system.' L1316

Compounds such as [Tc,-u-H(u-C,N-C;H,N)-
(py),(CO)4]" or the trinuclear carbonyl hydrides [Tc;-u-
H,(CO);,]"® and [Tc;H(CO),,]*° are formed in only
moderate yields during not fully understood hydrolytic
processes. Another potential technetium hydrido starting
material, [TcH(CO);], can only be prepared in trace amounts,
is unstable, and produces a major radiation protection concern
due to its volatility.”

Finally, another hydrido compound with an interestin%
reactivity was introduced in 1995: [TcH(CO),(PPh;),] (5).'
It can be prepared from [TcH;(PPh;),] (1). Unfortunately,
the synthesis of [TcH,(PPh,),] has never been published in a
journal but can be found in the doctoral thesis of Jessica
Cook.”* [TcH,;(PPh,),] was described as an unstable
compound, which rapidly decomposes to unattractive, less
defined dark products. Nevertheless, this report motivated us
to reinvestigate syntheses, structures, and reactivities of the
trihydride and its reaction product with carbon monoxide:
[TCH(CO)s(PPha)z] (5).

B RESULTS AND DISCUSSION

Synthesis and Properties of [TcH;(PPhs),] (1). The
trihydride can be prepared from [TcCl,(PPh,),], PPh;, and
Na(BH,). In the original procedure,”* ethanol has been used as
solvent, in which [TcCL,(PPh;),] is almost insoluble. This
results in a heterogeneous reaction, from which the product
was isolated as a finely powdered solid. The product has been
described as a rather unstable compound, which decomposes
even under Ar, N,, or H, atmospheres and an “unusual” 'H
NMR spectrum with an unexpected additional hydride signal
in addition to the expected quintet has been reported.”* This
may indicate the presence of at least one additional compound,
which might also be responsible for the intrinsic instability of
the product. We performed the synthesis of 1 following this
protocol, and the described behavior is well reproducible
including the described instability of the obtained finely
powdered solid, the color of which gradually darkens even
under argon or dihydrogen, and after a few days only a dark
brown, insoluble solid is left (see Figure 1). Solutions of this
material in dry, argon-saturated solvents quickly start to
deposit a black insoluble solid and the decomposition was
complete within 6 h.

After 3 days

Fresh product After one week

Figure 1. Samples of [TcH;(PPh;),] (1) obtained by different
procedures: (a) Product prepared following the previous protocol
with ethanol as solvent,”* directly after isolation and after storage for 3
days in a refrigerator under an Ar atmosphere, and (b) product of the
optimized synthesis after storage for 7 days at room temperature on
air.
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Supposing that the detected impurity contained in the
material might be the reason for its instability, we tried to find
an improved procedure. Fortunately, only a few modifications
of the originally reported conditions were required. When the
reaction between [TcCl,(PPh;),], PPh; and Na(BH,) is
performed in a mixture of toluene, ethanol, and hexane (for
details see Experimental Section), the coprecipitation of
undesired side-products is minimized. In the course of the
reaction, the almost insoluble technetium(IV) complex
dissolves completely before the bright yellow, crystalline
product precipitates with a high purity. The product of this
procedure can be stored for at least six months in a refrigerator
without additional precautions such as inert gas atmosphere.
Figure 1 shows pictures of the products obtained from both
procedures immediately after their isolation and after storing
them for several days. It becomes clear that the improved
synthetic procedure increases the stability of the product as a
solid. An obvious disadvantage is the lower solubility of the
crystalline product compared to the finely powdered trihydride
obtained from the older protocol. Together with the inherent
instability of the reactive compound in solution, this hinders
the measurement of *C, *'P, or **T'c NMR spectra of sufficient
quality, but does not restrict its suitability as a precursor for
ligand exchange reactions.

The spectroscopic data derived for the crystalline material
are consistent with those of the finely powdered material
synthesized by the protocol reported by Cook.”* The '"H NMR
spectrum of the crystalline material shows a quintet signal in
the hydride region at —7.21 ppm (¥,_; = 37 Hz) (but not the
“additional signal” reported in ref 24), and its IR spectrum
shows a broad, diagnostic v(Tc—H) stretch at 1890 cm™". The
presence of a single band suggests a symmetric arrangement of
the three hydrido ligands as is observed in some other
phosphine trihydride complexes.'® Therefore, the structure of
1 should resemble a C;, symmetric capped octahedron with a
capping PPh; ligand over the H-H—H face of a P;H;-
octahedron, in which each hydrido ligand is equivalently
positioned trans to a phosphine ligand. Given the low-lying d,,
and d,, orbitals in all three possible CN7 geometries,
diamagnetism is expected for such Tc(III) complexes having
a d* configuration. This is in accord with the observation of
resolved NMR spectra.

The novel procedure for the synthesis of compound 1 allows
the growth of single crystals of the product suitable for an X-
ray structure determination. Large, yellow-green crystals were
obtained directly from a severely dilute reaction mixture, where
no product precipitated at room temperature. They are formed
after storing such a solution overnight in a refrigerator, while
the remaining solution contained decomposition products as is
indicated by its dark brown color. The identity of this material
with the microcrystalline solid described above was checked by
comparison of their IR spectra.

The crystal structure of 1 reveals the expected capped
octahedral coordination environment around the technetium
atom. A representation of the coordination sphere of
technetium and the coordination polyhedron are shown in
Figure 2. Table 1 contains some selected bond lengths and
angles. First, the four phosphine ligands form a trigonal
pyramid with three basal and one apical phosphorus atoms.
The Tc—P bond to the apical atom P4 (2.249(1) A) is shorter
than those to the phosphorus atoms of the basal plane
(2.473(1)—2.4937(9) A). While the latter Tc—P bond lengths
are in the normal range for Tc—P single bonds, the Tc—P4
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Figure 2. (a) Solid-state molecular structure of 1 with the located
hydrido ligands and (b) the coordination polyhedron around
technetium.

Table 1. Selected Bond Lengths (A) and Angles (deg) in the
Solid-State Structure of [TcH,;(PPh;),] (1)

P1-Tc 2.4824(9) Tc—H1 1.54(2)
P2-Tc 2.4937(9) Tc—H2 1.64(5)
P3—Tc 2.473(1) Tc—H3 1.55(4)
P4-Tc 2.249(1)

P4—Tc—P3 113.11(3) P3—-Tc—H2 74(2)
P4—Tc—P1 115.20(3) P1-Tc—H2 75(2)
P3—Tc—P1 104.15(3) P2—-Tc—H2 178(2)
P4—Tc—P2 114.73(4) H1-Tc—H2 112(2)
P3—Tc—P2 105.36(3) P4—Tc—H3 71(2)
P1-Tc—P2 103.06(3) P3—Tc—H3 175(1)
P4—Tc—Hl1 69.4(9) P1-Tc—H3 72(1)
P3—Tc—Hl1 78(1) P2—Tc—H3 74(1)
P1-Tc—H1 172.8(9) H1-Tc—H3 105(2)
P2—Tc—Hl1 69.7(9) H2—Tc—H3 107(2)
P4—Tc—H2 67(2)

bond is among the shortest experimentally determined Tc—P
distances.” Only for the 16e™ compound [Tc!(dppe),Cl] and
for a few Tc(1I) complexes Tc—P bond lengths shorter than
2.3 A have hitherto been reported.'®**~** The positions of the
hydrido ligands have been determined from the final Fourier
maps of the refinement of the crystal data and Tc—H bond
lengths of 1.54(2), 1.55(4), and 1.64(5) A have been derived.
It is known that M—H bond lengths derived from X-ray
diffraction experiments are commonly too short due to the
elusive physical nature of the hydrido ligand electrons in such
complexes,” but no neutron diffraction data on technetium
hydrido complexes have hitherto been reported. Thus, we can
compare the data obtained for the hydride 1 exclusively with
the limited number of X-ray structure determinations on
technetium hydrides. Only for two of them, the position of
terminal hydrido ligands could be resolved experimentally,
namely for [TcH(N,)(dppe),] with a Tc—H bond length of
1.7(1) A and for [TcH,(PPh,Me),](BF,) with Tc—H
distances of 1.87 A.'*** The H—H distances in [TcH;(PPh;),]
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are between 2.44 and 2.64 A and indicate the presence of
classical hydrido ligands.

The spectroscopically derived coordination polyhedron, a
capped octahedron, has been checked with the SHAPE
software.””** Although there is by far no perfect fit with
one of the common polyhedra of coordination number 7, a
capped octahedron (7-COC) is the closest one.” The
determined SHAPE measure of 9.28906 reflects a significant
deviation from the ideal polyhedron, but can readily be
explained by the obviously large bond length differences of the
Tc—H and Tc—P bonds.

Reactions of [TcH;(PPh;),] (1) with Monodentate
Phosphines. The first reactions performed with 1 as synthon
were somewhat restrained by the inherent instability of the
compound. Nevertheless, J. Cook succeeded with the isolation
of [TcH(H,)(dppe),] (dppe 1,2-bis(diphenylphosphino
ethane) and [TcH,;(PPh,Me),]. The dihydrogen ligand of
the former compound is labile and can be replaced by a
reversible reaction with N,. The product of this reaction,
[TcH(N,)(dppe),], can also be prepared in a feasible
procedure directly from [TcCl,(PPh;),]*° and has been used
for a number of ligand exchange reactions affecting exclusively
the axial dinitrogen and/or hydrido ligands.>”~*°
[TcH;(PPh,Me),] is a relatively unreactive compound and
does not exchange its phosphine ligands. But, unlike
[TcH;(PPh,),], which decomposes on treatment with HBF,,
this compound can be protonated, and [TcH,(PPh,Me),]-
(BF,) has been isolated and characterized spectroscopically
and by X-ray diffraction.”*

Since reactions of NaBH, with [TcCL,(PR;),] complexes
containing tertiary phosphines such as P(C¢H,,)s, P(C4Fs)s,
P(C¢H,F);, PMe,Ph or PBu; only gave unattractive, black-
brown mixtures, we attempted exchange reactions with the
same phosphines starting from 1 These attempts also ended
less encouraging, since only highly soluble, instable products
were obtained. The results are in a line with similar
experiments undertaken before with trihydrides of technetium
and rhenium.”**'

Only during the reaction of [TcH;(PPh,),] (1) with PMe;,
highly sensitive and very soluble yellow crystals of
[TcH;(PPh,),(PMe;),] (2) could be isolated by the addition
of MeOH/H,O to the reaction mixture after the complete
dissolution of the starting material. The crystals decompose
quickly in a vacuum and are only moderately stable in solution.
Nevertheless, some instructive NMR data of the product could
be collected. The '"H NMR spectrum of the complex shows a
quintet located at —5.88 ppm with a *Jp_y coupling constant of
22.05 Hz, suggesting coupling to four either equivalent or very
similar 3P nuclei. Since the methyl and phenyl resonances
correspond to each two PMe; and PPh; ligands, the differences
in the coupling constants to the different phosphines are
probably not resolved or equal by chance. The hydrido ligands
can, thus, either quickly exchange with each other (H,(H),/H,
(H,) binding motifs) or they are in general chemically
equivalent in solution as in the parent trihydride 1 having a
symmetric H/H,H arrangement. Also in some dppe/PPh; and
P(OPh);/PPh; mixed ligand trihydrido complexes of the
higher congener rhenium the coupling constants between the
hydrido ligands and the phosghorus nuclei were equivalent and
quintets were observed.””* Unfortunately, no 3'P NMR
resonance could be resolved for 2. This is not unexpected
for phosphine complexes of technetium, where scalar couplings
with the large quadrupole moment of *Tc (Q = —0.19 A X
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107 m?)*** commonly result in extreme line-broadenings,
which make the resolution of 3'P NMR spectra frequently
impossible.***> The large quadrupole moment is also the
reason for a drastic line-widening of the related **Tc NMR
signals of compounds with a low local symmetry.*® For the
hydride 2 we recorded a **Tc NMR resonance at —2009 ppm
(line width: ~6350 Hz).

The obvious diamagnetism of the compound can be
explained in two ways: either 2 shows (H,H,H) coordination
of the three hydrides and is, thus, a rare example of a seven-
coordinate d* Tc(III) complex with a detectable *Tc NMR
resonance or the isolated product is better described as a d°
technetium(I) mixed hydrido-dihydrogen complex. The IR
spectrum of the complex shows an intricate pattern of three
bands in the v(Tc—H) region. A complication of the IR
patterns of hydrido complexes has been reported previously
and is either due to changes in the complex geometry or an
inequivalence in the binding mode of the hydrido ligands (e.g,
H,HH; (H;); H(H,); or H(H), patterns).*”*” After a simple
phosphine substitution under retention of the geometry and
general trihydride structure, a two-band spectrum should be
expected, while a d° configuration with H,(H), or H,(H,)
binding patterns should produce more bands. Thus, we carried
out a series of DFT calculations on the B3LYP/ (Stuttgart1997,
lanl2dz, 6-311G**) level to get more information about the
hydride coordination and support for one of the interpreta-
tions of the observed spectral features. A pentagonal bipyramid
and a capped trigonal prism (as distortions of the capped
octahedron) were regarded. It turned out, that the v(Tc—H)
vibration is in either case weakened upon coordination of more
basic PMe; compared to PPh;. A full substitution of all PPh;
ligands by PMe; results in a slight preference of ca. 3 kJ/mol
for the pentagonal bipyramid with a H-P—H—P—H plane,
while calculations on the higher B3LYP/x2c-TZVPPall-s level
suggest a 8 kJ/mol preference for the capped trigonal
antiprismatic arrangement (see Supporting Information). The
resulting structure should therefore exhibit some fluxionality
around these two ideal orientations. For neither of the
regarded structures a real H,(H,) or H,(H), binding motive
of the hydrido ligands upon partial substitution of PPh; with
PMe; can be securely deduced. The shortest H-H contact in
the bicapped trigonal prismatic structure is 1.66 A, while that
in the pentagonal bipyramidal structure is 1.64 A. The
frequency analyses of both optimized structures show three
vibrational M—H modes with a similar intensity distribution as
observed in the experimental spectrum.

Figure 3 shows a visualization of the Electron Localization
Functions (ELF) for the calculated structures of [TcH,;(PR;),]
complexes at the B3LYP/(Stuttgart 1997, lanl2dz, 6-311G**)
level. On the basis of the experiments and the comparison with
the DFT calculations, we assign the isolated compound as
[TcH(H),(PPh;),(PMe;),] with two PMe; ligands oriented
trans to two (almost) nonclassical hydrido ligands, an apical
PPh; ligand and the second one in a trigonal plane together
with the two PMe; ligands (see structural sketch in Scheme 1).
Additional details are given in the Supporting Information.

Unlike [TcH,(PMePh,),],”* the mixed PPh;/PMe; hydride
complexes from the reaction described above, could not be
protonated to the corresponding [TcH,(PPh,),(PMe;),_,].
(BF,) (n = 1-3) species. Attempted reactions with Et,O-HBF,
gave only intractable solutions, from which no products could
be isolated. A corresponding reaction with Et,O-HCI in dry
benzene, however, gave immediately a bright yellow solution,
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Figure 3. ELF mapping for the calculated structures of (a) PBP-
[TcH;(PMe;),], (b) COC-[TcH;(PMe;),], and (c) COC-
[TcH;(PPh;),] at B3LYP level (sections through the central HH,H
planes). Note that the calculation base on the ECP approximation
and, thus, the ELFs might be distorted (lengths in Bohr).

from which yellow blocks of [ TcCly(PMe,);] (4)-OPPh, could
be isolated. The abstraction of the hydrides during such
reactions comes not completely unexpected and the reforma-
tion of [TcCl(PPh;),] from the hydrido complex 1 in
chlorinated hydrocarbon solvents has been observed before.**
The structure of [TcCl;(PMe;);] with cocrystallized OPPh; is
similar to that reported for [TcCly(PMe;),]-(PhNCO),."
Details are discussed in the Supporting Information.

When solutions of 1 are exposed to CO, the formation of the
monohydride [TcH(CO);(PPh;),] (5) can be achieved. This
has first been reported in the PhD thesis of J. Cook,”* and
some insertion reactions into the Tc—H bond of the
compound were performed.'” Some modifications in the
reported protocol (particularly the use of toluene as solvent
and an extension of the reaction time) allow the isolation of §
in high purity and with an almost quantitative yield. IR and
NMR data are identical with the reported ones.”* In addition,
we recorded a broad **Tc NMR signal at —2210 ppm (v, ~
9200 Hz).

Monoclinic single crystals of § suitable for X-ray diffraction
were obtained by recrystallization from THF/pentane
solutions. Figure 4 depicts an ellipsoid plot of the molecular
structure. Selected bond lengths and angles are contained in
Table 2. The coordination sphere of technetium is a distorted
octahedron with the two triphenylphosphine ligands in trans
position to each other. Thus, the three carbonyls are in a
meridional arrangement. This is rare in the coordination
chemistry of technetium, where only three more compounds
with this coordination mode have been studied by crystal
structure determination,'”***” while the majority of 87 of the
structurally studied compounds possess a facial coordination.*®
The C1-Tc—C3 angle of 163.1(2)° clearly indicates that the
steric stress in 5 can be minimized by bending the related
carbonyl ligands toward the hydrido ligand. The Tc—H bond
length of 1.72(3) A is slightly longer than those in 1 but in the
range found for the other few technetium hydrides.'>**

After crystallization of S from toluene/ethanol, a triclinic

polymorph of the compound was isolated (a = 9.8450(4) A,
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Scheme 1. Synthesis of [TcH;(PPh,),] and [TcH(CO);(PPh;),]
Carboxylic Acids

and Their Reactions with PMe;, Hydrogen Halides, and

cl X
PhsP .,,Ti\“,.m PhsP "’T‘ \\\\\ co
1= [ PP, e oc= | ~pph
cl aBH,, PPhs - co
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3 (not isolated) 4 9 8a (R = H), 8¢ (R = CHa), 8d (R = Ph)

Figure 4. Molecular structure of S. Ellipsoids are depicted at 50%
probability. Hydrogen atoms bound to carbon atoms and further
labels are omitted for clarity.

b = 10.5678(5) A, ¢ = 17.9662(6) A, a = 75.816(2)°, B =
77.711(2)°, v = 65.441(2)°). A second monoclinic polymorph
crystallized from dry THF/acetonitrile mixtures (a =
13.670(1) A, b = 13.923(1) A, ¢ = 17.951(2) A, p =

104.899(7)°). Details are reported in the Supporting
Information.

The ready synthesis of § offers a chance to study the
coordination behavior of compounds containing the mer-
[Tc(CO)4(PPhy),]* and [Tc(CO),(PPh;),]* cores in more
detail. The hydride 5 reacts with HX solutions (X = Cl, Br, I)
at room temperature under formation of [TcX(CO);(PPh;),]
complexes and H, gas. It should be mentioned that the
corresponding fluorido complex could not be prepared in this
way or by a procedure using HF-py (see Supporting
Information).

The interest in such compounds dates back to 1965,
when the first syntheses of such compounds have been
attempted, but it took until 1992 before [TcCl(CO);(PPh,),]
could first be characterized unambiguously by X-ray
diffraction.”® With the synthesis of the complete series of
[TcX(CO);(PPh,),] complexes (X = H, Cl, Br, I) and their
complete structural characterization, we can now also shade
some light in the hitherto inconclusive reports of spectroscopic
data for these complexes. Particularly, there exist different

50,51

Table 2. Selected Bond Lengths (A) and Angles (deg) in the Solid-

State Structures of [Tc(X)(CO);(PPh,),] Complexes 5 (X =

H), 6a (X = CI),*® 6b (X = Br), 6c (X = I), and [Tc(HNNPh-4-Bu‘)(CO),(PPh,),](PF,)"' "

[TcH(CO)4(PPh;),]  [TcCI(CO);(PPhy),]**  [TcBr(CO)4(PPh;),]®  [TcI(CO)y(PPh;),]  [Tc(HNNPh-4-Bu')(CO),(PPh;),](PFy)"”
Tc—Cl1 1.972(4) 1.979 1.959(5) 1.998(3) 1.999
Tc—C2 1.939(4) 1.887 1.900(S) 1.889(3) 1.910
Tc—C3 1.943(4) 1.983 1.986(6) 2.009(4) 1.985
Tc—P1 2.4025(8) 2.4404 2.4370(7) 2.4593(7) 2.453
Tc—P2 2.4097(8) 2.4454 2.4463(7) 2.4624(8) 2.461
Tc—X 1.72(3) 2.5055 2.6217(6) 2.8352(3) 2.157
X~Tc—C1 84(1) 92.60 88.32(2) 87.0(1) 92.6
X—Tc—C2 175(1) 178.84 176.6(2) 174.98(9) 178.0
X-Tc—C3 79(1) 96.4 95.4(2) 97.64(9) 89.7
X-Tc—P1 91(1) 88.51 86.58(2) 86.82(2) 86.9
X—Tc—P2 86(1) 87.34 91.70(2) 88.81(2) 86.8
C1-Tc—C2 100.6(2) 86.3 88.3(2) 88.0(1) 86.1
C1-Tc—C3 163.1(2) 171.0 175.6(4) 175.4(1) 177.5
C2—Tc—-C3 96.3(2) 84.7 87.9(3) 87.4(1) 91.6

“The molecular labeling schemes of complexes taken from the literature are adopted to those of Figures 4 and 5. “Values refer to the main
component of the 85:15 disorder between Br~ and one of the cis CO ligands.
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values for the ?Tc NMR chemical shifts (most probably due
to the presence of different isomers in the studied solutions,
keeping in mind that most of the syntheses started from
pentacarbonyl or fac-tricarbonyl technetium com-
plexes).”***3973* With the de novo syntheses of the complexes
from an already pre-established mer-trans-arrangement of the
carbonyl and phosphine ligands, we unequivocally confirm the
chemical shifts of mer-trans-[TcCl(CO);(PPh,),] (6a) and
mer-trans-[ TcBr(CO);(PPh;),] (6b) to be —1461 ppm (v,
~ 3110 Hz) and —1534 ppm (v, ~ 4300 Hz). This linearly
fits with the chemical shift we observed for mer-trans-
[TcI(CO)4(PPh,),] (6¢) at —1670 ppm (v, ~ 3920 Hz)
and nicely corresponds to the different donor properties of the
corresponding halogen atoms.

Since the number of structurally characterized series of
technetium complexes with different halogen donors in low
oxidation states is limited, we determined the crystal structures
of the bromido and the iodido complexes. Ellipsoid
representations of the molecular structures are shown in
Figure S. Selected bond lengths and angles are compared with
those of other [TcX(CO);(PPh;),] complexes (X = H, C|,
(HNNPh-4-Bu')) in Table 2.

a)

Figure S. Molecular structures of (a) [TcBr(CO);(PPhs),] (6b) and
(b) [TcI(CO)4(PPh,),] (6¢). Thermal ellipsoids are depicted at 50%
probability. Hydrogen atoms and further labels are omitted for clarity.

The technetium atoms in 6b and 6c are coordinated in
distorted octahedral fashions with the PPh; ligands in trans
positions to each other and three meridionally coordinated CO
ligands. In contrast to the situation in S, where the two
carbonyl ligands in cis position to H™ are bent toward the
hydride, they are bent away from the halido ligand. This is also
observed for [TcCI(CO),(PPh;),] (6a) and can be attributed
to the differences in size of H™ and the halido ligands.

Reactions of [TcH(CO);(PPh;3)] (5) with Carboxylic
Acids and Other Proton Sources. Reactions of § with
carboxylic acids are strongly dependent on the 7-basicity of the
acid and the conditions applied. Monodentate coordination of
the carboxylate and the formation of [Tc{n'-O(CR)O}-
(CO);(PPh;),] (7) complexes is observed under mild
conditions and/or when using less z-basic carboxylic acids
such as CF;COOH. When, however, the reactions are carried
out at higher temperatures or when relatively z-basic
carboxylic acids are used, decarbonylation and the formation
of chelate complexes is observed. On closer inspection of these
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reactions, we found that two factors are important: the
Bronsted acidity of the carboxylic acid and the z-basicity of the
corresponding carboxylate anion. This can be reasoned with an
increased cis-effect or cis-labilization due to coligands with high
m-basicity when they are in cis-position to z-acidic ligands such
as CO. A similar tendency toward increased coordination
strength of the second oxygen donor of the carboxylate group
with increased z-basicity was previously described in *Tc
NMR studies on the substitution series from fac-[Tc-
(CO)3(0OH,)3]" to f“C'[TC(CO)s(OC(R)O)3]2_ com-
pounds.”> A similar cis-labilization resulting in a decarbon-
ylation has also been observed for terphenylisocyanide
complexes of manganese of the type mer-trans-[Mn{n'-
O(CR)0O}(CO);(CNArP®P2),] (ArPPP2 = 2,6-(2,6-(i-
Pr),C¢H;),-C¢Hs.). The products, [Mn{#*-OO(CR)}-
(CO),(CNArP#P2),], represent ultimately useful synthons for
the generation of the highly unsaturated, divacant metallo
Lewis-acid [Mn(CO),(CNArP??2),1* and its solvent ad-
ducts.*® As in the manganese example, the decarbonylation
reaction of the technetium carboxylato complexes is reversible
in the presence of an excess of CO gas. However, for a
convenient isolation of the n'-derivatives, the acidity of the
carboxylic acid must be sufficient to protonate § effectively at
room temperature and its 77-basicity must be low enough not to
induce decarbonylation even at room temperature. Two
illustrative examples are the reactions with acetic acid and
triftuoromethyl acetic acid. All our attempts to isolate [Tc{n’-
O(CCH,)0}(CO)4(PPh,),] failed. We observed the instanta-
neous formation of [Tc{#*O0(CCH,)}(CO),(PPh;),] (8c)
due to the relatively high n-basicity of acetate. For the
stabilization of the complex with monodentate acetato
coordination, such solutions must be kept under an CO
atmosphere or the products must rapidly be precipitated. In
the latter case, however, the obtained solids contain significant
amounts of the chelate complex and any attempts of
purification result in further decarbonylation. Contrarily, the
reaction of 5 with CF;COOH generally gives almost
exclusively (7b). The high acidity of CF;COOH and the low
m-basicity of its anion prohibits the formation of significant
quantities of the dicarbonyl compound even after prolonged
heating in toluene.

The [Tc{n'-O(CR)O}(CO),(PPh;),] (7) and [Tc{n*
OO(CR)}(CO),(PPh,),] (8) derivatives can easily be
distinguished by their IR and **Tc NMR spectra. The
complexes of type 7 show four carbonyl stretches in their IR
spectra. Three bands around 2050 cm™, 1960 and 1900 cm™
correspond to the mer-tricarbonyl unit, while a broad band
between 1400 and 1700 cm™' can be assigned to the
carboxylate pseudoallyl system. In comparison, the technetium
dicarbonyl complexes [Tc{#>-O0(CR)}(CO),(PPh;),] (8)
show a total of three carbonyl bands: two corresponding to the
metal carbonyls at ca. 1940 and 1860 cm™ and the third
relatively broad band between 1400 and 1700 cm™ is that of
the carboxylate pseudoallyl system. These findings are
consistent with the previously reported IR bands found in
the carboxylato complexes [Tc{#*-OO(CR)}(CO),(PPh,),]
(R = Ph,CH, PhCH,, CCl;), which were prepared by reactions
of RCOOLi with 6a.”’

Both types of technetium carboxylato complexes show
relatively broad *Tc NMR resonances with half-line widths
between 3000 and 4000 Hz, but can readily be distinguished
by their chemical shifts. While the tricarbonyl species resonate
at chemical shifts between —1350 ppm and —1400 ppm, the
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signals of the dicarbonyl complexes appear between —700 and
—800 ppm. Surprisingly, the chemical shift range of the 7>
carboxylato complexes differs significantly from the **Tc NMR
chemical shift range observed for the dithiocarboxylato
complexes [Tc{S(CR)S}(CO),(PPh;),] (R = NEt, P-
(OMe),, OMe), which show characteristic and narrow triplets
between —1270 ppm and —1500 ppm with 'J._p coupling
constants of ca. 550—600 Hz and half-line widths between 100
and 300 Hz.**

There is surprisingly little structural information about
technetium complexes with simple carboxylic acids or
carboxylates, and only a few compounds have been studied
by X-ray crystallography.”® In most of the compounds, the
carboxylates act as bridging ligands between two metal atoms.
Mononuclear complexes have preferably been studied with
trifluoroacetic acid.****®° Thus, the three [Tc{7*-O0(CR)}-
(CO),(PPh,),] complexes 8a, 8¢, and 8d of the present study
represent the first crystallographic proof of the existence of
chelate bonded technetium complexes with simple carboxylato
ligands. However, it should be mentioned that the formation of
corresponding formato and acetato complexes has been
concluded before from spectroscopic data.”* The reported IR
and NMR data are in accord with our findings, but we cannot
confirm the reported inertness of the compounds. Compound
8a readily reacts with CO when solutions of these complexes
are heated under a CO atmosphere. No such reactivity could
be confirmed for the corresponding chelates with acetate and
benzoate.

For comparison, we undertook X-ray crystal structure
determinations on a series of [Tc{n'-O(CR)O}-
(CO)4(PPhy),] (7) and [Tc{n*-OO(CR)}(CO),(PPh,),]
(8) complexes. Ellipsoid representations of the corresponding
formato complexes are shown in Figure 6 as representatives for
the two classes of compounds. Plots of the other compounds
are shown in the Supporting Information. A summary of
selected bond lengths and angles is given in Table 3.

In the compounds 7a and 7b, the octahedral coordination
environment around technetium is similar to that in the halido
complexes retaining the mer-trans orientation of the carbonyl
and phosphine ligands. The two carbonyl ligands positioned cis
to the carboxylato ligands are less tightly bound compared to
the trans oriented carbonyl ligand. The O4—C4-05 bond
angles of ca. 129° as well as the similar C4—04 (ca. 1.26 A)
and C4—05 (ca. 1.23 A) bond lengths indicate delocalization
of the electron density in the pseudoallyl system. The Tc—04
bond lengths of 2.184(4) A in the n'-formato and 2.162(3) A
in the #'-trifluoroacetato complex are in the range of the
technetium—oxygen single bond in the previously studied
trifluoroacetato complexes.***

Since the complexes of type 8 represent the first technetium
complexes with chelate-bound, simple carboxlates, the related
structural motifs shall be discussed a little more in detail. The
Tc—C bond lengths in the dicarbonyl complexes with chelate-
bonded carboxylates show values between 1.84 and 1.87 A and
are, thus, somewhat shorter than the corresponding bonds in
the complexes 7. This is in accord with the values found for
related dicarbonyl compounds of technetium such as [Tc(i*

diazepine)(CO),(PPh;),], [Tc{#*-S(COMe)NPh}(CO),-
(PPhy),], [Te{n?-S(CNHPh)S}(CO),(PPhs),] or [Te(n’-
O,N-{(C;H,NS)N=CHCH,0})(CO),((PPh;),]."**1~°*
They show a similar bonding situation with technetium—
carbonyl distances between 1.87 and 1.90 A.

3101

Figure 6. Molecular structures of (a) [Tc{y'-O(CH)O}-
(CO)3(PPhy),] (7a) and (b) [Te{n*-~OO(CH)}(CO),(PPhy),]
(8a). Ellipsoids are depicted at 50% probability. Hydrogen atoms
that are not bound to the formato ligands and further labels are
omitted for clarity.

The technetium—oxygen bonds in the #*-carboxylato
complexes are also in the range of normal single bonds but
slightly longer than in the [Tc(7'-O(CR)0O)(CO),(PPh,),]
compounds. The almost equal C—O bond lengths in the
carboxylate ligands and the O3—C3—-04 angles of ca. 120°
reflect an almost ideal trigonal symmetry around the
carboxylato carbon atoms. Interestingly, the 7>-benzoato ligand
in 8d is not entirely flat. The phenyl ring is tilted from the
TcCOO plane by a torsion angle of ca. 20° indicating a lower
degree of delocalization of the carboxylic group with the ligand
backbone.

The cis-angles between the carbonyl carbon atoms and the
carboxylic oxygen atoms are between 101° and 112° and, thus,
deviate strongly from the ideal 90°. This is also seen in the
trans-angles between the same atoms, which are between 159°
and 169°. Both findings are readily explained with the small
bite-angles of the carboxylic groups, which are between 58 and
59°.

The distances between the Tc atoms and the carbon atoms
of the chelate-bonded carboxylates are ca. 2.58 A. A
comparison with the distances between technetium and the
central atoms in the previously reported dicarbonyl pseudoallyl
complexes [Tc(172-ArN:--X---NAr)(CO),(PPhMe,),] with X =
C or N (2.68—2.71 A), [Tc(i*-O,N-diazepine) (CO),(PPh,),]
(2.61 A), [Tc{>-S(COEt)N}(CO),(PPh;),] (2.78 A), and
[Tc{n>-S(CNHPh)S}(CO),(PPh;),] (2.94 A) shows that
these distances are mainly influenced by the donor atoms of
the pseudoallyl ligands.***°~®* On the basis of these
compounds, a dependence of the Tc---C distance in complexes
with pseudoallyl ligands on the nature of the neighboring
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Table 3. Selected Bond Lengths (A) and Angles (deg) in the Solid-State Structures of [Tc{n'-O(CH)O}(CO);(PPh;),] (7a),
[TC{'II'O(CFs)O}(CO)a(PPh3)2] (7b), [TC{’TZ'OO(CH)}(CO)z(PPh3)2] (8a), [TC{UZ'OO(CCHs)}(CO)z(PPh3)2] (8¢), and

[Te{n*-O0(CPh)}(CO),(PPhy),] (8d)”

7a 7b 8a 8c 8d

Tc—C1 1.982(9) 2.034(3) Tc—C1 1.841(S) 1.870(2) 1.858(4)
Tc—C2 1.883(7) 1.874(3) Tc—C2 1.866(6) 1.870(2) 1.849(4)
Tc—C3 1.973(9) 1.960(3) Tc—03 2.233(3) 2213(1) 2221(2)
Tc—04 2.183(4) 2.162(2) Tc—04 2.246(3) 2.231(1) 2.220(3)
Tc—P1 2.435(2) 2.4377(8) Tc—P1 2.419(1) 2.4211(4) 2.430(1)
Tc—P2 2.457(2) 2.4489(8) Tc—P2 2.428(1) 2.4360(4) 2.430(1)
C1-01 1.141(8) 1.109(4) TcC3 2.568(6) 2.581(2) 2.570(4)
C2-02 1.151(7) 1.169(4) C1-01 1.172(6) 1.156(2) 1.162(5)
C3-03 1.140(8) 1.132(4) C2-02 1.172(6) 1.159(2) 1.174(4)
C4-04 1.262(8) 1.259(4) C3-03 1.239(7) 1.262(2) 1.263(4)
C4-05 1.232(9) 1.222(5) C3-04 1.252(7) 1.267(2) 1.274(4)
04—Tc-Cl1 96.0(2) 93.1(1) 03—Tc-Cl1 101.4(2) 167.42(6) 105.3(1)
04-Tc—C2 179.3(3) 176.5(1) 03-Tc—C2 169.9(2) 105.90(6) 166.2(1)
04-Tc—C3 88.5(2) 91.3(1) 03-Tc—P1 87.5(1) 93.88(3) 86.11(7)
04—Tc-P1 88.8(1) 85.91(6) 03—Tc-P2 92.5(1) 84.20(3) 92.03(7)
04—Tc—P2 89.0(1) 86.71(6) 04-Tc—Cl 159.4(2) 109.01(6) 164.4(1)
P1-Tc—Cl1 86.9(2) 90.9(1) 04—-Tc—C2 112.2(2) 164.11(6) 107.0(1)
P1-Tc—C2 91.8(2) 91.5(1) 04-Tc—P1 89.4(1) 85.16(3) 91.84(7)
P1-Tc—C3 89.92(2) 91.21(9) 04-Tc—P2 85.6(1) 91.81(3) 85.69(7)
P2-Tc—Cl1 93.2(2) 90.6(1) 04-Tc—03 58.0(1) 58.63(4) 59.14(9)
P2-Tc—C2 90.4(2) 95.9(1) C1-Tc—C2 88.5(2) 86.58(7) 88.6(2)
P2-Tc—C3 90.2(2) 87.81(9) P1-Tc—Cl 91.3(2) 86.93(5) 87.7(1)
P1-Tc—P2 177.75(9) 172.54(3) P1-Tc—C2 89.9(2) 92.87(4) 94.5(1)
Cl1-Tc—C2 84.3(3) 84.6(2) P2-Tc—Cl1 94.4(2) 86.58(7) 94.5(1)
C1-Tc-C3 174.4(3) 175.2(1) P2-Tc—C2 89.1(2) 94.42(5) 86.9(1)
C2—Tc—C3 91.2(3) 91.1(2) P1-Tc—P2 174.10(5) 176.95(1) 177.44(4)
04—-C4-05 128.2(7) 129.4(3) 03-C3-04 121.4(5) 118.8(1) 119.5(3)

“The atomic labeling scheme has been adopted from Figure 6.

atoms can be derived. They increase in the order 0,0 < O,N <
N,N < §,N < §,S.

The protonation of complex § and the decarbonylation of
the compounds 7 have been studied by DFT calculations on
the B3LYP level of theory in dichloromethane solution. The
obtained free-energy differences correlate well with the
experimental observations. Expectedly, the protonation of §
by RCOOH and the formation of [Tc{n'-O(CR)O}-
(CO),(PPh;),] complexes and H, is thermodynamically
more favored, when the acidity of RCOOH is high. The
energies for the protonation involving PhCOOH and
CH;COOH favor the starting materials by insignificant energy
values (0.1 and 0.4 kJ/mol), which are within the margin of
error of the method. Therefore, it can be safely assumed that
the protonation by them is energetically least favored across
the group and only a small energy gain is involved. The CO
labilization is well-represented by the free-energy differences in
the [Tc{'-O(CR)O}(CO);(PPh;),] vs [Tc{#*-O0(CR)}-
(CO),(PPh;),] + CO couples. The loss of CO is most feasible
for benzoate and acetate with a difference in free energy of ca.
12 kJ/mol, respectively, while there is only a slight tendency of
3 kJ/mol in the case of formate. In the case of the
trifluoroacetate, the release of CO is impeded by an energy
barrier of ca. 16 kJ/mol. Details are given in the Supporting
Information.

The hydride abstraction from $ is not restricted to
carboxylic acids, but also occurs with other proton sources.
We have probed this by the reaction with N,N-diethyl-N’-
benzoylthiourea (HEt,btu). The coordination chemistry of
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technetium and rhenium with such potentially chelating
ligands has been studied extensively, which allows comparisons
with a variety of related Tc complexes.“f67 The reaction
resulted in the formation of the bright yellow dicarbonyl
complex [Tc(S,0-Et,btu)(CO),(PPh,),] (9).

Deprotonation and the formation of an S,0 chelate is
strongly suggested by the spectroscopic data of the product.
The IR spectrum of the product does not show any NH band
and the vc_ stretch of the benzoylthiourea is bathochromi-
cally shifted (1409 cm™ in 9 vs 1660 cm™ in the
uncoordinated ligand). The large degree of delocalized
electron density inside the chelate ring and beyond is
supported by the detection of a hindered rotation around
the exocyclic C-NEt, bond in the '"H NMR spectrum of the
complex. The *'P NMR signal of 9 is broad as observed for all
other compounds of this study. The **Tc NMR resonance of
the chelate is found at —1119 ppm, which is expectedly in the
middle of the chemical shift range observed for the 5’
carboxylato complexes containing an O,0 donor set and the
previously reported [Tc{SS(CR)}(CO),(PPh;),] (R = NEt,,
P(OMe),, OMe) complexes containing an S,S donor set.>®

Single crystals of compound 9 suitable for X-ray diffraction
were obtained by slow evaporation of a toluene/methanol
solution. An ellipsoid plot of the molecular structure is shown
in Figure 7 and selected bond lengths and angles are
summarized in Table 4. The spectroscopically detected strong
delocalization of electron density in the chelate ring is
confirmed by the determined bond lengths. This also includes
the relatively short exocyclic C4—N1 bond and explains the
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Figure 7. Molecular structure of 9. Ellipsoids are depicted at 50%
probability. Hydrogen atoms and further labels are omitted for clarity.

Table 4. Selected Bond Lengths (A) and Angles (deg) in 9

Tc—Cl 1.872(7) C2-02 1.144(6)
Tc—C2 1.892(6) 03-C3 1.274(6)
Tc—03 2.140(4) C3-N2 1.330(7)
Tc-S 2.475(2) N2-C4 1.353(8)
Tc—P1 2.450(2) C4-S 1.687(7)
Tc—P2 2.455(2) C4-N1 1.371(8)
C1-01 1.164(7)

03-Tc—Cl 177.7(2) S—Tc—03 85.4(1)
03-Tc—C2 97.3(2) C1-Tc—-C2 84.4(3)
03-Tc—P1 90.3(1) P1-Tc—Cl1 88.2(2)
03-Tc—P2 87.8(1) P1-Tc—C2 91.9(2)
S—Tc—Cl 92.9(2) P2-Tc—Cl1 93.8(2)
S—Tc—C2 175.7(2) P2-Tc—C2 87.1(2)
S—Tc—P1 91.44(6) P1-Tc—P2 177.66(7)

hindered rotation around this bond, which has been detected
by NMR.

Interestingly, the chelating ligand is not entirely planar, but
twisted along the C3(O1)—N2—C4(S1)—NI1Et, axis around
C4. While the benzoyl amide moiety C3(O1)—N2 in the
ligand is planar, a torsion of the thiourea moiety C4(S1)—
NI1Et, by ca. 20° out of the plane is observed. The torsion of
thiourea and the benzoyl amide moieties has been observed
before in some other technetium complexes containing
benzoylthioureato or the derived thiocarbonylbenzamidinato
ligands with torsion angles between 2° and 32°.°7% The
resulting O,S bite angle of the Et,btu” ligand is 85.4(1)°.

Reactions of [TcH(CO);(PPh;),] (5) with PhSeOOH.
Unexpected results were obtained from reactions of § with
phenyl seleninic acid (PhSeOOH). A summary of the isolated
products and their reactions is given in Scheme 2.

We performed the experiment in order to synthesize a
compound, which is suitable for a comparison with the
obtained benzoato complex. However, a complex of the
composition [Tc{7*-00(SePh)}(CO),(PPh;),] could not be
isolated from such reactions and **Tc NMR spectra of the
crude reaction mixtures indicate the formation of a variety of
Tc(I) compounds depending on the solvents and the reaction
time. The signal of the starting material 5 at —2208 ppm
quickly disappears independent of the reaction medium.
However, sharp **Tc resonances are observed in two groups
of signals (—400 to —600 ppm with a main signal at —582 ppm
and —750 to —900 ppm with a main signal at —765 ppm)
when the products of the reaction in toluene/MeOH/H,0O
were studied (Figure 8a).

3103

Scheme 2. Reactions of 5 with Phenyl Selenic Acid and
Oxalic Acid
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Figure 8. ®Tc NMR spectra of (a) a CH,Cl, extract of the crude
residue obtained from a reaction between S and PhSeOOH in
toluene/MeOH/H,O, (b) a solution of 10 in (moist) CH,Cl,, and
(c) a solution of 11 in CH,ClL,.

We tentatively assigned the resonances between —770 and
—900 ppm to mixed-ligand fac-{Tc(CO);}* complexes with
aqua ligands. This is in accordance with previous studies.’®
The resonances between —400 and —600 ppm presumably
belong to complexes containing phenylseleninato and aqua or
hydroxido ligands. A *'P NMR resonance at 28 ppm indicates
the coformation of OPPh,.

Crystallization of the crude residue gave single crystals of a
colorless main product and a few pale yellow crystals
depending on the recrystallization conditions. The main
product was obtained by recrystallization from CH,Cl,/
pentane and identified as [{Tc(CO),};(¢3-OH)(4*-O(SePh)-
0):{Tc(CO);}] (10)-(OPPh;)-0.25 pentane by X-ray dif-
fraction. An ellipsoid representation of the cluster structure is
shown in Figure 9. Selected bond lengths and angles can be
found in Table 5.

All technetium atoms in the cluster are coordinated
octahedrally with three facial carbonyl ligands. The mer/fac
isomerization of the carbonyl units in the starting material can
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Figure 9. Molecular structure of [{Tc(CO);};(u>-OH)(*-O(SePh)-
0)3{Tc(CO);}] (10). Ellipsoids are depicted at 50% probability.
Phenyl hydrogen atoms and further labels are omitted for clarity.

Table 5. Selected Bond Lengths (A) and Angles (deg) in 10

Tc1-031 2.116(2) Tc2—031 2.177(2)
Tc3-031 2.207(2) Tcl-021 2.198(2)
Tc1-023 2.197(2) Tc2—021 2.144(2)
Tc2—022 2.204(2) Tc3—022 2235 (2)
Tc3-023 2.166(2) Tc4—024 2.194(2)
Tc4—025 2211(2) Tc4—026 2.139(2)
Sel—021 1.766(2) Sel—024 1.669(2)
Se2—022 1.732(2) Se2—025 1.657(2)
Se3—023 1.723(2) Se3—026 1.751(2)
Tcl-021-Sel 125.80(9) 021-Sel—024 105.9(1)
Sel—024—Tc4 124.8(1) Tcl—023-Se3 134.8(1)
023-Se3—-026 105.06(9) Se3—026—Tc4 121.4(1)
Tc2—021-Sel 132.9(1) Tc3—023-Se3 119.9(1)

be understood by the oxidative removal of the PPh; ligands
from the coordination sphere of technetium. The reduced
steric stress allows the formation of the more stable fac-
arrangement of the carbonyl ligands. Three of the {Tc(CO),}*
units are chemically equivalent and connected by a u’-
hydroxido bridge. They are additionally bridged by three y*-
phenyl seleninato ligands. The second oxygen atoms of the
three phenyl seleninato ligands coordinate a fourth {Tc-
(CO);}" unit in a tripodal fashion. Thus, the forth technetium
atom has another coordination environment than the others
and is not embedded in the pseudocubane structure of the
[{Tc(CO),};(OH)(PhSeO0),]™ unit. The bonding parame-
ters within the tricarbonyl units are not remarkable and also
the technetium oxygen bond lengths fit the expected region of
technetium oxygen single bonds well. Surprisingly, two
different bonding situations are found for the phenyl seleninato
ligands and indicate a stronger delocalization of the electron
density in the ligand comprising Se3 compared with the two
others. The solid-state structure is stabilized by a hydrogen
bond between the hydroxido ligand to the oxygen atom of the
adjacent, cocrystallized triphenylphosphine oxide.

The structural features derived from the solid-state structure
with two different {Tc(CO);}* units are well reflected by the
#Tc NMR spectrum of the cluster giving two signals at —582
and —76S ppm (Figure 8b). The {Tc(CO);}" unit comprising
Tc4 seems to establish only weak bonds to the PhSeOO~
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ligands of the [{Tc(CO),};(1*-OH)(O(SePh)O),]” entity,
which can readily be cleaved in solution by the interaction with
solvent molecules. This reactivity is illustrated by the *Tc
NMR spectrum of Figure 8b, which has been measured in
(moist) CD,Cl,. Clearly three signals of products resulting
from a stepwise hydrolysis are resolved at —807, —824, and
—876 ppm. The chemical shift of the latter one is identical with
that of the [Tc(CO);(H,0);]" cation.* A similar behavior has
also been observed upon dissolution of 10 in other
coordinating solvents such as acetonitrile.

The tricarbonyltechnetium(I) groups of the trimeric [{Tc-
(CO);}5(u*-OH) (1*-O(SePh)0);]” pseudocubane unit are
not involved in a similar solvolytic degradation. The proton of
the bridging hydroxido ligand is observed as a single broad
resonance at 8.30 ppm in the 'H NMR spectra of such
solutions, while the resonances of the water protons are very
broad and shifted to ca. 0.5 ppm due to the fluxional
coordination of the {Tc(CO),}" fragment.

As already mentioned above, we could isolate a small
amount (about 3% yield) of faint yellow crystals as a minor
side product of the reaction of § with PhSeOOH. They grew
by fractional crystallization of the reaction mixture from a
mixture of toluene, methanol, water, and diethyl ether.
Surprisingly, the IR spectrum of the crystals shows a carbonyl
band at 1626 cm™ in addition to two sharp bands at 2036 and
1925 cm ™. The additional band appears in the same region as
the vco bands in the previously discussed carboxylato
complexes. A relatively narrow Tc-NMR signal (v, = 576
Hz) was observed at —874 ppm and the *'P NMR spectrum
showed a OPPh; resonance at 44 ppm.

A single-crystal X-ray diffraction study of the compound
finally revealed the formation of the dimeric oxalato complex
facfac-[Tc,(0x)(CO)4(OPPh;),] (11). An ellipsoid represen-
tation of the compound is shown in Figure 10 and selected
bond lengths and angles are summarized in Table 6.

Figure 10. Molecular structure of 11. Ellipsoids are depicted at 50%
probability. Hydrogen atoms and further labels are omitted for clarity.
Symmetry code: (') 1 — x, 1 — y, —z.

Compound 11 is a centrosymmetric molecule with a center
of inversion in the middle of the C—C bond of the bridging
oxalato ligand. The coordination spheres of the technetium
atoms are completed by three facial carbonyl and one OPPh,
ligands each. The central {(CO),Tc(ox)Tc’(C'O’),} unit is
almost planar with a maximum deviation of 0.2830 A for OS’
(r.m.s. 0.1536 A). The Tc—O (oxalate) bonds are somewhat
shorter than those in the complexes 8 and fall in the range
found for complexes of type 7 (Table 3). This can easily be
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Table 6. Selected Bond Lengths (A) and Angles (deg) in 11

Tc—Cl 1.885(4) Tc—C2 1.885(4)
Tc—C3 1.884(4) Tc—04 2.166(2)
Tc—0S 2.178(2) Tc—06 2.163(2)
C4—04 1.250(4) C4-C4 1.539(6)
C4-05’ 1.246(4) 06-P1 1.491(2)
04-Tc—05 76.39(8) Tc—06-P1 138.5(1)
Tc—04—-C4 112.8(2) Tc—05—C4’ 111.9(2)
04-C4-5' 116.8(3) 05—C4'—C4 118.0(3)

Figure 11. Molecular structures of (a) [Tc(i7*-0xH)(CO),(PPh),]
(12) and (b) (HNEt;)[Tc(7*-0x)(CO),(PPh,),] (13). Ellipsoids are
depicted at 50% probability. Hydrogen atoms and further labels are
omitted for clarity.

Table 7. Selected Bond Lengths (A) in 12 and 13

12 13
Tc—Cl 1.863(9) 1.84(2)
Tc—C2 1.853(8) 1.84(2)
Tc—03 2.207(5) 2.19(1)
Tc—04 2.209(5) 2.16(1)
Tc—P1 2.441(2) 2.442(S)
Tc—P2 2.422(2) 2.434(4)
03-C3 1.261(8) 1.31(2)
04—C4 1.231(8) 1.19(2)
C3-05 1.244(8) 1.24(2)
C4-06 1.252(9) 1.27(2)
C3-C4 1.535(9) 1.59(3)
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understood by the 1,2-coordination of the oxalato bridge. The
Tc—C bonds are the normal range for Tc carbonyls.

The formation of an oxalato ligand as a result of a reaction
between the Tc hydride S and phenyl seleninic acid is
surprising. Nevertheless, several mechanisms for the formation
of oxalic acid or oxalate from simple starting materials such as
CO, methanol, or formic acid have been discussed before.®*™"°
In the present case, two of these mechanisms seem to be
reasonable. One is a methanol mediated CO/CO-coupling
type reaction, while the second mechanism involves the
oxidation of methanol to formic acid or formate followed by
the subsequent dehydro-dimerization to give oxalic acid or
oxalate. Keeping in mind that PhSeOOH is a mild oxidant and
the retention of the three respective carbonyl ligands,
particularly the oxidation pathway should have some
probability.

To show that the reaction indeed proceeds via formic acid or
formate (resulting from the oxidation of the solvent methanol),
we studied the course of the same reaction, but with the
addition of formic acid. The dehydro-dimerization should be
much more feasible under such conditions. And indeed, in situ
#Tc NMR spectra of the reaction mixture showed the rapid
formation of two major resonances at —758 and —805 ppm,
which could potentially be assigned to the bridged dimeric
complexes [Tc,{u*n'-O(CH)0},(CO)s(PPh;),] and
[Tc,{y*n'-0(CH)0},(CO)4(OPPh;),] on the basis of their
chemical shifts (see also a proposed mechanism in the
Supporting Information). After an analogous workup as
described above (evaporation of both the aqueous and organic
phases), the solution of the residue in CH,Cl, showed similar
?Tc resonances as in the previous experiment with two
distinctions. First, the intensity and number of resonances in
the mixed carboxylato/aqua region between —750 to —900
ppm increased, while the resonances in the mixed aqua or
hydroxido/phenylseleninato region between —400 and —600
ppm disappeared (with the exception of the [{Tc(CO;)};(u’-
OH)(O(SePh)O);]~ cluster signal at —582 ppm). Second, the
resonance of [Tc,(ox)(CO)s(OPPh;),] at —87S ppm is now
the second main product of the mixture. Thus, the addition of
formic acid favors the formation of the dimeric oxalato
complex by bypassing the oxidation of MeOH and avoids the
formation of the species giving resonances between —400 and
—600 ppm. Recrystallization of the crude residue from
CH,Cl,/pentane gave pure [Tc,(0x)(CO)s(OPPh;),] in ca.
50% yield.

Although an exact mechanism for the observed dehydro-
dimerization of formate cannot be formulated unambiguously
on the basis of the available data, it is highly probably that the
formation of the C—C bond is metal supported. The proposal
of a mechanism is deposited in the Supporting Information. As
a strong hint for the proposed reaction pathway we regard the
fact that the tricarbonyl units are retained at both technetium
atoms and the novel oxalato ligand appears as bridge between
the two units.

All our attempts to synthesize the dimeric complex directly
from § and oxalic acid failed. Reactions between the hydrido
complex and oxalic acid result in gas evolution and the
formation of [Tc(#*-oxH)(CO),(PPh,),] (12) as the sole
product. The compound is only sparingly soluble and
precipitates as a yellow solid in good yields. A broad band at
3547 cm™! in the IR spectrum of the compound gives a hint
that at least one of carboxylic groups remained protonated.
The *Tc chemical shift of —875 ppm is in the range of
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complexes with chelate-bonded carboxylates. Thus, the
formation of a neutral dicarbonyl complex is strongly indicated.

In contrast to the other carboxylic acids regarded in this
study, the hydrogenoxalato ligand can adopt two different 5>
modes: as 1,1- or 1,2-chelate (as observed for 11). We
evaluated both binding modes by DFT calculations on the
B3LYP level in CH,Cl, solution. The #*-OO(CCOOH)
binding mode is energetically disfavored by ca. 17 kJ/mol
over the 7*-O(C(O)C(OH))O binding mode. Additionally,
the decarbonylation of [Tc{n'-O(CCOOH)O}-
(CO),(PPh,),] under formation of [Tc{#*-O(C(O)C(OH))-
0}(CO),(PPh,),] is favored by ca. 10 kJ/mol.

Finally, the formation of a compound with the predicted
structure of 12 was proven by X-ray diffraction. Figure 1la
shows an ellipsoid plot of its molecular structure. Selected
bond lengths are summarized in Table 7. The oxalato ligand is
indeed bonded as a 1,2-chelate with Tc—O bond lengths of
2.207(5) and 2.209(5) A. There is a widespread equalization
of the four C—O bond lengths in this ligand, which also
indicates that the hydrogen atom (HS) is disordered over two
positions (at the oxygen atoms OS and O6).

The remaining carboxylic group of compound 12 can easily
be deprotonated, e.g., by a reaction with NEt;. The sparingly
soluble starting material rapidly dissolves in CH,Cl, upon
addition of the amine. The progress of the reaction can be
monitored by **Tc NMR spectroscopy, where a shift of the
signal from —875 ppm to —967 ppm is observed. A colorless
solid of (HNEt;)[Tc(5?-0x)(CO),(PPh;),] (13) can be
precipitated by the addition of pentane to such solutions.

An ellipsoid representation of the molecular structure of 13
is shown in Figure 11b. It can clearly be seen that a hydrogen
bond between the ammonium cation and the complex anion is
established. The bond lengths (see Table 7) inside the
complex are not significantly influenced by the deprotonation
of the peripheral carboxylic group.

B CONCLUSIONS

Improved procedures allow the synthesis of the hydrido
complexes [TcH;(PPhs),] and [TcH(CO);(PPh,),] in good
yields and high purity. The syntheses can readily be scaled up
to a millimolar level.

Through reactions of [TcH(CO);(PPh;),] with hydrogen
halides, dihydrogen is evolved and the related mer,trans-
[TcX(CO);(PPhy),] (X = Cl, Br, I) complexes are formed in
good yields. Similar reactions with carboxylic acids of sufficient
Bronsted acidity and anions with low 7z-acidity (such as formic
acid of trifluoroacetic acid) give similar products: [Tc(s'-
O(CH)0)(CO);(PPh;),] and [Tc{n'-O(CH)O}-
(CO)4(PPh,),]. Decarbonylation and the formation of [Tec-
{n*-00(CR)}(CO),(PPh;),] complexes is observed when the
carboxylates possess a sufficient z-basicity. Formic acid
represents a borderline case, where a reversible carbon-
ylation/decarbonylation was observed.

An interesting result was obtained from a reaction of
[TcH(CO),(PPh;),] with phenyselenic acid in the presence
methanol: the unexpected formation of oxalate by a C—C
coupling reaction. There are strong hints that this coupling is
metal-driven and formato ligands, which are formed by the
oxidation of MeOH, play a crucial role. More detailed
mechanistic studies on this unusual type of reaction will be
required to understand this fascinating reaction. In light of
potential applications, such experiments should be done, e.g,
with nonradioactive elements of group 7, in the future.
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#Tc NMR spectroscopy has been proven to be a valuable
tool for the evaluation of the content of reaction mixtures of
the diamagnetic technetium complexes under study. A
collection of the chemical shifts and line widths of
representative complexes can be found in Table 8. The

Table 8. *Tc NMR Data of the trans-mer-Tricarbonyl and
cis-trans-Dicarbonyl Complexes of This Study and Their
Reaction Products (Solvent for All Data: CD,Cl,)

chem. shift [ppm] vy, [Hz]
[TcH(CO);(PPh;),] —2208 9180
[TcI(CO)4(PPhy),] —1670 3920
[TcBr(CO);(PPhs),] —1534 4296
[TcCI(CO);(PPhs),] —1461 3114
[Tc(7'-O(CH)O)(CO)5(PPhs),] —1396 4086
[Tc(n'-O(CF;)0)(CO)4(PPhy),] —1350 3667
(HNEt;)[Tc(n*0x)(CO),(PPh,),]. —967 1614
[Te(n*-0xH)(CO),(PPh;),] —875 3265
[Tc(7*-00(CCH,))(CO),(PPhs),] —811 2862
[Te(7-O0(CPh))(CO),(PPh;),] —806 3061
[Te(#*-00(CH))(CO),(PPh,),] -736 4028

tricarbonyl species mer-[TcX(CO);(PPh;),] (X =H, Cl, Br, ],
O(CH)O and O(CF,)O) show resonances between —1350
ppm and —2208 ppm with a decreasing shielding of the *Tc
nucleus in the order H™ > I > Br~ > CI” > CHOO™ >
CF;COO". Thus, they can clearly be distinguished from the
related dicarbonyltechnetium(I) complexes with signals
between —736 ppm and —1119 ppm. It shall be mentioned
that the dicarbonyl region overlaps with the region where fac-
tricarbonyl complexes commonly resonate.

Surprisingly, the technetium nucleus in [TcH-
(H),(PPh;),(PMe,),] is less shielded than the one in
[TcH(CO),(PPh,),]. Furthermore, the presence of hydrido
ligands appears to increase the line widths of the *Tc
resonances.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise stated, reagent-grade
starting materials were purchased from commercial sources and either
used as received or purified by standard procedures. Solvents were
dried and deoxygenated according to standard procedures. HEt,btu
and [TcCl,(PPh;),] were prepared as previously described.”"”>

Physical Measurements. NMR spectra were recorded at 20 °C
with JEOL 400 MHz multinuclear spectrometers with a relaxation
delay of 10 ps. The values given for the *Tc chemical shifts are
referenced to pertechnetate. IR spectra were recorded with a
Shimadzu FTIR 8300 spectrometer as KBr pellets. The following
abbreviations were used for the intensities and characteristics of IR
absorption bands: vs = very strong, s = strong, m
weak, sh = shoulder.

Radiation Precautions. *Tc is a longlived weak = emitter
(Emax = 0.292 MeV). Normal glassware provides adequate protection
against the weak beta radiation when milligram amounts are used.
Secondary X-rays (bremsstrahlung) play a significant role only when
larger amounts of **Tc are handled. All manipulations were done in a
laboratory approved for the handling of radioactive materials.

X-ray Crystallography. The intensities for the X—ray determi-
nations were collected on STOE IPDS II or on Bruker D8 Venture
instruments with Mo Ka or Cu Ka radiation. The space groups were
determined by the detection of systematical absences. Absorption
corrections were carried out by multiscan or integration methods.”>”*
Structure solution and refinement were performed with the SHELX
program package.”*’® Hydrogen atoms were derived from the final
Fourier maps and refined or placed at calculated positions and treated

medium, w =
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with the “riding model” option of SHELXL. The representation of
molecular structures was done using the program DIAMOND 4.2.2.7

Additional information on the structure determinations is
contained in the Supporting Information and has been deposited
with the Cambridge Crystallographic Data Centre.

Computational Details. DFT calculations were performed on
the high-performance computing systems of the Freie Universitit
Berlin ZEDAT (Curta)’® using the program package GAUSSIAN
16.”° The gas phase and solution geometry optimizations were
performed using coordinates derived from the X-ray crystal structures
using GAUSSVIEW and Avogadro.*”®' The polarizable continuum
model (PCM) with the integral equation formalism variant
(IEFPCM) was used to implicitly simulate the solvent dichloro-
methane. The calculations were performed with the hybrid density
functional B3LYP.*™* The double-{ pseudopotential LANL2DZ
basis set with the respective effective core potential (ECP) was
applied to P.** The Stuttgart relativistic small core basis set with the
corresponding ECP was applied to Tc.**®” The 6-311+G** basis set
was used to model all other atoms in the calculations regarding the
carbonyl complexes.*>*” The 6-311G** basis set was applied for C
and H in the calculation of the trihydrido complexes.*® Only for the
assessment of the energetic differences in [TcH;(PMe;),] isomers,
the all-electron basis set x2c-TZVPPall-s was employed for all
atoms.” The system size of the other complexes quickly became
prohibitive for the use of all-electron basis sets. All basis sets as well as
the ECPs were obtained from the EMSL database.”’ Frequency
calculations after the optimizations confirmed the convergence. No
negative frequencies were obtained for the given optimized geo-
metries of all compounds. The entropic contribution to the free
energy was corrected for low-energy modes using the quasi-harmonic
approximation of Grimme®” as implemented in the freely accessible
python code GoodVibes of Funes-Ardoiz and Paton with a cutoff at
300 cm™".%* Further analysis of orbitals, charges, electron localization
function (ELF), etc, was performed with the free multifunctional
wave function analyzer Multiwfn.”* Visualization of the electrostatic
potential maps was done with GAUSSVIEW.*

Syntheses of the Complexes. [TcH;(PPhs),] (1)-2 Toluene.
[TcCl,(PPh;),] (1.2 g, 1.6 mmol) and PPh; (10.7 g, 40.8 mmol, 26
equiv) were suspended in toluene (30 mL) in a S00 mL flask. A
suspension of freshly ground NaBH, (653 mg, 17.3 mmol, 11 equiv)
in ethanol (6 mL) was quickly added under vigorous stirring.
Additional ethanol (9 mL) was added, while immediately a violent
evolution of dihydrogen started and a color change from deep green
to orange-brown occurred. The mixture was stirred for 20 min, after
which time the bubbling rate decreased and no residual green starting
material was visible in the slurry. Hexane (12 mL) was added to the
suspension under stirring. The stirring was stopped and more hexane
(18 mL) was slowly added. This mixture was kept unagitated at room
temperature for 30 min to finish the precipitation. The formed yellow
crystalline solid was filtered of and copiously washed with acetone and
water. Finally, it was washed with pentane and quickly dried in air
before storage in the refrigerator. Yield: 1.92 g (1.4 mmol, 88%). IR
(KBr, %, em™) 1890 (m, vpc_y). 'H NMR (C¢Dy, ppm) —7.21
(quint., *Jyp = 36.5 Hz, Tc—H), as given in ref 24. No *'P and *T¢
spectra could be recorded due to the low solubility of the crystalline
material.

Some large yellow green single crystals of [ TcH;(PPh;),]-2 toluene
for X-ray diffraction were obtained from a highly dilute reaction
mixture of [TcCl,(PPh;),] (71 mg, 0.1 mmol) and PPh; (681 mg, 2.6
mmol, 26 equiv) and freshly ground NaBH, (42 mg, 1.1 mmol, 11
equiv) in a toluene/ethanol mixture (18 mL/4 mL). The reaction was
performed as stated above and the resulting clear brown-yellow
solution was stored in a refrigerator overnight resulting in the
formation of single crystals alongside reddish-black decomposition
products.

[TcH;3(PPhs),(PMes),] (2). The synthesis and all manipulations were
carried out using standard Schlenk technique. A solution of PMe; (1
mmol, 1.0 mL of a 1 M solution in THF) was added to a suspension
of 1 (138 mg, 0.1 mmol) in benzene (1 mL). After stirring for 1 h,
additional benzene (4 mL) was added to the light green suspension.
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After stirring for an additional 1.5 h at room temperature, the green
suspension became a clear, deep green solution. Methanol (20 mL)
was added to the mixture resulting in the formation of bright yellow
microcrystals. Water (0.5 mL) was added to complete the
precipitation. After storage in the refrigerator for 3 h, the
microcrystals were filtered oft and washed with MeOH and pentane.
After drying in air, they were stored in the refrigerator under argon.
Yield: 38 mg (0.04 mmol, 40%). IR (KBr, 7, cm™") 1957 (w, vrc_y),
1896 (m, vpe_yy), 1871 (m, vpe_yy). 'H NMR (C¢D, ppm) 8.16—7.99
(m, 12H, PPh;), 7.14—7.08 (m, 12H, corrected for benzene overlap,
PPh,), 7.08=7.00 (m, 6H, PPh;), 0.91 (d, 18H, Yy = 20.04 Hz,
PMe;), —5.82 (3H, p, JJyp = 22.05 Hz, Tc—H). '"H NMR (CD,Cl,,
ppm) —6.47 (3H, s, Tc—H). **Tc NMR (CDg, ppm) —2008 (s, vy,
= 7095 Hz). ®Tc NMR (CD,Cl,, ppm) —1981 (s, v/, = 2976 Hz).
The *'P NMR spectrum has not been observed due to quadrupolar
coupling with the **Tc nucleus.

[TcH(CO)3(PPhs),] (5). The synthesis of this compound was
performed adopting the procedure given in ref 17. with some
modifications, which resulted in higher yields. Toluene (20 mL) was
saturated with CO gas over 1.5 h. Solid 1 (828 mg, 0.6 mmol) was
added in a strong stream of CO. Within 1.5 h, the insoluble starting
material dissolved resulting in a clear yellow solution. The mixture
was stirred in a continuous CO stream for a total of 4 h. Then,
ethanol (40 mL) was added, which resulted in the formation of a
colorless precipitate. The mixture was stored in the refrigerator
overnight to complete the crystallization. The colorless microcrystals
of § were filtered off, washed with ethanol (6 mL) and pentane (6
mL) before drying in air. Yield: 411 mg (0.58 mmol, 97%. Reducing
the CO exposure to 2 h, lowers the yield significantly. IR (KBr, 7,
em™) 2023 (W, ve=o), 1929 (vs, vc—o). '"H NMR (CD,Cl,, ppm)
7.63—7.47 (m, 12H, PPh;), 7.47—7.26 (m, 18H, PPh;), —4.86 (1H, t,
Jup = 19.66 Hz, Tc—H). 'H NMR (THF-dg, ppm) 7.65—7.54 (m,
12H, PPh,), 7.43—7.30 (m, 18H, PPhy), —4.75 (1H, t, Jy;p = 20.04
Hz, Tc—H). 'H NMR (benzene-dg, ppm) 7.93—7.76 (m, 12H, PPh;),
7.08—6.89 (m, 18H, PPh;), —4.12 (1H, t, *Jyp = 20.08 Hz, Tc—H).
#Tc NMR (CD,Cl,, ppm) —2208 (s, v/, = 9180 Hz). The *'P NMR
spectrum has not been observed due to quadrupolar coupling with the
#*Tc nucleus. Single crystals suitable for X-ray diffraction have been
obtained by layered diffusion of pentane into a thf solution, CH,CN
into a THF solution and ethanol into a toluene solution of the
complex.

[TcCI(CO);(PPh;),] (6a). A concentrated Et,O-HCI solution (1 mL,
prepared from 3 mL conc. HCl in 20 mL Et,O followed by drying
with MgSO,) was added to a suspension of 5 (25 mg, 0.04 mmol) in
dichloromethane (1 mL). After stirring for 30 min, MeOH (10 mL)
was layered on the top of the reaction mixture and it was stored in the
refrigerator overnight. 6a deposited as a colorless solid, which was
filtered off, washed with methanol and then pentane. Yield: 27 mg
(0.04 mmol, quantitative). IR (KBr, %, cm™") 2054 (w, vc—q), 1958
(vs, Ve=o), 1904 (vs, o). "H NMR (CD,CL, ppm) 7.73 (s, 12H,
PPh;), 7.43 (s, 18H, PPh;). *'P{'H} NMR (CD,Cl,, ppm) 36 (s,
broad, vy, = 3025 Hz). **Tc NMR (CD,CL, ppm) —1461 (s, v/, =
3114 Hz).

[TcBr(CO)5(PPh3),] (6b). Concentrated HBr(,, (3 drops) was
added to a suspension of § (35 mg, 0.05 mmol) in THF (1 mL). An
immediate evolution of H, was observed. After stirring for S min,
MeOH (9 mL) was added to complete the precipitation of 6b. The
colorless powder was filtered off, washed with methanol and pentane,
and dried in air. Yield: 39 mg (0.05 mmol, 99%) IR (KBr, 7, cm™")
2058 (W, Vc=o), 1960 (vs, vc=o), 1917 (vs, Vc=o), 1906 (sh, vc—o)-
'"H NMR (CD,Cl,, ppm) 7.61 (s, 12H, PPh,), 7.42 (s, 18H, PPh;).
SIP{’"H} NMR (CD,Cl,, ppm) 51 (s, broad, v,,, = 858 Hz). #Tc
NMR (CD,Cl,, ppm) —1534 (s, vy, = 4296 Hz). Single crystals
suitable for X-ray diffraction have been obtained by diffusion of
pentane into a CH,Cl, solution of the complex.

[Tcl(CO)5(PPh3),] (6¢). A concentrated solution of Et,O-HI (4 mL,
prepared from conc. HI (0.25 mL) in Et,0 (6 mL) followed by
drying with MgSO,) was dropwise added to a suspension of S (36 mg,
0.05S mmol) in dichloromethane (1 mL). After stirring for S min,
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pentane (10 mL) was layered on the top of the mixture, which was
then stored in the refrigerator overnight. Colorless microcrystals of 6¢
deposited, which were filtered off, washed with diethyl ether (which
removes traces of a brown color) and pentane. After drying, greyish
microcrystals were obtained. Yield: 38 mg (0.05 mmol, 91%). IR
(KBr, 7, Cmil) 2048 (m, vc=o), 2002 (W, Uc=0), 1960 (vs, vc=0),
1904 (vs, Vc—o)- "H NMR (CD,Cl,, ppm) 7.74 (s, 12H, PPh,), 7.42
(s, 18H, PPh,). *'P{'"H} NMR (CD,Cl,, ppm) 28 (s, broad, v, =
2264 Hz). Tc NMR (CD,CL, ppm) —1670 (s, vy, = 3920 Hz).
Single crystals suitable for X-ray diffraction have been obtained by
diffusion of acetone into a CH,Cl, solution of the complex.

[Tcfn’-O(CH)O}(CO);(PPh;),] (7a). Formic acid (1 mL) was added
to a suspension of 5 (72 mg, 0.1 mmol) in dichloromethane (1 mL)
and heated on reflux for 10 min. After stirring for additional 20 min,
MeOH (9 mL) was layered on the top of the mixture, which was then
stored in the refrigerator overnight. Gray microcrystals of 7a
deposited during this time. They were filtered off, washed with
methanol and then pentane, and dried on air. Yield: 59 mg (0.08
mmol, 78%). IR (KBr, 7, cm™) 2050 (w, vc—o), 1958 (vs, vc—o),
1909 (vs, Vc—o), 1609 (m, vcoo). '"H NMR (CD,CL, ppm) 7.56—
7.27 (m, 30H, PPh,). *'P{'"H} NMR (CD,Cl,, ppm) 41 (s, broad,
vy, = 2996 Hz). **Tc NMR (CD,Cl,, ppm) —1396 (s, broad, v,,, =
4086 Hz). Single crystals suitable for X-ray diffraction have been
obtained by diffusion of MeOH into a CH,Cl, solution of the
complex.

[Tefn'-O(CCF3)0}(CO)5(PPh3),] (7b)-0.5 Toluene. CF,COOH (3
drops) was added to a suspension of § (68 mg, 0.1 mmol) in toluene
(2 mL). The resulting clear, reddish-pink solution was heated under
reflux for 30 min after which the color of the solution had turned
yellow. Upon cooling, MeOH (10 mL) and H,0 (20 mL) were
added. The mixture was left for slow evaporation of the organic
solvents for 2 days. The formed colorless crystals were filtered off and
dried in the air. They were suitable for X-ray diffraction. Yield: 60 mg
(0.07 mmol, 68%). IR (KBr, ¥, cm™') 2068 (s, vc—o), 1963 (vs,
Veeo), 1854 (vs, Vo), 1672 (m, Ucoo)- "H NMR (CD,CL, ppm)
7.62—7.38 (2m, 30H, PPh;), 7.30—7.11 (2m, 2/3 of SH, toluene-
ArH), 2.35 (s, 2/3 of 3H, toluene-CH;). ’F NMR (CD,Cl,, ppm)
—76.6 (s). *'P{'H} NMR (CD,Cl,, ppm) 37 (s, broad, v,,, = 3045
Hz). ®Tc NMR (CD,CL, ppm —1350 (s, vy, = 3667 Hz).

[Tcli?-O0(CH)}(CO),(PPh;),] (8a). (a) Formic acid (1 mL) was
added to a suspension of § (35 mg, 0.05 mmol) in toluene (1.5 mL).
An evolution of H, and the formation of a clear, colorless, biphasic
solution was observed. The biphasic mixture was heated under reflux
for 30 min resulting in a color change to faint yellow-green in the
upper phase. MeOH (9 mL) was carefully added and the mixture was
then stirred vigorously resulting in the precipitation of colorless
microcrystals. The mixture was stored in the refrigerator for 2 h to
complete the crystallization. The formed 8a was filtered off, washed
with MeOH and finally with a small amount of pentane. After drying
in air, analytically pure colorless microcrystals were obtained. Yield:
35 mg (0.0S mmol), 97%).

(b) 8ais also formed by heating a solution of 7a in toluene for 30
min. The conversion is quantitative based on the **Tc NMR spectra.
IR (KBr, 7, cm™") 1940 (vs, vc—o), 1859 (vs, vc—o), 1546 (m, vcoo)-
'H NMR (CD,CL, ppm) 7.44 (s, 30H, PPh,), 697 (1H, s, CH).
*P{'"H} NMR (CD,Cl,, ppm) 44 (s, broad, v, , = ca. 3226 Hz). *Tc
NMR (CD,Cl, ppm) =736 (s, v, = 4028 Hz). Single crystals
suitable for X-ray diffraction have been obtained by diffusion of
methanol into a CH,Cl, solution of the complex.

[Tcfi?-O0(CCH3)}(CO),(PPh;),] (8c). Acetic acid (1 mL) was added
to a suspension of 5§ (100 mg, 0.14 mmol) in toluene (1.5 mL). The
resulting slurry was heated under reflux for 30 min. Upon cooling,
microcrystals of 8¢ deposited. To complete the precipitation, MeOH
(9 mL) was added and the mixture was stored in the refrigerator
overnight. The formed crystals were filtered off, washed with MeOH
and pentane, and dried in air. Yield: 96 mg (0.13 mmol, 92%). IR
(KBr, 7, cm™) 1937 (vs, vc=o), 1859 (vs, Uc—o), 1520 (m, vcoo)-
'H NMR (CD,Cl,, ppm) 7.56—7.27 (m, 30H, PPh,), 0.48 (3H, s,
CH,). *P{'H} NMR (CD,Cl,, ppm) 48 (s, broad, flat, v,,, = ca.

36
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4000 Hz, 'Jy._p ca. 400 Hz). ®Tc NMR (CD,Cl,, ppm) —811 (s, v,
= 2862 Ha).

[Tcli?-O0(CPh)}CO),(PPh;),] (8d). Benzoic acid (31 mg, 0.25
mmol) and § (35 mg, 0.05 mmol) were suspended in toluene (1 mL).
The resulting slurry was heated under reflux for 1 h to give a clear
colorless solution. After cooling, MeOH (9 mL) was added and
microcrystals of 8d deposited. To complete the precipitation, the
mixture was stored in the refrigerator for 3 h. The crystals were
filtered off, washed with MeOH and pentane, and dried in air. Yield:
39 mg (0.05 mmol, 97%). IR (KBr, %, cm™) 1936 (vs, vc—p), 1859
(vs, Veeo), 1508 (m, vcoo). 'H NMR (CD,Cl,, ppm) 7.46 (s, 12H,
PPh,), 7.37 (s, 20H, PPhy+OOCPh), 7.08—6.88 (m, 3H, OOCPh).
3'P{'"H} NMR (CD,Cl,, ppm) 48 (s, broad, v, = ca. 4225 Hz). #Tc
NMR (CD,Cl,, ppm) —806 (s, v, = 3061 Hz). Single crystals
suitable for X-ray diffraction have been obtained by diffusion of
methanol into a saturated CH,Cl, solution of the compound.

[Te(?-0,5-Et,btu)(CO),(PPh3),] (9). HEt,btu (27 mg, 0.11 mmol)
was added to a suspension of 5§ (80 mg, 0.11 mmol) in toluene (1
mL). The resulting slurry was heated under reflux for 30 min. MeOH
(25 mL) was added and the mixture was stored in the refrigerator
overnight. The formed off-white precipitate consisted of a mixture of
9 and $. It was filtered off and the remaining deep yellow filtrate was
kept for slow evaporation at room temperature. The resulting pure
yellow crystals of 9 were collected by filtration and washed with
MeOH and pentane. After drying, yellow microcrystals were obtained.
A second crop of crystals was harvested from the deep yellow filtrate
after complete evaporation of the solvent. They were suitable for X-
ray diffraction. Yield: 51 mg (0.06 mmol, 51%). IR (KBr, %, cm™)
2031 (W, veo), 1933 (v8, Veo), 1853 (vs, Veo), 1409 (m, ve—o).
"H NMR (CD,Cl,, ppm) 7.60—7.53 (m, 12H, PPh;), 7.53—7.48 (m,
2H, btu-Ph), 7.45—7.38 (m, 3H, btu-Ph), 7.30—7.15 (m, 20H, PPh,),
3.47 (2H, q, *Jy_y = 7.1 Hz, n*-btu-NCH,CH,), 3.28 (2H, q, *Jyy_y =
7.0 Hz, *-btu-NCH,CH,), 0.92 + 091 (6H, 2t, */(0.92 ppm)y_y =
7.1 Hz, ¥(091 ppm)y_y = 7.0 Hz, n*btu-NCH,CH,). *'P{'H}
NMR (CD,Cl,, ppm) 40 (s, broad, flat, v, = ca. 4625 Hz, 'Jy_p ca.
460 Hz). *Tc NMR (CD,Cl,, ppm) —1119 (s, v,,, = 2496 Hz).

[{Tc(CO)3}5(u*-OH) (u?-O(SePh)0)5{Tc(CO)3}  (10)-(OPPh3). Solid
PhSeOOH (47 mg, 0.25 mmol) was added to a suspension of §
(35 mg, 0.05 mmol) in toluene (1 mL). The evolution of H, was
observed and the color changed to bright yellow. The mixture was
heated under reflux for 30 min to give a clear yellow solution. MeOH
(12 mL) was added. The solution was then added to a mixture of
H,0 (ca. 40 mL) and Et,0 (10 mL). The solution was left for
evaporation resulting in the formation of colorless crystals and a
yellow oil. The residue was extracted with CH,Cl, (0.5 mL) and
filtered. Pentane (9 mL) was layered on the top and the mixture was
stored in the refrigerator overnight. The formed colorless crystals
were filtered off, washed with pentane, and dried in air. Yield: 18 mg
(0.01 mmol, 91%). IR (KBr, ¥, cm™) 2029 (s, vc—o), 1904 (vs,
Vc—o)- "H NMR (CD,Cl,, ppm) 8.30 (s, broad, 1H, u>-OH), 7.98—
7.16 (3m, 30H, ArH). *'P{"H} NMR (CD,Cl,, ppm) 30 (s). *Tc
NMR (CD,Cl,, ppm) =582 (s, vy, = 1646 Hz), [{Tc (CO)3}5(w*
OH)(4*-0(SePh)0),;]7), =765 (s, vy, = 292 Hz, [*-({Tec-
(CO)3}3(4*-OH) (#>-O(SePh)0)5){Te (CO)5}]).

[Tc,(CO)s(0x)(OPPh3), (11). Formic acid (2 drops) was added to a
suspension of § (35 mg, 0.05 mmol) in toluene (1 mL). After 2 min,
solid PhSeOOH (47 mg, 0.25 mmol) was added to the stirred
solution. The formation of H, was observed and the color changed to
bright yellow. The mixture was heated under reflux for 30 min to give
a clear yellow solution. MeOH (12 mL), water (ca. 40 mL) and
diethyl ether (10 mL) were added to the clear yellow solution. The
mixture was left for evaporation, which gave colorless crystals and a
yellow oil. The residue was extracted with CH,Cl, (0.5 mL). The
extract was filtered, pentane (9 mL) was layered on the top and the
mixture was stored in the refrigerator overnight. The formed crystals
were filtered off, washed with pentane, and dried in air. Yield: 13 mg
(0.01 mmol, 51%). IR (KBr, %, cm™) 2036 (s, vc—o), 1925 (vs,
Veeo), 1626 (m, veopo). 'H NMR (CD,CL, ppm) 7.65—7.58 (m,
12H, OPPh;), 7.31-7.24 (m, 12H, OPPh;). *'P{'"H} NMR (CD,CL,
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ppm) 42 (s, vy, = 65 Hz). *Tc NMR (CD,Cl, ppm) —874 (s, vy, =
576 Haz).

[Tc(?-Hox)(CO),(PPh3),] (12). Oxalic acid (11 mg, 0.11 mmol)
was added to a suspension of 5 (35 mg, 0.05 mmol) in toluene (1
mL). The resulting colorless suspension was heated under reflux,
upon which the mixture became a clear, orange-red solution. After ca.
S min of heating, the formation of a light yellow precipitate was
observed. Heating under reflux was continued for a total of 30 min.
Then, MeOH (9 mL) were added and the mixture was stored in the
refrigerator for 1 h to complete the precipitation. The yellow
precipitate was filtered off and washed with methanol and pentane,
and dried in air. The product is poorly soluble in common solvents.
Yield: 36 mg (0.05 mmol, 94%). IR (KBr, %, cm™") 3547 (m, broad,
Vo-n(coon)) 2046 (w, vc=o), 1957 (vs, vc=o), 1879 (¥s, Vc=o),
1718—1628 (m, complicated band pattern, Vo). "H NMR (CD,CL,
ppm) 7.59—=7.29 (m, 30H, PPh,). **Tc NMR (CD,Cl,, ppm) —875
(s, v1/, = 3265 Hz). Single crystals suitable for X-ray diffraction have
been obtained by evaporation of a saturated CH,Cl, solution.

(HNEt;)[Tc(n?-0x)(CO),(PPh3),] (13). 12 (25 mg, 0.03 mmol) was
suspended in CD,Cl, (0.5 mL). NEt; (3 drops) was added, causing
the complete dissolution of the sparingly soluble starting material and
the formation of a colorless solution. The product was precipitated
with hexane (9 mL) resulting in the formation of colorless
microcrystals. They were filtered off, washed with pentane, and
dried. Yield: 27 mg (0.03 mmol, 96%) IR (KBr, % cm™') 2900
(complex band pattern, vy_y), 2500 (w, broad, vy_y), 2033 (w,
Veeo), 1942 (vs, Uc=o), 1852 (vs, Uc=o), 1649 (m, broad, vcoo). 'H
NMR (CD,Cl,, ppm) 7.46 (s, 12H, PPh,), 7.35 (s, 18H, PPh,).
S'P{'"H} NMR (CD,Cl,, ppm) 40 (s, very broad, flat, v, , = ca. 4500
Hz). Tc NMR (CD,ClL, ppm) —967 (s, vy, = 1614 Hz). Single
crystals suitable for X-ray diffraction have been obtained by
evaporation of a saturated CH,Cl,/hexane solution.
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ABSTRACT: A scalable synthesis of the novel and highly reactive
[Tc(OH,)(CO);(PPh;),]* cation is described. The ligand-
exchange chemistry of this compound with neutral ligands
coordinating through C, N, O, S, Se, and Te has been explored
systematically. The complexes either retain the original mer-trans
tricarbonyl core under exclusive exchange of the aqua ligand or
form dicarbonyl complexes by thermal decarbonylation. Ligand
exchange reactions starting from [Tc(OH,)(CO);(PPh;),]*
proceed under mild conditions and are generally almost
quantitative. Some of the formed complexes are remarkably stable
and inert, while others provide products with one labile ligand for
further reactions. The derived complexes of the type [Tc(L)-
(CO)5(PPh;),]* and [Tc(L),(CO),(PPh;),]* represent an

[Te(H,0)(CO),(PPh,).1*
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interesting opportunity for the development of *"Tc complexes with potential use in radiopharmacy. The ready displacement of
the aqua ligand highlights the synthetic value of [Tc(OH,)(CO);(PPh,),]* as a reactive entry point for further studies in the little

explored field of the organometallic chemistry of technetium.

B INTRODUCTION

The high intrinsic stability of organometallic technetium(I)
complexes makes them exceptional candidates for potential
radiopharmaceutical applications with the medicinally relevant
nuclear isomer *™Tc. This is impressively demonstrated by
#mTc sestamibi—a highly inert d® hexakisisonitrile complex,
which has been used extensively for myocardial imaging since
the 1990s.'~® Modern approaches toward novel technetium
radiopharmaceuticals also address bis(arene) compoundsp9
and cyclopentadienyl complexes.'”™"* Particularly the latter
group of compounds is frequently stabilized by the {T
(CO);}* core, which can be provided in aqueous solution as
the [Tc(CO);(OH,);]* complex for ®Tc as well for the
clinically relevant gamma emitter 971 The aqua ligands
of this compound can be readily exchanged by biologically
relevant ligands and give, thus, access to potential pharma-
ceuticals."*

Despite the importance of the technetium chemistry in
aqueous media, there are surprisingly few structural reports
about Tc complexes with aqua ligands. Of course, there are a
number of oxido and nitrido complexes, where water
sometimes appears as a strongly labilized ligand trans to O*~
and N37;>'7*? but this is the most labile coordination position
in such molecules, and the replacement of such aqua ligands
does not represent a synthetic approach to stable ligand
exchange products. In addition to some instable chlorido
complexes of technetium(V) and -(IV),**** there exist to the

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

best of our knowledge hitherto only three compounds, in
which aqua ligands have been proven by X-ray structural
analysis (Chart 1). This involves the Tc(IIl) cation [TcCl,-
(OH,)(tacn)]* (tacn = 1,3,6-triazacyclononane),® a cationic
Tc(I) complex with DPPE (DPPE = 1,2-bis-
(diphenylphosphino)ethane),36
tricarbonyltechnetium(I) complex.”” Particularly the latter
compound seems to be interesting for nuclear medical
considerations, since it belongs to the family of

and a neutral

Chart 1. Technetium Complexes with Aqua Ligands
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Scheme 1. Synthesis of [Tc(OH,)(CO);(PPh;),](X) Salts (X = BArF,,”, BF,”, OTf ) and Their Reactions with DMF and

DMSO
Y [H(OEty)2][BArF 4],
Phsp.,, | .cO  orHBF4 (H0),
oc™ T\PP’“ or HOSO,CF3 (H,0)
co THF or CH,Cl,

OH, W® 1a: X = BArFy,
Phsp., | ..cO o
oc=~pen, ®7) 177

co

1 N

®

N -

W DMSO HCy, N W(BF‘*)C
%o e DMF , eH

PhgP..,, 1,..CO
oc™ |‘PPh

co \
2 pMSO

PhyP... |
o= | ‘PPh3
co
3

%o s/_l (8Fy)°

®
_CH BF)°
i
DMF
PhsP-.,, T €O (reflux)

oc™ | ~PPh,
co
4

tricarbonyltechnetium(I) complexes, that originates from the
(structurally not yet fully characterized) [Tc(CO), (OHZ) 1"
cation.” In contrast to the analogous rhenium cation®”** and
despite several attempts, [Tc(CO);(OH,);]" has not yet been
characterized crystallographically. Several pH-dependent pro-
tonation/condensation and ligand exchange reactions are
expected for aqua complexes of technetium, as has been
fougcil ffér the corresponding [Re(CO);(OH,);]* cati-
on

In a recent paper, we studied the reactivity of hydrido
complexes of technetium and anticipated the formation of a
well-defined synthon for the metallo Lewis acid [Tc(CO)s;-
(PPh;),]* by protonation of mer-trans-[ TcH(CO),(PPh,),]."
Since the target has only one highly Lewis acidic vacant side, it
offers the unique possibility for a systematic study of the
general coordination chemistry of mer-trans-[Tc(L)(CO);-
(PPh;),]*"° and related complexes. This may allow access to
bench-stable but nevertheless highly reactive products, which
are of potential value for the further development of the
organometallic chemistry of technetium. In the present work,
we describe the synthesis of the cationic technetium(I)
complex [Tc(OH,)(CO),(PPhy),]" and its reactions with
small ligands having C, N, O, S, Se, or Te donor atoms.

Hl RESULTS AND DISCUSSION
[Tc(OH,)(CO)5(PPh;),]1* and Similar Solvent Com-

plexes. In continuation of our recent work on hydrido
complexes of technetium,*” we attempted the preparation of
the dihydrogen complex [Tc(H,)(CO);(PPhs),]" by proto-
nation of the monohydride [TcH(CO);(PPh,),] with acids of
weakly coordinating anions. The dihydrogen complex could
act as a functional equivalent to the metallo Lewis acid
[Tc(CO),;(PPh;),]* due to the expected lability of the
dihydrogen ligand. Similar intentions date back to 1995,
when such a protonation had been attempted with triflic acid.
However, an immediate H, evolution was observed, and the
isolated product was assigned to a composition of “[Tc(OTf)-
(CO),(PPh,),]” on the basis of its spectroscopic data.*®
Therefore, we used Brookhart’s acid, [H(OEt,),](BArF,,), for
a similar reaction. It contains the even less coordinating
(BArF,,)” anion, from which we expected the stabilization of
the dihydrogen complex. However, all attempts to isolate
[Tc(H,)(CO);(PPhy),]*, even under strictly dry and inert
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conditions, failed. We isolated the aqua complex [Tc(OH,)-
(CO)4(PPh,),](BArF,,), instead in reasonable yields (Scheme
1). Single crystals of [Tc(OH,)(CO);(PPh;),](BArF,,) (1a)-
0.5CH,Cl, were obtained directly from such a reaction
mixture. The formation of an aqua complex is consistent
with observations made with the analogous rhenium cation
[Re(H,)(CO);(PPh,),]*. This dihydrogen complex was
prepared in situ from [ReH(CO);(PPh;),] and Brookhart’s
acid, and its existence is highly probable on the basis of
spectroscopic data.*” However, also the rhenium complex
could not be isolated and rapidly decomposed under formation
of [Re(OH,)(CO);(PPh,),]*. Traces of water from the glass
surface of the reaction vessels were used to explain the
formation of this product.*

We repeated the reaction between [TcH(CO);(PPh,),] and
[H(OEt,),](BArF,,) in carefully dried and degassed CD,Cl,
or thf-dg. In situ NMR data of the reaction mixtures show that
even under such conditions and when the reactions are
performed in PTFE NMR tubes, the formation of the aqua
complex could not be avoided. We attribute the decomposition
of coordinated diethyl ether at the highly Lewis acidic
[Tc(CO);(PPh;),]* center in the highly Brensted acidic
reaction medium as the source for the coordinated water. A
similar reaction pattern has been observed before on a
phenylmercury compound.”® Interestingly, the observed
decomposition is slower in thf-dg, probably due to the
stabilization of the unsaturated intermediate by the donor
solvent. Further information about the in situ NMR experi-
ments including a proposed mechanism is given in the
Supporting Information.

Since even the use of the (BArF,,)” anion could not stabilize
the intermediate dihydrogen complex and exclusively the aqua
complex is formed, it became interesting to isolate the
[Tc(OH,)(CO),(PPh;),]* cation with less exotic counterions
in reasonable yields. Since water is a better ligand than BF,™ or
OTf ' these anions are suitable candidates; and indeed,
reactions of [TcH(CO);(PPh,),] with HBF, or triflic acid and
water give [Tc(OH,)(CO);(PPh;),](BF,) (1b) and [Tec-
(OH,)(CO),(PPh;),](OTf) (1c) in good to excellent yields.

The formation of the aqua complex is easily verified by the
appearance of a **Tc NMR resonance at —1232 ppm (v, =
approximately 5000 Hz), while the signal of [TcH(CO);-
(PPh;),] at —2208 ppm disappears. The *Tc resonance of
[Tc(OH,)(CO)4(PPh;),]* is downfield-shifted by 100 ppm
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with respect to neutral complexes with the same donor set and
geometry around technetium, e.g, the [Tc{x'-O(CR)O}-
(CO);(PPhs),] complexes (R = H, CF,).*’

Interestingly, the three isolated salts exhibit different
splitting patterns in the v/o_y regions of the IR spectra (Figure
1). Only that of [Tc(OH,)(CO);(PPhy),](BArF,,) (1a)

1c

1b

1a

T

3600 3400 3200 3000 cm!

Figure 1. v5_y Region of the IR spectra of 1a, 1b, and 1c recorded in
KBr.

shows two sharp bands at 3572 and 3495 cm™’, while those
of 1b and 1c contain very broad double maxima between 3300
and 3500 cm™ (1b) and between 3200 and 3300 cm™! (1c¢).
This indicates the formation hydrogen bonds between the aqua
ligands and the counterions in the latter two cases. The
positions of the experimentally observed bands correspond

with the expectation that such interactions should be stronger
for the OTf™ ion compared to BF,".

The spectroscopic results are confirmed by X-ray diffraction
data of the three salts. Indeed, the solid-state structure of la
contains isolated [Tc(OH,)(CO);(PPh,),]* cations, while
dimeric structures were observed for 1b and lc (Figure 2).
The formation of strong hydrogen bonds between each two
complex cations seems to be characteristic for the BF,” and
OTf salts of the [Tc(OH,)(CO);(PPh,),]" cation. It has also
been found in a monoclinic polymorph of 1b and the etherate
[Tc(OH,)(CO),(PPh,),](BF,)-Et,O, which was obtained
after crystallization from CH,Cl,/Et,O. Further details about
these compounds are given in the Supporting Information.

It is interesting to note that some hydrogen bonding
interactions between the aqua ligands and the counterions
resist the dissolution of the complexes in CD,Cl,. The 'H
chemical shifts and line widths of the OH, proton resonances
are surprisingly dependent on the anion: (BArF,,)” 6 = 1.51
ppm, vy, = 37 Hz; (BF,)™ 6 = 2.97 ppm, v, = 4 Hz; (OTf)"~
6 =125 ppm, v,, = 17 Hz.

The technetium atoms in all solid-state structures containing
[Tc(OH,)(CO);(PPhy),]* have an equivalent octahedral
coordination environment with two axial triphenyl phosphine
ligands and three meridional carbonyl ligands. The equatorial
plane is completed by the weakly bound aqua ligand. As in the
other few complexes containing the mer-{Tc(CO);}*
motif,"”**7>* the bonds between Tc and the two carbonyl
ligands in the trans-position to each other are weakened
compared to the third CO ligand, which has another ligand
(here water) in the trans-position. The Tc—O(water) bond
lengths are similar to those in other Tc complexes containing
aqua ligands.”' ™" One of the few structural differences
between the three solid-state structures are the C1-Tc—010
and C3—Tc—O010 angles. They are significantly smaller
(83.9(1)°, 86.9(1)) in the BArF,,~ salt than in the two
hydrogen-bridged dimers (90.34(7)° to 93.20(8)°), in which
the two carbonyl ligands are slightly bent away from the H-
bonded anions.

The aqua complexes are stable as solids but gradually
decompose in solution under formation of the [Tc(CO),-
(PPh;),]" cation, which can finally be isolated in yields up to
50%. The complementary decomposition product is most
probably [Tc(OH,),(CO),(PPh,),]* as is concluded from a

Figure 2. Structure of the [Tc(OH,)(CO);(PPh;),]" cation in a) la (Tc—C1 1.984(3) A, Tc—C2 1.884(3) A, Tc—C3 2.012(3) A, Tc—010
2.235(2) A; C1-Tc—010 86.9(1)°, C3—Tc—010 83.9(1)°) and sections of the dimeric structures of b) 1b (Tc—C1 1.991(3) A, Tc—C2 1.877(3)
A, Tc—C3 1.983(3) A, Tc—010 2.227(2) A, HI-F1 1.85(4) A, H2—F3’ 1.83(3) A ('1—«, 1—y, —z); C1-Tc—010 92.5(1)°, C3—Tc—010
91.1(1)°) and ¢) 1c (Tc—C1 1.995(2) A, Tc—C2 1.883(2) A, Tc—C3 1.992(2) A, Tc—010 2.218(1) A, H1-07 2.06(3) A, H2—05’ 1.94(3) A

('1=x, 1=y, 1—2); C1-Tc—010 93.20(8)°, C3—Tc—010 90.34(7)°).

https://doi.org/10.1021/acs.inorgchem.1c02599
Inorg. Chem. 2021, 60, 16734—16753

45


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c02599/suppl_file/ic1c02599_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c02599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

#Tc NMR signal at —801 ppm (v,,, = 3300 Hz), that means
in the typical region for dicarbonyltechnetium(I) complexes.””
Unfortunately, the diaqua species could not be isolated as a
final proof for the assumed CO/OH, exchange. It
subsequently decomposes under formation of intractable, oily
deposits. The formation of these deposits is slower in THF-dg
than in CD,Cl, suggesting some stabilization by the donor
solvent as mentioned above.

Even when the intermediate formation of [Tc(OH,),-
(CO),(PPh;),]* could not be proven unambiguously in the
decomposition of [Tc(OH,)(CO),;(PPh;),](BF,) described
above, the decarbonylation and the formation of defined
dicarbonyl species are confirmed for reactions of 1b with
dimethyl sulfoxide (DMSO) or dimethyl formamide (DMF).
A compound of the composition [Tc(DMSO),(CO),-
(PPh;),](BE,) (3) is the final product with DMSO, while a
similar reaction with DMF gives first the monosubstitution
product [Tc(DMF)(CO);(PPh,),](BF,) (4), which can be
isolated in crystalline form. It is converted into the dicarbonyl
complex [Tc(DMF),(CO),(PPh;),](BF,) (5) when the
reaction is performed at elevated temperatures (Scheme 1).
The complete consumption of 1b in such reactions and the
formation of the solvent complexes can easily be checked by
the absence of the characteristic splitting of the water band in
the IR spectra of the products. The decarbonylation can be
followed by the Tc NMR resonances. For the two DMF
complexes, they appear at —1245 ppm (4) and —736 ppm (5).

The formation of [Tc(DMSO),(CO),(PPhy),]* is nearly
quantitative over prolonged reaction times at room temper-
ature, and the complex can be isolated as the BF,™ salt in good
yields. All our attempts to isolate pure [Tc(DMSO)(CO);-
(PPh;),]* (2) were without success. An in situ NMR
monitoring of the reaction between 1b and DMSO in
CD,Cl, showed that only in the first step of the reaction a
considerable amount of [Tc(DMSO)(CO);(PPh,),]* (2) (6=
—1176 ppm, v, = 4532 Hz) is formed. The decarbonylation
and the formation of [Tc(DMSO),(CO),(PPhs),]* (6 = =739
ppm, vy, = 480 Hz), however, could not be avoided, and
already immediately after dissolution of the starting material in
DMSO, the formation of the dicarbonyl compound starts.
Interestingly, the reaction in DMSO initially does not produce
considerable amounts of [Tc(CO),(PPhs),]*. Further in-
formation about the in situ reaction of 1b with DMSO is given
in the Supporting Information.

Given the limited number of available solid-state structural
data of technetium complexes with coordinated DMSO or
DMF ligands,55’56 we undertook X-ray diffraction studies on
single crystals of compounds 3, 4, and S. The structures of the
complex cations of 3 and 4 are depicted in Figure 3. Details
regarding compound S are contained in the Supporting
Information. The only other two structurally characterized
technetium complexes with DMSO ligands are the Tc(IV)
compounds [TcCl;(DMSO);]* and [{TcCly(DMSO),},(u-
0)].>° The observed Tc—O bond lengths of 2.035—2.121 A in
these complexes are clearly shorter than those in [Tc-
(DMSO0),(CO),(PPh;),]*. The solid-state structure of the
[Tc(DMF)(CO);(PPh;),]* cation (Figure 3b) in compound 4
shows the same general features as discussed for the aqua
complex. The technetium atom is in a distorted octahedral
coordination environment. The only other crystallographically
studied technetium complex with a coordinated DMF ligand is
[TcCl,(DMEF)(PPh,),] with a Tc—O bond length of 2.12 A.>
The Tc—04 bond in [Tc(DMF)(CO),(PPh;),](BF,) is
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a)

Figure 3. Structures of the complex cations of a) [Tc(DMSO),-
(CO),(PPh,),]1(BE,) (3) (Tc—C1 1.856(4) A, Tc—C2 1.853(5) A,
Tc—03 2.189(3) A, Tc—04 2.219(3) A) and b) [Tc(DMF)(CO);-
(PPh,;),](BF,) (4) (Tc—C1 2.003(5) A, Tc—C2 1.882(5) A, Tc—C3
1.976(5) A, Tc—04 2.168(4) A; C1-Tc—04 88.9(2)°, C3—Tc—04
97.7(2)°).

longer by 0.05 A due to the trans-influence of the carbonyl
ligand. It should, however, be mentioned that it is still 0.05 A
shorter than the Tc—O4 bond in the aqua complex 1b
indicating that DMF is bound more tightly to technetium than
the aqua ligand.

The bond lengths and angles given for compound 4 refer to
a triclinic polymorph, which crystallized as a pentane solvate
from a CH,Cl,/pentane mixture. A monoclinic polymorph of
[Tc(DMF)(CO),;(PPh;),](BF,) was obtained by slow evap-
oration of the dichloromethane reaction mixture at room
temperature. Further information is given in the Supporting
Information.

The high reactivity of compound 1 even toward solvent
molecules and the easy scalability of the whole preparation
sequence for its synthesis encouraged us to test its potential as
a starting material for exchange reactions with ligands having
other donor atoms.

Reactions with Carbon-Donor Ligands. With the
increasing interest in organotechnetium compounds, also
reactions with simple monodentate carbon-donor ligands are
relevant. Thus, we studied some reactions of [Tc(OH,)-
(CO)4(PPh,),]* (1) with CO, CS,, and isocyanides.

In the previous section, we already mentioned the formation
of the tetracarbonyl complex [Tc(CO),(PPh;),]" (6) as a
decomposition product of [Tc(OH,)(CO);(PPh,),]*. Since in
this reaction the tetracarbonyl cation is formed by a “ligand
scrambling” process between two molecules of 1, only an
unsatisfactory maximum yield of 50% can be obtained.
Additionally, purification operations are required to obtain a

https://doi.org/10.1021/acs.inorgchem.1c02599
Inorg. Chem. 2021, 60, 16734—16753


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c02599/suppl_file/ic1c02599_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c02599/suppl_file/ic1c02599_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c02599/suppl_file/ic1c02599_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c02599/suppl_file/ic1c02599_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c02599/suppl_file/ic1c02599_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02599?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c02599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Scheme 2. Reactions of [Tc(OH,)(CO);(PPh;),](X) Salts (X = BArF,,”, BF,”, OTf ) with Carbon-Donor Ligands
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highly pure product. Similar restrictions hold true for previous
routes to salts of complex 6.7

When solutions of 1a, 1b, or 1¢ in CH,Cl, are exposed to a
stream of CO gas, an immediate, clean, and quantitative
formation of the corresponding [Tc(CO),(PPh;),]" salts is
observed within a few minutes even at room temperature
(Scheme 2). The ®Tc NMR spectrum of [Tc(CO),(PPh;),]*
shows a single resonance at —1888 ppm. The (BArF,,)” and
(BF,)” salts were obtained in crystalline form by diffusion of
pentane or hexane directly into the dried reaction mixtures.
The structure of the [Tc(CO),(PPh;),]* cation of compound
6b is shown in Figure 4. Further information about the
structural data of compounds 6a and 6c¢ can be found in the
Supporting Information.

Figure 4. Structure of the complex cation of [Tc(CO),(PPh,),](BF,)
(6b) (Tc—C1 1.939(10) A, Tc—C2 2.035(1) A). Symmetry
operation: '1—x, 1—y, z.

unstable in isolated form but is stabilized upon coordination to
transition metal ions. There are only a few structural reports
about one iridium complex and a small number ruthenium
compounds.””~®* Consequently, technetium complexes or
such with other “group 7” metals with S,CPPh; are not yet
known.

Figure 5 shows the structure of the complex cation of
complex 7. The P-CS, unit has the same arrangement around

Figure S. Structure of the complex cation of [Tc(S,CPPh;)(CO),-
(PPh;),](BF,) (7) (Tc—Cl1 1.904(4) A, Tc—C2 1.872(5) A), Tc—S2
2.476(1) A, Tc—S2 2.509(1) A, S1-C3 1.668(5) A, S2—C3 1.682(4)
A, C3-P3 1.811(5) A, Tc-C3 2.931(4) A).

With respect to the extraordinarily clean reaction between
1b with CO, we attempted the synthesis of the corresponding
thiocarbonyl derivative via a reaction of 1b with CS, and PPh,
as a sulfur scavenger. The reaction mixture turned purple upon
prolonged heating, and a dark oil separated after the addition
of pentane. Dissolution in CH,Cl, and diftusion of pentane
into this solution gave stable, purple crystals of [Tc-
(S,CPPh,))(CO),(PPh,),](BF,) (7)-CH,Cl, (Scheme 2).
The formation of triphenylphosphoniodithioformate has
occasionally been observed as a result of the attack of PPh,
to coordinated carbon disulfide or by the insertion of CS, into
phosphorus—metal bonds.”® The zwitterionic compound is

16738

the central carbon atom as in the previously structurally
characterized complexes of this rare ligand.””~®> The bond
lengths indicate a large degree of delocalization in the
electronic structure of the CS, moiety within the zwitterionic
adduct. The C—S bond lengths are virtually identical and short
enough to represent CS double bonds, while the C3—P3 bond
length is in the range of a normal single bond. The Tc—S bond
lengths are somewhat elongated as commonly found in
complexes with carbonyl ligands in the trans-position.

The *'P NMR spectrum of [Tc(S,CPPh;)(CO),(PPh,),]-
(BF,) (7) shows a broad resonance at 18 ppm for the two axial
PPh; ligands and a narrow resonance at 25 ppm for the
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Figure 6. **Tc NMR spectrum of compound 7 in CD,Cl, with a well-resolved *'P coupling.

S,CPPh; adduct. A drastic line broadening of *'P signals for P
atoms, which are directly bonded to the quadrupolar nucleus
#Tc, is frequently found for complexes with low local
symmetry. This is commonly explained by scalar couplings
between the two nuclei, which in many cases make the *'P
signals practically invisible.**** The large quadrupole moment
of ®Tc (Q = —0.19-1072® m?)® is also the reason for the
commonly observed line-broadening of related **Tc signals.”®
In some rare cases, however, the lines remain small as is the
case with compound 7 and some structurally related
dithiocarbamato, dithiophosphato, and xanthogenato com-
plexes of technetium(I).%” Figure 6 illustrates the **Tc NMR
spectrum of 7 with a Tc—P coupling to the axial PPh; ligands
of 549 Hz. Such couplings are in accord with those observed in
the other few [Tc(L)(CO),(PPh;),] complexes, where L
represents chelating dithioligands.®”~""

Despite the fact that with the development of **™Tc
sestamibi an isonitrile complex of technetium(I) became one
of the most used radiopharmaceuticals worldwide,"” the
fundamental coordination chemistry of technetium with this
class of ligands is relatively little explored. Most of the Tc
isocyanide complexes contain the metal in low oxidation
states.* 7% In a recent report, also the access to corresponding
nitrido and phenylimido complexes of technetium(V) is
described.”" The stabilization of high oxidation states became
possible by the use of sterically encumbered terphenylisocya-
nides, which allowed the tuning of bonding properties in a
wide range. One of these ligands (CNDArF2, Scheme 2) has
also been used for a reaction with compound 1b.

The addition of CNDArF2 or CNCy to a suspension of
[Tc(OH,)(CO),(PPh;),](BF,) in CH,Cl, leads to the
immediate dissolution of the starting materials and the
formation of inert [Tc(CNR)(CO),(PPh;),](BF,) salts (R =
Cy, C¢H,F(C¢H;(CF;),),). Even prolonged heating with a
large excess of isocyanide did not lead to dicarbonyl
complexes. The ®Tc chemical shifts of the products are very
similar to those of the tetracarbonyl complex. However, the
line widths of the resonances are as broad as that of the aqua
complex. We undertook a single-crystal X-ray analysis of the
cyclohexylisocyanide complex 8. The structure of the complex
cation is depicted in Figure 7. The bond between technetium
and the isocyanide is slightly longer than the Tc-CO bonds.
This is not unexpected and is in accord with other carbonyl/
isocyanide mixed-ligand complexes of technetium. The
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Figure 7. Structure of the complex cation of [Tc(CNCy)(CO);-
(PPh,;),](BF,) (8) (Tc—C1 1.988(5) A, Tc—C2 1.956(5) A, Tc—C3
2.025(5) A, Tc—C10 2.098(5) A, C10-N10 1.148(6) A; C1—-Tc—
C10 89.4(2)°, C3—Tc—C10 95.9(2)°).

structure of CNDArF2 complex 9 resembles that of 8.
However, the X-ray data are of low quality, and thus, the
corresponding bond lengths and angles shall not be discussed
here. Nevertheless, the topology of the coordination sphere
can be derived unambiguously.

For both isocyanides, no back-donation from technetium
into the C=N bond can be derived from the X-ray data and
from the corresponding IR stretches. The v_y frequencies are
found at 2203 cm™ for 8 and 2153 cm™ for 9. This is at
higher wave numbers compared with the values for the
uncoordinated ligands (2136 cm™ for CNCy and 2118 cm™'
for CNDArF2).

In contrast to [Tc(CO),(PPhs),]*,***” the mixed carbonyl
isocyanide complexes [Tc(CNR)(CO);(PPh;),]* do not react
with oxy bases under formation of oxycarbenes. Instead, the
starting materials can be recovered unchanged during the first
2 h, while a longer exposure to hot NaOH/CH;CN leads to
the formation of intractable black-brown decomposition
products.
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Scheme 3. Reactions of [Tc(OH,)(CO);(PPh;),](BF,) with Some Nitrogen-Donor Ligands
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Figure 8. Fractions of the '°N, *'P, and '"H NMR spectra of [Tc(NH;),(CO),(PPh,),](BF,) (10) in CD,Cl, (** NH," ions, * solvent).

Reactions with Nitrogen-Donor Ligands. The impor-
tance of nitrogen-donor ligands for the coordination chemistry
of technetium as for that of any other transition metal is
obvious. Thus, they also played and play an important role in
the designing of ligand systems for nuclear medicine, and many
well-optimized chelators with N-donor atoms serve in routine
imaging procedures.” > Here, however, the focus of our
interest shall be set to some fundamental reaction patterns of
[Tc(OH,)(CO);(PPh,),](BE,) (1b) with simple ligands such
as NHj, acetonitrile, and imines. A summary of the performed
reactions and their products is given in Scheme 3.

Complexes containing carbonyl and ammine ligands
simultaneously are scarce in the entire coordination chemistry.
Only 28 of such compounds could be isolated in crystalline
form and studied by X-ray diffraction.”’ No such technetium
compounds are known up to now, and also the overall number
of known ammine complexes of technetium is strongly
limited.”*~”® Nevertheless, there should be a good chance to
access them, having in mind that a number of related rhenium
complexes have been isolated.”””**

Thus, we performed a reaction of [Tc(OH,)(CO);,-
(PPh;),](BF,) with ammonia giving colorless crystals of the
diammine complex [Tc(NH;),(CO),(PPh,),](BF,) (10).
The product shows a *Tc NMR resonance with a chemical
shift of —1232 ppm and a half-line width similar to that of the

starting material. However, no splitting of the residual water
band in the IR spectrum of the product was evident, and the
integral ratio of PPh; protons to the ammine ligand protons
was approximately 30:6. An isotope labeling experiment with
SN'H, unequivocally confirmed the presence of ammonia in
the product by the appearance of a broad >N NMR resonance
at —18.2 ppm and the splitting of the ammine 'H NMR
resonance into a doublet (Figure 8). The 'Jy_,sy coupling
constant of 67 Hz is in accord with related coupling constants
measured for ’NH; complexes of platinum.**~*” The *'P{'H}
resonance of complex 10 follows the broadening pattern
described above. The observed almost rectangular peak shape,
however, is indicative of a partially resolved coupling between
the phosphorus nuclei and the nuclear spin of PTc of 9/2. The
expected ten-line pattern is poorly resolved, and the resulting
To_rc coupling constant of ca. S00 Hz can only be
approximated by line-width considerations as has been done
for similar cases, e.g,, the '"H NMR resonance of [TcH,]*™.**

Finally, a single-crystal X-ray diffraction study confirmed that
not only the aqua ligand is exchanged but additionally one of
the carbonyl ligands (Figure 9a). The Tc—N bond lengths in
this complex are longer by about 0.1 A than those in the three
previously structurally characterized ammine complexes of
technetium (ca. 2.17 A).”>”® This is due to the strong trans-
influence of the carbonyl ligands. The structural features of the
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Figure 9. Structures of the complex cations of a) [Tc(NH,),(CO),-
(PPh,),](BF,) (10) (Tc—C1 1.876(5) A, Tc—C2 1.839(5) A, Tc—
N1 2.261(2) A, Tc—N2 2.239(2) A) and b) [Tc(py)(CO);(PPhs),]-
(BE,) (11) (Tc—C1 1.993(6) A, Tc—C2 1.889(8) A, Tc—C3
1.985(6) A, Tc—N1 2.226(6) A, 1; C1-Tc—N1 90.7(3)(2)°, C3—
Tc—N1 93.2(3)°).

carbonyl ligands are similar to those previously discussed. The
solid-state structure of 10 is supported by hydrogen bonds
between the ammine ligands and the BF,” counterion.

In contrast, reactions of 1b with acetonitrile or pyridine lead
to the replacement of only the aqua ligands. The *Tc
resonances of the products are observed at chemical shifts of
—1328 ppm and —1504 ppm, which perfectly fit the region of
tricarbonyl complexes. The two complexes were additionally
characterized by single-crystal X-ray diffraction. Unfortunately,
the quality of the data set of the acetonitrile complex
[Tc(CH;CN)(CO),(PPh;),](BF,) (12) was poor. Never-
theless, the composition and connectivity of the complex are
verified unambiguously. Some more details are contained in
the Supporting Information. The structure of the complex
cation of [Tc(py)(CO),(PPh,),](BF,) (11) is shown in
Figure 9b. The structure of the pyridine complex reveals a
nonlinear, twisted binding mode (twist angle ca. 21°). The
Tc—N bond length of the pyridine complex (2.226(6) A) is
shorter than those we observed in the ammine complex, which
might be attributed to the weak z-acidity of the pyridine
ligand.

Our attempts to introduce a second pyridine ligand by
prolonged heating of complex 11 with additional pyridine
failed. We only obtained another polymorph of the complex
with cocrystallized pyridine, [Tc(py)(CO);(PPh;),](BF,)-py
(see Supporting Information). A similar result was observed
when boiling complex 12 in acetonitrile.

An unexpected product was obtained during the reaction of
1b with bipyridine (bpy). When the reaction was performed
without special precautions in CH,Cl,, the immediate
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formation of a purple solution was observed. After heating,
two *Tc resonances were observed in such mixtures: a main
resonance at —952 ppm and a minor component at —1039
ppm. The two signals appear in the typical region for
dicarbonyltechnetium(I) species. The latter one could be
assigned to the expected complex [Tc(bpy)(CO)(PPh;),]-
(BF,) (13), while that at —952 ppm belongs to a completely
unexpected reaction product: [{Tc(N,0-C;H,N-COO)(CO),-
(PPh,),},H](BE,) (14). It was isolated from an acetone/
diethyl ether mixture as yellow crystals in a yield of
approximately 30%.

The nature of compound 14 as a picolinic acid complex was
confirmed unambiguously by X-ray diffraction. Figure 10

Figure 10. Structure of the complex cation of [{Tc(N,0-CsH,N-
COO0)(CO),(PPh;),},H](BF,) (14) (Tc—C1 1.871(10) A, Tc—C2
1.898(8) A, Tc—N1 2.194(8) A, Tc—03 2.168(5) A, 03—C8
1.261(8) A, C8—04 1.258(9) A, O4---H10 1.20(6) A).

depicts the structure of the dimeric complex cation [{Tc(N,O-
CsH,N-COO)(CO),(PPh;),},H]*, in which two complex
species are connected by a hydrogen bond. The formation of
such dimers is not unknown in the solid-state chemistry of
picolinic acid. It is frequently accompanied by zwitterionic
organic derivatives but has also been found as a structural
motif of metal complexes.*””” The Tc—N bond length in 14 of
2.194(8) A is slightly shorter than in the pyridine complex 11,
and the Tc—O bond is in the same range as those in the
recently studied technetium complexes with monodentate
carboxylato ligands."’

The unanticipated formation of picolinic acid during
reactions with bipy has been observed before;”""” but in the
reported examples, also (partially strong) oxidants were
involved, while this is not the case in the reaction under
study. Thus, it is highly probable that a metal-mediated
oxidation with air is responsible for the formation of the
picolinato ligand. Such an assumption is in a line with a recent
observation, where the parent complex of compound 1,
[TcH(CO),(PPh;),], promoted the oxidation of methanol
to formate and a subsequent C—C coupling reaction, which
finally gives oxalic acid.”’ It is probable that in both cases the
unsaturated Lewis acid [Tc(CO);(PPh;),]* plays a crucial
role. This presumption is supported by the fact that the
formation of complex 14 is completely suppressed when a base
such as NEt; is added to the reaction mixture of 1b and bpy in
CH,Cl,. That way, yellow crystals of [Tc(bpy)(CO),(PPh,),]-
(BF,) (13) are formed in an almost quantitative yield, and no
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signs for the formation of the picolinic acid complex were
observed, even after prolonged treatment with moist solvents
and under aerobic conditions.

The stability of the chelate 13 and the ease of its formation
indicate that it might be a suitable platform for bioconjugation
with the medicinally relevant isotope **™Tec.

Although the present paper does not focus the search for
radiopharmaceutical solutions, we tested the reactivity of an
ester-substituted bipyridine under the experimental conditions
applied for bpy and the stability of the formed product. The
reaction of 1b with 4,4’-dimethoxylcarbonyl-2,2’-bipyridine
(bpy©O°Me?) was straightforward and gave the corresponding
product [Tc(bpy“©°M2)(CO),(PPh;),](BF,) (15) in quanti-
tative yield.

Single crystals of [Tc(bpy“©°™<?)(CO),(PPh,),](BE,)-
2CH,Cl,-acetone were obtained by slow evaporation of a
solution of the complex in an acetone/CH,Cl,/diethyl ether
mixture. A representation of the structure is given in Figure 11.

Figure 11. Structure of the complex cation of [Tc(bpy©O°Me2)-
(CO),(PPhy),](BE,) (15) (Tc—C1 1.896(10) A, Tc—C2 1.904(8)
A, Tc—N1 2.169(9) A, Tc—N2 2.159(9) A).

Although all complexes of this study having nitrogen-donor
ligands seem to be rather inert and stable, the bpy complexes

have the shortest Tc—N bond lengths and, thus, may be
regarded as particularly robust. The bipyridine ligand in
compound 15 is bonded as tight as in the other two
structurally characterized mixed carbonyl/bpy complexes of
technetium(I) [TcCl(CO);(4,5-diazafluorene-9-one aroylhy-
drazone)] (Tc—N = 2.22-2.23 A)** and [Tc(CO);(bpy)Cl]
(Te—=N = 2.17-2.19 A)* or in the robust isocyanide/bpy
cation [Tc(bpy)(CN'Bu),]* (Te—N = 2.15-2.17 A).”®

Reactions with Sulfur, Selenium, and Tellurium
Donors. Some reactions of [Tc(OH,)(CO),(PPh,),](BE,)
with oxygen-donor ligands such as DMSO or DMF have
already been discussed in a previous chapter of this
communication, and it became clear that stable products
with ethers such as THF, diethyl ether, or dioxane could not be
isolated. Having in mind the “soft” character of Tc(I), attempts
with not too bulky diorganosulfides, -selenides, or -tellurides
should be more promising,

Indeed, [Tc(OH,)(CO);(PPh,),](BF,) readily reacts with
small neutral dialkylchalgogenides such as dimethylsulfide
(SMe,), diethylsulfide (SEt,), dimethylselenide (SeMe,),
dimethyltelluride (TeMe,), tetrahydrothiophene (tht), tetra-
hydroselenophene (thse), and tetrahydrotellurophene (thte).
No reaction, however, was observed with the more bulky
diphenylsulfide. A summary of the performed reations and
their products is given in Scheme 4.

The products can be obtained in good to excellent yields
directly from the reaction mixtures by the addition of pentane.
No residual aqua complex was contained in the precipitated
solids. This has been proven by the inspection of their IR
spectra, where no splitting of the water band is indicated. The
dialkylchalcogenide complexes 16—22 are stable as solids.
Most of them could be isolated in crystalline formed and
studied by X-ray diffraction. During the measurement of their
IR spectra in KBr pellets (this technique was required for
radiation protection reasons), however, we found some
evidence for the formation of [TcBr(CO),(PPh,),]; this
means a partial exchange of the dichalcogenides in favor of Br™.
A similar observation has been made for [Tc(OH,)(CO);-
(PPh,),]*. We attribute this behavior to a certain reactivity of
the complexes even in solid solutions. Since the chemistry of
technetium with small and labile (and/or sensitive) diorga-
nochalcogenide ligands is scarce, we have studied the reactivity
and characteristics of the obtained complexes in more detail.

Scheme 4. Reactions of [Tc(OH,)(CO);(PPh;),](BF,) with Some Sulfur, Selenium, and Tellurium Donor Ligands
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Particularly the selective and controlled exchange of the
(volatile) SMe, or tht ligands in compounds 16 and 18 may
make these complexes excellent precursors for ongoing studies
with the highly reactive Lewis acid [Tc(CO);(PPhs),]%
particularly for organometallic approaches, where [Tc(OH,)-
(CO);(PPhy),]* with the aqua ligand as a leaving group is
sometimes unfavorable.

The lability of the thioether complexes becomes evident in
their NMR spectra. Upon dissolution of the pure, water-free
complexes, the thioether ligands exchange with residual water
of the deuterated solvent. This process is reversible, and after
the addition of an excess of the corresponding thioether, the
thioether complexes are reformed quantitatively (Scheme 5).

Scheme 5. Equilibrium between [Tc(OH,)(CO);(PPh,),]*
and [Tc(SR,)(CO),(PPh;),]* Complexes

Two different sets of 'H resonances are observed for
coordinated and uncoordinated tht, SEt,, and SMe, in the
"H NMR spectra of the complexes. This means that the related
exchange between the coordinated and uncoordinated ligands
is slow on the NMR time scale. Furthermore, the SMe, and
SEt, complexes show a higher exchange percentage with the
residual water than the tht complex 18. The progress of the
ligand exchange can readily be monitored by 'H or **Tc NMR
spectroscopy. This is exemplarily demonstrated for the
reactions of compounds 17 and 18 with the water from
moist CD,Cl, and the subsequent addition of an excess of SEt,
or tht (Figure 12).

Although the structural chemistry of technetium complexes
with sulfur donors is well-studied and hundreds of crystal
structures are available,”' a basic understanding of the binding
properties of monodentate neutral sulfur donors cannot be
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Figure 12. a) Fraction of the '"H NMR spectrum of [Tc(SEt,)(CO);(PPh,),](BE,) in moist CD,Cl, before and after the addition of excess SEt,
and b) ®Tc NMR spectra of [Tc(tht)(CO);(PPh;),](BF,) in moist CD,Cl, before and after the addition of excess tht.
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a)

Figure 13. Structures of the complex cations in a) 16 (Tc—C1 1.979(2) A, Tc—C2 1.926(2) A, Tc—C3 2.013(2) A, Tc—S 2.5347(8) A; C1-Tc—S
90.99(5)°, C3—Tc—S 88.7(6)°), b) 17 (Tc—C1 1.970(3) A, Tc—C2 1.913(3) A, Tc—C3 2.008(3) A, Tc—S 2.5412(8) A; C1-Tc—S 91.6(1)°,
C3—Tc—S 91.4(8)°), and c) 18 (Tc—C1 1.979(7) A, Tc—C2 1.928(7) A, Tc—C3 1.994(8) A, Tc—S 2.519(2) A; C1-Tc—S 93.3(2)°, C3—Tc—S

86.6(2)°).

the longest so far experimentally determined Tc—S bond
lengths with the only exception of [TcNCL,(P,P,S-{PPh,-
(CH,CH,)},S)], where the Tc—S distance is ca. 2.8 A and
hardly represents a real Tc—S bond.”” Thus, the weak bonding
of the thioethers, which is strongly suggested by their observed
lability in solution, is confirmed by their solid-state structures.
Interestingly, even the spectroscopically observed differences in
the ligand exchange rates between the three thioethers
discussed above are reflected by the Tc—S bond lengths
detected in the solid state (2.541 A (SEt,) > 2.534 A (SMe,) >
2.519 A (tht)).

Surprisingly, the analogous selenium and tellurium com-
pounds are clearly more inert than the thioether complexes.
Only for compound 19 some SeMe,/H,0 exchange is
detected in moist solvents. The 'H NMR spectrum of
[Tc(SeMe,)(CO),(PPh;),](BF,) (19) in moist CD,Cl, also
shows in addition to the resonance of the coordinated
selenoether that of the uncoordinated compound. The sum
of their integrals perfectly fits with the expected 30:6 ratio
beween the aromatic and aliphatic protons for this compound.
The *Jys. coupling constant in the "’Se satellites is reduced
from 10.08 to 9.10 Hz upon coordination.

Within the series of the tetrahydrochalcogenophene
complexes, the observed ring inversion barrier increases
along the group. The barrier for the ring inversion in the
tetrahydrotellurophene complex [Tc(thte)(CO);(PPh;),]-
(BF,) (22) is high enough that two distinct signals are
observed for the @1~/ Xequatoria-protons. Contrarily, the metal-
bound five membered rings in the tetrahydrothiophene and
tetrahydroselenophene complexes 18 and 20 can freely invert
their configuration at room temperature, which gives a single
resonance for each set of chemically equivalent protons. The
signals in the tetrahydrotellurophene complex 22 were
unambiguously assigned by a NOESY experiment. The relative
strength of the NOESY cross-peaks of the a-thte protons with
the o-protons of the axial PPh; ligands allows for the
assignment of the a,, protons due to the larger 1,7-diaxial
interaction observed for the multiplet at ca. 2.4 ppm. The
difference in shielding between the two geminal protons is
likely due to the ring current of the adjacent PPh; moieties,
which shields the equatorial protons more than the axial ones.
The NOESY spectrum is shown in Figure 14. The shielding of
the ®Tc nuclei in the complexes decreases from sulfur to
tellurium, reflecting the more metallic and electropositive
character of the Se and Te donor atoms. Expectedly, the
chemical shifts of the sulfur and selenium complexes are closer
to each other than to those of the corresponding tellurium
complexes.

35

§ 4.0

H 45E

&3 50°%

— 3 :% 5.5

? 6.0

7 65

i 7.0

— R L
75 70 65 60 55 50 45 40 35 30 25 20

ppm

Figure 14. Phase-sensitive 'H—'H-NOESY spectrum of [Tc(thte)-
(CO),(PPh,),](BF,) (22). Blue refers to negative phases, while red
corresponds to positive phases.

Complexes of technetium with selenium and tellurium
donor ligands are rare. There are only four structural reports

on complexes containing Tc—Se—C bonds: [Tc™(SeAr);-
(PPh;)(CH,CN)],%® [TcVo(seAr)] % [TcVO(i-mns),] ",
and [TcN(i-mns),]>” (i-mns*~ = 1,1-dicyanoethene-2,2-

diselenolate).””'*"  Additionally, there are two complexes

with organotellurium hgands [T™(TeAr),(PPh;)(CH;CN)]
and [Tc'O(TeAr),] So far, no structural data for low-
valent technetium complexes or such for seleno- or
telluroethers of technetium are available.

Figure 15 shows the structures of the complex cations of
[Tc(SeMe,)(CO),(PPh,),](BF,) (19) and [Tc(thse)(CO),-
(PPh;),](BF,) (20). The technetium atoms in both
compounds are coordinated octahedrally. The Tc—Se bond
lengths are 2.6370(S) A and 2.6416(5) A. This means that
they are much longer than those found for the other
technetium complexes with organoselenium ligands (Tc™:
2.37-2.39 A, Tc": 2.48—2.53 A).”*7'%° This is most probably
due to the steric strain and the trans-influence of the carbonyl
ligands.
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a)

Figure 15. Structures of the complex cations of a) [Tc(SeMe,)-
(CO);(PPhy),](BE,) (19) (Tc—C1 1.987(6) A, Tc—C2 1.914(4) A,
Tc—C3 1.995(6) A, Tc—Se 2.6370(5) A; C1—Tc—Se 89.0(2)°, C3—
Tc—Se 80.0(2)°) and b) [Tc(thse)(CO),;(PPh,),](BE,) (20) (Tc—
Cl 1.976(4) A, Tc—C2 1.918(3) A, Tc—C3 1.992(3) A, Tc—Se
2.6416(5) A; C1—Tc—Se 91.6(1)°, C3—Tc—Se 84.31(9)°).

In addition to the chalcogenoethers described above, we
attempted reactions of 1b with thiourea and selenourea. Both
ligands readily react with the aqua complex and give the
expected products [Tc(tu)(CO);(PPh,),](BF,) (23) and
[Tc(seu)(CO);(PPh;),](BF,) (24) in good to quantitative
yields. Unfortunately the corresponding unsubstituted tellu-
rium compound is not accessible to complete the series.

As found for the chalcogenoether complexes, the **Tc NMR
resonance of the sulfur compound 23 is less downfield-shifted
than that of the selenium analog 24. Overall the **Tc nuclei in
the chalcogenourea complexes are somewhat more shielded
than in the corresponding chalcogenoether complexes. This
may be attributed to the mesomeric chalcogenolate structure
of these ligands.

Since there are only two structural reports on thiourea
complexes of technetium and none on selenourea com-
plexes,'”"'% we determined the solid-state structures of the
two novel chalcogenourea complexes. They are shown in
Figure 16. Both complexes have a strongly distorted octahedral
coordination environment around technetium. The main
distortions result from the relatively small C2—Tc—S/Se
angles of 166.8(2)° for the thiourea and 164.6(2)° for the
selenourea complex. These values are clearly smaller than those
found in the diorganochalcogenide complexes. In contrast to
the diorganochalcogenides, the chalcogenourea moieties are
less bent away from the PPh; ligands.
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a)

Figure 16. Structures of the complex cations of a) [Tc(tu)(CO);-
(PPh;),](BF,) (23) (Tc—Cl1 2.005(5) A, Tc—C2 1.915(5) A, Tc—
C3 1.981(5) A, Tc—S 2.529(1) A; C1-Tc—S 77.3(2)°, C3—Tc—Se
99.9(2)°) and b) [Tc(seu)(CO);(PPhy),](BE,) (24) (Tc—Cl
1.992(8) A, Tc—C2 1.903(9) A, Tc—C3 1.975(8) A, Tc—Se
2.654(1) A; C1-Tc—Se 75.7(3)°, C3—Tc—Se 102.0(3)°).

There is a considerable degree of delocalized electron
density inside the ligands. This is indicated by the short C4—N
bond lengths of around 1.3 A. These partial double bonds as
well as the relatively long C4—S/Se distances of 1.707(6) A
and 1.814(12) A are consistent with a partial chalcogenolate
character of the two chalcogenourea ligands. The amine groups
of the chalcogenourea moieties stabilize the solid-state
structures by the formation of hydrogen bonds with the
(BF,)” anions. Further information is given as Supporting
Information.

The selenourea complex is hydrolytically unstable in acidic
solutions and readily loses elemental selenium.

B CONCLUSIONS

mer-trans-[ Tc(OH,) (CO);(PPh,),](BF,) is a bench-stable
functional analogue of the unsaturated Lewis acid [Tc(CO);-
(PPh;),]". It can be prepared in excellent yields and with high
purity by a scalable synthesis. The compound can be used as a
highly reactive synthon for the synthesis of novel complexes
having the mer-trans-{Tc(CO);(PPh;),}* and cis—trans-{Tc-
(CO),(PPh;),}" cores. This has been tested by reactions with
a variety of neutral ligands having different donor atoms and
coordination properties.

Thermal decarbonylation, which gives the cis—trans-{Tc-
(CO),(PPhy),}* core, was observed with oxygen-donor
solvents such as DMSO or DMF, NHj;, and bpy ligands.

Some of the resulting complexes with carbon and nitrogen
donors are robust enough to be considered for potential
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applications using the medicinally relevant nuclear isomer
mTe,

Monodentate thioethers readily replace the aqua ligand of
[Tc(OH,)(CO)4(PPh,),](BF,). The formed products are air-
stable as solids, but the thioether ligands are labile in solution
and can be exchanged by better donors. This means,
compounds such as [Tc(SMe,)(CO);(PPh,),](BF,) or [Tc-
(tht)(CO);(PPh;),](BF,) may serve as synthetic alternatives
for the title compound, when the protons of the aqua ligand
are troublesome for the intended reactions.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise stated, reagent-grade
starting materials were purchased from commercial sources and either
used as-received or purified by standard procedures. Solvents were
dried and deoxygenated according to standard procedures. [TcH-
(CO),(PPhy),] was prepared as previously described.”” Dimethylse-
lenide,'* dimethyltelluride,'*® tetrahydroselenophene,'** tetrahydro-
tellurophene,'”* CNDArF2,'” and [H(OEt,),](BArF,,)'" were
prepared according to the literature procedures.

Physical Measurements. NMR spectra were recorded at 20 °C
with JEOL 400 MHz multinuclear spectrometers. The values given for
the ®Tc chemical shifts are referenced to pertechnetate. IR spectra
were recorded with a Shimadzu FTIR 8300 spectrometer as KBr
pellets. The following abbreviations were used for the intensities and
characteristics of IR absorption bands: vs = very strong, s = strong, m
= medium, w = weak, sh = shoulder.

Radiation Precautions. *Tc is a longlived weak f~ emitter
(Emax = 0.292 MeV). Normal glassware provides adequate protection
against the weak beta radiation when milligram amounts are used.
Secondary X-rays (bremsstrahlung) play a significant role only when
larger amounts of *Tc are handled. All manipulations were done in a
laboratory approved for the handling of radioactive materials.

The radioactivity of the technetium-containing samples also
precluded the use of analytical techniques, which work with “open
samples” such as combustion analysis or mass spectrometry.

X-ray Crystallography. The intensities for the X-ray determi-
nations were collected on STOE IPDS II or on Bruker D8 Venture
instruments with Mo Ka radiation. The space groups were
determined by the detection of systematical absences. Absorption
corrections were carried out by multiscan or integration meth-
o0ds."?”1%% Structure solution and refinement were performed with the
SHELX program package.'*”'*® Hydrogen atoms were derived from
the final Fourier maps and refined or placed at calculated positions
and treated with the “riding model” option of SHELXL. The
representation of molecular structures was done using the program
DIAMOND 4.2.2.""" Some remaining crystallographic problems are
commented on in the respective cif files and/or in the Supporting
Information.

Additional information on the structure determinations is
contained in the Supporting Information and has been deposited
with the Cambridge Crystallographic Data Centre.

Syntheses. [Tc(OH,)(CO);(PPh;),](BArF,,) (1a)-0.5CH,Cl,. A flask
containing [TcH(CO),(PPh;),] (71 mg, 0.1 mmol) was evacuated
and subsequently flushed with Ar. The procedure of evacuation and
filling with the inert gas was repeated three times. (HOEt,)(BArF,,)
(94 mg, 0.1 mmol) was added under a strong flow of argon. After
three additional cycles of evacuation and Ar flushing, the solid mixture
was cooled to —78 °C (dry ice/acetone). Dry, degassed CH,Cl, (3
mL) was added. H, evolution occurred immediately, and the light
yellow mixture was warmed to room temperature. After stirring at
room temperature for 5 min, the mixture was layered with pentane
(10 mL). The solution was stored in a refrigerator overnight, which
resulted in the precipitation of colorless blocks of [Tc(OH,)(CO)5-
(PPh;),](BArF,,)-0.5CH,Cl,. They were filtered off, washed
copiously with pentane, and dried in air. A minor second crop in
the form of an analytically identical gray powder (10 mg) was
obtained from the filtrate upon evaporation and addition of pentane

to the residue. The obtained crystals were suitable for X-ray
diffraction. Yield: 123 mg (0.077 mmol, 77%). IR (cm™): 3570
(m; ’/O—H)) 3495 (W) I/O—H)) 2072 (Wf I/CEO)’ 1983 (VS, I/CEO)’ 1933
(vs, Yc=o)- 'H NMR (CD,Cl,, ppm): 7.70 (9H, s, p-ArH), 7.52
(32H, s, o,m-ArH), 1.51 (2H, s, vy, = 37 Hz, Tc—OH,). ’F NMR
(CD,Cl,, ppm): —62.8 (s, ArCF;). "B NMR (CD,Cl,, ppm): 7.6 (s).
P NMR (CD,Cl, ppm): 42 (s, vy, = 1780 Hz). Tc NMR
(CD,CL, ppm): —1225 (s, vy, = 5659 Hz).

[Tc(OH,)(CO)5(PPh3),I(BF,) (1b). [TCH(CO)s(PPh3)2] (448 mg,
0.63 mmol) was suspended in THF (2 mL). Water (8 drops) was
added. A solution of HBF,-Et,O (1.2 g, ca. 6.8 mmol, 50—55% w/w)
in diethyl ether was added dropwise. H, evolution was observed, and
the color of the mixture changed to yellow-brown. After § min, diethyl
ether (24 mL) was added to the yellow solution resulting in the
formation of flocculent colorless microcrystals. The mixture was
stored in a refrigerator for about S h, after which time solid, gray
[Tc(OH,)(CO);(PPh;),](BF,) had deposited. The solid was filtered
off and washed copiously with diethyl ether to remove residual HBF,.
After a final washing with pentane, the light gray microcrystals were
dried in air. From the combined filtrate and washing solutions, a
neglectable amount (ca. 10 mg) of additional colorless microcrystals
can be isolated. Crystals suitable for X-ray diffraction were obtained
by recrystallization from CH,Cl,/pentane, CH,CL,/Et,0, THEF/
pentane, and THF/Et,O. Yield: 508 mg (0.62 mmol, 99%). IR
(em™): 3451 + 3367 (br, vo_y), 2072 (W, Veeo), 1983 (vs, Veeo),
1933 (vs, Vc—o)- 'H NMR (CD,Cl,, ppm): 7.63—7.42 (30H, 2m,
ArH), 2.97 (2H, s, vy, = 4 Hz, Tc—OH,). '°F NMR (CD,Cl,, ppm):
—145.0 (s, "°BF,), —145.1 (s, "'BE,). ''"B NMR (CD,Cl,, ppm): 5.7
(s). P NMR (CD,Cl,, ppm): 36 (s, vy, = 2834 Hz). ®Tc NMR
(CD,CL, ppm): —1229 (s, vy, = 5122 Hz).

[Tc(OH,)(CO)5(PPh3),I(OT) (1c). [TcH(CO);(PPhs),] (35 mg,
0.0S mmol) was suspended in THF (1 mL). Neat triflic acid (3
drops) was added, which resulted in the immediate evolution of H,.
After 5 min, water (6 mL) was added to the faint yellow solution
resulting in the formation of a flocculent precipitate. The precipitate
was filtered off and washed copiously with water and finally with
methanol. A second crop of colorless powder (ca. 12 mg) was
obtained from the combined filtrate and washing solutions. The
colorless powder was dried in air. Crystals suitable for X-ray
diffraction were obtained by slow evaporation of a CH,Cl, mixture.
A slow decomposition of the product was observed during this
procedure. Yield: 40 mg (0.05 mmol, 93%). IR (ecm™): 3333 + 3210
(br, vo_11), 2072 (W, c=0), 1989 (vs, Uc=0), 1924 (vs, Uc=0), 1875
(W, Vc=o)- '"H NMR (CD,Cl,, ppm): 7.71=7.27 (30H, 2m, ArH),
125 (2H, s, vy, = 17 Hz, Tc—OH,). F NMR (CD,Cl,, ppm):
—77.8 (s, Tc—0;SCF;), —78.9 (s, 05SCF,). The *'P NMR resonance
was too broad to be observed due to a combination of fluxionality and
couplings with the quadrupole moment of *Tc. ®Tc NMR (CD,Cl,,
ppm): —124S (s, vy, = 5043 Hz).

[Tc(DMSO)(CO)5(PPh3),1(BF,) (2). DMSO (3 drops) was added to a
suspension of [Tc(OH,)(CO);(PPh;),](BF,) (41 mg, 0.05S mmol) in
CH,Cl, (1.5 mL). The clear, light yellow solution was stirred for S
min and then filtered over a small bed of MgSO, to remove the
released water. The MgSO, was washed with CH,Cl, (2 X 0.5 mL),
and the combined filtrate and washing solutions were layered with
pentane (8 mL). After storage in a refrigerator overnight, a mixture
between [Tc(DMSO)(CO),;(PPh;),](BE,) and [Tc(DMSO),-
(CO),(PPh,),](BF,) precipitated. The solid was filtered off, washed
with pentane (4 X 3 mL), and dried in air. Yield: 28 mg (0.03 mmol,
64%). IR (cm™): 2060 (w, vc=o), 1964 (vs, vc=o), 1931 (vs, vc=o),
1844 (vs, Uc—o)- '"H NMR (CD,Cl,, ppm): 7.63—7.37 (30H, 2m,
ArH), 1.83 (6H, s, SCH;), ®Tc NMR (CD,Cl,, ppm): —1179 (s, v, 5
= 4609 Hz).

[Tc(DMSO),(CO),(PPh;),](BF,) (3)-toluene. Dimethyl sulfoxide (1
drop) was added to a suspension of [Tc(OH,)(CO);(PPh;),](BF,)
(15 mg, 0.02 mmol) in CH,Cl, (0.5 mL). The clear solution was
stirred for 2 min and then layered with pentane (6 mL). After storage
in the refrigerator overnight, colorless needles of [Tc(DMSO)(CO);-
(PPh,),](BF,) formed in an oily layer of DMSO at the bottom. The
supernatant was decanted, and the crystals and the DMSO were
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dissolved in toluene and kept in air for evaporation of residual
CH,CL,. After 2 days, large colorless plates of [Tc(DMSO),(CO),-
(PPh;),](BF,) toluene formed, which were filtered off, washed with
toluene (2 X 0.5 mL) and pentane (3 X 3 mL), and dried in air. They
were suitable for X-ray diffraction. Yield: 16 mg (0.02 mmol, 96%). IR
(em™): 2029 (w, Vc=o), 1931 (vs, ve=o), 1844 (vs, Vc=o)- 'H
NMR (CD,Cl,, ppm): 7.66—7.40 (30H, 2m, ArH), 7.31-7.04 (4H,
2m, MePhH), 2.34 (3H, s, PhCH,), 1.90 (10H, s, SCH;). °F NMR
(CD,Cl,, ppm): —152.2 (s, shoulder, '°BF,), —152.2 (s, "'BE,). ''B
NMR (CD,Cl, ppm): —1.2 (s). ®Tc NMR (CD,Cl,, ppm): =736
(unresolved t, v/, = 772 Hz, YJyc_p = ca. 658 Hz). The 3P NMR
resonance was too broad to be observed due to couplings with the
quadrupole moment of *Tec.

[Tc(DMF)(CO)5(PPh),](BF,) (4). Dimethylformamide (1 drop) was
added to a suspension of [Tc(OH,)(CO),;(PPh,),](BF,) (1S mg,
0.02 mmol) in CH,Cl, (0.5 mL). The clear solution was stirred for 2
min and then layered with pentane (6 mL). After storage in the
refrigerator overnight, colorless needles of [Tc(DMF)(CO)s-
(PPh,),](BF,)-pentane formed. They were filtered off, washed with
pentane (3 X 3 mL), and dried in air. They were suitable for X-ray
diffraction but quickly lost lattice solvent. Yield: 16 mg (0.02 mmol,
96%). IR (ecm™): 2072 (W, Uc—o), 1973 (vs, Uc=o), 1908 (vs, vc=o),
1850 (m, vc—o), 1651 (vs, vc—o). 'H NMR (CD,Cl,, ppm): 7.57—
7.38 (30H, m, ArH), 6.06 (1H, s, HC(O)NMe,), 2.37 (3H, s,
NCH,), 2.34 (3H, s, NCH;). F NMR (CD,CL, ppm): —152.8 (s,
1°BE,), —152.8 (s, 'BF,). "B NMR (CD,CL,, ppm): —1.1 (s). *'P
NMR (CD,Cl,, ppm): 36 (broad). *Tc NMR (CD,Cl, ppm):
—1245 (s, vy, = 5002 Hz).

[TC(DMF),(CO),(PPh3),(BF,) (5). [Tc(OH,)(CO),(PPh,),](BE,)
(15 mg, 0.02 mmol) was dissolved in dimethylformamide (0.75 mL).
The clear solution was heated under reflux for 10 min after which
time the color had changed to yellow. The solution was filtered over a
small bed of Na,SO, to remove the released water. Na,SO, was
washed with dimethylformamide (2 X 0.25 mL). The combined
filtrate and washing solutions were layered with diethyl ether (9 mL).
After storage in a refrigerator overnight, colorless needles formed. The
crystals were filtered off, washed with diethyl ether (3 X 3 mL) and
pentane (3 X 3 mL), and dried in air. Single crystals for X-ray
diffraction were obtained from CH,Cl,/toluene. Yield: 16 mg (0.02
mmol, 95%). IR (cm™): 1937 (vs, vc—o), 1844 (vs, vc—o), 1645 (vs,
Vc—o). '"H NMR (CD,Cl,, ppm): 7.72—7.16 (30H, m, ArH), 6.53
(2H, s, HC(O)NMe,), 2.42 (6H, s, NCHj,), 2.31 (6H, s, NCH,). '°F
NMR (CD,Cl, ppm): —152.9 (s, '°BE,), —152.9 (s, 'BF,). !B
NMR (CD,Cl,, ppm): —1.1 (s). ®Tc NMR (CD,Cl,, ppm): —852 (t,
vy, = 797 Hz, YJr_p = 658 Hz). The *'P NMR resonance was too
broad to be observed due to couplings with the quadrupole moment
of PTe.

[Tc(CO),(PPh3),I(BArF,,) (6a)-0.25CH,Cl,. CO gas was bubbled
through a solution of [Tc(OH,)(CO);(PPh;),](BArF,,) (41 mg,
0.026 mmol) in CH,Cl, (1 mL) for 20 min. The solution was then
filtered over a small bed of MgSO, to remove the released water. The
MgSO, was washed with CH,Cl, (0.5 mL), and the combined filtrate
and washing solutions were layered with hexane (10 mL). After
storage in a refrigerator for 3 h, colorless needles formed, which were
filtered off. The crystals of [Tc(CO),(PPh;),](BArF,,)-0.25 CH,Cl,
were washed with pentane (3 X 3 mL) and dried in air. The crystals
were suitable for X-ray diffraction. Yield: 40 mg (0.025 mmol, 98%).
IR (em™): 2010 (vs, vc—o). 'H NMR (CD,Cl,, ppm): 7.74 (9H, s,
p-ArH), 7.61-7.46 (35H, 6m, o,m-ArH). ’F NMR (CD,Cl,, ppm):
—62.8 (s, ArCF;). "B NMR (CD,Cl,, ppm): 7.6 (s). >'P NMR
(CD,CL, ppm): 33 (s, vy, = 4340 Hz). *Tc NMR (CD,ClL,, ppm):
—1895 (s, vy, = 2643 Hz).

[Tc(CO),(PPh3),](BF,) (6b). CO gas was bubbled through a solution
of [Tc(OH,)(CO),(PPh,),](BF,) (81 mg, 0.1 mmol) in CH,C, (1
mL) for 10 min. The solution was then filtered over a small bed of
MgSO, to remove the released water. The MgSO, was washed with
CH,Cl, (0.5 mL), and the combined filtrate and washing solutions
were layered with hexane (10 mL). After storage in a refrigerator
overnight, colorless crystals formed. The crystals of [Tc(CO),-
(PPh,),](BF,) were filtered off, washed with pentane (3 X 3 mL),
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and dried in air. Single crystals were obtained by layered liquid/liquid
diffusion of pentane into a CH,Cl, solution of the compound. Yield:
78 mg (0.1 mmol, 99%). *Tc NMR (CD,CL, ppm): —1886 (s, v/, =
2420 Hz). The other analytical data are consistent with the previously
published analyses.***”

[TC()]Z-SSCPP/’I3)(CO)3(PP/’13)2](BF4) (7). A suspension of [Tc(OH,)-
(CO);(PPh,),](BF,) (41 mg, 0.05 mmol) in THF (1 mL) was added
to a solution of PPh; (262 mg) and CS, (0.5 mL) in THF (1 mL). A
clear yellow solution formed immediately upon heating the mixture to
reflux. The mixture quickly turned reddish purple upon heating. After
S min, pentane (12 mL) was added, which resulted in the separation
of a purple oil. After storage in the refrigerator for 3 h, the yellow
solution was decanted, and the deep red oil was washed with pentane.
The oily residue was extracted with acetone to give a deep purple-red
solution. After evaporation of the acetone, the residue was
recrystallized by liquid/liquid diffusion of Et,O into a CH,Cl,
solution. The resulting purple crystals were filtered off, washed with
pentane (3 X 3 mL), and dried in air. They were suitable for X-ray
diffraction. Yield: 7 mg (0.04 mmol, 13%). IR (cm™): 2008 (w,
Vceo), 1960 (vs, veo), 1890 (sh, vc—g), 1875 (vs, vc—o). '"H NMR
(CD,Cl,, ppm): 7.95—6.95 (45H, 6m, ArH). ’F NMR (CD,Cl,
ppm): —1502 (s, '°BF,), —150.2 (s, 'BE,). 'B NMR (CD,Cl,
ppm): —0.8 (s). *'P NMR (CD,CL, ppm): 25.1 (s, vy, = 24 Hz),
17.5 (s, v1/, = 290 Hz). *Tc NMR (CD,Cl,, ppm): —1077 (t, vy, =
248 Hz, 'Jr_p = 549 Haz).

[Tc(CNCy)(CO)5(PPh;),](BF,) (8). CNCy (2 drops) was added to a
suspension of [Tc(OH,)(CO);(PPh;),](BF,) (41 mg, 0.1 mmol) in
CH,Cl, (1 mL) and stirred for S min. The resulting clear solution was
filtered over a small bed of Na,SO, to remove the released water.
Na,SO, was washed with CH,Cl, (3 X 0.5 mL), and the combined
filtrate and washing solutions were layered with pentane (12 mL).
After storage in a refrigerator overnight, colorless microcrystals
formed. The crystals were filtered off, washed with pentane (3 X 3
mL), and dried in air. Single crystals suitable for X-ray diffraction were
obtained by layered liquid/liquid diffusion of diethyl ether into a
CH,Cl, solution of the compound. Yield: 39 mg (0.04 mmol, 86%).
IR (em™): 2203 (m, veey), 2079 (M, Ueeo), 1989 (vs, vc=o), 1977
(vs, Uc=0). '"H NMR (CD,Cl,, ppm): 7.54 (30H, s, ArH), 1.60—0.88
(11H, 4s, CNC4H,,). F NMR (CD,Cl,, ppm): —154.1 (s, '°BE,),
—1542 (s, ''BF,). "B NMR (CD,Cl,, ppm): 3.2 (s). *'P NMR
(CD,CL, ppm): 36 (s, 1/, = 2362 Hz). *Tc NMR (CD,Cl,, ppm):
—1884 (5, 1y, = 4600 Hz).

[Tc(CNDArF2)(CO)s(PPhs),]l(BArF,,) (9a). A suspension of
CNDArF2 (13.6 mg, 0.025 mmol) in CH,Cl, (0.5 mL) was added
to a solution of [Tc(OH,)(CO);(PPh;),](BArF,,) (40 mg, 0.025
mmol) in CH,Cl, (0.5 mL) and stirred for 15 min. The resulting clear
solution was filtered over a small bed of MgSO, to remove the
released water. The MgSO, was washed with CH,Cl, (0.5 mL), and
the combined filtrate and washing solutions were layered with
pentane (10 mL). After storage in a refrigerator overnight, clear,
colorless needles formed. The crystals were filtered off, washed with
pentane (3 X 3 mL), and dried in air. [Tc(CNDArF2)(CO);-
(PPh,),](BArF,,) was obtained quantitatively and solvent-free, as the
clear crystals dampened quickly throughout the drying procedure as a
consequence of solvent loss. Yield: Quantitative. IR (cm™): 2153 (m,
Veen), 2073 (m, o), 2002 (vs, Ve—o). "H NMR (CD,CL,, ppm):
791 (2H, s, ArH), 7.75 (8H, s, B-o-ArH), 7.62—7.31 (27H, 2s+2m, 6
0-P-ArH, 3 p-P-ArH, ““PATArH), 7.26—7.15 (13H, m, 6 o-P-ArH, 3
p-P-ArH, “PAFAH), 6.71-6.58 (2H, m, H,0). '’F NMR (CD,Cl,,
ppm): —62.8 (24F, s, B-m-ArCF;), —62.9 (12F, s, CN-m-ArCF,),
—103.5 (1F, t, ¥Jgu = 7.65 Hz, CN-p-F). ''B NMR (CD,CL,, ppm):
7.6 (s). *'P NMR (CD,Cl, ppm): 36 (s, v, = 1827 Hz). *Tc NMR
(CD,Cl,, ppm): —1879 (s, vy, = 6159 Hz).

[Tc(CNDArF2)(CO)5(PPh3),I(BF,) (9b). CNDArF2 (55 mg, 0.1
mmol) was added to a suspension of [Tc(OH,)(CO);(PPh;),](BF,)
(81 mg, 0.1 mmol) in CH,Cl, (2 mL) and stirred for 15 min. The
resulting clear solution was filtered over a small bed of MgSO, to
remove the released water. The MgSO, was washed with CH,Cl, (0.5
mL), and the combined filtrate and washing solutions were layered
with pentane (12 mL). After storage in a refrigerator overnight,
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colorless microcrystals formed. The crystals were filtered off, washed
with pentane (3 X 3 mL), and dried in air. Yield: 118 mg (0.09 mmol,
88%). IR (ecm™): 2153 (m, veey), 2079 (m, ve—o), 2004 (vs,
Ve=o), 1973 (v, Vc—o). '"H NMR (CD,Cl,, ppm): 8.11-6.91 (38H,
4m, ArH). "’F NMR (CD,Cl, ppm): —62.8 (12F, s, CN-m-ArCF;),
—103.5 (1F, t, “Jgu = 7.67 Hz, CN-p-F), —153.1 (s, '’BF,), —153.1 (s,
BE,). "B NMR (CD,ClL, ppm): —12 (s). *'P NMR (CD,CL,
ppm): 37 (s, vy, = 3115 Hz). **Tc NMR (CD,Cl, ppm): —1903 (s,
V1) = 5515 Haz).

[Tc(NH3),(CO),(PPh3),]1(BF,) (10). NH;,) (2 drops) was added to
a suspension of [Tc(OH,)(CO);(PPh;),](BF,) (41 mg, 0.05 mmol)
in CH,Cl, (1 mL). The initial bubbling quickly ceased, and the
resulting clear solution was stirred for 10 min. The excess water was
removed by filtration over a small bed of Na,SO,. Na,SO, was
washed with CH,Cl, (2 X 0.5 mL), and the combined filtrate and
washing solutions were layered with pentane (12 mL). After
evaporation of the solvents at room temperature overnight, colorless
cubes formed. The crystals were suspended in pentane, filtered,
washed with pentane (3 X 3 mL), and dried in air. The isolated cubes
were suitable for X-ray diffraction. Yield: 40 mg (0.05 mmol, 98%). IR
(em™): 3354 (s, y_p), 3275 (m, vy_y), 2081 (m, vc—o), 1983 (vs,
Ve=o), 1940 (vs, ve—o), 1863 (vs, vc—o). "H NMR (CD,Cl,, ppm):
7.77—=7.33 (30H, 3m, ArH), 1.36—1.19 (6H, 6s, v,/, = 9 Hz, Tc—
NH;). F NMR (CD,Cl,, ppm): —149.4 (s, '°BE,), —149.5 (s,
UBE,). "B NMR (CD,ClL, ppm): —2.3 (s). *'P NMR (CD,CL,
ppm): 50 (unresolved dec,, vy, = 4962 Hz, 'J_r = ca. 500 Hz). *Tc
NMR (CD,Cl,, ppm): —1237 (unresolved t, v, , = 1720 Hz, Jy._p =
ca. 550 Hz).

[Tc("°NH3),(CO),(PPh3),](BF,). ""'NH; was generated by a reaction
of solid *NH,CI (178 mg, 3.15 mmol) with an excess of solid KOH
(529 mg, 9.45 mmol) upon gentle heating and condensed into a trap
cooled with liquid nitrogen. A solution of 15NH3(é,q) was prepared by
dissolution of the thawing 'NH, in water (4 drops) and used
immediately. Two drops of this solution were added to a suspension
of [Tc(OH,)(CO)4(PPh;),](BF,) (83 mg, 0.1 mmol) in CH,CL, (1
mL). The initial bubbling quickly ceased, and the resulting clear
solution was stirred for 30 min. The excess water was removed by
filtration over a small bed of Na,SO,. Na,SO, was washed with
CH,CL, (2 X 0.5 mL). Pentane (12 mL) was added to the combined
filtrate and washing solutions to precipitate the product as colorless
microcrystals. The microcrystals were filtered off, washed with
pentane (3 X 3 mL), and dried in air. Yield: 79 mg (0.1 mmol,
97%). IR (cm™): 3343 (s, vn_p), 3275 (m, vn_y), 3213 (m, vy_p),
2081 (m, Vo), 1981 (vs, veo), 1969 (vs, ve—o), 1938 (vs, Vo),
1921 (vs, ve=o), 1853 (vs, vc—o), 1850 (vs, vc—o). 'H NMR
(CD,CL, ppm): 7.77—7.33 (30H, 3m, ArH), 1.20 (6H, d, vy, = 7
Hz, 'Ji_1sy = 67 Hz, Tc—""NH,). F NMR (CD,Cl, ppm): —149.6
(s, '°BF,), —149.7 (s, ''BF,). "B NMR (CD,Cl,, ppm): —2.3 (s). >'P
NMR (CD,Cl, ppm): 50 (unresolved dec., v,,, = 5120 Hz, 'Jp_g, =
ca. 510 Hz). #Tc NMR (CD,Cl,, ppm): —1236 (unresolved t, v, ,, =
1487 Hz, YJ1_p = ca. 550 Hz). "N NMR (CD,Cl,, ppm): —18.3
(82%, s, vy, = 152 Hz), —29.8 (18%, s, 1}, = S1 Hz).

[Tc(py)(CO)3(PPh3),](BF,) (11). Pyridine (2 drops) was added to a
suspension of [Tc(OH,)(CO);(PPh;),](BF,) (45 mg, 0.05 mmol) in
CH,CL, (1 mL) and stirred for S min. The resulting clear yellow
solution was filtered over a small bed of Na,SO, to remove the
released water. Na,SO, was washed with CH,Cl, (3 X 0.5 mL), and
the combined filtrate and washing solutions were layered with
pentane (12 mL). After storage in a refrigerator overnight, colorless
crystals formed. The crystals were filtered off, washed with pentane (3
X 3 mL), and dried in air. The obtained crystals were suitable for X-
ray diffraction. Yield: 45 mg (0.05 mmol, 95%). IR (cm™): 2068 (w,
Voeo), 1981 (vs, veo), 1921 (vs, vc—o), 1865 (m, ve—p). 'H NMR
(CD,CL, ppm): 7.75 (2H, s, pyH), 7.68—7.12 (31H, m, ArH), 6.81
(2H, s, pyH). ’F NMR (CD,Cl,, ppm): —153.9 (s, ‘°BE,), —153.9
(s, 'BF,). "'B NMR (CD,Cl,, ppm): —3.1 (s). *'P NMR (CD,CL,
ppm): 38 (s, vy, = 3477 Hz). *Tc NMR (CD,Cl,, ppm): —1328 (s,
V1), = 3219 Hz).

[Tc(NCCH3)(CO)5(PPh3),](BF,) (12). Acetonitrile (2 drops) was
added to a suspension of [Tc(OH,)(CO);(PPh;),](BF,) (29 mg,

0.04 mmol) in CH,Cl, (1 mL) and stirred for S min. The resulting
clear yellow solution was filtered over a small bed of Na,SO, to
remove the released water. Na,SO, was washed with CH,Cl, (3 X 0.5
mL), and the combined filtrate and washing solutions were layered
with pentane (12 mL). After storage in a refrigerator overnight,
colorless needles formed. The crystals were filtered off, washed with
pentane (3 X 3 mL), and dried in air. Yield: 25 mg (0.03 mmol, 83%).
IR (cm™): 2290 (vw, V=), 2073 (W, Vo), 1967 (vs, ve—o), 1956
(s, ve—o). "H NMR (CD,Cl,, ppm): 7.54 (30H, s, ArH), 1.57 (3H, s,
NCCH;). F NMR (CD,Cl,, ppm): —153.7 (s, '°BE,), —153.7 (s,
UBF,). "B NMR (CD,Cl,, ppm): —3.1 (s). *’P NMR (CD,CL,
ppm): 41 (s, vy, = 5302 Hz). **Tc NMR (CD,Cl, ppm): —1503 (s,
Uy = 2728 Hz).

[Tc(bpy)(CO),(PPh3),](BF,) (13). 2,2'-Bipyridine (5 mg, 0.03
mmol) was added to a suspension of [Tc(OH,)(CO);(PPh,),](BF,)
(24 mg, 0.03 mmol) in CH,Cl, (2 mL). NEt; (2 drops) was added,
and the resulting yellow solution was heated under reflux for 10 min.
Et,0 (6 mL) was added, and the heating was continued for another
10 min. After cooling to room temperature, the mixture was layered
with pentane (12 mL). After storage in a refrigerator overnight, yellow
needles precipitated. The microcrystalline precipitate was filtered off,
washed with pentane (3 X 3 mL), and dried in air. Yield: 26 mg (0.03
mmol, 97%). IR (cm™): 2005 (vw, vc=o), 1948 (vs, Uc=o), 1863
(vs, Ve=o)- 'H NMR (CD,Cl,, ppm): 8.12 (2H, d, Jy = 8.4 Hz,
bpyH), 7.86—7.70 (4H, m, bpyH), 7.31 (6H, t, Jy; 1 = 6.9 Hz, ArH),
7.27-7.14 (24H, m, ArH), 6.68 (2H, t, Juy = 6.5 Hz, bpyH). "F
NMR (CD,Cl, ppm): —152.3 (s, '°BE,), —152.3 (s, ''BE,). ''B
NMR (CD,CL, ppm): —2.0 (s). *'P NMR (CD,Cl,, ppm): 47 (s, vy,
= 2132 Hz). *Tc NMR (CD,Cl, ppm): —1105 (s, vy, = 2466 Hz).

[{Tc(N,0-CsH,N-COO)(CO),(PPh3),},HI(BF,) (14). 2,2'-Bipyridine
(21 mg, 0.1 mmol) was added to a suspension of [Tc(OH,)(CO),-
(PPh;),](BF,) (41 mg, 0.05 mmol) in CH,Cl, (1 mL) and stirred for
5 min. The resulting deep purple solution was heated under reflux for
5 min. After cooling to room temperature, it was filtered over a small
bed of Na,SO, to remove the released water. Na,SO, was washed
with CH,Cl, (3 X 0.5 mL), and the combined filtrate and washing
solutions were layered with pentane (9 mL). After storage in a
refrigerator overnight, a small amount of a colorless precipitate
formed. The precipitate was filtered off. The filtrate was evaporated,
and the purple residue crystallized by layered diffusion of Et,O into an
acetone solution. The formed yellow crystals were filtered off, washed
with pentane (3 X 3 mL), and dried in air. The formed crystals
contained quickly evaporating solvent. Crystals suitable for X-ray
diffraction were obtained by slow evaporation of an acetone/Et,O
solution of the complex. Yield: 12 mg (0.01 mmol, 30%). IR (cm™):
1944 (vs, vc=o), 1861 (vs, vc=o), 1655 (W, vc—o). 'H NMR
(CD,Cl,, ppm): 8.28 (1H, d, Jyy3; = 5.3 Hz, pyH), 7.63 (1H, t, Jyyzy =
7.8 Hz, pyH), 7.41—-7.30 (18H, m, ArH), 7.26—7.19 (12H, m, ArH),
7.18=7.11 (2H, m, pyH). F NMR (CD,Cl, ppm): —152.4 (s,
19BE,), —152.5 (s, ''BF,). "B NMR (CD,Cl,, ppm): —2.0 (s). ®Tc
NMR (CD,Cl,, ppm): —987 (s, vy, = 4994 Hz). The P NMR
resonance was too broad to be observed due to couplings with the
quadrupole moment of *Tc.

[TC(bpyCOOMez)(CO)Z(PPh3)2](BF4) (15). 4,4’-Dimethoxycarbonyl-
2,2’-bipyridine (10 mg, 0.04 mmol) was added to a suspension of
[Tc(OH,)(CO);(PPh,),](BE,) (31 mg, 0.04 mmol) in CH,C, (1.5
mL). NEt; (1 drop) was added, and the resulting yellow solution was
heated under reflux for 10 min to give a clear yellow-orange solution.
After cooling to room temperature, the mixture was layered with
diethyl ether (6 mL) and pentane (6 mL). After storage in a
refrigerator overnight, yellow needles precipitated. The microcrystal-
line precipitate was filtered off, washed with pentane (3 X 3 mL), and
dried in air. Crystals suitable for X-ray diffraction were obtained by
slow evaporation of a CH,Cl,/acetone/diethyl ether solution of the
compound. Yield: 38 mg (0.04 mmol, 96%). IR (cm™): 2014 (vw,
Veeo), 1944 (vs, Uco), 1873 (v, Uc—o), 1856 (vs, vc—o), 1734 (vs,
Vc—o)- 'H NMR (CD,Cl,, ppm): 8.54 (2H, s, bpyH), 8.04 (2H, d,
Ju = 5.7 Hz, bpyH), 7.32 (6H, 4, Jyy = 5.9 Hz, ArH), 7.28—7.08
(26H, m, ArH, bpyH), 4.04 (6H, s, bpyC(O)OCH;). ’F NMR
(CD,Cl,, ppm): —152.6 (s, '°BF,), —152.6 (s, ''BF,). ''B NMR
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(CD,CL, ppm): —2.1 (s). P NMR (CD,Cl,, ppm): 36 (s, vy, =
5650 Hz). **Tc NMR (CD,Cl,, ppm): —1082 (s, v/, = 2694 Hz).

[Tc(SMe,)(CO)3(PPh3),I(BF,) (16). SMe, (2 drops) was added to a
suspension of [Tc(OH,)(CO);(PPh;),](BF,) (41 mg, 0.05 mmol) in
CH,Cl, (1 mL) and stirred for S min. The resulting clear solution was
then filtered over a small bed of Na,SO, to remove the released water.
Na,SO, was washed with CH,Cl, (3 X 0.5 mL), and the combined
filtrate and washing solutions were layered with pentane (12 mL).
After storage in a refrigerator overnight, colorless crystals formed. The
crystals were filtered off, washed with pentane (3 X 3 mL), and dried
in air. The obtained, greasy shimmering crystals were suitable for X-
ray diffraction. Yield: 33 mg (0.04 mmol, 77%). IR (cm™): 2070 (w,
Ve=o), 1983 (vs, vc—o), 1964 (s, vc—o). '"H NMR (CD,CL,, ppm):
7.53 (30H, s, ArH), 1.67 (6H, s, Tc—S(CHL,),). '>F NMR (CD,CL,,
ppm): —153.0 (s, ‘°BF,), —153.1 (s, !'BF,). !B NMR (CD,Cl,
ppm): —3.3 (s). 3P NMR (CD,Cl,, ppm): 35 (s, v,,, = 2991 Hz).
#Tc NMR (CD,Cl,, ppm): —1488 (s, v/, = 3534 Hz). The given
NMR data correspond to the pure compound after addition of excess
SMe, (see Results and Discussion).

[Tc(SEL,)(CO)5(PPh;),](BF,) (17). SEt, (0.5 mL) was added to a
suspension of [Tc(OH,)(CO);(PPh;),](BF,) (41 mg, 0.05 mmol) in
CH,Cl, (1 mL) and stirred for S min. The resulting clear solution was
then filtered over a small bed of Na,SO, to remove the released water.
Na,S0, was washed with CH,Cl, (3 X 0.5 mL), and the combined
filtrate and washing solutions were layered with pentane (12 mL).
After storage in a refrigerator overnight, colorless crystals formed. The
crystals were filtered off, washed with pentane (3 X 3 mL), and dried
in air. The obtained crystals were suitable for X-ray diffraction. Yield:
40 mg (0.05 mmol, 90%). IR (cm™): 2070 (W, vc—o), 1981 (vs,
Ve=o), 1962 (s, vc=o). '"H NMR (CD,Cl,, ppm): 7.54 (30H, s,
ArH), 2.09 (4H, q, Jyz 1 = 7.4 Hz, Te=S(CH,CH,),), 0.87 (6H, t, Ji1
= 7.4 Hz, Tc—S(CH,CHj),). F NMR (CD,Cl,, ppm): —152.3 (s,
'“BE,), —152.3 (s, "'BF,). "B NMR (CD,Cl,, ppm): —2.2 (s). *'P
NMR (CD,Cl,, ppm): 44 (s, v, = 2207 Hz). ®Tc NMR (CD,Cl,,
ppm): —1466 (s, v/, = 4148 Hz). The given NMR data correspond
to the pure compound after addition of excess SEt, (see Results and
Discussion).

[Tc(tht)(CO)3(PPh3),](BF,) (18). Tetrahydrothiophene (2 drops)
was added to a suspension of [Tc(OH,)(CO);(PPh;),](BF,) (41
mg, 0.05 mmol) in CH,Cl, (1 mL) and stirred for S min. The
resulting clear solution was then filtered over a small bed of Na,SO,
to remove the released water. Na,SO, was washed with CH,Cl, (3 X
0.5 mL), and the combined filtrate and washing solutions were
layered with pentane (12 mL). After storage in a refrigerator for 2
days, colorless crystals formed. The crystals were filtered off, washed
with pentane (3 X 3 mL), and dried in air. The obtained, greasy
shimmering crystals were suitable for X-ray diffraction. Yield: 31 mg
(0.04 mmol, 70%). IR (cm™): 2072 (w, ve—o), 1981 (vs, vc—o),
1964 (s, vc—o). "H NMR (CD,Cl,, ppm): 7.54 (30H, s, ArH), 2.25
(4H, s, Tc—S(CH,CH,),), 1.55 (4H, s, Tc—S(CH,CH,),). 'F NMR
(CD,CL, ppm): —153.8 (s, '°BF,), —153.8 (s, ''BF,). "'B NMR
(CD,CL, ppm): —3.6 (s). 3P NMR (CD,Cl,, ppm): 37 (s, vy, =
2426 Hz). Tc NMR (CD,CL, ppm): —1485 (s, v/, = 4147 Hz).
The given NMR data correspond to the pure compound after
addition of excess tht (see Results and Discussion).

[Tc(SeMe,)(CO);(PPh;),1(BF,) (19). SeMe, (0.1 mL) was added to a
suspension of [Tc(OH,)(CO);(PPh;),](BF,) (41 mg, 0.0S mmol) in
CH,Cl, (1 mL) under an Ar atmosphere and stirred for S min. The
resulting clear solution was filtered over a small bed of Na,SO, to
remove the released water. Na,SO, was washed with CH,Cl, (3 X 0.5
mL), and the combined filtrate and washing solutions were layered
with pentane (12 mL). After storage in a refrigerator overnight,
colorless crystals formed. The crystals were filtered off, washed with
pentane (3 X 3 mL), and dried in air. The obtained cuboid crystals
were suitable for X-ray diffraction. Yield: 42 mg (0.05 mmol, 95%). IR
(em™): 2066 (w, ve—o), 1979 (vs, Vo), 1962 (s, vc—p). "H NMR
(CD,Cl, ppm): 7.63—7.47 (30H, s, ArH), 1.57 (6H, s, 7’Se satellites:
Tuse = 9.10 Hz, Tc—Se(CH,),). YF NMR (CD,Cl,, ppm): —152.7
(s, 'BE,), —152.7 (s, ''BE,). ''B NMR (CD,Cl,, ppm): —2.2 (s). *'P
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NMR (CD,ClL, ppm): 43 (s, vy, = 2081 Hz). *Tc NMR (CD,CL,
ppm): —1551 (s, vy, = 4378 Hz).

[Tc(thse)(CO)3(PPh3),](BF,) (20). A solution of freshly distilled
tetrahydroselenophene (0.25 mL) in CH,Cl, (0.5 mL) was added to a
suspension of [Tc(OH,)(CO);(PPh;),](BF,) (41 mg, 0.05 mmol) in
CH,Cl, (1 mL) under an argon atmosphere and stirred for S min.
The resulting clear solution was filtered over a small bed of Na,SO, to
remove the released water. Na,SO, was washed with CH,Cl, (3 X 0.5
mL), and the combined filtrate and washing solutions were layered
with pentane (12 mL). After storage in a refrigerator overnight,
colorless crystals formed. The crystals were filtered off, washed with
pentane (3 X 3 mL), and dried in air. The obtained, greasy
shimmering crystals were suitable for X-ray diffraction. Yield: 40 mg
(0.04 mmol, 86%). IR (cm™"): 2068 (W, ve=o), 1981 (m, ve—o),
1960 (s, vc=o), 1906 (s, Vc—0)- 'H NMR (CD,Cl,, ppm): 7.61—7.41
(30H, s, ArH), 2.18 (4H, s, Tc—Se(CH,CH,),), 1.61 (4H, s, Tc—
Se(CH,CH,),). ’F NMR (CD,Cl,, ppm): —152.7 (s, '°BE,), —152.8
(s, "BF,). "B NMR (CD,Cl,, ppm): —2.2 (s). *'P NMR (CD,Cl,,
ppm): 39 (s, vy, = 2142 Hz). ®Tc NMR (CD,Cl,, ppm): —1556 (s,
Uy = 4574 Hz).

[Tc(TeMe,)(CO)5(PPhs),1(BF,) (21). A solution of freshly distilled
TeMe, (0.1 mL) in hexane (1 mL) was added to a suspension of
[Tc(OH,)(CO),(PPh,),](BF,) (44 mg, 0.05 mmol) in CH,CI, (2
mL) under an argon atmosphere and stirred for S min. The resulting
clear solution was then filtered over a small bed of Na,SO, to remove
the released water. Na,SO, was washed with CH,Cl, (3 X 0.5 mL),
and the combined filtrate and washing solutions were layered with
pentane (12 mL). After storage in a refrigerator overnight, colorless
microcrystals formed. The flocculent needles were filtered off, washed
with pentane (3 X 3 mL), and dried in air. Yield: 51 mg, quantitative.
IR (em™): 2062 (m, vc—o), 1970 (vs, Ve—o), 1950 (s, vc=o), 1931
(s, Yc=o)- "H NMR (CD,CL,, ppm): 7.61—7.43 (30H, s, ArH), 1.28
(6H, s, '»Te satellites: *J,; . = 18.07 Hz, Tc—Te(CH;),). "F NMR
(CD,ClL, ppm): —152.4 (s, '°BF,), —152.5 (s, ''BF,). ''B NMR
(CD,CL, ppm): —2.2 (s). *P NMR (CD,Cl,, ppm): 46 (s, vy, =
2075 Hz). ®Tc NMR (CD,Cl, ppm): —1739 (s, v,,, = 4677 Hz).

[Tc(thte)(CO)5(PPhs),](BF,) (22). A solution of freshly distilled
tetrahydrotellurophene (0.25 mL) in CH,Cl, (0.5 mL) was added to
a solution of [Tc(OH,)(CO);(PPh,),](BF,) (41 mg, 0.05 mmol) in
CH,Cl, (1 mL) under an argon atmosphere and stirred for S min.
The resulting clear solution was filtered over a small bed of Na,SO, to
remove the released water. Na,SO, was washed with CH,Cl, (3 X 0.5
mL), and the combined filtrate and washing solutions were layered
with diethyl ether (12 mL). After storage in a refrigerator, the formed
colorless precipitate was filtered off, washed with pentane (3 X 3 mL),
and dried in air. Yield: 35 mg (0.04 mmol, 72%). IR (cm™): 2064 (w,
Vezo), 1971 (vs, veo), 1946 (s, vc—o). "H NMR (CD,Cl,, ppm):
7.65-7.24 (30H, s, ArH), 2.46-2.32 (2H, s, Tc—Te(C(H)
H,..CH,),), 2.04-1.89 (2H, s, TC—Te(C(H)HequatorialCH2)2)l
1.74—1.62 (4H, s, Tc—Te(CH,CH,),). ’F NMR (CD,Cl,, ppm):
—153.0 (s, '°BF,), =153.0 (s, '°BF,). "B NMR (CD,Cl,, ppm): —3.4
(s). *'P NMR (CD,Cl,, ppm): 37 (s, vy, = 2203 Hz). **Tc NMR
(CD,Cl, ppm): —1750 (s, vy, = 4531 Hz).

[Tc(tu)(CO)5(PPh;),](BF,) (23). Thiourea (11 mg, 0.15 mmol) was
added to a suspension of [Tc(OH,)(CO);(PPh;),](BF,) (43 mg,
0.0S mmol) in CH,Cl, (1 mL) and stirred for S min. The resulting
clear solution was filtered over a small bed of Na,SO, to remove the
released water. Na,SO, was washed with CH,Cl, (3 X 0.5 mL), and
the combined filtrate and washing solutions were layered with
pentane (9 mL). After storage in a refrigerator overnight, colorless
crystals formed. The crystals were filtered off, washed with pentane (3
X 3 mL), and dried in air. The obtained crystals were suitable for X-
ray diffraction. Yield: 46 mg, quantitative. IR (cm™): 3468 (s, vn_yy),
3321 (Sf I/N—H)f 3219 (S: ’/N—H)/ 2070 (m’ I/CEO)’ 1973 (VS, VCEO);
1944 (vs, ve—o), 1630 (vs, vc—g). "H NMR (CD,Cl,, ppm): 7.89—
7.17 (30H, m, ArH), several broad 'H NMR resonances were
observed between 6.99 and 0.98 ppm. ’F NMR (CD,Cl,, ppm):
—150.0 (s, '°BF,), —150.0 (s, "'BE,). ''B NMR (CD,Cl,, ppm): —2.2
(s). The *'P NMR resonance was too broad to be observed due to a
combination of fluxionality and couplings with the quadrupole
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moment of *Tc. *Tc NMR (CD,Cl,, ppm): —1544 (s, vy, = 4237
Hz).

[Tc(seu)(CO)s(PPhs),](BF,) (24). Selenourea (12 mg, 0.1 mmol)
was added to a suspension of [Tc(OH,)(CO);(PPh,),](BF,) (41
mg, 0.05 mmol) in CH,Cl, (1 mL) and stirred for S min. The
resulting clear solution was filtered over a small bed of Na,SO, to
remove the released water. Na,SO, was subsequently washed with
CH,Cl, (3 X 0.5 mL), and the combined filtrate and washing
solutions were layered with pentane (9 mL). After storage in a
refrigerator overnight, colorless crystals formed. The crystals were
filtered off, washed with pentane (3 X 3 mL), and dried in air. The
obtained crystals were suitable for X-ray diffraction. Yield: 35 mg
(0.04 mmol, 76%). IR (cm™): 3452 (m, vy_y), 3310 (m, vn_p),
3215 (mr DN—H): 2062 (m) UCEO)) 1967 (VS, UCEO)) 1942 (VS, UCEO)’
1632 (vs, vc—g.)- 'H NMR (CD,Cl,, ppm): 7.71-7.29 (30H, m,
ArH), several broad '"H NMR resonances were observed between 6.99
and 0.98 ppm. F NMR (CD,Cl,, ppm): —149.8 (s, '°BF,), —149.9
(s, ""'BF,). "B NMR (CD,Cl,, ppm): —22 (s). The *'P NMR
resonance was too broad to be observed due to a combination of
fluxionality and couplings with the quadrupole moment of *Tc. *Tc
NMR (CD,Cl,, ppm): —1590 (s, v,,, = 5741 Hz).
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ABSTRACT: [Tc(OH,)(CO);(PPh,),](BF,) has been used as a
synthon for reactions with small inorganic ligands with relevance
for the treatment of nuclear waste solutions such as nitrate, nitrite,
pseudohalides, permetalates (M = Mn, Tc, Re), and BH, . The
formation of bond isomers and/or a distinct reactivity has been
observed for most of the products. [Tc(NCO)(CO);(PPh,),],
[Tc(NCS)(CO);(PPhy),], [Tc(CN)(CO);(PPhy),], [Te(N;)-
(CO);(PPhy),], [Tc(NCO)(OH,)(CO),(PPh;),], [Te(n*
OON)(CO),(PPh;),], [Tc(7'-NO,)(CO);(PPhs),], [Te(n*
OONO)(CO),(PPhs),], [Tc(n'-ONO,)(CO);(PPhs),], [Te(r*
0O0(CCH;))(CO),(PPh;),], [Tc(n*-SSC(SCH;))-
(CO),(PPhy),], [Te(n*-SSC(OCH;))(CO),(PPhs),], [Te(n’
SSC(CH,))(CO),(PPhy),], [Te(n>-SS(CH))(CO),(PPhy),],
[Tc(OTcO;)(acetone) (CO),(PPh;),], [Tc(OTcO;)(CO);(PPh),], and [Tc(#*-HHBH,)(CO),(PPh,),] have been isolated in
crystalline form and studied by X-ray crystallography. Additionally, the typical reactivity patterns (isomerization, thermal
decomposition, hydrolysis, or decarbonylation) of the products have been studied by spectroscopic methods. *Tc NMR
spectroscopy has proved to be a particularly useful tool for the evaluation of such reactions of the diamagnetic technetium(I)
compounds in solution.

B INTRODUCTION Chart 1. Fundamental Organotechnetium Complexes
Detailed knowledge about the coordination chemistry of B e

technetium with small inorganic ligands is imperative to assess AN N N7\ o Mo" wo|® . 2 2 ®
the possible speciation of technetium in the environment and ‘*C) Lo \C/"-llcw\""o‘H *\C/Tlc PP Oxc., T PP
at problematic nuclear waste sites such as the Hanford NZ© $‘0$N o?° é OH  enp #\C' Phgp" | ‘O\H-H
wastewater tanks. Particularly, interactions with small nitrogen- ~J _’1{ o o o ]

containing ligands such as nitrite, nitrate, or azide may
contribute to the omnipresent potential explosion hazard
formed by transition-metal complexes in conjunction with the
high level of radioactivity present in these containers." ™ The
existence of low-valent organotechnetium compounds such as
carbonyls in nuclear waste solutions has been proven, and thus,
an assessment of hitherto unknown complexes of technetium
carbonyl complexes with small inorganic ligands also becomes
important.

Although an isocyanide compound of technetium(I), the
highly inert d° hexakis(isonitrile) complex **™Tc-Sestamibi
(Chart 1), has been the workhorse for nuclear medical
myocardial imaging for decades," "> the organometallic
chemistry of this element can still be regarded as relatively
little explored.”” The development of a normal-pressure —
synthesis for fac-[Tc(CO);(OH,);]* and related compounds Received: December 16, 2021 '""’3”5'““5%'3;“
opened the door for a detailed exploration of the chemistry of Published: February 2, 2022 g i.! ;
such complexes.'*™*° Thus, reasonable numbers of fac- el kT
tricarbonyltechnetium(I) complexes have been prepared with
the long-lived = emitter ®Tc as well as for the medicinally
invaluable y emitter *™Tc by the exchange of the three aqua

o—
Te-Sestamibi fac-[Te(CO)3(OHz)s]*  mer-[Te(CO)sCI(PPh)s] 1

ligands. The choice of donor atoms and the charge of such
ligands have a major effect on the stability of the resulting
metal complexes, as has been found for several donor atom
constellations.'*™*!

In contrast, much less is known about the structural
chemistry of compounds with a mer-[Tc(CO);]* core. The
first synthesis of such a compound, mertrans-[Tc(CO),Cl-
(PPh;),], succeeded via a reaction of [TcOCIl,]” with PPh,
under a CO atmosphere.”” A second example of a mer-
{Tc(CO);} compound was formed by the isomerization of a
fac{Tc(CO),} complex under the influence of a sterically

© 2022 The Authors. Published b
Amzricl;n (():rrfeml;callssgcietg https://doi.org/10.1021/acs.inorgchem.1c03919
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encumbering isocyanide.””> A more systematic study of the
structural chemistry and reactivity of such complexes is
contained in two very recent papers, which are based on the
reactivity of the hydrido complex [TcH,(PPh,),]."*** A key
compound of this series is the bench-stable cationic aqua
complex mer,trans-[Tc(OH,)(CO);(PPh;),]* (1; Chart 1),
which can be regarded as a functional analogue of the
unsaturated Lewis acid [Tc(CO);(PPhs),]*. This highly
reactive synthon can be prepared in a scalable synthesis and
has been tested in a variety of reactions with neutral ligands
having different donor atoms and coordination properties.”’
Depending on the ligands applied, novel mer-[Tc(L)-
(CO)4(PPhy),]* complexes or thermal decarbonylation
products could be isolated.

The observed high reactivity and the structural variety of the
obtained products stimulated us to perform reactions of 1 with
small inorganic ligands with particular relevance in the
coordination chemistry of transition metals, which have
found hitherto little or no attention in the related chemistry
of technetium. This includes ligands of general interest for the
aforementioned treatment of nuclear waste solutions such as
nitrate, nitrite, pseudohalides, or BH,” but also potentially
ambidentate ligands such as chalcogenocyanates. A collection
of the ligands used is summarized in Chart 2.

Chart 2. Ligands Used Throughout this Study

H-0°  ic=N® <N=N:N>® (s=c=s) <X:C:N>®
X=0,8,Se, Te
0 = 5 o o H o /) ©
O=N _N II__ | _ /
\ \ @  Ig” \\O\/ /\O:N\'\ ol H—B—H Me C\\
0! > NeY H s
M =Tc, Re

B RESULTS AND DISCUSSION

Halides and Hydroxide. The hydrido complex mer-
[TcH(CO);(PPh;),] readily reacts with HCl, HBr, or HI in
organic solvents with practically quantitative formation of mer-
[TcX(CO);(PPh;),] (X = Cl (2a), Br (2b), I (2c)) complexes
(Scheme 1).** A similar preference for heavier halido ligands
has been observed during reactions of mer-[Tc(OH,)-
(CO),;(PPhy),]* (1). Exemplarily, the formation of the
bromido complex 2b is occasionally even observed in KBr
pellets of pure complex 1.>° Thus, it is not surprising that the

Scheme 1. Reactions of [Tc(OH,)(CO),(PPh;),]" with
Halide Ions and KOMe

0 ®
Various F~ C
o Os, .
Sc ..PPhg ’
o & sources o KoMe _ Osc § PP,
S, T PPN Phyp~ | TO-H _Te
o AW 1 N,

Ph P/TIC\F ioH - 1
3 ¢ 0 i H
o NaCl 1 aly °
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o o
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complexes 2a—c can be prepared by simple H,O/X™ exchange
reactions starting from compound 1. Alkaline or organic
ammonium chlorides, bromides, and iodides are suitable X~
sources and give high yields of the mer-[TcX(CO);(PPhs),]
(X = Cl, Br, I) complexes. However, it should be noted that we
also observed the formation of considerable amounts of these
compounds during other frequently unexpected or even
undesired reactions. Thus, the bromido complex 2b is the
main product of the reaction of 1 with the Grignard reagent
PhMgBr instead of the desired phenyl compound and the iodo
complex 2c¢ is the sole technetium-containing product of
reactions of 1 with (SeMe;)I or Nal;. In the latter reaction, the
triiodide ion is quantitatively cleaved and I, could be identified
as a side product. No signs for the formation of an
intermediate triiodido complex, e.g. by ®Tc NMR spectros-
copy, have been observed. Such a course of the reaction is
surprising, since we recently observed a clear preference for
triiodide coordination on another technetium(I) core: a
reaction of [Tc(NO)CI(Cp)(PPh;)] with HI gave preferably
[Tc(NO)IL;(Cp)(PPh;)] and the corresponding iodo complex
could only be isolated when trimethylsilyl iodide was used
instead of HL*

Another interesting aspect of the reactivity of 1 is the fact
that, despite the obvious high tendency of the formation of
mer-[TcX(CO);(PPh;),] complexes with X = Cl, Br, I, the
corresponding fluorido species could not be isolated. All our
attempts to synthesize it with various fluoride sources such as
NBu,F, KF, CsF, [K(18-crown-6)]F, and (PPN)F (PPN* =
bis(triphenylphosphonio)iminium cation) did not allow the
isolation of a defined low-valent fluorido complex but resulted
in a complex mixture formed by a quick decarbonylation of
intermediate fluorido compounds. Such a behavior is not
completely unexpected, bearing in mind that only a few Tc(I)
or Tc(Il) complexes with fluorido ligands have been isolated
up to now. All the previous work has been performed on
different nitrosyl- or carbonyl-based systems,”’ > while the
present study has been done with a single starting material: 1.
The results thus allow a direct comparison of the reactivities of
the different halides and may directly contribute to a better
understanding of the behavior of technetium species in
(acidic) nuclear waste solutions, where all of the halide ions
used are present.

Given the similarity between the fluorido ligand and the
hydroxido ligand, we attempted the deprotonation of the aqua
ligand of complex 1 to give the hydroxido complex
[Tc(OH)(CO);(PPh,),]. The reaction of [Tc(OH,)-
(CO);(PPh,),](BF,) with KOMe in MeOH, however, gave
a yellow solid of the composition [Tc(OH)(OH,)-
(CO),(PPh;),] (3). The decarbonylation of the starting
material can be proven by *Tc NMR spectroscopy. The
signal of 1 at —1229 ppm disappears and a new signal appears
at —859 ppm, which is in the typical range of
dicarbonyltechnetium(I) complexes.”> The 'H NMR spectrum
of the product of this reaction confirms the presence of OH™
and OH,. No "B or "F resonances were observed, in accord
with the proposal of a neutral species. The nature of
compound 3 as a mononuclear species cannot be proven
entirely on the basis of the obtained spectroscopic data,
particularly with regard to the absence of a sharp IR band for
the terminal OH™ ligand, which can be explained by the
potential formation of hydrogen bonds. In general, the reaction
of 1 with the strong 7-donor OH™ is very similar to that with
F~, with the difference being that the neutral hydroxo species

https://doi.org/10.1021/acs.inorgchem.1c03919
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quickly deposits as a yellow solid and thus the ongoing
decomposition of the product, which has been observed for
fluoride, is prevented. The formation of hydroxide-bridged
cluster compounds,”***" as is occasionally observed for fac-
{Tc(CO),}* units, should be precluded in the present case by
the presence of two PPh; ligands.

#Tc NMR spectroscopy is a valuable tool for an evaluation
of the behavior of such compounds in solution. Although the
signals are frequently broad, they can be reliably observed and
the detected chemical shifts clearly depend on the technetium
core (dicarbonyl compounds, —730 to —970 ppm; mer-
tricarbonyl compounds, —1350 to —2200 ppm) and the donor
atoms.”* Figure 1 depicts the spectra of the starting material 1,

7\ [Te(OH)(OH,)(CO),(PPh,).], 3

A Aot I A AN A Ao AANA A r b oA

[Te(OH,)(CO),(PPh,),}(BF,), 1

[TcCI(CO),(PPh,),], 2a
[TcBr(CO),(PPh,),], 2b

[Tel(CO),(PPh,)], 2¢

Reaction mixture:
[Tc(OH,)(CO),(PPh,).J(BF,) + 10 CI+ 10 Br + 10 |

[Tc(CO),(PPh,),J*

<700 -800 -900 -1000 -1100 -1200 -1300 -1400 -1500 -1600 -1700 -1800 -1900 -2000 -2100 & [ppm]

Figure 1. ®Tc NMR spectra of [Tc(OH,)(CO);(PPh;),](BE,) and
its reaction products with halides and KOMe. Note that the spectra of
complexes 1—3 have been measured in different windows optimized
for the signals of the detected compounds. The spectrum of the
reaction mixture has been optimized for the intensity of the signal at
—1700 ppm.

the halido complexes 2a—c, and the decarbonylation product
3. Additionally, we provide the spectrum resulting from a
solution of 1 in CH,Cl,, which was treated with 10 equiv each
of (NBu,)Cl, (NBu,)Br and (NBu,)L It is evident that the
exchange of the aqua ligand is fast and practically quantitative,
but it can also be derived that the formation of the chlorido
complex is clearly preferred over its analogues with the heavier
halogenides.

A similar reaction with a corresponding (NBu,)Cl/(NBu,)-
Br/(NBu,)I/(NBu,)F mixture gave a variety of additional
technetium(I) compounds, which involve more dicarbonyl
complexes, but also an isomerization of the mer-[Tc(CO);]*
core to a fac-[Tc(CO);]* unit becomes evident. This is most
probably a result of the prior removal of one or both PPh,
ligands. The spectrum of this reaction mixture is given in the
Supporting Information.

Pseudohalides. Reactions of pseudohalides with [Tc-
(OH,)(CO),(PPh,),](BF,) are more complex, since they can
act as ambidentate ligands (OCN~, SCN~, SeCN"), readily
decompose under the influence of acidic reaction centers
(SeCN~, TeCN™), or attack carbonyl ligands as nucleophiles
(N;7) (see Scheme 2). The latter reaction has been observed
in an early survey of the coordination chemistry of [Tc-
(CO)4(PPh;),](BF,), where the formation of reasonable
amounts of the isocyanato complex [Tc(CO);(NCO)(PPh;),]
has been observed during a reaction with sodium azide.”” No
evidence, however, was found for the formation of the
corresponding azido complex.

A similar reactivity pattern is observed during the reaction of
[Tc(OH,)(CO);(PPh;),](BF,) with NaN;, where also the
formation of cyanate was detected. The isocyanato complex
[Tc(NCO)(OH,)(CO),(PPh,),] (4) is the main product, and
single crystals of this compound were separated in the form of
large yellow blocks. It should be noted that in this case the
nucleophilic attack on a carbonyl ligand is surprisingly
preferred over the simple replacement of the aqua ligand by
N;". The **Tc NMR signal of 4 is relatively narrow and shows
a triplet with a chemical shift of =975 ppm and 'Jy._p value of
582 Hz. This is the typical behavior for such dicarbonyl
complexes and has been observed before for a number of
related solvent complexes.””** Additionally, two minor side
products were detected: (i) an amorphous colorless solid with
a Tc NMR resonance at —1113 ppm and (ii) a small amount
of colorless, needlelike crystals of [Tc(N;)(CO);(PPh;),] (5)
(*Tc chemical shift —1459 ppm). The attack of N5~ on the
carbonyl ligands can be suppressed when the less nucleophilic
trimethylsilyl azide (TMS-N;) is used as an azide source.
Compound $ is formed in such a reaction as the sole product
in almost quantitative yield. The azido complex is stable in air
but is light-sensitive and during the X-ray diffraction study of
this compound a considerable decomposition was observed
under the influence of the X-ray beam.

Scheme 2. Reactions of [Tc(OH,)(CO);(PPh;),]" with Pseudohalides
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Figure 2 depicts ellipsoid plots of the solid-state structures of
complexes 4 and S, which are the first crystallographically

a)

Figure 2. Solid-state structures of (a) [Tc(NCO)(OH,)-
(CO),(PPh;),] (4) (Tc—C1 1.818(4) A, Tc—C2 1.841(8) A, Tc—
N3 2.141(5) A, Tc—04 2.288(4) A, C3—N3 1.062(7) A, C3-03
1.279(7) A; Tc—N3—C3 162.0(5)°, N3—C3—03 178.3(7)°) and( b)
[Tc(N;)(CO)4(PPh;),] (5) (Tc—C1 2.019(8) A, Tc—C2 1.89(1) A,
Tc—C3 1.962(9) A, Tc—N1 2.14(1) A, N1-N2 1.15(2) A, N2—N3
1.18(1) A; Tc—NI1-N2 124(1)°, N1-N2—N3 178(1)°).

studied isocyanato and azido complexes of technetium. The
general assembly of compound 4 is similar to that of other
dicarbonyl bis(triphenylphosphine) complexes of technetium:
two axial triphenylphosphine ligands and two cis-oriented
carbonyl ligands are present in the octahedral coordination
sphere, which is completed by two additional ligands in
positions trans to the two carbonyl ligands. In 4, these are an
aqua ligand and an isocyanato ligand. The almost linear Tc—
N—C bond (162.0(5)°) supports the N-coordination of the
ambidentate ligands, and a Tc—N bond length of 2.141(5) A
has been found. This is similar to the values in the azido
complex S or the isocyanato and isothiocyanato complexes
[Tc(NCO)(CO);(PPhs),] (6) and [Tc(NCS)(CO);(PPhy),]
(7) (vide infra). The aqua ligand in 4 has a Tc—O bond length
of 2.288(4) A and is clearly longer than that in the cationic
starting material 1. The Tc—O bond lengths in 1 are ca. 2.23 A
depending on the anion. The solid-state structure of 4
represents a hydrogen-bonded dimer, where the hydrogen
atoms of the aqua ligand interact with the oxygen atom of the
isocyanato ligand of an adjacent molecule (see the Supporting
Information).

The general structure of the azido complex $ is similar to
those of the previously described mer-[Tc(L)(CO),;(PPh;),]*
complexes, with the azido ligand adopting a bent coordination
mode (Tc—N-N angle 124(1)°). This coordination angle
allows an easy differentiation of the azido ligand from the
related triatomic isocyanato ligand, which coordinates linearly
to technetium. The Tc—N bond length in § is in the common
range for Tc—N single bonds, and the short N—N bond
lengths inside the azido moiety indicate a large degree of
delocalization within the ligand. This is also reflected by the
almost linear N1-N2—N3 bond angle of 178(1)°.

As mentioned above (Scheme 2 and ref 32), the treatment
of carbonyl complexes with sodium azide delivers isocyanato
complexes in reasonable yields. A better and more convenient
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access, however, is the reaction of 1 with KOCN, which gives
[Tc(NCO)(CO);(PPh;),] (6) in good yield and in high
purity. The product deposits as a colorless solid. It shows a
#Tc resonance at —1553 ppm, which is clearly shifted from
that of the starting material at —1229 ppm. In previous
studies,”*> we observed that [Tc(L)(CO),(PPh;),]" com-
plexes with oxygen donor ligands show **Tc NMR resonances
between —1180 and —1400 ppm, while the nitrogen donor
complex [Tc(NCCH,;)(CO);(PPh;),]" shows a ®Tc NMR
chemical shift of —1503 ppm.”> Thus, the new resonance is
preferably assigned to an N-bound isocyanato complex. The
final proof of the assignment is given by a single-crystal X-ray
diffraction analysis of crystals grown from a CH,Cl,/hexane
mixture (Figure 3a). The technetium atom shows a distorted-

a)

Figure 3. Solid-state structures of (a) [Tc(NCO)(CO);(PPh,),] (6)
(Tc—N3 1.99(1) A, C3—03 1.24(2) A, C3—N3 1.18(2) A; C1-Tc—
N3 90.4(7)°, C2—Tc—N3 179(2)°, C1'=Tc-N3 89.6(7)°, P1-Tc—
N3 90.8(7)°, P1'=Tc-N3 89.2(7)°, N3—C3—03 174(3)°, Tc—N3—
C3 173(3)°) and (b) [Tc(NCS)(CO);(PPhy),] (7) (Tc—Cl
1.983(2) A, Tc—C2 1.899(2) A, Tc—C3 1.977(2) A, Tc—N4
2.140(1) A, C4—S4 1.625(2) A, C4—N4 1.160(2) A; C1-Tc—N4
92.41(6)°, C2—Tc—N4 176.84(6)°, C3—Tc—N4 99.82(6)°, P1-Tc—
N4 86.51(4)°, P2—Tc—N4 84.04(4)°, N4—C4—S4 179.2(2)°, Tc—
N4—C4 169.1(1)°). Symmetry code: (') —x, —y + 1, —z + 1.

octahedral coordination geometry with three meridional
carbonyl ligands, two triphenylphosphine ligands in positions
trans to each other, and an isocyanato ligand trans to one of the
carbonyl ligands.

The procedure applied for the synthesis of the isocyanato
complex 6 can also be used for the corresponding
isothiocyanato compound. A reaction between the aqua
complex 1 and KSCN results in the selective formation of a
single species with a *Tc NMR resonance at —1518 ppm. This
value falls in the range of N-bound ligands, which is not
unexpected with regard to the fact that with only one exception
all structurally studied technetium complexes with SCN™
establish N-coordination to this ligand.**™>’ The only
exception from this general trend was observed during a
reaction of the organometallic technetium(I) compound
[Tc(NO)CI(Cp)(PPh;)] with KSCN.”* A single-crystal X-
ray study on the product [Tc(NO)(SCN)(Cp)(PPh;)]
doubtlessly confirmed an S-coordination of the ambidentate
ligand. In solution, however, a slow isomerization to the
thermodynamically more stable isothiocyanato complex was
observed by ®Tc NMR.” In the present case, [Tc(NCS)-
(CO)4(PPhy),] (7) is the sole product formed. Even at low
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temperature there was no evidence for the formation of the
“kinetic” S-bonded product.

Finally, an X-ray structure analysis of the light pink single
crystals confirmed the isothiocyanato coordination in 7 (Figure
3b). Two polymorphs of the compound were crystallized. The
values for the monoclinic structure (space group P2,/c) are
used in the following discussion, while those of a triclinic
polymorph (space group PI) are given in the Supporting
Information.

As in the isocyanato complex, the technetium atom shows a
distorted-octahedral coordination geometry with three meri-
dional carbonyl ligands, two triphenylphosphine ligands in
positions trans to each other, and an isothiocyanato ligand
trans to one of the carbonyl ligands. The Tc—N4 bond is
2.140(1) A and thus significantly shorter than those of the
related pyridine complex [Tc(py)(CO);(PPh;),]* (2.226(6)
A) and the ammine complex [Tc(NHj;),(CO),(PPhs),]*
(2.24—2.26 A) as well as those observed in the chelate
complexes [Tc(bpy©2°M2)(CO),(PPh;),]* (2.16-2.17 A)
and [{Tc(N,0-CsH,N-COO)(CO),(PPh,),}1,H]" (2.194(8)
A).>® The bond lengths in the isothiocyanato ligand indicate a
strong delocalization of electrons among the three atoms. As in
the previously characterized isothiocyanato complexes of
technetium, the ligand is bound rather linearly to technetium
with a Tc—N4—C4 angle of 169.1(1)°.

The heavier chalcogenocyanates SeCN™ and TeCN™ are
unstable and readily decompose with formation of elemental
selenium or tellurium and CN™. Such reactions proceed rapidly
in acidic media, and thus, it is not surprising that they are also
observed with the highly Lewis acidic technetium complex 1.
After the addition of KSeCN to solutions of 1, an immediate
formation of an insoluble red solid of elemental selenium is
observed. The decomposition can be avoided by the addition
of the base NEt; to the aqua complex prior to the addition of
selenocyanate. A mixture of the selenocyanato and isoseleno-
cyanato complexes is formed. They can be unambiguously
assigned by *Tc NMR spectroscopy. One signal appears at
—1518 ppm (practically the same chemical shift as observed
for the isothiocyanato complex 7), while the second (major)
signal is shifted downfield and is observed at —1654 ppm. Such
downfleld shifts are typical for series of chemically related
compounds, in which single donor atoms are systematically
replaced (e.g, Cl/Br/I in the complexes shown in Figure 1 or
S/Se/Te in related chalcogenoether complexes).”” Thus, an
assignment of the signal at —1654 ppm to mer-[Tc(SeCN)-
(CO),(PPhy),] (8a) and that at —1518 ppm to mer-
[Tc(NCSe)(CO);(PPh,),] (8b) seems to be justified. This
assumption is supported by the observation that the Se-bound
complex isomerizes into the N-bound complex. When the
mixture was heated for only S min, the major amount of the
Se-bound isomer 8a converted into 8b (Figure 4). An attempt
to complete the isomerization by leaving the sample overnight
at room temperature resulted in the complete consumption of
8a. In parallel, an ongoing decomposition of 8b proceeded,
which could be easily detected by the sedimentation of
elemental red selenium and the appearance of an additional
%*Tc NMR signal at —1901 ppm, which can be assigned to mer-
[Tc(CN)(CO)5(PPh;),] (9). The selenium abstraction
proceeds slowly at room temperature over a time span of
about 2 weeks but is complete within a few hours when the
samples are heated.

Interestingly, we found that the use (PPN)SeCN (PPN* =
bis(triphenylphosphonio)iminium) instead of KSeCN as the
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Figure 4. Tc NMR spectra of a solution of 1 after the addition of
KSeCN, showing the isomerization of the selenocyanato complex 8a
into the isoselenocyanato complex 8b followed by selenium
abstraction with formation of the cyanido complex 9.

selenocyanate source leads to the exclusive formation of 8b.
We attribute the different reactivities to coordinating
interactions between K' ions and the N-donor site of the
ambidentate SeCN™ ion and, thus, a partial inhibition of this
position for the reaction with technetium. In solutions with the
less coordinating PPN™ cation, such interactions are excluded
and the N-donor atom is fully available for complex formation
with the transition metal.

From reactions of (PPN)TeCN with 1 or with the nonprotic
precursor [Tc(SMe,)(CO),;(PPh,),][BF,] we could not
isolate products with coordinated TeCN™ ligands. This is
not unexpected with regard to the instability of tellurocyanate
in solution. However, there was also no spectroscopic evidence
for any such compounds, even when the reactions were
performed at —78 °C. Instead, the immediate formation of the
cyanido complex 9 and the parallel sedimentation of elemental
tellurium was evident. Attempts to follow either the selenium
or the tellurium elimination reaction spectroscopically using
SN-enriched seleno- or tellurocyanates were not successful.

Given the different reactivities of the chalcogenocyanates, we
performed DFT calculations on the B3LYP level in an implicit
solvent model for the solvent dichloromethane. We success-
fully located a transition state for the unimolecular isomer-
ization reaction for each chalcogenocyanate using a simple
PMe; model instead of the much more expensive PPh; ligands
for calculations. The chalcogenocyanate moiety coordinates to
technetium in a side-on way in the isomerization reaction.
Obviously, the energy barrier for the isomerization increases
along the group, while the chalcogen-bound isomer is
energetically increasingly more favored along the group
(Figure S). This is in accord with the isolation of the
isocyanato and isothiocyanato complexes 6 and 7. The
observed formation of the selenocyanato complex 8a in
comparison to the isoselenocyanato complex 8b and the
thermal isomerization of 8a to 8b can be understood in terms
of a kinetic control leading to the selenium-coordinated
isomer, while the nitrogen-bound isomer can be considered the
thermodynamic product of the reaction.

Pure [Tc(CN)(CO);(PPh;),] (9) can of course also be
prepared in high yields by the reaction of 1 with KCN. It
shows a *Tc resonance at —1930 ppm, which is in the same
range as those of analogous isocyanide complexes [Tc(CNR)-

https://doi.org/10.1021/acs.inorgchem.1c03919
Inorg. Chem. 2022, 61, 2980—2997

69


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03919/suppl_file/ic1c03919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03919/suppl_file/ic1c03919_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03919?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03919?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03919?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03919?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

+94 kJ/mol
+86 kJ/mo

-108 kJ/mol

+72 ki/mo 107 kJ/mol

124 kJ/mol

A
- Y
Y Il
| ;
QoC, . F“.““\\PMeg I
/Tc\
MesP ‘ co - OCu, | .PMes
-14 kJ/m Tc
co 21 kJ/mol
kJ/mo MeJP/ ’ \CO

-51 kJ/mol

Figure S. Calculated free energies for the unimolecular isomerization
of the model complexes [Tc(NCY)(CO);(PMe;),] (Y = O, S, Se,
Te). The values refer to the energy differences.

(CO),(PPhy),]* (R = Cy, —1884; R = CNP*™2, 1879 to
—1903 ppm) and the tetracarbonyl cation [Tc(CO),(PPh;),]*
(—1886 ppm).”> To date there have only been 10 structural
reports on technetium cyanido complexes,*” and only one of
them has technetium in a low oxidation state, the [Tc-
(CN);(C0);)]*" anion.*' Thus, we studied the structure of
complex 9 by X-ray diffraction. A triclinic polymorph was
obtained from CH,Cl,. Unfortunately, the cyanido ligand was
crystallographically indistinguishable from the carbonyl ligands,
as emphasized by the symmetry-related generation of CN from
CO. Further information is given in the Supporting
Information. Finally, the methanol solvate 9-MeOH crystal-
lized from a CH,Cl,/MeOH mixture, where the cyanido ligand
was easily identified due to its nearly linear hydrogen bonding
with the cocrystallized MeOH (Figure 6).

010
'H10
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P e <P
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Figure 6. Solid-state structure of [Tc(CN)(CO);(PPh;),] (9) in 9-
MeOH (Tc—C1 2.003(2) A, Tc—C2 1.945(2) A, Tc—C3 1.972(2) A,
Tc—C4 2.135(2) A, C4—N1 1.136(3) A, N1---H10 1.80(4) A, O10—
H10 1.07 A; O10-H10-N1 171(3)°).

The general geometry around technetium in 9-MeOH
resembles that of the other meridional tricarbonyl complexes.
The Tc—C4 bond length of 2.135(2) A is significantly longer
than the Tc—C bonds of the carbonyl ligands. It is in the
normal range of Tc—C bonds for cyanido ligands in the 10
previously characterized cyanido complexes of technetium.*
The Tc—C2 bond in a position trans to the cyanido ligand is
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1.945(2) A and hence somewhat longer than those in other
structurally related meridional tricarbonyl complexes of
technetium such as the isocyanide complex [Tc(CNCy)-
(CO)5(PPhy),]*".

Nitrite and Nitrate. Nitrogen oxides or nitroxide anions
are common components in nuclear waste solutions, and such
ions can also serve as models for interactions of the radiometal
technetium with environmental compartments. Additionally,
there have hitherto been no reports about isolated nitrato or
nitrito complexes of technetium, to the best of our knowledge.
Since particularly the NO,™ ion belongs to the classic “Werner-
type” ligands,”” more knowledge about its coordination
chemistry with technetium would be most welcome. Scheme
3 summarizes the reactions performed, and it becomes clear
that the ambidentate behavior of nitrite also plays a role in its
complexes with technetium.

Scheme 3. Synthesis and Chemical Behavior of Nitrito and
Nitrato Complexes of Technetium
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[Tc(OH,)(CO),(PPh;),](BF,) reacts with NaNO, or
NaNO, with formation of [Tc(7*-OON)(CO),(PPh,),]
(10) and [Tc(n*-OONO)(CO),(PPh,),] (12). The formation
of dicarbonyl fragments is strongly supported by the presence
of two Uc—c bands in the IR spectra of 10 (1871 and 1946
ecm™) and 12 (1879 and 1952 cm™") and *Tc signals at —629
(10) and —820 ppm (12), which is in the expected range for
dicarbonyls (vide supm).m’25 Interestingly, compound 12 is
obtained as the sole product during such reactions, while some
traces of a n'-tricarbonyl complex remained even in the
isolated solid of compound 10.

X-ray structural analyses on 10 and 12 (Figure 7) confirm
the dicarbonyl structures derived from the spectroscopic data.
They are the first structurally studied nitrate and nitrite
compounds of technetium. The technetium atoms are
coordinated octahedrally with the general dicarbonyl bonding
motif. The coordination sphere is completed by NO;~ or
NO,™ ligands, which coordinate to technetium in a bidentate
fashion with Tc—O bond lengths between 2.181(5) and
2.227(3) A. The bite angle of both ligands is small at 57.3(2)
and 57.3(3)°, respectively, which is in line with the angle
observed in #>-carboxylato complexes.”® For the carboxylato
complexes, they can also be understood as being coordinated
through a pseudoallylic system. The distances between
technetium and the central nitrogen atoms are ca. 2.64 A
and therefore slightly longer than the Tc—C distances observed
for the carboxylate complexes (ca. 2.58 A).”® The distances
between technetium and the central atoms of the previously
reported dicarbonyl pseudoallyl complexes [Tc(i7?-ArN--X---
NAr)(CO),(PPhMe,),] with X = C, N (2.68-2.71 A),
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a)

Figure 7. Solid-state structures of (a) [Tc(17*-OON)(CO),(PPh,),]
(10) (Tc—C1 1.868(7) A, Tc—C2 1.881(8) A, Tc—03 2.211(5) A,
Tc—04 2.181(5) A, 03—N1 1.30(1) A, N1-03 1.25(1) A, Tc---N1
2.64(1) A; O3—Tc—04 57.3(3)°, O3—N1-04 111.5(7)), and (b)
[Tc(#*-OONO)(CO),(PPh;),] (12) (Tc—Cl1 1.875(5) A, Tc—03
2227(3) A, O3-N1 1.271(4) A, N1-04 1.240(8) A, Tc--N1
2.644(6) A; 03-Tc—03" 57.3(2)°, 03—-N1-03" 114.2(5).
Symmetry code: (') —x + 1, y, —z + 3/2.

[Tc(n*-O,N-diazepine)(CO),(PPh,),] (2.61 A), [Tc{n*SN-
(COEt)}(CO),(PPh;),] (2.78 A), and [Tc{#*-SS(CNHPh)}-
(CO),(PPh,),] (2.94 A) indicate that not only does the type
of donor atom have an influence on this parameter as
concluded previously* ™" but also the identity of the central
atoms of the pseudoallyl ligands is essential.

The structurally related formato complex [Tc(77>-OO0-
(CH))(CO),(PPh;),] reversibly binds CO and forms the
complex [Tc('-O(CH)O)(CO),(PPh,),] with a monoden-
tate carboxylato ligand. It binds or releases carbonyl ligands
depending on the conditions.”” A similar reactivity has been
observed for the nitrito complex 10. Faint yellow-green
solutions of 10 react at room temperature with an excess of
CO gas with immediate discoloration. The resulting solution
shows two **Tc resonances at —1305 ppm (v1), = 3594 Hz)
and —1431 ppm (v, = 3544 Hz), which suggest the presence
of tricarbonyl isomers with O- and N-bonded #5'-nitrito
ligands. Similar equilibria have been suggested for the
analogous rhenium complexes, but in this case nitrogen—
metal interactions had only been suspected on the basis of IR
spectral data and mechanistic considerations but not observed
directly.*® For the technetium complexes of the present study
they have been confirmed unambiguously by an X-ray
structural analysis. In the single crystals obtained from the
colorless mixture, both bond isomers [Tc(7'-ONO)-
(CO);(PPh;),] (11a) and [Tc(y'-NO,)(CO);(PPh,),]
(11b) are cocrystallized in a 60:40 ratio. Figure 8 contains
structure plots of both isomers.

The general octahedral ligand arrangement around techne-
tium in both 11a and 11b is that of the classic meridional
tricarbonyl core. In 11a, the coordination sphere is completed
by an O-coordinating #'-nitrito ligand, while in 11b the
coordination sphere is completed by an N-coordinating 7'-
nitro ligand. Both ligands show a torsion of ca. 27° from the
equatorial plane. The technetium—oxygen bond in 1la is
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Figure 8. Solid-state structures of the two bond isomers (a) [Tc(n'-
ONO)(CO);(PPh;),] (11a) (Tc—C1 1.967(5) A, Tc—C2 1.910(4)
A, Tc—C3 1.986(5) A, Tc—04 2.159(6) A, 04—N1 1.19(1) A, N1—
05 1.22(2) A; C1-Tc—04 102.2(2)°, C2—Tc—04 174.2(3)°, C3—
Tc—04 82.1(2)°, P1-Tc—04 86.4(2)°, P2—Tc—04 91.3(2)°, Tc—
04—N1 133.6(9)°, 04—N1-05 109(1)°) and (b) [Tc(n'-NO,)-
(CO);(PPhy),] (11b) (Tc—C1 1.967(5) A, Tc—C2 1.910(4) A, Tc—
C3 1.986(5) A, Tc—N1 2.20(2) A, 04-N1 1.22(2) A, N1-05
1.27(2) A; C1-Tc—NI1 84.5(3)°, C2—Tc—N1 166.8(3)°, C3—Tc—
N1 100.2(3)°, P1-Tc—N1 92.1(4)°, P2—Tc—N1 85.4(4)°, Tc—N1—
04 120(2)°, Tc—N1-05 117(1)°, 04—N1-05 124(2)°).

2.159(6) A, while the technetium—nitrogen bond in 11b is
somewhat longer at 2.20(2) A. The average N—O bond
lengths are smaller in 11a in comparison to 11b, which can be
understood as a lowered degree of double-bond character in
the nitro in comparison to the nitrato moiety.

Interestingly, the ratio between 1la and 11b is not
influenced by changes in the reaction parameters (e.g., reaction
time and reaction temperature). In contrast to the nitrito
complex 10, the nitrato complex 12 does not react with CO
gas at room temperature. Nevertheless, the 7'- complex
[Tc(n'-ONO,)(CO),(PPh;),] (13) is formed when 12 is
heated in the presence of CO gas. This can be concluded from
the appearance of a *’Tc resonance at —1275 ppm (v =
3594 Hz), which rapidly disappears with re-formation of the
signal at —820 ppm (compound 12) when the sample is
opened and stored at room temperature.

With the assignment of the **Tc NMR signal at —1275 ppm
to compound 13, it is highly probable that the N-bonded
nitrite species 11b is the compound that was detected as a
minor side product during the synthesis of the chelate 10.

We investigated the de- and recarbonylation reactions of the
nitrito and the nitrato complexes using DFT calculations at the
B3LYP level with an implicit solvent model for CH,Cl,. For a
PMe; model, we located transition states for all reactions
involved, including the isomerization between 1la and 11b
(Figure 9).

Borane and Boranate. Alkali-metal and tetrabutylammo-
nium boranates as well as solvent adducts of BH; are common
reductants for the synthesis of low-valent technetium
compounds.'®'”**75% Especially, boronates are also under
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Figure 9. Calculated free energies for the isomerization and
decarbonylation reactions of the model complexes [Tc(NO,)-
(CO);(PMe;),] and [Tc(NO,)(CO),(PMey),] (x = 2, 3).

permanent consideration as components for hydr0§en storage
materials and play a role in the nuclear fuel cycle.”” ~>* In this
context BH,” complexes with several transition-metal ions
have also been isolated including a few rhenium com-
pounds.” >

Reactions of 1 with LiBH, or (NBu,)BH, did not result in a
simple exchange of the aqua ligand and the formation of
[Tc(n'-HBH;)(CO);(PPh;),] or [Te(n’-HHBH,)-
(CO),(PPh;),]. An immediate evolution of borane was
observed and [TcH(CO),(PPh;),] (14) was formed almost
quantitatively according to the *Tc NMR spectrum of the
reaction mixture. However, when solutions of 14 were
additionally treated with BH;-THF and heated to reflux, an
additional **Tc resonance was observed at —964 ppm. This is
the region of dicarbonyl compounds and a strong hint for the
formation of [Tc(y>-HHBH,)(CO),(PPh;),] (15) (Scheme
4).

Scheme 4. Addition of BH;*THF to the Hydrido Complex
[TcH(CO);(PPhy),]

[} ®
Osc ? PPhg PPhs  BH,-THF, PPhs
/"I]c‘;oiH BH, oc,,,,_Tlcd,.\\co refitx H o T|c WCO
PhsP ¢ i—l OC/l \H ~ H \H/| \CO
PPhs -
1 14 15

The observed reaction is not quantitative. A maximum
conversion of 20% was observed after ca. 5 min, independent
of the borane concentration and the temperature. However,
the addition of pentane to such solutions allows the isolation of
both complexes in crystalline form. Colorless blocks of
[TcH(CO),(PPh;),] (14) and yellow plates of [Tc(n*
HHBH,)(CO),(PPh;),] (15) could be clearly distinguished
in the resulting solid and were hand-picked for the X-ray
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diffraction study. The IR spectrum confirmed the dicarbonyl
core by the presence of two 1o bands at 1886 and 1956 cm ™.

'H and ®Tc NMR spectra of the product mixture are shown
in Figure 10. The borohydride ligand gives a broad '"H NMR

a) R3S 8
IYY 0
e I
A(t)
-4.83
J(19.58) [TcH(CO),(PPh,),]

[Te(n*-HHBH,)(CO),(PPh,),]

4647

48 49 -50-51-52-53 5.4 -55-56 -5.7 & [ppm]
b) ;
[Te(n*-HHBH,)(CO),(PPh,),]
[TcH(CO),(PPh,),]
600 1000  -1400  -1800  -2200  -2600 & [ppm]

Figure 10. (a) 'H and b) *Tc NMR spectra of a mixture of
compounds 14 and 15. Note that the *Tc spectrum had to be
measured in two windows.

resonance at —5.56 ppm, indicating the full fluxionality of the
four hydrides, and a **Tc NMR resonance in the established
dicarbonyl region at —963 ppm.

The solid-state structure of [Tc(n>-HHBH,)(CO),(PPh;),]
(15) is shown in Figure 11. The technetium atom is

Figure 11. Solid-state structure of [Tc(-HHBH,)(CO),(PPh,),]
(15) (Tc—C1 1.847(6) A, Tc—C2 1.885(4) A, Tc1-H1 1.79(7) A,
Tcl—H2 1.95(5) A, Tc-B 2.50(1) A).

coordinated octahedrally with two cis-oriented carbonyl ligands
and two trans-oriented PPh; ligands. The short Tc—C bond
lengths are consistent with a dicarbonyl species and support
the #n”-BH, interpretation. For an appropriate refinement, the
B—H distances in 15 were restrained to an average distance of
1.14 A. The resulting Tc—H distances are asymmetric at
1.95(5) and 1.79(7) A. The resulting H1—Tc—H?2 bite angle is
50(2)°. The distance between technetium and the central
boron atom is 2.50(1) A. As 15 is the first technetium complex
with an unsubstituted borohydride (BH,") ligand, we can only
compare it with two other structurally characterized imidazole-
substituted borohydride complexes of technetium: [Tc{x’-
S,H,S-H(u-H)B(tim™®),}(C0O);] and [Tc{x>-S,H,H-H(u-
H),B(tim*)}(CO) 3] (timMe 2-mercapto-1-methylimida-
zolyl).***” The borohydride in [Tc{x*-S,H,S-H(u-H)B-
(tim™*),}(CO),] is stabilized by two additional mercaptoimi-
dazole substituents, and its coordination is stabilized by the
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formation of an S,H,S-chelate. The Tc—H distance in this “%'-
complex” is 1.65(6) A, and the Tc—B distance is 2.834(5) A.>
In the “%*-complex” [Tc{x*-S,H,H-H(u-H),B(tim™)}(CO),],
where the borohydride is stabilized by one additional imidazole
substituent and additionally an S,H,H-chelation stabilizes the
coordination of the two hydrido bridges, the Tc—H distances
are 1.89(3) and 1.94(3) A with a Tc—B distance of 2.329(3) A
and a H-Tc—H bite angle of 62(1)°.>” Thus, the Tc—B
distance in 15 is intermediate between those observed for the
single-agostic complex [Tc{x*-S,H,S-H(u-H)B(tim™*),}-
(CO),] and the double-agostic complex [Tc{x*-S,H,H-H(u-
H),B(tim™)}(CO),]. Expectedly, the bite angle in 15 is
somewhat smaller in comparison to that in [Tc{x>-S,H,H-H(u-
H),B(tim™*)}(CO),]. The Tc—H bond lengths are in line
with the interpretation of one Tc-hydridic H donor atom (as in
the parent hydrido complex) and a second agostic coordina-
tion side of the BH; moiety.

Acetate, Thioacetate, and Dithioacetate. Previously,”*
we found that [TcH(CO),;(PPh;),] reacts with acetic acid
with immediate loss of a carbonyl ligand, resulting in the
formation of [Tc{#*-0O0(CMe)}(CO),(PPh,),] (16). This
contrasts with the reaction of formic acid, where the formation
of the corresponding dicarbonyl [Tc{n*-O0(CH)}-
(CO),(PPh;),] or tricarbonyl [Tc{n'-O(CH)O}-
(CO);(PPh;),] species is dependent on the conditions
applied. A missing link in these previous studies was the
elusive complex [Tc(5'-O(CMe)O)(CO);(PPhs),]. Thus, we
anticipated that the tricarbonyl complex might be stabilized
under favorably mild and quick reaction conditions, which
became possible with complex 1 as the starting material.
However a reaction with 1 (Scheme S) also resulted in the

Scheme 5. Reactions of [Tc(OH,)(CO),(PPh;),]" with
Acetate, Thioacetate, and Dithioacetate

®
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immediate and exclusive formation of the decarbonylated
product 16. A similar result was obtained during the reaction
of 1 with potassium thioacetate, where the released water
immediately hydrolyzed the thioacetate with subsequent
decarbonylation and formation of the acetato chelate 16 in
high yields.

With respect to the previously discussed experiences with
the different chalcogenocyanates, the obtained results lead to
the question of what reactivity can be expected with
dithiocarboxylates or related ligands. Such ligands are usually
prepared in situ by the reaction of carbon nucleophiles on CS,
due to the instability of the dithiocarboxylate moieties.”® To
keep the results comparable, we have chosen dithioacetate as a
suitable target, although there are only 27 structurally
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characterized transition-metal complexes with this ligand
coordinating in a 7> mode.*

Lithium dithioacetate was prepared by the reaction of MeLi
with CS, and added to a solution of 1, which resulted in the
formation of a mixture of two main yellow products (Scheme
5): the dithioacetato complex [Tc{n>-SS(CMe)}-
(CO),(PPhy),] (17) and the methyltrithiocarbonato com-
pound [Tc{n*-SS(CSMe)}(CO),(PPh;),] (18a). A minor
side product could be identified as the corresponding xanthate
complex [Tc{n*-SS(COMe)}(CO),(PPh;),] (18b), which is
most probably formed during the workup procedure, where the
products were precipitated by the addition of methanol. No
evidence was found for the formation of the acetato complex
15 as a hydrolysis product.

The *Tc NMR spectra of the three products appear as
relatively narrow triplets (v,,, &~ 350 Hz, 'Jr._p ~ 550 Hz)
between —1330 and —1410 ppm (see the Supporting
Information). Such narrow *Tc NMR signals with 3'P
couplings are typical for Tc(I) dicarbonyl complexes with
chelating dithio ligands.”>*%~%*

An X-ray structural analysis revealed the cocrystallization of
the two products 17 and 18a. Figure 12 depicts their

a)

Figure 12. Solid-state structures of the two disordered, cocrystallized
complexes (a) [Tc(#*-SS(CMe))(CO),(PPh;),] (17) (Tc-Cl
1.901(4) A, Tc—C2 1.891(4) A, Tc—S1 2.53(1) A, Tc—S2 2.56(1)
A, C3-S1 1.75(3) A, C3-S2 1.68(4) A) and (b) [Tc(n*
SS(CSMe))(CO),(PPh;),] (18a) (Tc—Cl 1.901(4) A, Tc—C2
1.891(4) A, Tc—S1 2.51(1) A, Tc—S2 2.501(8) A, C3—S1 1.67(2)
A, C3-52 1.69(3) A, C3—S3 1.796(9) A).

structures, which both contain technetium atoms in a
distorted-octahedral environment. The main distortions result
from the small S—Tc—S bite angles of ca. 70°. The Tc—S bond
lengths in 17 are somewhat longer than those in 18a. The Tc—
C3 distance is shorter for the more tightly bound methyl
thioxanthate ligand at ca. 2.88 A in comparison to that in the
dithioacetato complex, where a distance of ca. 3.09 A is found.
Both values are in the expected range for two sulfur donor
atoms. The C—S bond lengths within the methyltrithiocarbo-
nato ligand are unsymmetrical: the two technetium-coordinat-
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ing sulfur atoms show partial double-bond character with C—§
bond lengths of 1.67(2) and 1.69(3) A in comparison to the
clear single bond between C3 and S3 of 1.796(9) A. In
comparison, the C—S bond lengths in the dithioacetato ligand
of 16 are slightly asymmetrical. S1 is bound with a single bond
of 1.75(3) A, while S2 is bound with a double bond of 1.68(4)
A

The formation of the methyltrithiocarbonato ligand can be
attributed to the thermal instability of the dithioacetate.”®
Neither 17 nor 18a binds CO with re-formation of tricarbonyl
complexes even on exposure to CO for longer periods. Thus,
they reflect the reactivity of compound 16, which contains the
relatively 7-basic acetato ligand.

The experimental findings that the acetato and dithioacetato
complexes show a similar resistance against CO addition and
re-formation of tricarbonyl complexes lead to the question of
whether this is generally the case for the corresponding
carboxylates and dithiocarboxylates (also bearing in mind that
electronic parameters in the backbone of carboxylates
frequently influence the reactivity of such complexes).

The dithioformato ligand is structurally closely related to
both the nitrito and formato ligands, which both show
reversible CO binding. The dithioformato complex [Tc(n*
SS(CH))(CO),(PPh;),] (20) is easily formed by an insertion
of CS, into the hydride bond of [TcH(CO),(PPh,),].%* In
contrast to the formation of the dithioacetato complex
discussed above (Scheme 5), we found clear evidence for the
intermediate formation of the tricarbonyl complex [Tc(n'-
S(CH)S)(CO),(PPh;),] (19), as is indicated in Scheme 6.

Scheme 6. Insertion of CS, Into the Tc—H Bond of
[TCH(CO)a(PPhs)z]
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The reaction of compound 14 with CS, (Scheme 6) does
proceed at room temperature with a reasonable rate. When the
mixture was heated in toluene, however, it turned yellow and
the formation of two technetium(I) species was detected at
—1498 ppm (19) and —1250 ppm (20) by *Tc NMR (see
Supporting Information), while the signal of the starting
material disappeared. Both new resonances are narrow and
show well-resolved triplets with 'Jp._p values of ca. 580 Hz.
The signal of compound 19 disappears after a reaction time of
approximately S min, and the chelate complex 20 can be
isolated in crystalline form in good yields. It should be
mentioned that compound 19 with the #'-bonded dithiofor-
mate could not be re-formed by the reaction of 20 with CO.
This result is a clear contrast to the behavior to the
corresponding formato complex.”*

Single crystals of 20 grew by slow evaporation of a toluene/
MeOH mixture. Figure 13 shows the solid-state structure of
the complex. The dithioformato ligand is disordered over two
positions with an occupation of ca. 50:50 with one of the
carbonyl ligands. The general ligand arrangement is the same
as in the previously discussed dithio complexes. Similarly to the
dithioacetato ligand in 17, the C—S bond lengths are
somewhat asymmetrical in the dithioformato ligand.
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Figure 13. Solid-state structure of [Tc(#7*-SS(CH))(CO),(PPh,),]
(20) (Tc—S1 2.505(1) A, Tc—S2 2.461(3) A, C3—S1 1.61(1) A,
C3-S2 1.71(1)/1.65(2) A; S1-Tc—S2 70.55(9)°% S1-C3-S2
119.7(6)°).

Pertechnetate, Perrhenate, Permanganate. Since
pertechnetate or, depending on the pH or composition of
the solution, other pertechnetic compounds are doubtlessly the
main technetium species in nuclear waste solutions, it is
essential to understand the reaction behavior of related species
in such solutions (also toward other technetium compounds).
Therefore, we undertook some experiments with compound 1
and MO,~ salts (M = Tc, Re, Mn).

The addition of NH,TcO, or NH,ReO, to compound 1 in a
THEF/water mixture results in a color change, and light yellow
crystals of [Tc(OTcO;)(CO);(PPh;),] (21) or [Tc(OReO;)-
(CO);(PPhy),] (22) are obtained in good yields by slow
evaporation of the THF. Expectedly, an analogous reaction
with KMnO, results in an immediate oxidation of technetium
and the formation of KTcO,. In parallel, MnO, deposits from
the reaction mixture (Scheme 7).

Scheme 7. Reactions of [Tc(OH,)(CO);(PPh;),]" with
Pertechnetate and Perrhenate and Subsequent
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The crystal structure of the mixed-valence technetium
complex 21 was determined for the unsolvated and benzene-
solvated complex. Details about the solid-state structure of the
benzene solvate are given in the Supporting Information. The
structure of 21 derived from the solvent-free crystals is shown
in Figure 14.

The coordination sphere of the technetium atom Tcl in 21
shows the usual mer-trans orientation of CO and PPh;. The
oxygen bridge between the two technetium atoms is expectedly
asymmetrical with a Tc1—04 bond length of 2.153(3) A and a
Tc2—04 bond length of 1.739(3) A. The Tc2—04 bond is
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Figure 14. Solid-state structure of [Tc(OTcO;)(CO),(PPhs),] (21)
(Tc1—-C1 2.018(4) A, Tc1—C2 1.894(4) A, Tc1—-C3 1.971(4) A,
Tcl—04 2.153(3) A, Tc2—04 1.739(3) A, Tc2—05 1.700(4) A,
Tc2—06 1.698(3) A, Tc2—07 1.708(3) A).

somewhat longer than those of Tc2 to the other multiply
bonded oxygen atoms, indicating some {TcO;}" character of
this group. The bridging Tcl1—04—Tc2 angle is bent
(148.7(2)°). The same structure is observed for the analogous
rhenium compound [Re(OReQ;)(CO);(PPh;),].**

There are only two other structurally characterized
technetium complexes with pertechnetato ligands: the
dinuclear compound [Tc,(acetate),(OTcO;),] and the
mixed-valence polyoxometalate [(TcO),(OTcO;)¢]*", which
contains four technetium(V) oxido units, each coordinated by
four pertechnetato ligands.”> %" The Tc—OTcO; bond lengths
in [(TcO),(OTc0;),4)*" have an average value of 2.003 A,
while the average TcO—TcO; bond length is 1.777 A. The
terminal Tc=0 bond lengths are unexceptional. It should be
mentioned that there are also a few more pertechnetato
complexes that are relevant for the speciation of technetium in
nuclear waste solutions, the actinide complexes
[UO,(Tc0O,4),(OPPh;);], [Th(TcO,),(OPPhy),], and
[(NpO,),(Tc0O,)4(H,0),], which also contain monodentate
or bridging pertechnetato ligands.***

The tricarbonyl pertechnetato complex 21 gives *Tc
resonances at 41 and —1137 ppm (Figure 1S5a), while the
spectrum of the perrhenato complex 22 (Figure 1S5b)
expectedly shows only one *Tc signal in the region of the
tricarbonyl complexes (—1166 ppm).

Many of the previously regarded mer-[Tc(L)(CO);(PPhs),]
complexes underwent a thermal decarbonylation when they
were heated in coordinating solvents or when chelate
formation of the ligand L was possible. Such reactions did

a)

b) A

c)

Figure 15. ®Tc NMR spectra of (a) [Tc(OTcO5)(CO);(PPhs),]
(21), (b) [Tc(OReO;)(CO);(PPhy),] (22) and (c) [Tc(OTcO;)-
(acetone)(CO),(PPh,),] (23c). Note that the *Tc NMR spectra had
to be measured in different windows.

2990

not proceed for the perrhenato complex 22. For compound 21,
however, we observed both reaction pathways depending on
the conditions applied. When a solution of [Tc(OTcO;)-
(CO)5(PPh;),] (21) in wet THF was heated, the signal of the
starting material at —1137 ppm disappeared and three
resonances in the typical “dicarbonyl” region appeared: two
overlapping signals at —762 ppm and one at —854 ppm. The
latter signal belongs to the already known diaqua cation
[TC(OHZ)Z(CO)Z(Pth,)Z]+.25 The two overlapping resonan-
ces likely can be assigned to the rapidly exchanging complexes
[Tc(OTcO,)(THF)(CO),(PPh;),] and [Tc(OTcO;)(H,0)-
(CO),(PPh,),]. This is supported by the **Tc NMR
resonances observed in the pertechnetate region: a resonance
at 31 ppm corresponds to [Tc(OTcO;)(H,0)(CO),(PPh,),],
while a resonance at 37 ppm can be assigned to [Tc(OTcOs;)-
(THF)(CO),(PPh;),]. Finally, the resonance of uncoordi-
nated TcO,~ anions is detected at 17 ppm.

Similar solvent adducts were observed when 21 was heated
in acetone, where the formation of several new dicarbonyl and
pertechnetate species were observed in situ. The related spectra
are shown in the Supporting Information.

Finally, from this reaction a crystalline compound, [Tc-
(OTcO;)(acetone)(CO),(PPh;),] (23c)-acetone, could be
isolated. A solution of this compound shows a broad signal in
the dicarbonyl region with a flat-topped peak shape at —803
ppm. The peak shape is attributed to an overlap between the
resonances of compound 23c¢ and the solvent adduct
[Tc(OTcO;)(H,0)(CO),(PPhy),] (23a), which is formed
by the dissolution of 23c in wet CH,Cl,. This interpretation is
supported by the detection of two signals in the pertechnetate
region at 37 and 31 ppm.

The X-ray structure analysis of the isolated yellow single
crystals of the acetone complex 23¢ unambiguously prove the
existence of such solvent complexes (Figure 16). The

Figure 16. Solid-state structure of [Tc(OTcO;)(acetone)-
(CO),(PPhy),] (23¢) (Tc1—C1 1.74(1), Tcl—C2 1.82(2), Tcl—
03 2.142(9), Tcl—04 2.182(9), Tc2—04 1.750(8) A).

compound is the first technetium complex in which a
coordination of acetone to technetium has been proven
(bearing in mind that acetone is frequently used as a solvent
for reactions with pertechnetate and methyl ethyl ketone is a
common extractant for TcO,”). The coordination environ-
ment of the central technetium atom in 23c is as expected,
with the two carbonyl ligands having OTcO;™ and acetone in
trans positions. Since the crystal quality for the structure
determination was limited, a detailed discussion of bond
lengths and angles shall not be given here. Details are provided
in the Supporting Information.

A subsequent reaction of compounds 23 in coordinating
solvents results in an ongoing ligand exchange, which applies
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not only to the solvent molecules but also to the pertechnetato
ligands. Finally, they are replaced and the cationic bis(solvent)
complexes 24 are formed as additional products. In CH,Cl,/
THEF/acetone/water solutions, a stepwise increase in complex-
ity arises from the formed mixture, with the products
containing each of these solvents, which are readily detected
by #Tc NMR (see the Supporting Information). Their ratio
depends on the concentration of the respective solvents.
Similar experiments with 21 in absolutely dry, degassed
toluene result in the final formation of a black sediment of the
stable decomposition product Tc'O,. This can be understood
by a synproportionation between the Tc(I) and Tc(VII) atoms
in 21 and would preferably proceed via a chelate-bonded
pertechnetato ligand. The intermediate formation of [Tc(’-
00Tc0,)(CO),(PPh;),] (25) is supported by the fact that in
the reaction mixture the Tc NMR signal of 21 gradually
disappears and in the supernatant solution over the black solid
a highly symmetrical dicarbonyl species with a chemical shift of
—798 ppm (v;, = 98 Hz) can be detected, while the
pertechnetate resonance at 41 ppm persisted (Figure 17). A
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Figure 17. ®Tc NMR spectrum of [Tc(7*O0TcO,)(CO),(PPh,),]
(25).

high and rigid symmetry around the technetium atom in the
dicarbonyl part of the molecule is concluded from the narrow
line width of the signal, since the line broadening of “Tc NMR
signals is frequently related to symmetry parameters or
dynamic effects.”” Remarkably, the pertechnetato signal at 41
ppm is relatively broad (v, = 174 Hz) in comparison to those
of the monodentate 7pertechnetato ligands (vide supra) or
uncoordinated TcO,~."° It is not yet clear if this is the result of
a fluxional behavior or if a second pertechnetate component is
present.

The decomposition of the pertechnetato complex 21 with
formation of TcO, requires elevated temperatures. Thus, we
found no evidence for the formation of the chelate complex 25
and a subsequent synproportionation in boiling acetone or
THE. The formation of dicarbonyl complexes with solvent
ligands (compounds 23 and 24) might support the
stabilization of the mixed-valent technetium complexes, but it
should be mentioned also that an attempted reaction of
compound 21 in boiling benzene did not result in the
formation of compound 25 and/or TcO,. Only the benzene
solvate of complex 21 could be recovered from such solutions
in quantitative yields (vide supra). This information might also
be of relevance for the elevation of the speciation of
technetium compounds in nuclear waste solutions.

B CONCLUSIONS

The organometallic, bench-stable aqua complex mertrans-
[Tc(OH,)(CO),(PPh;),](BF,) reacts with a large variety of
small inorganic ligands with exchange of the aqua ligand. The
reaction pathway and the nature of the products strongly
depend on the donor atoms of the ligands and the reaction
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conditions. Donor solvents frequently participate in the
reactions and establish equilibria between different complexes.

Many products could be isolated in crystalline form. Thus,
the present study introduces the first technetium complexes
with nitrato, nitrito, azido, isoselenocyanato, and BH," ligands.
An ambidentate bonding behavior could be unambiguously
confirmed for nitrite and SeCN™ ligands.

The obtained results may have some implications in the
evaluation of technetium-containing nuclear waste solutions on
consideration of the following facts.

(i) Carbonyl species contained in such solutions are
reactive, and their speciation is not restricted to the
[Tc(OH,);(CO);]* cation.

(ii) Carbonyl species can form complexes with nitrate and
nitrite ions, which are common in such solutions.

(iii) The related nitrito and nitrato complexes can establish
bond isomerism and induce decarbonylation reactions.

(iv) Technetium carbonyls form complexes with potentially
hazardous azide species, but also a nucleophilic attack of
N;~ on CO with subsequent cyanate formation has been
observed.

(v) Common reducing agents such as BH,” can form
complex species with technetium(I) carbonyls.

(vi) Even the behavior of pertechnetate is not innocent in its
role as a ligand for the coordination of low-valent
technetium species.

#Tc nuclear magnetic resonance proved to be an invaluable
tool for the study of these systems. The differentiation between
different binding modes of ambidentate ligands as well as the
decarbonylation/recarbonylation was easily achieved through
the use of *Tc resonances. In general, dicarbonyls are formed
when highly 7-basic or strong o-donors attack.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise stated, reagent-grade
starting materials were purchased from commercial sources and either
used as received or purified by standard procedures. Solvents were
dried and deoxygenated according to standard procedures. [TcH-
(CO)3(PPhy),], [Tc(OH,)(CO);(PPh;),][BE,], and [Tc(OH,)-
(CO),(PPh;),][BF,] were prepared as previously described.”**’
Trimethylselenonium iodide and PPN salts were prepared according
to literature procedures.””>

Physical Measurements. NMR spectra were recorded at 20 °C
with JEOL 400 MHz multinuclear spectrometers. The values given for
the *Tc chemical shifts are referenced to potassium pertechnetate in
water. IR spectra were recorded with a Shimadzu FTIR 8300
spectrometer as KBr pellets. The following abbreviations were used
for the intensities and characteristics of IR absorption bands: vs = very
strong, s = strong, m = medium, w = weak, sh = shoulder.

Radiation Precautions. *Tc is a long-lived, weak f~ emitter
(Epmax = 0.292 MeV). Normal glassware provides adequate protection
against the weak f radiation when milligram amounts are used.
Secondary X-rays (bremsstrahlung) play a significant role only when
larger amounts of **Tc are handled. All manipulations were done in a
laboratory approved for the handling of radioactive materials.

X-ray Crystallography. The intensities for the X-ray determi-
nations were collected on STOE IPDS II or Bruker D8 Venture
instruments with Mo Ka radiation. The space groups were
determined by the detection of systematic absences. Absorption
corrections were carried out by multiscan or integration methods.”>”*
Structure solution and refinement were performed with the SHELX
program package.”>’® Hydrogen atoms were derived from the final
Fourier maps, refined or placed at calculated positions, and treated
with the “riding model” option of SHELXL. The representation of
molecular structures was done using the program DIAMOND 4.2.2.”
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Additional information on the structure determinations is
contained in the Supporting Information and has been deposited
with the Cambridge Crystallographic Data Centre.

Computational Details. DFT calculations were performed on
the high-performance computing systems of the Freie Universitit
Berlin ZEDAT (Curta)”® using the program package GAUSSIAN
16.”° The gas-phase and solution geometry optimizations were
performed using coordinates derived from the X-ray crystal structures
using GAUSSVIEW and Avogadro.*”®' The polarizable continuum
model (PCM) with the integral equation formalism variant
(IEFPCM) was used to implicitly simulate the solvent dichloro-
methane. The calculations were performed with the hybrid density
functional B3LYP.**~** The double-{ pseudopotential LANL2DZ
basis set with the respective effective core potential (ECP) was
applied to P, S, Se, and Te.®® The Stuttgart relativistic small-core basis
set with the corresponding ECP was applied to Tc.***” The 6-
311+G** basis set was used to model C, H, O, and N atoms.*®* All
basis sets as well as the ECPs were obtained from the EMSL
database.”® Frequency calculations after the optimizations confirmed
the convergence. No negative frequencies were obtained for the given
optimized geometries of all compounds. The entropic contribution to
the free energy was corrected for low-energy modes using the quasi-
harmonic approximation of Grimme”' as implemented in the freely
accessible python code GoodVibes of Funes-Ardoiz and Paton with a
cutoff at 300 cm™.”> Further details are contained in the Supporting
Information.

Syntheses. mer-[TcX(CO);(PPh;),] (X = Cl (2a), Br (2b), | (2c)). A
solution of NaX (Cl, 6 mg; Br, 12 mg; I, 18 mg, 0.12 mmol) in water
(1 mL) was added to a suspension of [Tc(OH,)(CO);(PPh;),][BF,]
(18 mg, 0.02 mmol) in CH,Cl, (1 mL). After the resulting biphasic
mixture was stirred for 10 min, water (3 mL) was added and the
organic phase was separated. The separated organic phase was dried
by filtering over a small bed of Na,SO,. The aqueous phase was
extracted twice with CH,Cl, (1 mL), which was then also dried over
Na,SO,. The combined extracts were left for evaporation overnight.
Colorless microcrystals of 2a—c were isolated. Yield: 2a, 13 mg (0.02
mmol, 96%); 2b, 14 mg (0.02 mmol, 93%); 2c, 13 mg (0.02 mmol,
85%). The analytical data are as reported earlier.”®

[TcBr(CO);(PPhs),] (2b) from a Grignard Reagent. A solution of
PhMgBr (0.5 mL, 1 M, in THF) was added dropwise to a suspension
of [Tc(OH,)(CO),(PPh,),][BE,] (85 mg, 0.1 mmol) in dry,
degassed THF (2 mL) under Ar. After the resulting clear yellow-
orange solution was stirred for 1 h, the solvent was evaporated under
vacuum. The residue was extracted with toluene (5 X 2 mL). The
volume was reduced to ca. 0.5 mL under vacuum, and 6 mL of
pentane were added to precipitate a crude mixture of Mg salts and the
product (88 mg). Extraction of the technetium compounds with
CH,Cl, followed by crystallization from CH,Cl,/pentane resulted in
the formation of crystals of 2b, which were filtered off, washed with
pentane, and dried in air. The crystals were suitable for X-ray
diffraction. Yield: SO mg (0.06 mmol, 60%). The product is
spectroscopically identical with 2b prepared by literature methods.”

[Tcl(CO)5(PPh3),] (2c) from SeMesl. SeMe, (0.5 mlL, freshly
distilled from 5.5 g of SeMe;I) was added to a suspension of
[Tc(OH,)(CO)4(PPh;),][BF,] (41 mg, 0.0 mmol) in CH,Cl, (1
mL). The resulting clear solution was stirred for 1 min and then
filtered over a small bed of Na,SO, to remove the released water. The
Na,SO, was washed with CH,Cl, (2 X 0.5 mL). The combined
filtrate and washing solutions were layered with pentane (15 mL).
After storage in a refrigerator overnight, colorless crystals formed. The
crystals were filtered off, washed with pentane (3 X 3 mL), and dried
in air. The crystals were suitable for X-ray diffraction. Yield: 27 mg
(0.03 mmol, 65%). The product obtained is spectroscopically
identical with 2¢ prepared by literature methods.”®

[Tcl(CO)5(PPh3),] (2¢) from Nals. A freshly prepared red solution of
Nal; (Nal, 2.8 mg, 0.02 mmol; I,, 4.7 mg, 0.02 mmol) in THF (0.5
mL) was added to a suspension of [Tc(OH,)(CO),;(PPh,),][BF,]
(15 mg, 0.02 mmol) in THF (0.5 mL). The resulting clear, orange-red
solution was stirred for 15 min. The addition of MeOH (9 mL)
resulted in the precipitation of golden yellow microcrystals. The
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crystals were filtered off, washed with MeOH (3 mL) and hexane (3 X
3 mL), and dried in air to give S mg of 2c. Slow evaporation of the
filtrate resulted in the formation of a second crop (8 mg) of the
product as large yellow crystals. The crystals were suitable for X-ray
diffraction. Yield: 13 mg (0.02 mmol, 84%). The product obtained is
spectroscopically identical with 2¢ prepared by literature methods.”

[Tc(OH)(H,0)(CO),(PPh3),] (3). Solid KOMe (5 mg, 0.07 mmol)
was added to a suspension of [Tc(OH,)(CO);(PPh,),][BF,] (15 mg,
0.02 mmol) in MeOH (0.5 mL), resulting in the formation of a yellow
suspension. After the resulting suspension was stirred for 30 min, the
light yellow precipitate was filtered off. It was washed with MeOH (2
%X 2 mL) and pentane (3 mL). After drying in air, a yellow powder
was obtained. Yield: 14 mg (0.02 mmol, 98%). IR (cm™): 2013 (vw,
UCEO)I 1967 (W) VCEO)r 1940 (S, VCEO); 1906(Shf VCEO)F 1861 (VS;
Vc—o). 'H NMR (CD,Cl,, ppm): 7.72—6.97 (30H, m, ArH), 2.58
(1H, s, OH), 1.55 (2H, s, OH,). *'P NMR (CD,CL, ppm): 54 (s, v,
= 5852 Hz). ®Tc NMR (CD,Cl,, ppm): —859 (s, v;,, = 3920 Hz).

[Tc(NCO)(OH,)(CO),(PPh;),] (4). A solution of NaN; (10 mg, 0.15
mmol) in MeOH (0.5 mL) was added to a suspension of
[Tc(OH,)(CO);(PPh;),][BF,] (23 mg, 0.03 mmol) in CH,ClL/
MeOH (1 mL/0.5 mL). After the resulting clear solution was stirred
for 5 min, water (2 mL) and CH,Cl, (1 mL) were added. The
separated organic phase was dried by filtering over a small bed of
MgSO,. MgSO, was washed with CH,ClL, (2 X 0.5 mL), and the
combined filtrate and washing solutions were left for evaporation
overnight. The beige residue was crystallized from CH,Cl,/hexane,
filtered, and washed with pentane. After drying in air, a mixture of
colorless and yellow crystals was obtained, which mainly consisted of
4, while traces of 5 and an unidentified impurity were present. Yield:
18 mg (0.02 mmol, 86%). IR (cm™): 2106 (s, vn—c), 2033 (s,
Vo), 1948 (vs, Voo), 1917 (vs, veo), 1871 (s, ve—o). 'H NMR
(CD,Cl,, ppm): 7.62 (12H, s, ArH), 7.45 (18H, s, ArH). **Tc NMR
(CD,Cl, ppm): =975 (t, vy, = 502 Hz, 'Jy._p = 582 Hz). The *'P
NMR resonance was too broad to be observed due to couplings with
the quadrupole moment of *Tc.

[Tc(N3)(CO)5(PPh3),] (5). Trimethylsilyl azide (66 uL, 0.5 mmol)
was added to a suspension of [Tc(OH,)(CO);(PPh;),][BF,] (41 mg,
0.05 mmol) and CsF (0.05 mmol, 8 mg) in THF (2 mL). The
orange-red suspension was stirred for 2.5 h, while slow gas evolution
was observed. The volume of the resulting solution was reduced to ca.
0.5 mL. Hexane (10 mL) was added to complete the precipitation.
The formed precipitate was filtered off and washed with hexane (3 X
3 mL), water (2 X 2 mL), ethanol (2 X 2 mL), and hexane (2 X 3
mL). After drying in air, a colorless powder was isolated.
Recrystallization was done from CH,Cl,/pentane. Yield: 37 mg
(0.05 mmol, 99%). IR (cm™): 2058 (sh, vc—o), 2034 (s, Un—n),
1954 (vs, vceo), 1913 (vs, vc=o), 1846 (m, vc—o). 'H NMR
(CD,Cl, ppm): 7.62 + 7.46 (30H, s, ArH). 3P NMR (CD,Cl,
ppm): 34 (s, v/, = 3683 Hz). Tc NMR (CD,Cl,, ppm): —1452 (s,
Vi), = 3222 Haz).

[Tc(NCO)(CO)3(PPh3),] (6). Solid KOCN (8 mg, 0.1 mmol) was
added to a suspension of [Tc(OH,)(CO);(PPh;),][BF,] (15 mg,
0.02 mmol) in CH,CL,/MeOH (1 mL/1 mL). After the resulting
clear solution was stirred for 1 h, MeOH (6 mL) was layered on top.
The cloudy solution was left for diffusion overnight. The formed
colorless microcrystals were filtered from the remaining MeOH,
washed with MeOH (6 mL) and pentane (3 mL), and dried in air.
Yield: 12 mg (0.02 mmol, 87%). IR (ecm™"): 2237 (vs, vc—y), 2056
(Wz I/CEO)’ 2007 (Wz IJCEO)’ 1964 (VS) UCEO)/' 1937 (V51 VCEO); 1915
(s, vc=0), 1850 (vs, vc_o). '"H NMR (CD,Cl,, ppm): 7.85—7.14
(30H, m, ArH). P NMR (CD,Cl,, ppm): 38 (s, vy, = 3254 Hz).
#Tc NMR (CD,Cl, ppm): —1553 (s, vy, = 3104 Hz).

[Tc(NCS)(CO);(PPh;),] (7). A solution of KSCN (10 mg, 0.1 mmol)
in MeOH (1 mL) was added to a suspension of [Tc(OH,)-
(CO);(PPh;),][BF,] (41 mg, 0.05 mmol) in CH,Cl,/MeOH (0.5
mL/0.5 mL). After the resulting reddish brown solution was stirred
for 5 min, water (2 mL) and CH,Cl, (1 mL) were added. The
separated organic phase was dried by filtering over a small bed of
Na,SO,. The Na,SO, was washed with CH,Cl, (2 X 0.5 mL), and the
combined filtrate and washing solutions were left for evaporation

https://doi.org/10.1021/acs.inorgchem.1c03919
Inorg. Chem. 2022, 61, 2980—2997

77


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03919/suppl_file/ic1c03919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03919/suppl_file/ic1c03919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03919/suppl_file/ic1c03919_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

overnight. The formed reddish crystals were suspended in pentane,
filtered, and washed with pentane (3 X 3 mL). The crystals were
suitable for X-ray diffraction. Yield: 24 mg (0.03 mmol, 62%). IR
(em™): 2085 (vs, vcy), 2046 (vs, Vo), 1950 (vs, vo—o), 1929
(vs, vc=0). '"H NMR (CD,CL, ppm): 7.62 (12H, s, ArH), 7.48 (18H,
s, ArH). *'P NMR (CD,Cl,, ppm): 39 (s, v}, = 3597 Hz). *Tc NMR
(CD,Cl,, ppm): —1518 (s, vy, = 2523 Hz).

[Tc(NCSe)(CO);(PPhs),] (8a)/[Tc(SeCN)(CO)s(PPhs),] (8b). A sol-
ution of KSeCN (15 mg, 0.1 mmol) in THF (1 mL) was added to a
suspension of [Tc(OH,)(CO);(PPh;),][BF,] (41 mg, 0.0S mmol)
and NEt; (1 drop) in THF (1 mL) at ca. —40 °C. After the resulting
yellow solution was stirred for 10 min, the mixture was warmed to
room temperature. A mixture of water and methanol (1 mL/3 mL)
was added, resulting in the formation of a light yellow precipitate. The
mixture was cooled in a refrigerator for 1 h to complete the
precipitation. It was filtered, washed with H,O (3 X 2 mL) and
pentane (3 X 3 mL), and dried in air to give a colorless powder. The
product is much more soluble in methanol in comparison to all other
complexes of the [TcX(CO);(PPh;),] series. Yield: 23 mg (0.03
mmol, 53%). IR (cm™): 2083 (m, vc_y), 2048 (W, vc=o) 1954 (s,
Ve=o), 1933 (5, vc=o), 1861 (m, vc—p). 'H NMR (CD,Cl,, ppm):
7.62 (12H, s, ArH), 7.45 (18H, s, ArH). *'P NMR (CD,CL, ppm): 34
(s, V1, = 2341 Hz). **Tc NMR (CD,Cl, ppm): —1509 (s, vy, =
3061 Hz, Tc-NCSe), —1649 (s, v/, = 3544 Hz, Tc-SeCN).

[Tc(CN)(CO)5(PPh;),] (9) from KCN. A solution of KCN (18 mg,
0.28 mmol) in MeOH (0.5 mL) was added to a suspension of
[Tc(OH,)(CO)4(PPh,),][BF,] (31 mg, 0.04 mmol) in CH,CL/
MeOH (1 mL/0.5 mL). After the resulting clear solution was stirred
for S min, water (2 mL) and CH,Cl, (1 mL) were added. The
separated organic phase was dried by filtering over a small bed of
MgSO,. The MgSO, was washed with CH,Cl, (2 X 0.5 mL), and the
combined filtrate and washing solutions were left for evaporation
overnight. The formed colorless crystals were suspended in hexane,
filtered, and washed with pentane (3 X 3 mL). After drying in air,
colorless microcrystals were obtained. In contrast to other complexes
of the type [TcX(CO);(PPh,),], the product is quite soluble in
acetone. The product is sparingly soluble in CH,Cl,. The crystals
were suitable for X-ray diffraction. Yield: 19 mg (0.03 mmol, 68%).

[Tc(CN)(CO)5(PPh3),] (9) from KSeCN. A solution of KSeCN (16
mg, 0.1 mmol) in MeOH (1 mL) was added to a suspension of
[Tc(OH,)(CO);(PPhs),][BE,] (37 mg, 0.04 mmol) in CH,CL/
MeOH (0.5 mL/0.5 mL). Red selenium precipitated immediately,
and MeOH (10 mL) was added shortly after. The precipitated
mixture of 8a,b, 9, and elemental selenium was filtered off, washed
with MeOH (3 X 2 mL), and dried in air (40 mg). Slow evaporation
of the filtrate gave colorless crystals of 9-MeOH, which were suitable
for X-ray diffraction. The crystals were filtered off and washed with
MeOH. Yield: 11 mg (0.02 mmol, 30%).

[Tc(CN)(CO)5(PPh3),] (9) from (PPN)TeCN. A solution of (PPN)-
TeCN (100 mg, 0.1 mmol) in dry, degassed THF (1 mL) was added
to a suspension of [Tc(OH,)(CO);(PPh;),][BF,] (41 mg, 0.05
mmol) and NEt; (0.2 mL) in dry, degassed THF (1 mL) at ca. —40
°C. Black tellurium powder precipitated immediately, and a mixture of
water and methanol (3 mL/6 mL) was added. The mixture was
extracted with CH,Cl, (3 mL). The separated organic phase was
dried by filtering over a small bed of Na,SO,. The Na,SO, was
washed with CH,Cl, (2 X 0.5 mL), and the combined filtrate and
washing solutions were left for evaporation. The gray-brown residue
was suspended in pentane and filtered off. It was washed with pentane
to give an off-white powder. Yield: 15 mg (0.03 mmol, 41%). IR
(em™): 2116 (W, Veey), 2054 (W, Vo), 1960 (vs, veo), 1935 (vs,
Ve=o)- 'H NMR (CD,Cl,, ppm): 7.72 (12H, s, ArH), 7.45 (18H, s,
ArH). P NMR (CD,Cl, ppm): 36 (s, v, = 1542 Hz). *Tc NMR
(CD,Cl, ppm): —1901 (s, vy, = 5907 Hz).

[TC(r]Z-OON)(CO)Z(PPhg)Z] (10). A solution of NaNO, (8 mg, 0.12
mmol) in water (1 mL) was added to a suspension of [Tc(OH,)-
(CO),(PPh,),][BF,] (18 mg, 0.02 mmol) in CH,Cl, (1 mL). After
the resulting biphasic mixture was stirred for 1 h, water (3 mL) was
added and the organic phase was separated. The separated organic
phase was dried by filtering over a small bed of Na,SO,. The water
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was extracted twice with CH,Cl, (1 mL), and the extracts were then
dried over Na,SO,. The combined extracts were left for evaporation
overnight. Light yellow-green crystals of [Tc(#*-OON)-
(CO),(PPhy),] (10) formed. They were suspended in pentane,
filtered, washed with pentane (3 X 3 mL), and dried in air. They were
suitable for X-ray diffraction. Traces of [Tc(5'-NO,)(CO),(PPh,),]
(11a) could not be removed. Yield: 16 mg (0.02 mmol, 100%). IR
(cm™): 1946 (vs, ve—o), 1871 (vs, Uc—o)- "H NMR (CD,CL, ppm):
7.43 (30H, s, ArH). >'P NMR (CD,Cl,, ppm): 46 (s, v, = 2341 Hz).
#Tc NMR (CD,Cl,, ppm): —629 (s, vy, = 4530 Hz).

[Te(n'-NO,)(CO)3(PPh3),] (11a)/[Tc(n'-ONO)(CO)5(PPh3),] (11b).
CO(g) was bubbled through a light yellow solution of [Tc(n*
OON)(CO),(PPh,),] (10) in CH,Cl, (1 mL). A colorless solution
formed after 1 min. The products were crystallized by the addition of
hexane and slow evaporation, yielding plates of [Tc('-NO,)-
(CO),;(PPhy),] (11a)/[Tc('-ONO)(CO),(PPh;),] (11b). The
crystals were filtered, washed with pentane (3 X 3 mL), and dried
in air. Crystals suitable for X-ray diffraction were obtained by slow
evaporation of a saturated CH,Cl,/MeOH solution. Yield:
quantitative. IR (cm™): 2052 (w, vc=o), 1964 (vs, ve—o, 11a),
1946 (m, Uc—o, 11b), 1913 (m, vc—q, 11b), 1871 (vs, vc_o, 11a). 'H
NMR (CD,CL, ppm): 7.62 (12H, s, ArH), 7.45 (18H, s, ArH). *Tc
NMR (CD,Cl, ppm): —1305 (s, 11, = 3594 Hz, n'-ONO), —1431
(s, vy, = 3544 Hz, 7'-NO,). The 3P NMR resonances were too
broad to be observed due to couplings with the quadrupole moment
of PTe.

[Tc(nz-OONO)(CO)Z(PPh3)2] (12). A solution of NaNO; (3 mg, 0.04
mmol) in water (1 mL) was added to a suspension of [Tc(OH,)-
(CO);(PPh,),][BF,] (17 mg, 0.02 mmol) in CH,Cl, (1 mL). After
the resulting biphasic mixture was stirred for 15 min, the organic
phase was separated and dried by filtering over a small bed of Na,SO,.
The light yellow-green solution was left for evaporation overnight.
The resulting colorless residue was partially dissolved in CH,Cl, (0.5
mL) and reprecipitated with pentane (12 mL). The light yellow-green
powder of [Tc(7*-OONO)(CO),(PPh,),] (12) was filtered, washed
with pentane (3 X 3 mL), and dried in air. Crystals suitable for X-ray
diffraction were obtained by slow evaporation of a CH,Cl,/MeOH
mixture. Yield: 15 mg (0.02 mmol, 97%). IR (cm™): 1952 (vs,
Veeo), 1879 (v8, veo), 1524 (vs, Unoo)- 'H NMR (CD,Cl,, ppm):
7.73—7.23 (30H, m, ArH). *Tc NMR (CD,Cl,, ppm): —820 (s, vy,
= 4165 Hz). The *'P NMR resonance was too broad to be observed
due to couplings with the quadrupole moment of *Tc.

[Te(n’-ONO,)(CO)5(PPhs),] (13). CO(g) was bubbled through a
light yellow solution of [Tc(7*-OONO)(CO),(PPhy),] (12) in
CH,Cl, (1 mL). After the mixture was heated to reflux, a colorless
solution formed. It was heated for S min. After this time, the *Tc
NMR spectrum of the mixture indicated the complete conversion of
12 into [Tc(n'-ONO,)(CO);(PPhs),] (13). All attempts to isolate
13 in crystalline form resulted in the regeneration of dicarbonyl 12.
3P NMR (CD,Cl, ppm): 39 (s, vy, = 3511 Hz). ®Tc NMR
(CD,CL, ppm): —1275 (s, vy, = 3594 Hz).

[Tc(n?-HHBH,)(CO),(PPh3),] (15). A solution of BH;- THF (0.5 mL,
0.5 mmol, 1 M) was added to [TcH(CO);(PPh;),] (35 mg, 0.05
mmol) in 0.5 mL of THF under Ar. The mixture was heated to reflux
for 5 min. It turned yellow, and an off-white solid started to
precipitate. Pentane (9 mL) was added, and the mixture was stored in
a refrigerator overnight. The resulting light yellow precipitate was
filtered off, washed with pentane, and dried in air to give a yellowish
mixture of [TcH(CO);(PPhy),] with ca. 20% [Tc(y*-HHBH,)-
(CO),(PPhy),] (15). Crystals suitable for X-ray diffraction were
obtained from the filtrate. Yield/recovery: 17 mg. Analytical data are
only given for 15, although the sample also contained a significant
amount of [TcH(CO);(PPh),]. IR (em™): 2479 (W, Vp_pigerminal)s
2440 (W, Vp_p.1c), 2021 (W, Up_pyy7er), 1956 (m, ve=o), 1886 (m,
Vc=o)- 'H NMR (CD,Cl, ppm): —5.56 (s, v, = 116 Hz, Tc—BH,).
#Tc NMR (CD,Cl,, ppm): —964 (s, vy, = 5075 Hz).

[Tc(?-O0(CCH3))(CO),(PPh3),] (16) from NaOAc. A solution of
NaOAc-3H,0 (14 mg, 0.1 mmol) in MeOH (1 mL) was added to a
suspension of [Tc(OH,)(CO),(PPh;),][BF,] (23 mg, 0.03 mmol) in
CH,Cl,/MeOH (0.5 mL/0.5 mL). After the resulting clear yellow
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solution was stirred for S min, water (2 mL) and CH,Cl, (1 mL) were
added. The separated organic phase was dried by filtering over a small
bed of Na,SO,. The Na,SO, was washed with CH,Cl, (2 X 0.5 mL),
and the combined filtrate and washing solutions were left for
evaporation overnight. The formed colorless crystals were suspended
in pentane, filtered off, and washed with pentane (1 X 3 mL). They
were suitable for X-ray diffraction. Yield: 25 mg (0.03 mmol, 60%).

[Tc(i?*-O0(CCH;))(CO),(PPh;),] (16) from Potassium Monothioa-
cetate. A suspension of potassium monothioacetate (4 mg, 0.04
mmol) in H,O (1 mL) was added to a suspension of [Tc(OH,)-
(CO),(PPh,),][BE,] (15 mg, 0.02 mmol) in CH,Cl, (1 mL). The
biphasic mixture was stirred for 15 min, during which time the organic
phase turned yellow. The separated organic phase was dried by
filtering over a small bed of Na,SO,. The Na,SO, was washed with
CH,Cl, (2 X 0.5 mL), and the combined filtrate and washing
solutions were left for evaporation overnight. The orange-yellow
residue was partially dissolved in CH,Cl, (0.5 mL) and reprecipitated
with pentane, filtered off, and washed with pentane (1 X 3 mL). A
beige powder of 16 was obtained. Yield: 12 mg (0.02 mmol, 88%).
The analytical data are as reported previously.”

[Tcln?-SSC(CH3)}CO),(PPh;),] (17) and [Tc{n’-SSC(SCH;)}-
(CO),(PPh3),] (18a). A red-orange solution of Li(SSCCH;) (ca. 0.8
M) was prepared by the addition of a MeLi solution (1 mL, 1.6 M) to
a solution of CS, (122 mg, 1.6 mmol) in dry, degassed THF (1 mL).
An aliquot (0.08 mmol, 0.1 mL) of the thus-prepared solution was
added dropwise to a suspension of [Tc(OH,)(CO);(PPh,),][BF,]
(15 mg, 0.02 mmol) in THF (0.5 mL). Large colorless crystals
precipitated immediately, which were dissolved by the addition of
MeOH (9 mL). The mixture was left for evaporation for 2 days. The
formed yellow plates were filtered off and washed with a small amount
of MeOH (2 X 0.5 mL) and pentane (3 X 3 mL). After drying, the
yellow plates were suitable for X-ray diffraction. The crystals consist of
cocrystallized [Tc{n*-SS(CCH;)}(CO),(PPh;),] (17) and [Tc{n*
SS(CSCH;)}(CO),(PPh;),] (18a). Yield: 12 mg (0.02 mmol, 80%).
IR (ecm™): 1938 (vs, Uc—o), 1865 (vs, vc=o), 1481 (broad, vc_g, 16),
1433 (broad, vc—g, 15a/b). "H NMR (CD,Cl,, ppm): 7.60 (12H, 2s,
ArH), 7.38 (18H, 2s, ArH), 1.86 (2H, s, n-SSCSCH;) 1.47 (1H, s,
1>-SSCCH,). ®Tc NMR (CD,Cl, ppm): —1339 (t, vy, = 345 Hz,
Yrep = 559 Hz, n*-SSCCH;), —1374 (t, v, = 317 Hz, Jy._p = 611
Hz, *-SSCOCH;), —1409 (t, v, = 349 Hz, YJr._p = 593 Hgz, 1
SSCSCHj). The 3'P NMR resonances were too broad to be observed
due to couplings with the quadrupole moment of *Tc.

[Te(i?-SS(CH))(CO),(PPhs),] (20). CS, (1 mL) was added to a
suspension of [TcH(CO);(PPh,),] (16 mg, 0.02 mmol) in toluene
(0.5 mL) and heated to reflux for S min. MeOH (9 mL) was added,
and the solution was left for evaporation for 2 days. The formed
yellow crystals were filtered off and washed with MeOH (2 X 1 mL)
and pentane (2 X 3 mL). After drying in air, yellow plates that were
suitable for X-ray diffraction were obtained. If necessary, traces of 19
could be removed by heating in toluene for an additional $ min. Yield:
15 mg (0.02 mmol, 88%). IR (cm™'): 2045 (w, vc—o), 1946 (vs,
Vc=o), 1869 (vs, Vc—o). "H NMR (CD,Cl,, ppm): 10.12 (1H, s, #*-
SSCH), 7.61 (12H, s, ArH), 7.39 (18H, s, ArH). ®Tc NMR (CD,Cl,,
ppm): —1250 (t, vy, = 404 Hz, 'Jy._p = 583 Hz). The *'P NMR
resonance was too broad to be observed due to couplings with the
quadrupole moment of *Tc.

[Tc(OTcO;)(CO)5(PPh;),] (21). Water (0.2 mL) was added to a
suspension of NH,TcO, (4 mg 0.02 mmol) and [Tc(OH,)-
(CO);(PPh,),][BF,] (15 mg, 0.02 mmol) in THF (1 mL) to give
a yellow solution. The mixture was stirred for 30 min. After
evaporation of the THF overnight, yellow crystals formed. The
crystals were suspended in MeOH (2 mL) and filtered. After washing
with MeOH (3 X 3 mL), they were dried in air. Yield: 13 mg (0.02
mmol, 83%). IR (cm™): 2073 (m, vc—o), 1964 (vs, ve—o), 1923 (vs,
Ve=o), 1865 (w, vc—q), 912 (vs, Ur—o)- 'H NMR (CD,Cl,, ppm):
7.63—7.52 (12H, m, ArH), 7.52—7.43 (18H, m, ArH). 3'P NMR
(CD,Cl,, ppm): 36 (s, vy, = 2969 Hz). **Tc NMR (CD,Cl,, ppm):
41 (s, vy, = 208 Hz, OTcO;), —1137 (s, vy, = 3996 Hz).

[Tc(OReO3)(CO)5(PPh3),] (22). NH,ReO, (7 mg, 0.02 mmol) and
[Tc(OH,)(CO)5(PPh;),][BF,] (1S mg, 0.02 mmol) were dissolved
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in THF/water (1 mL/S drops). The mixture was stirred for 30 min
and turned yellow-green. After evaporation of the THF overnight, a
yellow precipitate formed under a greenish aqueous phase. The
precipitate was suspended in 0.5 mL of water and filtered. After
washing with additional water, the greenish impurities were removed
by washing with MeOH (2 X 1 mL). Drying in air gave a yellow
powder of 22. Yield: 6 mg (0.01 mmol, 38%). IR (cm™): 2073 (m,
Ve=o), 1964 (vs, ve=o), 1923 (vs, Uc=o), 1863 (m, vc=o), 927 (vs,
Ure—o)- 'H NMR (CD,Cl,, ppm): 7.62—7.52 (12H, m, ArH), 7.52—
7.44 (18H, m, ArH). 3'P NMR (CD,Cl,, ppm): 38 (s, v,,, = 4463
Hz). Tc NMR (CD,Cl, ppm): —1166 (s, vy, = 4063 Hz).

[Tc(OTcOs)(acetone)(CO),(PPhs),]-acetone (23c). A suspension of
[Tc(OTcO;)(CO)5(PPh;y),] (10 mg, 0.01 mmol) in acetone (0.5
mL) was heated to reflux for S min. Pentane (6 mL) was added to the
resulting yellow solution, and the mixture was left to evaporate.
Overnight, yellow microcrystals formed. They were suspended in
pentane (1 mL), filtered off, washed with pentane (2 mL), and dried
in air. Crystals suitable for X-ray diffraction were obtained from the
diffusion of acetone vapor into a powder of [Tc(OTcO,)-
(CO);(PPhy),]. Yield: 7 mg (0.01 mmol, 70% based on Tc). IR
(em™): 2079 (vW, Vo), 1942 (v8, Uc—o), 1852 (vs, vc—o), 1705
(m, vc—o, acetone in lattice), 1672 (m, vc—o, Tc—O=CMe,), 905
(m, vre—o), 870 (m, vr—o), "H NMR (CD,CL, ppm): 7.62 (12H, s,
ArH), 7.47 (18H, s, ArH), 2.12 (8H, s, acetone). **Tc NMR (CD,Cl,,
ppm): 37 (s, vy, = 588 Hz, [Tc(OTcO;)(acetone)(CO),(PPh;),]),
32 (s, vy, = 240 Hz, [Tc(OTcO;)(H,0)(CO),(PPh),]), —803 (s,
V1), = 1643 Hz, [Tc(OTcO;)(solv)(CO),(PPhy),]).
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Technetium and the C=C triple bond: Unlocking air- and water-
stable technetium acetylides and other organometallic com-
plexes

Maximilian Roca Jungfer, Ulrich Abram*

Institute of Chemistry and Biochemistry, Freie Universitat Berlin, Fabeckstr. 34/36, D-14195 Berlin, Germany

The first technetium complexes containing anionic alkynido ligands in an end-on coordination mode have been prepared by
use of the non-protic, cationic precursor mer-trans-[Tc(SMez)(CO)s(PPhs)z]*. This cation acts as a functional analogue of the
highly reactive 16-electron metallo Lewis acid {Tc(CO)s(PPhs):}* in reactions with alkynes, acetylides and other organome-
tallic reagents. Such reactions give a variety of organometallic technetium complexes in excellent yields and enable the prep-
aration of [Tc(CHs)(CO)3(PPhs)2], [Tc(Ph)(CO)3(PPhs)z], [Tc(Cp)(CO)2(PPhs)], [Tc(=CCH2CH2CH20)(CO)s3(PPhs):]*
[Tc(=CCH2CH2CH2CH20)(CO)3(PPhs)z]*, [Tc(C=C-H)(CO)3(PPhs)2], [Tc(C=C-Ph)(CO)3(PPhs)2], [Tc(C=C-Bu)(CO)s3(PPhs)],
[Tc(C=C-"Bu)(CO)3(PPhs)2], [Tc(C=C-SiMes)(CO)3(PPhs)2] and[Tc{C=C-C¢H3(CF3)2}(CO)3(PPhs)z]. The bonding situation in
the alkynyl complexes are compared to corresponding alkyl- and arylnitrile and -isonitrile complexes. [Tc(N=C-
Ph)(C0)3(PPhs):](BF4), [Tc(C=N-Ph)(CO)s(PPhs)2](BF4), [Tc(N=C-:Bu)(CO)s(PPhs)2](BF4) and [Tc(C=N-Bu)(CO)3(PPhs)s]-
(BF4) were prepared in high yields by ligand exchange reactions starting from mer,trans-[Tc(OHz)(CO)3(PPhs)2](BF4). The
novel complexes were characterized by single crystal X-ray diffraction and spectroscopic methods. Especially 2°Tc NMR spec-
troscopy proved to be an invaluable and sensitive tool for the characterization of the complexes. DFT calculations strongly

suggest similar bonding situations for the related alkynyl, nitrile and isonitrile complexes of technetium.

Introduction

The importance of the basic organometallic chemistry of the
elements as the fundament for a rational chemical design is
indisputable in many disciplines such as surface chemistry,
material science, catalysis, bioorganometallic chemistry or
medicinal chemistry. While the organometallic chemistry of
most elements steeply develops to reveal an astonishing
complexity of structure, binding and reactivity,'-1° that of
technetium has mostly been developed around carbonyl,!!-
18 jsonitrile,18-26 arene?’-2 and cyclopentadienyl ligands.30-44
Recently, also some N-heterocyclic carbene (NHC) com-
plexes of technetium have been studied.*>° The related re-
search is mainly attributed to the surprising stability of the
resulting complexes containing Tc-C bonds and their poten-
tial for applications in radiopharmaceutical solutions.

Besides such application-driven endeavors, some funda-
mental work has been done starting in the early days of pre-
parative technetium chemistry by pioneers of the organo-
metallic chemistry such as W. Hieber or E. O. Fischer on the
reactivity of coordinated carbonyl ligands with strong nu-
cleophiles.50-33 Another systematic study has been reported
for complexes derived from the coordinatively unsaturated
16-electron complex [TcCl(dppe)z].>* Relatively little is
known about alkyl complexes containing technetium in
high oxidation states,55-57 or related aryl complexes.#+4858

Detailed knowledge about this possibly vast but scarcely ex-
plored field of technetium chemistry is, however, of funda-
mental interest when thinking about the fact that the long-
lived isotope ?°Tc (half-life ca. 200,000 years) is one of the
most critical nuclear fission products, which is formed with
a high fission yield of approximately 6 percent. Under the
extreme conditions to which technetium compounds are ex-
posed to at nuclear waste sites, several unexpected reac-
tions may proceed. Thus, not only high-valent technetium
compounds are present in such solutions, but also the re-
duction of technetium to low-valent compounds such as
Tc(I) or Tc(II) carbonyls or nitrosyls has been observed un-
der the influence of the radiation level present.59-64

® _ o © o
PPhs PPh; | (BFs) PPh, | (BF4)
oc.. | ..co oc.,, | ..co oc., | ..co

10 HBF,ELO "oTel "Tel
N 4° Bt = TN, Excess SMe,
0C” | SH THF([,0) > OC” | YO-H Grych, dethyisther oc”” | \S\’Me
PPhg PPhs H PPh; Me
(1) (2)

Scheme 1. Syntheses of mer-trans-[Tc(OHz)(CO)3(PPhs)2]-
(BF4) (1) and mer-trans-[Tc(SMez)(CO)3(PPhs)z](BF4) (2).

In recent communications, we described the syntheses of a
number of complexes with the mer-trans-{Tc(CO)3(PPhz)2}*
or cis-trans-{Tc(CO)z(PPhs):}* motifs, which were either de-
rived from reactions between the hydrido complex
[TcH(CO)3(PPhs)2] and Brgnsted acids,®> or the cationic
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technetium(I) complex mer-trans-[Tc(OHz)(CO)3(PPhs)z]-
(BF4) (1) with a variety of neutral and anionic ligands.66.67
The water ligand of the mer-trans-[Tc(OHz)(CO)3(PPhs)2]*
cation is labile and, thus, the complex acts as a functional
analogue of the highly reactive 16 e- metallo-Lewis-acid
{Tc(CO)3(PPhs)2}* enabling the isolation of complexes with
C, N, 0, S, Se, Te, Cl, Br and I donor atoms.6667 A ‘non-protic’
alternative to the aqua complex 1 can be prepared by a re-
action of compound 1 with dimethylsulfide. The resulting
cationic complex [Tc(SMe2)(C0O)s3(PPhs)2](BF4) (2) can be
obtained in a scalable reaction in high yields (Scheme 1). Re-
actions of both synthons with organometallic reagents are
subject of the present work.

Results and Discussion
Methyl, Phenyl and Cyclopentadienyl Compounds

mer-trans-[Tc(OHz)(CO)3(PPhs)2](BF4), but also the non-
protic synthon mer-trans-[Tc(SMe2)(CO)3(PPhz)2](BF4),
show a high tendency to react with halides and form the cor-
responding technetium(I) halido complexes [Tc(X)(CO)s-
(PPhs).] (X =C], Br, I). Such a reaction pathway was also ob-
served during reactions with corresponding Grignard rea-
gents, where no alkyl or aryl products could be obtained.¢6
Such undesired side-reactions could be avoided by the use
of methyllithium and phenyllithium, respectively. They lead
in straight reactions to the formation of the corresponding
methyl- and phenyltechnetium(I) compounds [Tc(CHs)-
(C0O)3(PPhs)2] (3) and [Tc(Ph)(CO)3(PPhs)z] (4), Scheme 2.

PPhs PPhs
OCu,, | .co oc., | wCO

T e
oc” | R oc” | >x
PPhs RMgX PPhg
R = CHjs, Phenyl X =Cl, Br

@ @
AR PPhy | 1BF4S
oc., | ..co ocC.,, | ..co

TC Tc
oc” o1 oc” | s-Me
PPhs H PPh; Me
(O] )
)/LiCH3 N‘\

PPhs Tphs
o, ‘ .cO 0C.,, TCNm\co
e e
oo e N
PPh, 3
(©)) 4)

Scheme 2. Synthesis of [Tc(CHs)(CO)3(PPhs)2] (3) and
[Tc(Ph)(CO)s3(PPhs)2] (4).

Expectedly, the reactions require the addition of precise
amounts of organolithium reagents due to the electrophilic
nature of the three carbonyl ligands. Obviously, also the BF4-
anion is not innocent in both cases and preferentially reacts
with the organolithium reagents, which consumes four
equivalents of the added lithium compounds. In the case of
the aqua complex, another equivalent of organolithium rea-
gentis required due to the hydrolysis with the released Hz0.
Consequently, reactions of [Tc(OH2)(CO)3(PPhs)z](BF4) re-
quire a precise addition of 6 equivalents of organolithium
reagent for optimal yields, while 5 equivalents are required
for reactions with [Tc(SMe2)(CO)3(PPhs)2] (BFa).
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The products are easily identified by their *Tc NMR spectra
and the characteristic 'H NMR resonances. The broad and
highly shielded 9°Tc resonances are observed at-2053 ppm
(v1/2 = 7885 Hz) for the methyl derivative and at-1806 ppm
(v1/2= 12238 Hz) for the phenyl derivative. This is in the
range, where also the signal of the hydrido complex
[TcH(CO)3(PPhs)2] (-2208 ppm) and those of [Tc(L)(CO)s-
(PPhs3)2]%/* complexes with other carbon donor ligands (L =
CN-, CO or isonitriles) appear.65-67

Both methyl and phenyl complexes of technetium are
scarce. Only four methyl complexes have hitherto been
characterized by X-ray crystallography. They all contain
technetium in its high oxidation states: [{(CH3)2TcV'O(u-
0)}2], [(CH3)2TcV(NAr)(u-NAr)2TcV(NAr):], [{(CH3)2TcVIN-
Ar(u-NAr)}2] and [(CH3)Tc""(NAr)s].5557 Besides these
structurally characterized technetium methyl complexes
there exists the iconic [Tc""03(CHs)], an analog of the widely
used catalyst [ReV"03(CHs)], which has been characterized
unambiguously by spectroscopic methods.>> Two of the
phenyltechnetium complexes are nitrido complexes with
the metal in the formal oxidation state “+5”,48 while with the
cyclopentadienyl compound [Tc(Ph)(Cp)(NO)(PPhs)] also a
Tc(I) example is known.*

a)

b)

Figure 1. a) Solid-state structure of [Tc(CH3)(CO)3(PPhs)z] (3)
(Te-C1 2.003(3), Te-C2 1.940(6), Te-C3 1.988(4), Tc-C4
2.289(8) A) and b) [Tc(Ph)(CO)s(PPhs)2] (4).

Figure 1 depicts the solid-state structures of [Tc(CHs)-
(CO)3(PPhs):] (3) and [Tc(Ph)(CO)3(PPh3):] (4). Since the
quality of the single crystals of the phenyl complex was low,
only a ball and stick drawing is given and no detailed dis-
cussion is done on the basis of the obtained data. Funda-
mental structural aspects of the novel compound and the
ligand arrangement, however, can be derived doubtlessly.
More details are given as Supporting Information.

The general structures of 3 and 4 are similar to those of
other octahedral complexes containing the mer-trans-
{Tc(CO)3(PPhs)2}* unit.5567 Three carbonyl ligands are
bound in the equatorial plane, which is completed by the



methyl or phenyl ligands. The axial positions are occupied
by two PPhs ligands. Thus, two carbonyl ligands are ori-
ented trans to each other. This results in a weakening and
elongation of the corresponding Tc-C bonds in comparison
to the third one, which is in trans position to the sixth ligand.
The Tc-C4 bond length involving the methyl ligand is
2.288(8) A and, thus, considerably longer than those in the
other structurally characterized methyl complexes of tech-
netium ([{MezTc"10(u-0)}2]: 2.12 A, [Me2Tc¥!(NAr) (u-NAr)2-
TcVI(NAr)z]: 2.12 and 2.153 4, [{Me:TcVINAr(u-NAr)}2]:
2.13-2.16 A and MeTc"(NAr)s]: 2.14 A 5557 The observed
elongation of the Tc-methyl bond in compound 3 is likely
attributed to the large trans-influence of the trans oriented
carbonyl ligand. Other carbon donors such as carbonyls
bind more tightly to technetium. The Tc-C bond lengths in
[Tc(CO)4(PPhs)2]* are ca. 1.94-2.04 A, while the isonitrile
ligands in [Tc(C=N-R)(CO)3(PPhs)2]* (R = cyclohexyl or
CsH2F(CsH3(CF3)2)2) bind with ca. 2.1 A and the anionic cya-
nido ligand in [Tc(CN)(CO)s(PPhs)2] binds with 2.14 A re-
spectively in trans-position to a carbonyl ligand.¢6.67

The plane of the phenyl ligand in 4 is twisted against the
plane formed by the three carbonyl ligands by 40°. A similar
bonding situation has been found in the isostructural pyri-
dine complex [Tc(py)(CO)s3(PPhs)z]*, where this angle is
230,66
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Scheme 3. Synthesis of [Tc(Cp)(CO)z(PPhs)] (5) from 2.

Another classic C-donating ligand of major importance in
the organometallic chemistry not only of technetium is the
anionic cyclopentadienyl ligand.3044 The piano stool com-
plex [Tc(cp)(CO)2(PPhs)] has first been prepared in a low
yield by photolysis of [Tc(cp)(CO)s] in the presence of tri-
phenylphosphine.#?® Later, Jessica Cook successfully pre-
pared the same compound by a thermal reaction starting
from the chlorido complex mer-trans-[TcCl(CO)3(PPhz):]
with Na(cp). This procedure increased the yield to approxi-
mately 50%, but long reaction times and the complete ex-
clusion of moisture and air was required.s8 Given the feasi-
bility of our protocol with methyl and phenyl ligands, we,
thus, envisioned a quick and high-yield synthesis of
[Tc(cp)(CO)2(PPhs)] from a reaction of [Tc(SMez)(CO)s-
(PPhs)2](BF4+) with NaCp, which could provide [Tc(Cp)-
(CO)2(PPh3)] in a scalable amount as a potential starting
material for future ligand exchange and organometallic re-
actions. Indeed, this reaction (Scheme 3) proceeds quanti-
tatively and gives large colorless crystals of
[Tc(Cp)(CO)2(PPhs)] after evaporation of THF from the
crude THF /methanol reaction mixture. Since no positional
parameters are available from an early structural study on
this compound and no detailed discussion of the structure
of 5 was provided,*® we reinvestigated the solid-state struc-
ture of the compound at a lower temperature.

The molecular structure of 5 is depicted in Figure 2. As in

other piano stool complexes, the technetium atom is in a
pseudo-octahedral coordination environment with a face-

occupying Cp- ligand. The two Tc-CO bond lengths are unex-
ceptional. The large trans influence of the carbonyl ligands,
however, results in two groups of Tc-Ccp distances in this
low-symmetric molecule. The bonds to C3, C6 and C7, which
come close to trans positions of the two carbonyls, are
somewhat longer than those to C4 and C5. The Tc-Ceentroid
distance is 1.9593(3) A.

Figure 2. a) Solid-state structure of [Tc(Cp)(CO)2(PPhs)z] (5)
(Te-C1 1.881(2), Tc-C2 1.890(2), Tc-C3 2.307(2), Tc-Cd
2.282(2), Tc-C5 2.283(2), Tc-C6 2.306(2), Tc-C7 2.308(2), Te-
Ceentroid 1.959(1) A).

The %Tc NMR signal of [Tc(Cp)(CO)2(PPhs)] is found
at -2420 ppm (vi/2 = 2036 Hz) which is a surprising down-
field value compared to the few hitherto measured cyclo-
pentadienyltechnetium(l) compounds: [Tc(Cp*)(CO)2-
(PPh3)] (-1782 ppm),*2 [Tc(Cp)(CO)s] (-1716 ppm),** and
[Tc(Cp*)(CO)s] (-1874 ppm).#t On the other hand, it
matches well with the chemical shift determined for com-
plexes with substituted cyclopentadienyls such as
[Tc(CpC(0)Bz)(CO)3] (-2502 ppm) and [Tc(CpC(O)PhOMe)-
(CO)3] (-2478 ppm).3539 A reinvestigation of the Tc NMR
properties of such compounds is therefore envisaged for the
future.

Cyclooxycarbene Complexes

The observed reactivity of [Tc(OH2)(CO)s(PPhs)](BF4) or
[Tc(SMe2)(CO)3(PPhs)](BF4) with neutral or anionic ligands
and with classic organometallic reagents challenged us to
attempt reactions with molecules containing C=C triple
bonds. Hitherto, all attempts to isolate technetium com-
plexes with side-on or end-on coordinated alkyne ligands
were without success. However, in some cases the used al-
kynes doubtlessly reacted with the Tc precursors and are
found as integral parts of the finally formed products
(Scheme 4).
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Scheme 4. The formation of vinylidene ligands at techne-

tium and some of their reactions.5469

87



Thus, the unsaturated 16-electron complex [Tc(dppe)2Cl]
reacts with alkynes under exclusive formation of vinylidene
carbene complexes and the protonation of such complexes
also did not lead to side-on alkyne complexes but rather to
the formation of technetium carbyne complexes containing
a Tc=C triple bond.>* Also the unexpected formation of
phosphonio oxycarbene complexes of the composition
[Tc(=C(OR)CH2CH2PPh3)(Cp)(NO)(PPhs)]?* from reactions
of [TcCl(Cp)(NO)(PPhs)] with AgPFes, Me3SiC=C-CHs and al-
cohols probably proceeds via an alkyne- or vinylidene-coor-
dinated intermediate,®® as well as the insertion of electron-
poor alkynes into the Tc-H bond of [TcH(CO)3z(PPhs)z].7°

In a similar way, hitherto unknown cyclooxycarbene com-
plexes of technetium can be prepared from the highly reac-
tive metallo Lewis acid {Tc(CO)3(PPhs)2}*, which is obtained
after the dissociation of H20 or SMe: from 1 or 2. This kind
of reactivity is reminiscent of that reported for the unsatu-
rated complex [Tc(dppe)2Cl], where the formation of a vi-
nylidene intermediate has been proven by X-ray diffraction,
but follow-up reactions were performed with electrophiles,
i.e. protons (see also Scheme 4).5* Reactions of
[Tc(SMe2)(CO)3(PPhs)2](BF4) (2) with 1-butyne-4-ol or 1-
pentyne-5-ol in THF give yellow, crystalline solids of
[Tc(=cyclo-C(CH2)n0)(CO)3(PPh3)2](BF4) (n = 4: 6; n=5: 7)
in good yields (Scheme 5). The same products can also be
prepared from the aqua complex 1, but with somewhat
lower yields.

PPhy PPh; T®(BF4)®
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Scheme 5. Reactions between 1 or 2 with w-alkynols.

Although cyclooxycarbene (mainly cyclooxypentylene)
complexes are known for a number of transition metals and
many of them have been studied by X-ray crystallography,’!
only some rare examples have been isolated for group 7
metals and up to now no technetium complexes of this type
have been prepared.

The commonly accepted mechanism for such reactions
starts with a transient side-on coordination of the w-al-
kynol, followed by an isomerization to the vinylidene and a
nucleophilic attack of the pendant alcohol at the carbenoid
carbon atom. A final proton shift from the oxonium interme-
diate results in the assembly of the cyclooxycarbene. The
overall reactions are illustrated in Scheme 6.
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Scheme 6. Proposed mechanism for the formation of cy-
clooxycarbene complexes of technetium.
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The formation of the cyclooxycarbenes is easily identified
by their 'H and 9°Tc NMR spectra. The 1H,'H-COSY spectrum
of a sample containing both the 2-oxacylcohexylidene lig-
and and the corresponding 1-pentyne-5-ol exemplifies the
differences in the chemical shifts for the methylene groups
of the parent alkyne as compared to the cyclooxycarbene as
shown in Figure 3. The triplet resonance of the methylene
protons neighboring the oxygen atom are most deshielded,
followed by the triplet resonance of the protons in a-posi-
tion to the carbenoid carbon atom. The methylene groups
between these two special positions give quintets and are
much more shielded. The ring inversion in these complexes
is obviously fast as only one resonance is observed for the
otherwise non-equivalent 'H nuclei of the same methylene

group.
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Figure 3. 'H,'H-COSY NMR spectrum of a mixture of [Tc-
(=cyclo-C(CH2)40)(CO)3(PPhs)2](BF4) (red) and 1-pentyne-
5-ol (green).

Interestingly, the %°Tc NMR chemical shifts of the cyclo-
oxycarbene complexes at -1693 (v1/2 = 10410 Hz) for com-
pound 6 and -1668 (vi,2 = 27508 Hz) for 7 are very close to
the positions observed for the telluro- and selenoether com-
plex cations [Tc(L)(CO)3(PPhs)z]* (L = SeMez, TeMe, tetra-
hydroselenophene, tetrahydrotellurophene).6¢ The corre-
sponding %Tc nuclei are much less shielded than in related
complexes containing a carbonyl, alkyl, cyanide or isonitrile
ligand at the same position. The resonances of the oxycar-
benes are among the broadest we observed in complexes
with the mer-trans-{Tc(C0)s3(PPhz):}* core.

While the cyclooxycarbene complexes are stable in air and
against moisture in the solid state, their CH2Clz solutions un-
dergo a subsequent decomposition at room temperature,
e.g. under elimination of the initial w-alkynols and/or by
carbonyl scrambling as was also observed for the starting
material [Tc(OH2)(CO)3(PPhs)z](BF4).66

Although there exist some ways for the preparation of car-
bene complexes of technetium by nucleophilic attack on co-
ordinated carbonyl ligands,30-53 detailed structural
knowledge of technetium carbene complexes is still scarce.
The few complexes, where carbene-type structures have
been proven unambiguously, e.g. by X-ray diffraction are
[Tc{=CPh(OEt)}(Cp*)(CO)2],52 [Tc[Tc(=C=C(H)Ph)(dppe).-
Cl],5*  [Tc(=C(OMe)CH2CH2PPh3)(Cp)(NO)(PPh3)](PFs)2,5°
and the isocyanide complex [Tc(CNtBu)s(bpy)](PFs), for
which a bent, carbene-like structure has been discussed.”!



Figure 4. Solid-state structures of a) [Tc{=C(CH2)30}-
(CO)3(PPhs)z]* (6) (Tc-C1 1.964(3), Tc-C2 1.982(3), Tc-C3
1.997(3), Tc-C4 2.098(3), C4-04 1.300(4), C4-C5
1.495(4) A) and b) [Tc{=C(CHz)40}(CO)3(PPh3)2]* (7) Tc-C1
1.977(3), Tc-C2 1.983(3), Tc-C3 1.992(3), Te-C4 2.117(3),
C4-04 1.302(4), C4-C5 1.484(5) A).

The molecular structures of the novel cyclooxycarbene
complexes 6 and 7 are shown in Figure 4. The technetium-
carbon bond lengths are relatively short with ca. 2.1 A com-
pared to the methyl and phenyl complexes with Tc-C bond
lengths around 2.3 A. Thus, they are similar to the distances
found in the related carbonyl, isocyanide and cyanide com-
plexes.5667 This can be understood as a partial double bond
character in the technetium carbon bond. The carbon oxy-
gen distance between the carbenoid carbon and its stabiliz-
ing oxygen atom suggests the presence of a partial double
bond, which is consistent with the interpretation of a partial
alkyl character of the carbenoid carbon atom. The other C-C
bond lengths and the remaining C-O bond length in the cy-
clic ligand are in the usual range of single bonds. Interest-
ingly, the oxacyclopentylene moiety is nearly planar, while
the oxacyclohexylene ligand is twisted in the hydrocarbon
back bone. Reactions of other terminal and internal alkynes
in the presence of alcohols did not yield oxycarbenes but re-
sulted in a recovery of the starting materials or a decompo-
sition of the precursors.

Heating a mixture of complex 2 with phenylacetylene, led to
the formation of traces of a poorly soluble colorless precip-
itate and an orange-yellow solution. After filtration, a yellow
powder was isolated from the solution by the addition of
pentane. The powder contained the remainder of the tech-
netium used in the reaction and showed a shifted ?°Tc reso-
nance at -814 ppm. The IR spectrum of this solid shows
three intense main bands in the triple bond region: two car-
bonyl bands at 1956 cm'! and 1931 cm! and an additional
intense band at 1867 cm'?, which fits well with the region of
C=C-bonds in side-on bonded alkyne complexes.

The addition of a base such as triethylamine to a mixture of
1 or 2 and phenylacetylene in THF results in the formation

of the same poorly soluble colorless precipitate in a some-
what higher yield. The appearance of a weak IR band at
2095 cm'! is a strong hint for the presence of a C=C triple
bond in addition to the retained mer-trans-
{Tc(CO)3(PPhs3)2}* unit. The absence of BFs is readily veri-
fied by IR and NMR spectroscopy. A broad °Tc NMR reso-
nance at -2056 (vi/2 = 9638 Hz) indicates the coordination
of a carbon donor ligand to technetium. Finally, the recrys-
tallization of the product from CH2Cl>/MeOH proved the for-
mation of the first technetium alkyne complex containing
the alkyne in an end-on binding mode: [Tc(C=C-
Ph)(CO)3(PPhs)z].

Acetylide Complexes and Related Compounds

Although the yield of [Tc(C=C-Ph)(C0)3(PPhs)z] (8a) from
the above-mentioned reaction between 1 or 2 with phe-
nylacetylene and NEts was unsatisfactorily low, it clearly
shows that acetylido complexes of technetium exist and that
atleast the product 8a is a stable compound. Thus, the main
challenge for a further exploration of technetium acetylides
was to find a general and feasible synthetic approach.

Using the findings derived from the synthesis of alkyl and
aryl complexes described in the first part of this communi-
cation: (i) non-protic precursors improve the yield and (ii)
organolithium reagents ensure good yields and should be
used instead of Grignard reagents if applicable, we quickly
found a suitable protocol for the synthesis of technetium
acetylides.
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Scheme 7. Synthesis of acetylido complexes of technetium.

A key step was the separation of the deprotonation of the
alkyne from the reaction with the technetium precursors by
using freshly preparing lithium acetylides. The acetylides
were conveniently prepared by a reaction of the corre-
sponding acetylene and n-butyllithium. And indeed, freshly
prepared solutions of lithium acetylides readily react with
the non-protic complex 2 under exchange of the SMe: ligand
as we have observed for methyllithium or phenyllithium
(vide supra). Also here, the BF4 counter ion was involved in
the reaction and consumed four equivalents of the lithium
compound. If desired, such a side-reaction can be avoided
by the use of another salt of the starting material, but it
turned out that this is not necessary since the side-products
do not lower the yields and can readily be separated. The
general protocol employing fresh lithium alkynyls works
with a large number of different alkynes (Scheme 7).
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Figure 5. Solid-state structures of a) [Tc(C=CH)(CO)3(PPhs3)z] (8), b) [Tc(C=C-"Bu)(CO)3(PPhs3)2] (8c), c) [Tc(C=C-
SiMe3)(C0)3(PPhs)z] (8d), d) [Tc(C=C-CeH3(CF3)2)(CO)3(PPhs)2] (8e).

Unfortunately, there exist some exceptions, e.g. the synthe-
sis of the parent compound with unsubstituted acetylene,
[Tc(C=C-H)(CO)3(PPhs)2] (8), was not attempted in this
way as the preparation of mono lithium acetylide solutions
imposes an explosion hazard and is less selective. Also, the
deprotection of the trimethylsilyl acetylido complex 8d
with fluoride sources such as KF, CsF, NBusF, HF and
HBF4-Et20 did not yield 8, but resulted in the recovery of the
starting material or in a partial decomposition. The unsub-
stituted parent compound 8 was finally obtained by a reac-
tion of [Tc(SMe2)(CO)3(PPhs)2](BF4) (2) with the stabilized
reagent [Li(en)z] C=CH. The success of this reaction was ob-
vious from the IR spectrum of the product, that shows the
indicative C=C-H vibration at 3283 cm™.

The transmetallation procedures generally give the air- and
water-stable technetium alkynyls [Tc(C=C-R)(CO)3(PPhs3):]
(R =H, Ph, CsH3(CF3)2, "Bu, tBu, SiMes) in excellent yields.

The 9°Tc NMR resonances of the products are found be-
tween -1914 ppm and -2056 ppm and have half-widths be-
tween 8 kHz and 12 kHz. The chemical shifts are similar to
those found for the other [Tc(L)(CO)3(PPh3)2]%* complexes,
where L represents a ligand with a carbon donor atom and
differ significantly from those of related complexes having
ligands with other donor atoms (e.g. nitrogen donor ligands:
ca.-1300 to -1500 ppm).66:67

Table 1. Selected bond lengths (A) and angles (°) in
[Tc(C=CH)(CO)3(PPhs)2] (8), [Tc(C=C-"Bu)(CO)s3(PPhs):]
(8¢), [Tc(C=C-SiMes3)(CO)3(PPh3)2] (8d) and [Tc(C=C-
CsH3(CF3)2)(C0O)3(PPhs)2] (8e). () symmetry related:-x+1,y,
-z+1/2.

8 8c 8d 8e

C1-Tc 1.977(3) 1.966(3) 1.966(5) 1.974(2)
C2-Tc 1.945(3) 1.922(5) 1.938(5) 1.932(3)
C3-Tc 1.995(3) 1.966(3) 1.988(5) 1.988(3)
C4-Tc 2.145(3) 2.144(6) 2.126(4) 2.125(2)
C4-C5 1.192(4) 1.207(7) 1.213(6) 1.207(3)
C5-H5 0.79(5) - - -

C5-C6 - 1.440(7) 1.802(5) 1.430(3)
C5-C4-Tc  175.5(3) 180 177.3(4) 176.3(2)
C4-C5-C6  177(4) 1689(5) 1755(5) 177.1(3)
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Figure 5 depicts the structures of the parent complex
[Tc(C=CH)(CO)s3(PPhs)z] (8), [Tc(C=C-"Bu)(CO)s(PPhs):]
(8¢c), [Tc(C=C-SiMes)(CO)3(PPhs)2] (8d), and [Tc{C=C-
CsH3(CF3)2}(C0O)3(PPh3)2] (8e). Selected bond lengths and
angles are compared in Table 1. The general bonding pat-
tern in the alkynyl complexes [Tc(C=C-R)(CO)3(PPhs):] re-
flects that in the other o-donor complexes containing the
mer-trans-{Tc(CO)3(PPhs)z}* moiety. The carbonyl ligand in
trans position to the alkynyl is more tightly bound to tech-
netium compared to the two carbonyl ligands in trans ori-
entation to each other. The technetium-carbon bond lengths
in the alkynyl complexes are 2.12-2.14 A, which is signifi-
cantly shorter than those in the pure o-donor complexes 3
and 4 (2.29 and 2.28 &), revealing some double-bond char-
acter. The alkyne C=C bonds in 8 and 8d are almost un-
changed compared to the uncoordinated alkynes,’273 while
no crystallographic data are available for the n-butyl and
the bis(trifluoromethyl)phenyl derivatives.
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Scheme 8. Synthesis of isonitrile and nitrile complexes of
technetium.

For comparison, we synthesized the isonitrile and nitrile
analogues of the phenyl and tert-butyl substituted acetylide
complexes 8a and 8b. This could readily be done by ligand
exchange procedures starting from the aqua complex 1
(Scheme 8). The cationic complexes were obtained in excel-
lent yields as their BF4 salts as colorless (9b, 10a, 10b) or
yellow (9a) crystalline products.

The solid-state structures of the isonitrile and nitrile com-
plexes are shown together with those of their alkynido ana-
logs in Figure 6. Selected bond lengths and angles are com-
pared in Table 2.



Figure 6. Solid-state structures of a) [Tc(C=C-Ph)(CO)3(PPhs)z] (8a), [Tc(C=N-Ph)(CO)3(PPhs)z]* (9a), [Tc(N=C-Ph)(CO)s-
(PPh3)2]* (10a) and b) [Tc(C=C-Bu)(CO)3(PPhs)z] (8b), [Tc(C=N-Bu)(CO)3(PPhs)2]* (9b), [Tc(N=C-Bu)(CO)3(PPhs)z]*
(10b), Symmetry operation: 1-x, y, 1/2-z.

Table 2. Selected bond lengths (A) and angles (°) in [Tc(C=C-Ph)(C0)s(PPhs)2] (8a), [Tc(C=C-Bu)(CO)s(PPhs)z] (8b),
[Tc(C=N-Ph)(CO)3(PPhs)2](BFs) (9a), [Tc(C=N-‘Bu)(CO)s(PPhs)2](BFs) (9b), [Tc(N=C-Ph)(CO)s(PPhs)2](BFs) (10a) and
[Tc(N=C-:Bu)(CO)3(PPhs)2](BF4) (10b). Symmetry operation: 1-x,y, 1/2-z.

8a 8b 9a 9b 10a 10b
Te-C1 1.977(5) 1.981(4) 2.004(4) 1.985(7) 2.006(5) 2.024(4)
Tc-C2 1.924(6) 1.924(4) 1.937(4) 1.939(6) 1.878(5) 1.903(4)
Tc-C3 1.977(5) 1.967(4) 1.992(4) 1.989(7) 1.995(5) 1.967(3)
Tc-C4 2.143(6) 2.144(4) 2.082(4) 2.086(5) - -
Tc-N4 - - - - 2.161(4) 2.136(3)
C4-C5 1.191(9) 1.193(6)

C4-N4 1.148(4) 1.150(7) 1.137(6) 1.140(5)
C5-C6 1.450(9) 1.488(6) - - 1.430(7) 1.478(6)
N5-C6 - - 1.400(4) 1.478(7) - -
Tc-C4-C5 180 173.6(4) - - - -
Tc-C4-N4 - - 176.4(3) 178.0(5) - -
Tc-N4-C4 - - - - 173.2(4) 178.6(3)

Generally, the structural differences between the com-
pounds 8, 9 and 10 are small. One of the most remarkable
difference is the alignment of the aryl rings of the benzo-
nitrile and phenylisonitrile ligands in 9a and 10a with the
equatorial tricarbonyl plane in comparison to the twisted
binding mode found for the acetylide ligand in 8a. This be-
comes even more pronounced taking into account that the
arylacetylide moiety of [Tc(C=C-CsH3(CF3)2)(C0)3(PPh3):]
(8e) is oriented in a 90° angle to the equatorial plane and
aligned with the P-Tc-P axis. Thus, we performed some DFT
calculations on the rotational barrier for the three phenyl-
substituted compounds in the gas-phase, but neither of the
experimentally measured arrangements lies on an ener-

getic minimum and therefore we attribute the found twist-
ing angles to solid-state effects. Details about the calcula-
tions are contained in the Supporting Information.

The Tc-C bond lengths in the isocyanide complexes 9 are
significantly smaller than the Tc-C bond lengths observed in
the acetylide complexes 8 and the Tc-N bond lengths in the
nitrile complexes 10. Parallelly, the trans-oriented Tc-C2
bond lengths decrease from 9 to 8 to 10. Thus, a subtle 1-
backdonation can be concluded for the carbon donors 8 and
9 in comparison to the nitriles 10. In comparison, both the
asymmetric and the symmetric CO-bands in the IR spectra
of the complexes show a red-shift in the order C=N-R, N=C-
R and C=C-R with similar wave numbers for the complexes
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Table 3. Selected parameters of the NBO analysis, experimental (solid-state) bond lengths [A], IR stretching frequencies

[cm1], 99Tc NMR chemical shifts [ppm], °“Tc NMR half-widths [Hz].

NC:Bu NCPh CCBu  CCPh CN CNPh  CN:Bu co

Edeloc. [kcal /mol] 88 94 182 197 251 261 264 317
AEj[a.u] 0.95 0.96 0.86 0.85 0.79 0.8 0.81 0.77
Fjlaul] 0.257 0.268 0353  0.365 0398 0409 0412 0.44
Te-Ceo [A] 1.90 1.88 1.92 1.92 1.95 1.94 1.94 1.90
c=0[4] 1.15 1.17 1.17 1.14 1.14 1.15 1.15 1.15
Te-L [A] 2.14 2.16 2.14 2.14 2.14 2.08 2.09 2.14
C=X[4] 1.14 1.14 1.19 1.19 1.14 1.15 1.15 1.14
Vezo, sym. [cm-1] 2081 2075 2045 2043 2054 2073 2075 -
Vezo, asym. [cm-1] 1989 1985 1946 1960 1960 1992 1991 2012
Vezo, asym. [cm-1] 1936 1954 1925 1929 1935 - 1977 -
Vezx [em1] 2272 2249 - 2095 2116 2166 2193 2012
8 [ppm] -1481 -1496 1956  -2056 -1901  -1880  -1874 -1895
vis2 [Hz] 3020 2818 11747 9638 5907 4280 4025 2643

of the types 9 and 10 and much lower wave numbers for the
acetylide complexes (red-shift of ca. 30 cm1). Especially
when comparing them with the carbonyl frequencies ob-
served in the cyanido complex [Tc(CN)(CO)z(PPhs)z], where
the symmetric stretching vibration was found at 2054 cm,
and the tetracarbonyl cation [Tc(CO)4(PPhs)z]*, which
shows only one carbonyl vibration at 2012 cm-1,6667 it be-
comes obvious that the underlying electronic differences
are complex and do not follow trivial trends. Similar find-
ings have been reported for a number of isonitrile com-
plexes of technetium and rhenium, where it became evident
that isonitriles cannot simply be regarded as electronic sur-
rogates for carbonyl ligands and the related IR frequencies
are no simple measures for m back-donation, but the oxida-
tion state of the metal ions and particularly the organic res-
idues of the isocyanides play a critical role. 25267475
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Figure 7. “Tc NMR spectra of the tert-butyl-substituted
complexes 8b, 9b and 10b.

In contrast to the subtle differences observed in the IR and
X-ray analyses, the 9“Tc NMR spectra of the compounds
clearly reveal different bonding situations around techne-
tium. The chemical shifts decrease in the order -C=C-R <
C=N- < C=0 < C=N-R << N=C-R with the acetylide com-
plexes around -2000 ppm, the isonitrile complexes
around -1880 ppm, the tetracarbonyl at -1901 ppm,$¢ the
cyanide at -1895ppm,®” and the nitrile complexes
around -1500 ppm. The higher shielding of the °Tc nucleus

700 -800
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may be attributed to the stronger o-donation of the carbon
donor atoms compared to the nitrogen donors of the nitrile
ligands. The %°Tc NMR spectra of the tert.butyl substituted
complexes 8b, 9b and 10b are compared in Figure 7.

Given that the spectroscopic behavior of the complexes was
not ultimately conclusive, we turned our attention to DFT
calculations to improve the understanding of the donor/ac-
ceptor differences between the acetylido, isonitrile, nitrile,
cyanide and carbon monoxide ligands. An NBO analysis re-
vealed a delocalized three center 4e- o-hyperbond between
the donor atom of the regarded ligand, technetium and the
carbon atom of the trans-oriented Tc-C2 bond. A similar
3c/4e bond is established between the two trans-oriented
carbonyl ligands via technetium. The latter 3c/4e" is stabi-
lized by a major donation of one carbonyl carbon atoms
lone-pair into the technetium-carbonyl-carbon antibonding
orbital of ca. 320 kcal/mol. Therefore, this kind of interac-
tions should somewhat correspond to the donor strength of
the corresponding ligand in trans-position to the carbonyl],
especially when comparing the donation of different ligands
into the same antibonding orbital of the Tc-C2 bond. Inter-
estingly, the obtained values strongly differ depending on
the substituent and nature of the donor atom. The donation
into the three-centered bond is highest for a carbonyl lig-
and, followed by the isocyanides, the cyanide anion, the
acetylide anions and finally the nitrile ligands. In the case of
NCtBu the delocalization energy was only 88 kcal/mol and
no hyperbond was concluded from the NBO analysis. Some
structural, spectroscopic and calculated parameters are
compared in Table 3.

Compound 8b with the sterically demanding tert-butyl
group appeared to be a suitable candidate for a further ex-
ploration of the reactivity of the novel technetium acety-
lides. An obvious reaction is to protonate the acetylides as
an approach to complexes with side-on coordinated acety-
lene ligands. Thus, we attempted the protonation of 8b with
HBF4-Et20 in CD2Clz. The H resonance of the tert-butyl pro-
tons of 8b rapidly disappears with the parallel formation of
a variety of low-intensity 'H resonances (including those of
terminal HC=C protons). A similar reaction pattern is ob-
served by means of the %Tc NMR spectra. The signal of 8b
at -1971 ppm disappears after the addition of the acid and
three new signals are found. Two of them can be assigned to



[Tc(OH2)(CO)3(PPhs)2]* (-1229 ppm) and [Tc(CO)4(PPhs)z]*
(-1902 ppm), while a third, very broad (vi,2 = 26 kHz) signal
appears in the typical range of dicarbonyl complexes with a
chemical shift of -1005 ppm. After the addition of a drop
tert-butylacetylene, only the two latter technetium(I) spe-
cies remain in this solution. The formation of the
[Tc(CO)4(PPhs)2]* cation is not surprising and has been ob-
served before during reactions of tricarbonyl complexes by
ligand scrambling.6667 The main-product, a dicarbonyl spe-
cies is tentatively assigned to a complex with a side-on
bonded acetylene ligand. This assumption is supported by
the detection of a narrow 3P NMR signal at 6.4 ppm in ad-
dition to the broad signal of [Tc(CO)s(PPhs)2]* at 37 ppm,
and 'H NMR signals for the new species with an integral ra-
tio of 30:9:1 (aromatic/methyl/acetylene). Such a spectral
feature might be assigned to either a side-on bonded alkyne
species or to an isomeric vinylidene carbene type complex.
Based on the knowledge we have so far accumulated on %°Tc
resonances of mer-tricarbonyl and cis-dicarbonyl com-
plexes of technetium, a side-on bonded alkyne complex
seems somewhat more likely given that the Tc resonance
of carbene-type complexes (see the discussion about the cy-
clooxycarbenes vide supra) are found at vastly different
chemical shifts. These observations are encouraging and
suggest that complexes with acetylene ligands in a side-on
binding mode might be prepared by the protonation of tech-
netium acetylide complexes. Related work with other acet-
ylenes is currently in progress, since the described tert-bu-
tylacetylene compound could hitherto not be isolated in
crystalline form.

Conclusions

The bench-stable compounds mer,trans-[Tc(OH2)(CO)s-
(PPh3)2](BF4) (1) and mer,trans-[Tc(SMe2)(CO)3(PPhs)z]-
(BF4) (2) are valuable synthons for the synthesis of low-va-
lent organotechnetium compounds. They serve as a func-
tional analogues of the unsaturated Lewis acid
{Tc(CO)3(PPhs)2}*. The aqua complex 1 has been shown to
be a suitable starting compound for many ligand exchange
procedures with many ligand systems,%067 but it is certainly
incompatible with sensitive organometallic reagents or pro-
cedures. This was overcome by the use of the analogous,
non-protic dimethylsulfide complex 2.

Reactions with lithium alkyls or aryls give the correspond-
ing o-bonded products, while a reaction with NaCp repre-
sents a high-yield approach to [Tc(Cp)(CO)z(PPhs)]. Hith-
erto unknown cyclooxycarbene complexes of technetium
are formed upon treatment of 1 or 2 with w-alkynols by an
intramolecular attack of the pendent alcohols at the carbe-
noid carbon atoms of intermediately formed vinylidene lig-
ands.

A feasible approach to technetium complexes with end-on
bound alkynyl ligands has been found by the reaction of 2
with freshly prepared lithium acetylides. The alkynyl com-
plexes are stable towards oxygen and moisture in the solid
state, but only moderately stable in acidic solutions. The
identity of the complexes was proven by X-ray crystallog-
raphy and spectroscopic methods. ?°Tc NMR proved an in-
valuable tool for the ready identification of such species.

The high stability of the alkynides in aqueous media recom-
mends a consideration of corresponding ?°mTc compounds
for nuclear medical applications.

Experimental

General Considerations. Unless otherwise stated, rea-
gent-grade starting materials were purchased from com-
mercial sources and either used as received or purified by
standard procedures. Solvents were dried and deoxygen-
ated according to standard procedures. [TcH(CO)3(PPhsz):]
and [Tc(OHz)(CO)3(PPhs)z](BF4) were prepared as previ-
ously described.t566 The absence of boron, fluorine and lith-
ium containing impurities was verified by the measurement
of °Li, 11B and °F NMR spectra.

Physical Measurements: NMR spectra were recorded at
20°C with JEOL 400 MHz multinuclear spectrometers. The
values given for the 9°Tc chemical shifts are referenced to
pertechnetate. IR spectra were recorded with a Shimadzu
FTIR 8300 spectrometer as KBr pellets. The following ab-
breviations were used for the intensities and characteristics
of IR absorption bands: vs = very strong, s = strong, m = me-
dium, w = weak, sh = shoulder.

Radiation Precautions. 9°Tc is a long-lived weak - emit-
ter (Emax= 0.292 MeV). Normal glassware provides ade-
quate protection against the weak beta radiation when mil-
ligram amounts are used. Secondary X-rays (bremsstrah-
lung) play a significant role only when larger amounts of
99Tc are handled. All manipulations were done in a labora-
tory approved for the handling of radioactive materials.

X-Ray Crystallography. The intensities for the X-ray de-
terminations were collected on STOE IPDS II or on Bruker
D8 Venture instruments with Mo Ka radiation. The space
groups were determined by the detection of systematical
absences. Absorption corrections were carried out by mul-
tiscan or integration methods.”¢77 Structure solution and re-
finement were performed with the SHELX program pack-
age.’879 Hydrogen atoms were derived from the final Fourier
maps and refined or placed at calculated positions and
treated with the ‘riding model’ option of SHELXL. The rep-
resentation of molecular structures was done using the pro-
gram DIAMOND 4.2.2.80

Additional information on the structure determinations is
contained in the Supporting Information and has been de-
posited with the Cambridge Crystallographic Data Centre.

Computational Details. DFT calculations were per-
formed on the high-performance computing systems of the
Freie Universitat Berlin ZEDAT (Curta)8! using the program
package GAUSSIAN 16.82 The gas phase geometry optimiza-
tions were performed using coordinates derived from the X-
ray crystal structures using GAUSSVIEW and Avogadro.838+
The calculations were performed with the hybrid density
functional B3LYP8587 The double-{ pseudopotential
LANL2DZ basis set with the respective effective core poten-
tial (ECP) was applied to N and P88 The Stuttgart relativistic
small core basis set with the corresponding ECP was applied
to Tc.990 The 6-311+G** basis set was used to model C, H
and O atoms.?192 All basis sets as well as the ECPs were ob-
tained from the EMSL database.? Frequency calculations af-
ter the optimizations confirmed the convergence of all non-
frozen geometry optimizations with at least two out of four
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convergence criteria. No negative frequencies were ob-
tained for these optimized geometries. Several attempts at
initial torsion angles were required for the non-rigid tert-
butyl substituted complexes. Additional calculations for the
torsion around the aryl groups of the complexes [Tc(C=C-
Ph)(C0)3(PPhs)2] (8a), [Tc(C=N-Ph)(CO)s3(PPhs)z]* (9a) and
[Tc(N=C-Ph)(CO)s3(PPhs)z]* (10a) were performed by opti-
mization with a corresponding frozen torsion angle in 10°
increments and the experimentally observed values specifi-
cally. A solvent model (IEF-PCM; dichloromethane) was
tested for the torsion of [Tc(C=C-Ph)(C0)3(PPhs)z] (8a) but
the obtained angular-dependence curve is similar to that
obtained by the gas-phase calculations. Further analyses
were performed with the free multifunctional wavefunction
analyzer Multiwfn.%*

Syntheses

[Tc(SMez)(CO)3(PPhs)2](BF+) (2). SMe2 (3 mL) was added to
a solution of [Tc(OH2)(CO)3(PPhs)2](BFs) (301 mg,
0.37 mmol) in CH2Clz (2 mL) and stirred for 5 min. Addition
of diethyl ether (9 mL) and pentane (6 mL) gave a flocculent
colorless precipitate. The microcrystals were filtered off,
washed with pentane (3x 3 mL) and dried in air. Yield:
311 mg (0.36 mmol, 98%). The analytical data are as de-
scribed previously.66

[TcMe(CO)3(PPhs)z] (3). a) A solution of MeLi (0.7 mL,
1 mmol, 1.6 M) was added dropwise to a suspension of
[Tc(SMe2)(CO)3(PPhs)2](BF4) (187 mg, 0.22 mmol) in dry,
degassed THF(1 mL). The colorless suspension turned to a
dark blue-black solution during the first half of the addition.
After the complete addition, an orange solution with a volu-
minous colorless precipitate formed. The mixture was
stirred for 45 min. MeOH (11 mL) was added to hydrolyze
residual organometallic reagent and precipitate the product
as a colorless powder. Caution, excess methyl organometal-
lic reagent react violently with methanol, the addition
should be dropwise and slowly in the beginning. After 5 min
of stirring, the precipitate was filtered off and washed with
MeOH (3 x 2 mL) and pentane (3 mL). After drying in air, a
colorless powder was obtained. Yield: 106 mg (0.15 mmol,
67%). b) A solution of MeLi (0.2 mL, 0.3 mmol, 1.6 M) was
added dropwise to a suspension of [Tc(OHz)(CO)3(PPhsz):]-
(BF4) (41 mg, 0.05 mmol) in dry, degassed THF(1 mL). The
colorless suspension turned to a clear red solution. The mix-
ture was stirred for 40 min at room temperature, after
which time the color had changed to yellowish-brown. The
mixture was evaporated to dryness in vacuum and ex-
tracted with toluene (3 x 2 mL). After evaporation of the tol-
uene in vacuum, the colorless residue was triturated with
pentane and filtered off. After washing with pentane (2 x
2 mL) and drying in air, a colorless powder was obtained.
Yield: 22 mg (0.03 mmol, 61%). Crystals suitable for X-ray
diffraction were grown from a saturated CD:Cl: solution
overnight. IR (cm1): 2019 (w, vc=0), 1929 (w, vc=o0), 1879 (s,
vc=0). 'H NMR (CD2Clz, ppm): 7.58+7.40 (30H, m, ArH), -1.17
(2H, t, 3Jup= Hz, Tc-CHs). 31P NMR (CD:Clz, ppm): 49 (s,
viz= 799 Hz). 9Tc NMR (CD2Clz, ppm): -2053 (s, vij2=
7885 Hz).

94

[Tc(Ph)(CO)3(PPh3):] (4). a) A light yellow solution of phe-
nyllithium (0.05 mL, 0.09 mmol, 1.9 M in Et.0) was added
dropwise to a suspension of [Tc(SMez)(CO)3(PPhz)2](BF4)
(20 mg, 0.02 mmol) in dry, degassed THF(0.5 mL). The col-
orless suspension first turned to a yellowish solution. After
the complete addition, the orange-red solution was stirred
for 5 min. MeOH (3 mL) was added to hydrolyze residual or-
ganometallic reagent. The mixture was opened to the at-
mosphere and left for evaporation overnight. Colorless nee-
dles of 4 formed, which were filtered off and washed with
MeOH (2 x 0.5 mL) and pentane (1 mL). After drying in air
colorless crystals were obtained. Yield: 8 mg (0.01 mmo],
55%). b) A red solution of phenyllithium (0.24 mL,
0.42 mmol, 1.8 M in Buz20) was added dropwise to a suspen-
sion of [Tc(OHz)(CO)s(PPhs)2](BF4) (68 mg, 0.08 mmol) in
dry, degassed THF(1 mL). The colorless suspension turned
purple and it was stirred for 45 min. Excess of the organo-
metallic reagent was hydrolyzed by the addition of MeOH
(2 drops) and the solvent was evaporated in vacuum to give
a brown oil. The residue was extracted with toluene (4 x
2 mL) and the combined reddish yellow extracts was evap-
orated in vacuum to give a brown oil. Pentane (5 mL) was
added and evaporated in vacuum to remove residual tolu-
ene. Addition of Et20 (10 mL) resulted in the formation of a
colorless precipitate, which was filtered off, washed with
Et20 (2 x 2 mL) and pentane (2 x 2 mL) and dried in air.
Yield: 11 mg (0.01 mmol, 17%). Crystals suitable for X-ray
diffraction were obtained by evaporation of a saturated
CH:Clz solution. IR (cm1): 2033 (vw, vc=o), 1940 (w, vc=0),
1906 (s, vc=o0), 1906(sh, vc=0), 1564 (w, vrc-pn). 'H NMR
(CD2Clz, ppm): 7.35-7.22 (30H, m, ArH), 6.98 (2H, pseudo d,
Jun =7.17 Hz, Tc-C(CH)2(CH)2CH), 6.68 (1H, pseudo t, Jun =
7.23 Hz, Tc-C(CH)2(CH)2CH), 6.53 (2H, pseudo t, Jun =
7.31Hz, Tc-C(CH)2(CH)2CH). %Tc NMR (CD2Clp,
ppm): -1806 (s, vi/2 = 12238 Hz). The 3P resonance was too
broad to be observed.

[Tc(Cp)(CO)2(PPh3)] (5). A light red solution of Na(Cp)
(0.15 mL, 0.25 mmol, 2 M in THF) was added to a frozen
suspension of [Tc(SMez)(CO)3(PPhs)2](BFs) (40 mg,
0.05 mmol) in dry, degassed THF (0.5 mL) in a nitrogen
bath. The frozen mixture was allowed to thaw and at ca. 0°C
an orange solution had formed. The solution was stirred for
5 min. MeOH (6 mL) was added dropwise to hydrolyze re-
sidual organometallic reagent. The mixture was opened to
the atmosphere and left for evaporation for three days.
Large parallelepipeds of 5 formed, which were filtered off
and washed with MeOH (1 mL). After drying in air, beige
crystals were obtained. Yield: 22 mg (0.05 mmol, 91%). The
crystals were suitable for X-ray diffraction. IR (cm): 1938
(vs, ve=0), 1867 (vs, ve=o0). tH NMR (CD:Clz, ppm): 7.39 (15H,
m, ArH), 491 (5H, s, cpH). 31P NMR (CD2Clz, ppm): 53 (s,
vi2 = 9888 Hz). ?°Tc NMR (CD:Clz, ppm): -2420 (s, vi/2=
2036 Hz).

[Tc(=CCH2:CH2CHz0)(CO)3(PPhs):](BFs) (6). 1-Butyne-4-ol
(0.1 mL) was added to a suspension of [Tc(SMe2)(CO)s-
(PPh3)2](BFs) (40 mg, 0.05mmol) in dry, degassed THF
(2 mL). The colorless suspension was heated to reflux and
stirred for 30 min to give a yellow suspension. The floccu-
lent colorless precipitate was filtered off after the addition



of pentane (9 mL). It was washed with isopropanol (2 mL)
and pentane (3mL) and dried in air. Yield: 43 mg
(0.05 mmol, 100%). When traces of SMez could not be re-
moved, the formation of [Tc(SMe2)(CO)s(PPhs)2](BF4) due
to the decomposition of [Tc(=CCH2CH2CH20)(CO)3(PPhs):]-
(BF4) in solution was observed. Crystals suitable for X-ray
diffraction were obtained from layered liquid/liquid diffu-
sion of pentane into a CHzCl: solution at room temperature.
IR (cm1): 2068 (w, vc=0), 1991 (s, ve=0), 1969 (vs, ve=0). 'H
NMR (CD2Clz, ppm): 7.51 (30H, m, ArH), 4.44 (2H, t, 3Juu =
8.18 Hz, Tc=C-CH2CH2CH20), 2.42 (2H, t, 3/un= 8.06 Hz,
Tc=C-CHzCH,CH20), 1.02 (2H, p, 3Juu= 8.13 Hz, Tc=C-
CHz2CH2CH20). 9F NMR (CD2Clz, ppm): -153.1 (s,
10BF,), -153.1 (s, 11BF4). 11B NMR (CD:Clz, ppm): -1.1 (s). 31P
NMR (CD2Clz, ppm): 37 (s, vz = 971 Hz).%Tc NMR (CD2Cly,
ppm): -1693 (s, vi/2 = 10410 Hz).

[Tc(=CCH2CH2CH2CH20)(CO)3(PPhs)z](BFs) (7). a) 1-Pen-
tyne-5-ol (0.1 mL) was added to a suspension of
[Tc(SMez)(CO)s(PPhs)z](BF4) (40 mg, 0.05 mmol) in dry,
degassed THF (2 mL). The colorless suspension was heated
to reflux and stirred for 30 min to give a yellow suspension.
The yellowish precipitate was filtered off after addition of
pentane (9 mL). It was washed with isopropanol (2 x 1 mL)
and pentane (3mL) and dried in air. Yield: 35mg
(0.04 mmol, 80%).b) 1-Pentyne-5-o0l (0.1 mL) was added to
a suspension of [Tc(OHz)(CO)s(PPhs)z](BF4) (41 mg,
0.05 mmol) in THF (1 mL). The suspension was heated to
reflux and stirred for 5 min to give a yellow solution. The
mixture was filtered over a small bed of Na:SO4 to remove
the released water and traces of brown decomposition
products. The NazS04+ was washed with CHzClz (0.5 mL) and
the combined filtrate and washing solutions were layered
with pentane (9 mL). After storage in a refrigerator over-
night, yellowish crystals formed. The crystals were filtered
off, washed with pentane (3 x 3 mL) and dried in air. Yield:
12 mg (0.01 mmol, 27%). The crystals were suitable for X-
ray diffraction. IR (cm): 2070 (w, vc=0), 1960 (vs, vc=o0). H
NMR (CD2Clz, ppm): 7.51 (30H, s, ArH), 4.21 (2H, t, 3Juu =
5.86 Hz, Tc=C-CH2CH2CH2CH20), 2.70 (2H, t, 3/un = 6.36 Hz,
Tc=C-CH2CH:CH:CH0), 1.11 (2H, p, 3Juu = 6.00 Hz, Tc=C-
CH2CH:CH2CH20), 0.76 (2H, p, 3un= 6.35Hz, Tc=C-
CH2CH2CH2CH20). °F NMR (CD2Clz, ppm): -153.1 (s,
10BF,4),-153.2 (s, 11BF4). 11B NMR (CD2Clz, ppm): -2.1 (s). 31P
NMR (CDzClz, ppm): 39 (s, vi/2 = 1182 Hz).?9Tc NMR (CD2Cly,
ppm): -1668 (s, v1/2 = 27508 Hz).

[Tc(C=CH)(CO)3(PPhs):] (8). Solid [Li(en)2](C=CH) (23 mg,
0.25mmol) was added to a suspension of
[Tc(SMez)(CO)3(PPhs)2](BF4) (25 mg, 0.03 mmol) in dry,
degassed THF(1 mL). The grey suspension was stirred for
1.5 h, after which time a colorless solid precipitated. MeOH
(9 mL) was slowly added to hydrolyze residual organome-
tallic reagent and precipitate the product as a colorless
powder. The mixture was stored in a refrigerator for 1 h to
complete the precipitation. The colorless precipitate was fil-
tered off and washed with MeOH (3 mL) and pentane
(1 mL). After drying in air, a colorless powder was obtained.
Yield: 16 mg (0.02 mmol, 73%). Crystals suitable for X-ray
diffraction were obtained by slow evaporation of a satu-
rated CH:Clz solution. IR (cm): 3283 (w, ve=c-u), 2053 (sh,

ve=c), 2050 (w, vc=0), 1954 (s, vc=0), 1931 (Vvs, vc=0). 'H NMR
(CD2Clz, ppm): 7.81 (11H, s, ArH), 7.42 (18H, s, ArH), 1.89
(1H, s, Tc-C=C-H). 3P NMR (CD2Clz, ppm): 40 (s, vij2=
885 Hz).99Tc NMR (CD2Clz, ppm): -1932 (s, v1/2 = 8110 Hz).

[Tc(C=C-Ph)(CO)3(PPhs):] (8a). a) A solution of Li(C=C-Ph)
(4 mL, 0.5 M) was freshly prepared by the slow addition of
n-butyllithium (1.3 mL, 2.1 mmol, 1.6 M in hexane) to a so-
lution of HC=C-Ph (204 mg, 0.22 mL, 2 mmol) in dry, de-
gassed THF (2.7 mL) at -78°C followed by warming to room
temperature. The thus prepared yellow solution of LiC=C-
Ph (0.5 mL, 0.25 mmol) was added dropwise to a suspen-
sion of [Tc(SMez)(CO)3(PPhs)2](BF4) (43 mg, 0.05 mmol) in
dry, degassed THF (1 mL). The resulting yellow suspension
was stirred for 30 min. MeOH (7 mL) was added to hydro-
lyze residual organometallic reagent and precipitate the
product as a colorless powder. After storage in a refrigera-
tor for 3 h, the product was filtered off and washed with
MeOH (2 mL) and pentane (3 mL). After drying in air, a col-
orless, sparingly soluble powder was obtained. Yield: 40 mg
(0.05 mmol, 99%). b) HC=C-Ph (8drops) and NEts
(3drops) were added to a suspension of
[Tc(OH2)(CO)3(PPhs)z](BF4) (44 mg, 0.05mmol) in THF
(0.5 mL). Within 10 min, the starting material dissolved and
the product started to precipitate. This process was com-
pleted after 20 min by the addition of MeOH (9 mL). The
light yellow precipitate was filtered off and washed with
MeOH (2 mL) and pentane (3 mL). After drying in air, a light
yellow, sparingly soluble powder was obtained. Yield:
27 mg (0.03 mmol, 68%). Recrystallization by evaporation
of a CH2Cl2/MeOH mixture gave crystals suitable for X-ray
diffraction. IR (cm): 2095 (w, vc=c), 2043 (m, vc=0), 1960
(vs, ve=0), 1929 (vs, ve=o). 7.67-7.22 (39H, m, ArH), 6.82 (1H,
pseudo dd, Tc-C=C-C(CH)2(CH)2CH, ArH), 6.74 (2H, pseudo
dd, Tc-C=C-C(CH)2(CH)2CH), 6.28 (2H, pseudo d, Tc-C=C-
C(CH)2(CH)2CH). 3P NMR (CD2Clz, ppm): 39 (s, viz=
1268 Hz).99Tc NMR (CD2Clz, ppm): -2056 (s, vi/2 = 9638 Hz).

[Tc(C=C-tBu)(CO)3(PPhs)z] (8b). A solution of Li(C=C-Bu)
(1 mL, 0.5 M) was freshly prepared by the slow addition of
n-butyllithium (0.32 mL, 0.51 mmol, 1.6 M in hexane) to a
solution of HC=C-tBu (41 mg, 0.06 mL, 0.5 mmol) in dry, de-
gassed THF (0.68 mL) at -78°C followed by warming to
room temperature. The thus prepared light yellow solution
of Li(C=C-Bu) (1 mL, 0.5 mmol) was added dropwise to a
suspension of [Tc(SMez)(CO)3(PPhs)2](BF4) (86 mg,
0.1 mmol) in dry, degassed THF (1 mL). The resulting light
yellow solution was stirred for 30 min. MeOH (9 mL) was
added to hydrolyze residual organometallic reagent and
precipitate the product as a colorless powder. After 5 min of
stirring, the microcrystals were filtered off and washed with
MeOH (2 mL) and pentane (3 mL). After drying in air, a col-
orless powder was obtained. Slow evaporation of a
CH2Clz2/MeOH mixture gave pure crystals of 8b ,which were
suitable for X-ray diffraction. Yield: 77 mg (0.1 mmol, 98%).
IR (cm1): 2045 (w, vc=o0), 1946 (s, vc=o0), 1925 (s, vc=o0). 'H
NMR (CDzClz, ppm): 7.89 (12H, s, ArH), 7.39 (19H, s, ArH),
0.92 (9H, s, Tc-C=C-C(CHs)s3). 31P NMR (CD2Clz, ppm): 39 (s,
vi/2 = 1268 Hz). 9°Tc NMR (CD2Clz, ppm): -1956 (s, vi2=
11747 Hz).
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[Tc(C=C-"Bu)(CO)3(PPhs):] (8c). A solution of Li(C=C-"Bu)
(2 mL, 0.65 M) was freshly prepared by the slow addition of
n-butyllithium (0.82 mL, 1.3 mmol, 1.6 M in hexane) to a so-
lution of 1-hexyne (107 mg, 0.15 mL, 1.3 mmol) in dry, de-
gassed THF (1 mL) at -78°C followed by warming to room
temperature. The thus prepared light yellow solution of
Li(C=C-"Bu) (0.8 mL, 0.5 mmol) was added dropwise to a
suspension of [Tc(SMez)(CO)3(PPhs)2](BF4) (76 mg,
0.09 mmol) in dry, degassed THF (1 mL). The resulting faint
yellow, slightly turbid solution was stirred for 30 min.
MeOH (9 mL) was added to hydrolyze residual organome-
tallic reagent and precipitate the product as a colorless
powder. After 5 min of stirring, the precipitate was filtered
off and washed with MeOH (2 x 2 mL) and pentane (3 mL).
After drying in air, a colorless powder was obtained. A mi-
nor second crop of the compound was obtained from the
combined filtrate and washing solutions. Evaporation of a
CH2Cl2/MeOH solution of the complex gave pure crystals of
8c suitable for x-ray diffraction. Yield: 66 mg (0.08 mmol,
95%). IR (cm™): 2042 (m, vc=o), 1948 (vs, vc=0), 1927 (vs,
vc=o0). tH NMR (CD2Clz, ppm): 7.85 (12H, s, ArH), 7.40 (18H,
s,ArH), 1.99 (2H, s, Tc-C=C-CH2CH2CH2CHs), 1.26 (4H, s, Tc-
C=C-CH2CH2CH2CH3), 0.82 (3H, s, Tc-C=C-CH2CH2CH2CH3).
31p NMR (CD2Clz, ppm): 40 (s, vijz2= 713 Hz). Tc NMR
(CD2Clz, ppm): -1952 (s, v1/2 = 9690 Hz).

[Tc(C=C-SiMes)(CO)s(PPhs)2] (8d). A solution of Li(C=C-
SiMes) (3 mL, 1 M) was freshly prepared by the slow addi-
tion of n-butyllithium (1.88 mL, 3 mmol, 1.6 M in hexane) to
a solution of HC=C-SiMes (294 mg, 0.43 mL, 3 mmol) in dry,
degassed THF (0.69 mL) at -78°C followed by warming to
room temperature. The thus prepared light yellow solution
of Li(C=C-SiMes) (1 mL, 1 mmol) was added dropwise to a
suspension of [Tc(SMez)(CO)s(PPhs)z](BF4) (150 mg,
0.2 mmol) in dry, degassed THF (1 mL). The resulting yel-
low suspension was stirred for 30 min. MeOH (6 mL) was
added to hydrolyze residual organometallic reagent and
precipitate the product as an off-white solid. After 5 min of
stirring, the powder was filtered off and washed with MeOH
(3 x 2 mL) and pentane (3 mL). After drying in air, a color-
less powder was obtained. Yield: 124 mg (0.15 mmol, 88%).
Crystals suitable for X-ray diffraction were obtained by slow
evaporation of a CHzCl2/pentane solution of the complex. IR
(cm1): 2054 (vw, ve=c), 2023 (w, vc=0), 1950 (s, vc=o0), 1929
(vs, vc=o0). 'H NMR (CD2Clz, ppm): 7.83 (15H, s, ArH), 7.39
(20H, s, ArH), -0.15 (9H, s, Tc-C=C-Si(CHs)3). 3P NMR
(CD2Clz, ppm): 38 (s, viz= 971 Hz). Tc NMR (CD2Cl,
ppm): -1939 (s, vi/2 = 8153 Hz).

[Tc(C=C-CsH3(CF3)2}(CO)3(PPhs3)2] (8e). A solution of
Li{C=C-CsH3(CF3)2} (2 mL, 0.5 M) was freshly prepared by
the slow addition of n-butyllithium (0.65 mL, 1.05 mmol,
1.6 M in hexane) to a solution of HC=C-C¢H3(CF3)2 (238 mg,
0.175 mL, 1 mmol) in dry, degassed THF (1.35 mL) at -78°C
followed by warming to room temperature. The thus pre-
pared brown solution of Li{C=C-CéHs(CF3)2} (0.5 mlL,
0.25 mmol) was added dropwise to a suspension of
[Tc(SMez)(CO)3(PPhs)2](BF4) (43 mg, 0.05mmol) in dry,
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degassed THF (1 mL). The resulting deep red-brown solu-
tion was stirred for 45 min. MeOH (8 mL) was added to hy-
drolyze residual organometallic reagent. Water (1 mL) was
then added to precipitate the product as colorless micro-
crystals. The microcrystals were filtered off and washed
with MeOH (2 mL) and pentane (3 mL). After drying in air,
a colorless powder was obtained. Evaporation of a
CH2Cl2/MeOH solution gave pure crystals of 8e suitable for
X-ray diffraction. Yield: 48 mg (0.05 mmol, 100%). IR
(cm1): 2091 (w, ve=c), 2050 (m, vc=o), 1964 (s, ve=o), 1919
(vs, vec=o0). 'H NMR (CD2Clz, ppm): 7.75 (12H, s, ArH),
7.45+7.42 (19H, 2s, Tc-C=C-C(CH)z(C(CF3)):CH, ArH), 2.58
(2H, s, Tc-C=C-C(CH)2(C(CFs))2CH). 1°F NMR (CD:Clz, ppm):
-63.2 (s). 31P NMR (CD2Clz, ppm): 42 (s, v1/2 = 692 Hz).99Tc
NMR (CD2Clz, ppm): -1914 (s, v1/2 = 8739 Hz).

[Tc(C=N-Ph)(CO)3(PPhs)z](BF4) (9a). A solution of C=N-Ph
(2 drops) in CH2Clz (0.5 mL) was added to a suspension of
[Tc(OH2)(CO)3(PPhs)2](BF4) (41 mg, 0.05 mmol) in CH2Cl2
(1 mL). The resulting orange-red solution was stirred for
10 min and filtered over a small bed of Na2SO4 to remove
the released water. The Na2SOs+ was washed with CHzClz
(0.5 mL) and the combined filtrate and washing solutions
were layered with pentane (15 mL). After storage in a re-
frigerator overnight, large yellow-orange crystals and some
orange powder formed. The crystals were filtered off,
washed with Et20 (3 mL) and pentane (3 x 3 mL) and dried
in air. Yield: 47 mg (0.05 mmol, 100%). The crystals were
suitable for X-ray diffraction. IR (cm): 2166 (w, vc=n), 2073
(W, ve=0), 1992 (s, ve=o). 7.62-7.49 (30H, m, ArH), 7.46 (2H,
m, Tc-C=N-C(CH)2(CH)2CH), 7.32 (1H, pseudo t, Tc-C=N-
C(CH)2(CH)2CH), 6.53 (2H, pseudo d, Tc-C=N-
C(CH)2(CH)2CH). F NMR (CD:Cl;, ppm): -152.7 (s,
10BF,), -152.8 (s, 11BF4). 1B NMR (CD2Clz, ppm): -2.1 (s). 31P
NMR (CD2Clz, ppm): 37 (s, v1/2 = 2355 Hz).99Tc NMR (CD2Cl,
ppm): -1880 (s, v1/2 = 4280 Hz).

[Tc(C=N-Bu)(CO)3(PPhs):](BF+) (9b). C=N-Bu (2 drops)
was added to a suspension of [Tc(OH2)(CO)3(PPh3)z](BF4)
(41 mg, 0.05 mmol) in CHzClz (1 mL). The resulting yellow-
orange solution was stirred for 5 min. The clear solution
was filtered over a small bed of Na2S0O4 to remove the re-
leased water. The Na2S04 was washed with CHzClz (1.5 mL)
and the combined filtrate and washing solutions were lay-
ered with pentane (12 mL). After storage in a refrigerator
overnight, large colorless crystals formed. The crystals were
filtered off, washed with and pentane (3 x 3 mL) and dried
in air. Yield: 38 mg (0.05 mmol, 92%). Crystals suitable for
X-ray diffraction were obtained from CD:Cl;/pentane or
CH:2Cl2/Et20 by layered liquid/liquid diffusion at room tem-
perature. IR (cm1): 2193 (m, vc=n), 2075 (m, vc=o0), 1991 (s,
Vc=o0), 1977 (s, ve=o). 'H NMR (CD2Clz, ppm): 7.52 (30H, s,
ArH), 1.01 (9H, s, Tc-C=N-C(CHz)3). 1°F NMR (CD:Cly,
ppm): -154.0 (s, 1°BF4), -154.0 (s, 11BF4). 1B NMR (CD2Cl,
ppm): -3.1 (s).31P NMR (CD2Clz, ppm): 36 (s, v1/2 = 2957 Hz).
99Tc NMR (CD2Clz, ppm): -1874 (s, v1/2 = 4025 Hz).

[Tc(N=C-Ph)(CO)3(PPhs):](BFs) (10a). N=C-Ph (2 drops)
was added to a suspension of [Tc(OHz)(CO)3(PPhs)2](BF4)
(38 mg, 0.05 mmol) in CHz2Clz (1 mL). The resulting clear,



yellow solution was stirred for 5 min and then filtered over
a small bed of Na:SO4 to remove the released water. The
Na2S04 was washed with CHzClz (1.5 mL) and the combined
filtrate and washing solutions were layered with pentane
(12 mL). After storage in a refrigerator overnight, colorless
microcrystals formed. The crystals were filtered off, washed
with pentane (3x 3 mL) and dried in air. Yield: 39 mg
(0.04 mmol, 93%). Crystals suitable for X-ray diffraction
were grown by evaporation of a saturated CH2Cl: solution.
IR (cm1): 2249 (w, ve=n), 2075 (m, ve=o), 1985 (s, vc=0), 1954
(s, vc=0). 'H NMR (CD2Clz, ppm): 7.67-7.46 (31H, 3m, ArH,
Tc-N=C-C(CH)2(CH)2CH), 7.46-7.34 (2H, pseudo t, Tc-N=C-
C(CH)2(CH).CH), 6.88-6.65 (2H, pseudo d, Tc-N=C-
C(CH)2(CH).CH). F NMR (CD:Cl;, ppm): -154.1 (s,
10BF,), -154.1 (s, 11BF4). 11B NMR (CD:Clz, ppm): -3.1 (s). 31P
NMR (CD2zClz, ppm): 37 (s, Yrcp = 360 Hz, vi/2 = 3597 Hz).
99Tc NMR (CD2Clz, ppm): -1496 (s, v1/2 = 2818 Hz).

[Tc(N=C-‘Bu)(CO)3(PPhs):](BF+) (10b). N=C-Bu (4 drops)
was added to a suspension of [Tc(OHz)(CO)3(PPhs)z](BF4)
(41 mg, 0.05 mmol) in CHz2Clz (1 mL). The resulting yellow-
orange solution was stirred for 5 min. The clear solution
was filtered over a small bed of Na2SO4 to remove the re-
leased water. The Na2SOs+ was washed with CHzCl: (2 x
0.5 mL) and the combined filtrate and washing solutions
were layered with Et20 (20 mL). After storage in a refriger-
ator overnight, colorless crystals formed. The crystals were
filtered off, washed with and pentane (3 x 3 mL) and dried
in air. Yield: 42 mg (0.05 mmol, 96%). Crystals suitable for
X-ray diffraction were obtained from CH:Clz/pentane by
layered liquid/liquid diffusion at room temperature. IR
(cm1): 2272 (w, ve=n), 2081 (m, ve=o), 1989 (vs, ve=o), 1936
(s, vc=0). TH NMR (CD2Clz, ppm): 7.62-7.42 (30H, m, ArH),
0.84 (9H, s, Tc-N=C-C(CHs)3). °F NMR (CD2Cl,
ppm): -152.8 (s, 1°BF4), -152.8 (s, 11BF4). 1B NMR (CD2Cl,
ppm): -2.1 (s). 3P NMR (CD2Clz, ppm): 35 (s, v1/2 = 4410 Hz).
99Tc NMR (CD2Clz, ppm): -1481 (s, v1/2 = 3020 Hz).
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ABSTRACT: Reactions of [Tc(NO)CI(Cp)(PPh;)] with a
series of monodentate ligands X~ (X~ = I", I;7, F;CSO;",
CF;COO07, or SCN™) result in a ready replacement of the
chlorido ligand and the formation of complexes of the general
composition [Tc(NO)X(Cp)(PPh;)]. Technetium retains its
oxidation state “+1” and its pseudotetrahedral coordination
environment. [Tc(NO)(SCN)(Cp)(PPh,)] is the first
technetium complex with an S-coordinated SCN™ ligand.
The complexes are stable as solids. In solution, however, a
slow isomerization of the thiocyanato compound into the
thermodynamically more stable isothiocyanato species is
observed, while solutions of [Tc(NO)(I;)(Cp)(PPh;)]
undergo an internal oxidation under formation of the

o

0.5

Abs.

0.0 500 600 _ nm

technetium(II) complex [Tc(NO)(I),(Cp)]. All products were characterized by elemental analysis, NMR and IR spectroscopy,
and X-ray structure analysis. Particularly, ®Tc NMR spectroscopy proved to be a valuable method for these types of

technetium(I) compounds.

B INTRODUCTION

The fascinating chemistry of the chiral {Re(NO)(Cp)(PPh;)}*
core and the derived [Re(NO)(X)(Cp)(PPh;)]%*" complexes
has extensively been explored by John Gladysz and his
collaborators since 1979;' the related results have been
reported in more than 100 papers, and almost 200 crystal
structures of such compounds have been published.”™""

The chemistry of related technetium complexes is almost
unknown. This has mainly to do with the general synthetic
routes which are available for the syntheses of the key
compounds [M(NO)CI(Cp)(PPh;)] (M = Re, Tc). The
thenium complex is commonly prepared in a multistep
synthesis starting from Re,(CO);, (Scheme 1). Such a
synthetic approach, which would start from ditechnetium
decacarbonyl, is not appropriate for the synthesis of the
corresponding technetium complexes at a large scale because
of radiation protection considerations. Tc,(CO),, is volatile,
and its handling requires extra safety precautions.'” The use of
[Tc(CO);(Cp)], which can more readily be synthesized from
(NEt,),[Tc(CO);Cly] and a suitable Cp~ source,””™'* as a
starting substance, has not yet been considered for ongoing
reactions except for the synthesis and structural character-
ization of a number of cyclopentadienyl derivatives with the
{Tc(CO),}* core."* 7 Thus, the number of well-characterized
cyclopentadienyl complexes of **Tc is still limited. On the
other hand, a number of promising results has been reported
for *™Tc complexes, where substituted Cp~ rings have been
used for the synthesis of bioconjugates for nuclear medical

W ACS Publica‘tions © 2019 American Chemical Society 4471

Scheme 1. Synthesis of [M(NO)CI(Cp)(PPh,)] Complexes
(M = Re, T¢)
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applications.'”™>* Such results recommend the use of
substituted cyclopentadienyls also for other technetium cores.
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Scheme 2. Synthesis and Reactions of the [Tc(NO)X(Cp)(PPh;)] Complexes of This Study
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Recently, we published a facile synthesis of [Tc(NO)CI-
(Cp)(PPh,)] from [Tc(NO)CL,(PPh;),(CH,CN)] and KCp
and a few reactions of the novel compound.”™ The ready access
to this key compound via a simple, two-step synthesis starting
from (NBu,)[Tc(NO)Cl,(MeOH)] (Scheme 1) motivated us
for ongoing studies concerning the fundamental coordination
chemistry of the novel Tc(I) core.

Here, we describe some ligand exchange reactions of
[Tc(NO)CI(Cp)(PPh;)] with monodentate ligands and the
chemical behavior of the formed products.

B RESULTS AND DISCUSSION

During reactions of [Tc(NO)CI(Cp)(PPh;)] with mono-
dentate ligands such as halides, pseudohalides, carboxylates, or
related compounds, preferably the chlorido ligand is
exchanged. This comes not completely unexpected with regard
to the related rhenium chemistry and the previously reported
reaction of [Tc(NO)CI(Cp)(PPh,)] with Me;SiBr or HBr,
which both give the corresponding bromido complex in good
yields.”* Nevertheless, some of the products possess remark-
able structural features or an unexpected reactivity. Scheme 2
contains a summary of the performed reactions and the
obtained products. The chiral complexes crystallize as
racemates except (S)-[Tc(NO)(F;CSO;)(Cp)(PPh;)] and
(R)-[Tc(NO)(SCN)(Cp)(PPh;)] (see Supporting Informa-
tion).

Clean reactions with good yields are observed when
[Tc(NO)CI(Cp)(PPh;)] is mixed with equivalent amounts
of Ag(F5CSO;) or Ag(CF;COO) in CH,Cl,. After removal of
the precipitated AgCl, the products can be isolated in
crystalline form from the resulting solutions by overlayering
with n-hexane. The IR spectra of the red crystalline substances
show NO stretches at 1674 cm™ ([Tc(NO)(F;CSO,)(Cp)-
(PPh,)]) and 1668 cm™ ([Tc(NO)(CF;COO0)(Cp)(PPh,)]).
This is in the expected range for technetium(I) nitrosyl
complexes.”* ™ The v(y0) bands in the analogous rhenium
complexes appear at 1680 and 1655 cm™.*'

The resonances of the PPh; ligands in the *'P NMR spectra
appear at 49 and 53 ppm, respectively, which corresponds to a
downfield shift of about 30 ppm compared with the values in
[Re(NO)(F;CSO;)(Cp)(PPh;)] and [Re(NO)(CF;COO)-

104

4472

(Cp)(PPh;)], respectively.’’ In contrast to those in the
rhenium compounds, the *P NMR signals of the technetium
complexes are very broad. Such a broadening of *'P signals in
diamagnetic technetium complexes is not unusual and has
been explained by scalar couplings of *'P with the large
quadrupole moment of *Tc (Q = —0.19 X 1072* m?).*>** The
large quadrupole moment is also responsible for a drastic line-
widening of the related **Tc NMR signals, which is frequently
observed when *Tc complexes with low local symmetry are
studied.”® Nevertheless, the **Tc NMR spectroscopy is a
valuable tool for the characterization of the diamagnetic
technetium complexes of this study and monitoring of their
reactions. The **Tc nuclide with I = 9/2 has a large chemical
shift range, spanning from approximately —7000 to +5000
ppm.30 Moreover, ®Tc NMR chemical shifts are remarkably
sensitive to subtle changes in the electronic environment and
geometry in which a diamagnetic **Tc nucleus is found.”
Thus, ®Tc NMR is expected to be a sensitive and selective
spectroscopic probe for the Tc(I) compounds of the present
paper. The signals of [Tc(NO)(F;CSO;)(Cp)(PPh;)] (242
ppm) and ([Tc(NO)(CE,CO0)(Cp)(PPh)] (19 ppm)
appear at chemical shifts, which can clearly be distinguished
from that of the starting compound [Tc(NO)CI(Cp)(PPh;)]
(—231 ppm), and the large line widths of v, = 7070 and 4690
Hz do not restrict the suitability of the method in the
evaluation of reactions and their diamagnetic products.

Single crystals of [Tc(NO)(F;CSO;)(Cp)(PPh;)] and
([Tc(NO)(CF;CO0)(Cp)(PPh;)] were obtained from
CH,Cl,/n-hexane solutions. Figure 1 illustrates the molecular
structures of both compounds. They show the expected
pseudotetrahedral coordination environment for technetium.
The Tc—N=O fragments are linear, which is in agreement
with the formal charge of “+1” of the nitrosyl ligand.
Trifluoromethylsulfonate and trifluoroacetate are bonded
monodentate with Tc—O bond lengths of 2.162(2) and
2.108(2) A. Similar values have been observed for other
nitrosyltechnetium complexes with CF;COO~ ligands.*® More
bond lengths and angles can be found in the Supporting
Information.

It is important to perform the reaction between [Tc(NO)-
Cl(Cp)(PPh;)] and Ag(CF;COO) with a 1:1 ratio of the

DOI: 10.1021/acs.organomet.9b00620
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Figure 1. Molecular structures of (a) [Tc(NO)(F,CSO;)(Cp)-
(PPh;)] and (b) [Tc(NO)(CF;COO)(Cp)(PPh;)].

reactants. The use of an excess of trifluoroacetate results in an
ongoing reaction, which finally destroys the organometallic
{Tc(NO)(Cp)(PPh;)}* core. On air, oxidation of the metal
ion and formation of a technetium(II) complex is observed.
The EPR parameters of this compound (g, = 1.990, a,’c
185.5x 10" em™, g = 1.910, g, = 2.030, A;"°=295.1 x 10~*
em™, AT =123.9 X 107 cm™) are very close to the values of
[Tc(NO)F(CF,C00),]*” with four equatorially coordinated
trifluoroacetato ligands.® It should be noted that the
coordination position trans to the nitrosyl ligand has almost
no influence to the EPR parameters of the 4d°-low spin
complexes under study because the MO of the unpaired
electron has preferably “xy character”.>> Thus, the spectrum
obtained for the reaction of [Tc(NO)CI(Cp)(PPh;)] with an
excess of Ag(CF;COO) strongly suggests the formation of a
compound of the composition [Tc(NO)(CF;COO),(solv)]".
A similar spectrum is obtained when [Tc(NO)CI(Cp)(PPh;)]
is heated in neat CF;COOH.

The reaction of [Tc(NO)CI(Cp)(PPh,)] with Me,SiNCS is
straightforward, and the red solid, which is formed after
evaporation of the solvent, could be characterized as
[Tc(NO)(SCN)(Cp)(PPh;)]. Surprisingly, the SCN™ ligand
is S-bonded in this complex, while it is N-bonded in all other
structurally characterized technetium complexes with this
ligand.**~**

Thus, [Tc(NO)(SCN)(Cp)(PPh;)] is the first example of a
thiocyanato complex of technetium. The molecular structure of
the compound is shown in Figure 2. Clearly, the expected bent
coordination of the SCN™ ligand with a Tc—520—C20 angle of
108.5(3)° is seen, which is in contrast to the linearly bonded
isothiocyanato ligands.”™* As in the other complexes of this
study, the nitrosyl ligand is almost linearly coordinated (Tc—
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Figure 2. Molecular structure of [Tc(NO)(SCN)(Cp)(PPh;)].

N10—010 angle: 168.4(6)°) and can formally be regarded as
NO™.

The formation of coordination isomers with thiocyanato
ligands is reported for many metals, including the heavier
homologue of technetium, rhenium, and in some cases also
isomerization reactions were observed.”™" Because the
formation of a thiocyanato complex was unexpected and the
reason for the preferred formation of the S-bonded complex in
this particular ligand exchange on [Tc(NO)CI(Cp)(PPh,)] is
not clear, we performed some DFT calculations on the S- and
N-bonded isomers. Indeed, there is a preference in total energy
as well as in the Gibb’s energy of about 22 kJ/mol for the
isothiocyanato complex, and the crystallized thiocyanato
species should be regarded as a “kinetic product”.

The clear preference of [Tc(NO)(NCS)(Cp)(PPh,)]
encouraged us to study a potential isomerization reaction on
[Tc(NO)(SCN)(Cp)(PPh;)]. For this, [Tc(NO)(SCN)-
(Cp)(PPh;)] was dissolved in toluene and heated on reflux
for a prolonged time. *Tc NMR proved to be a perfect tool to
monitor the course of this reaction. Figure 3 shows the *Tc

453 ppm
-816 ppm
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_JLJL t=ah

v_/uk i2n

t=0h

200 0 -200 -400 -600 -800 -1000 -1200 -1400 -1600 -1800 ppm

Figure 3. Tc NMR spectra obtained from a solution of

[Tc(NO)(SCN)(Cp)(PPh;)] in boiling toluene.

NMR spectra obtained from such a solution of [Tc(NO)-
(SCN)(Cp)(PPh;)] in boiling toluene. The initially dominat-
ing signal at —816 ppm is assigned to the fully characterized S-
bonded compound, but a second signal appears at —453 ppm,
which we assign to the isothiocyanato species. This compound
dominates after a heating period of 6 h. Prolonged heating,
however, did not result in the formation of the pure N-bonded
complex, but decomposition of the compounds becomes
dominating, which goes along with a decrease of the overall
intensities of both signals. Nevertheless, from the solution
obtained after 6 h reflux in toluene, two different species could
be isolated by fractionated crystallization: the red starting

DOI: 10.1021/acs.organomet.9b00620
Organometallics 2019, 38, 4471-4478

105


http://dx.doi.org/10.1021/acs.organomet.9b00620

Organometallics

material and the orange-red isothiocyanato compound.
Unfortunately, we did not obtain single crystals of the
orange-red complex suitable for X-ray diffraction, but it
shows the expected **Tc NMR resonance at —453 ppm, and
the vy stretch in the IR spectrum is shifted by a value of 30
cm™' to higher wavenumbers compared to the value of
[Tc(NO)(SCN)(Cp)(PPh,)].

The exchange of the chlorido ligand in [Tc(NO)CI(Cp)-
(PPh;)] by Br™ is straightforward, and the corresponding
bromido complex is readily formed during reactions with HBr
or Me,SiBr.** An analogue reaction with HI, however, gives an
unexpected result: the formation of the triiodido complex
[Tc(NO)(L;)(Cp)(PPh,)], the first structurally characterized
technetium complex with an I;~ ligand. The triiodide ion is
formed by oxidation of I” in the reaction mixture and was also
observed when carefully purified HI was used. The synthesis of
the corresponding [Tc(NO)I(Cp)(PPh;)] complex succeeded
with the use of Me;Sil as 1™ source. Figure 4 illustrates the

Figure 4. Molecular structure of [Tc(NO)(L;)(Cp)(PPhy)].

molecular structure of [Tc(NO)(I;)(Cp)(PPh;)] with an
almost linear (angle 11-12—13:179.59(3)°) triiodido ligand.
The I,” ligand is bent coordinated with a Tc—I11-12 angle of
124.38(3)°. The 11-12 bond of 3.060(1) A is slightly longer
than the 12—I3 bond (2.808(1) A), which gives a bonding
situation similar to that in the rhenium(I) complex [Re-
(CO)4(1;)(DPPE)] (DPPE = 1,2-diphenylphosphino
ethane).*® More structural data are summarized in the
Supporting Information.

The crystal structure of [Tc(NO)I(Cp)(PPhs)] is of
relatively low quality and could be refined only with isotropic
thermal parameters but clearly confirms the nature of the
compound as an iodo complex. The Tc—I bond is
approximately 2.70 A, which is close to the value in the
triiodo complex (2.704(1) A). A discussion of more structural
parameters of [Tc(NO)I(Cp)(PPh;)] shall not be done here.

[Tc(NO)(L;)(Cp)(PPh,)] is stable as solid, but CH,Cl,
solutions of this compound already show at room temperature
a gradual change of their color from red to green. In paralle],
the intensity of the Tc NMR signal decreases and disappears
completely after approximately 24 h. A UV/vis monitoring of
the decomposition shows an isosbestic point at 594 nm. The
loss of the NMR signal and the detected color change are
strong hints for a change of the oxidation state of technetium,
and indeed, the resulting green solution gives intense, well-
resolved EPR spectra, which prove the product is a Tc(II)
compound. Figure 5 shows the spectra of the compound in
CHCI; at room temperature and in frozen solution at T = 77
K. In the room-temperature spectrum, no *Tc hyperfine

106

4474

a)

200 300 400 500

B/mT

b)

—— Experimental
—— Simulation

200

400
B/imT

300 500

Figure 5. X-band EPR spectra of [Tc(NO)(I),(Cp)] in CHCI, (a) at
room temperature and (b) at T = 77 K.

interactions are resolved, and also that of a frozen solution has
no clear separation of parallel and perpendicular parts as the
axially symmetric EPR spectrum of the Tc(II) compound
formed as a side-product of the reactions of [Tc(NO)CI(Cp)-
(PPh;)] with an excess of Ag(CF;COO) or neat CF;COOH
(vide supra).

The spectrum of the compound obtained by the
decomposition of [Tc(NO)(L;)(Cp)(PPh;)] can be described
by a rhombic spin-Hamiltonian with the following parameters:
g, = 2240, g = 1.886, g = 2.240, A = 50 X 10~ cm™, A]*
70 x 107" em™, A = 136 x 107 ecm™. No hyperfine
interactions with the '*N nucleus of the nitrosyl ligand or '
are resolved. The EPR parameters suggest that the unpaired
electron is not mainly located at the technetium atom, but also
populates ligand orbitals to a considerable degree. This
conclusion is supported by DFT calculations (see Supporting
Information).

The formation of a technetium(II) complex and the
“nonaxial” symmetry of the observed EPR spectrum are readily
understood by a view to the structure of the green oxidation
product: [Tc(NO)(I),(Cp)]. Single crystals of the compound
suitable for X-ray diffraction were obtained by storing a
CH,Cl,/diethyl ether solution of the complex in a refrigerator.

Figure 6 depicts the molecular structure of the reaction
product. It becomes evident that the triiodide is cleaved and
the technetium ion is oxidized by the formally released iodine.
In parallel, the PPh; ligand is replaced by a second iodido
ligand. The Tc—1 bond lengths of 2.673(3) and 2.677(3) A are
somewhat smaller than those in the triiodo complex. The
nitrosyl ligand in the Tc(II) complex is linearly bonded as
those in the Tc(I) compounds, but the vyg stretch in the IR
spectrum appears at 1746 cm™’, which is clearly at higher wave
numbers than the bands for the Tc(I) complexes, which appear
between 1674 and 1690 cm™". This can be understood by a
lower degree of back-donation into antibonding ligand orbitals
by the d° system compared with the d® complexes.
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Figure 6. Molecular structure of [Tc(NO)(I),(Cp)].

B CONCLUSIONS

The “pseudotetrahedral” technetium(I) complex [Tc(NO)Cl-
(Cp)(PPh,)] possesses a robust {Tc(NO)(Cp)(PPh;)}* core,
which means that the chlorido ligand can readily be replaced
by other monoanionic ligands such as halides, pseudohalides,
or carboxylic acids. The products are stable as long as the
oxidation state of the transition metal is not changed.
Oxidation of the technetium results in the loss of the PPh,
and/or Cp~ ligands.

B EXPERIMENTAL SECTION

Materials. All chemicals used in this study were reagent grade and
used without further purification. Solvents were dried and distilled
prior to use. ®Tc was purchased as solid ammonium pertechnetate
from Oak Ridge National Laboratory (ORNL) and purified as
published previously.”® [Tc(NO)Cl,(PPh;),(MeCN)], (NBu,)[Tc-
(NO)Cl,(MeOH)], and [Tc(NO)CI(Cp)(PPh;)] were prepared as
described in the literature.”***** KCp was obtained following the
procedure of Roesky et al.*’

Physical Measurements. IR spectra were measured from KBr
pellets on a Shimadzu FTIR 8300 spectrometer between 400 and
4000 cm™'. NMR spectra were recorded on a JEOL 400 MHz
spectrometer, which corresponds to a *Tc frequency of 90.063 MHz.
The *Tc chemical shifts refer a solution of NaTcO, in D,0. Tc
values were determined by liquid scintillation counting as has been
outlined elsewhere.’’ EPR spectra were measured on a Miniscope
MS400 spectrometer (Magnetech).

Radiation Precautions. *Tc is a long-lived weak f~ emitter
(Emax = 0.292 MeV). Normal glassware provides adequate protection
against the weak beta radiation when milligram amounts are used.
Secondary X-rays (bremsstrahlung) play a significant role only when
larger amounts of *Tc are handled. All manipulations were done in a
laboratory approved for the handling of radioactive materials.

Computational Chemistry. DFT calculations were performed on
the high-performance computing systems of the Freie Universitat
Berlin ZEDAT (Soroban, Curta) using the program packages
GAUSSIAN 09 and GAUSSIAN 16.°>°° The gas phase geometry
optimizations were performed using coordinates derived from the X-
ray crystal structures or were modeled with the use of crystal structure
fragments using GAUSSVIEW.>* The calculations were performed by
using the hybrid density functional B3LYP (UB3LYP for open shell
systems).>> ™ The relativistic small-core basis set Stuttgart RSC 1997
with the respective effective core potential (ECP) was applied to
Tc.>®% The relativistic large-core basis set Stuttgart RLC with the
respective effective core potential (ECP) was applied to 1°° The
double-{ pseudopotential LANL2DZ basis set with the respective
ECP was applied to P and CL°'~* The polarization extended
LANL2DZdp basis set was applied to O and S with an ECP in the
case of 8.°7°%*° The 6-314++G** basis set was applied for all other
atoms.**~® All basis sets and ECPs were obtained from the EMSL
database.””’® The convergence of the optimized geometries was
verified by frequency calculations. The absence of negative
frequencies indicates that the obtained geometries are reasonable
and the derived energies trustworthy.
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X-ray Crystallography. The intensities for the X-ray determi-
nations were collected on a Bruker APEX II instrument with Mo Ka
radiation. The space groups were determined by the detection of
systematical absences. Absorption corrections were carried out by
SADABS.”"”* Structure solutions were performed with the programs
SHELXS 97 and SHELXS 2014, and structure refinements were done
with the SHELXL 2014 program.”>”* Hydrogen atoms were placed at
calculated positions and treated with the “riding model” option of
SHELXL. Details about the measurement and refinement data are
summarized in the Supporting Information. The representation of
molecular structures was done using the program DIAMOND 4.5.1.7°

Additional information on the structure determinations is
contained in the Supporting Information and has been deposited
with the Cambridge Crystallographic Data Centre.

Syntheses of the Complexes. [Tc/(NO)(SO;CF;)(Cp)(PPh;)].
[Tc(NO)CI(Cp)(PPh;)] (49 mg, 0.1 mmol) was dissolved in 2 mL
of CH,Cl,. The red solution was mixed with a solution of AgSO;CF;
(22 mg, 0.1 mmol) in 2 mL of CH,Cl,/MeOH (2:1). The reaction
mixture was stirred at room temperature for 1 h, and the precipitated
AgCl was filtered off. The solvent was removed under vacuum. The
residue was redissolved in 1 mL of CH,Cl, and overlayered with 4 mL
of n-hexane. Red crystals were formed after slow diffusion of the
solvents. Yield 37% (23 mg). Elemental analysis Calcd for
C,H,)NO,PSF;Tc: Tc 16.3%, Found: Tc 15.9%. IR (KBr, cm™):
3057 (w), 2961 (w), 2920 (w), 2851 (w), 1674 (vs) NO, 1477 (m),
1435 (s), 1325 (w), 1264 (m), 1232 (w), 1196 (w), 1183 (w), 1161
(w), 1094 (s), 1030 (s), 997 (m), 820 (m), 750 (m), 694 (s), 637 (s),
586 (w), 527 (s), 509 (m), 448 (w). '"H NMR (CDCLy, ppm): 7.54—
7.62 (m, 9H, Ph), 7.40—7.47 (m, 6H, Ph), 5.29 (s, SH, Cp). °C
NMR (CDCL,, ppm): 137.7 (Ph), 136.5 (Ph), 135.3 (Ph) 133.3 (Ph),
98.1 (Cp). *'P{'H} NMR (CDCl;, ppm): 53.1 (very broad). E-
NMR (CDCl;, ppm): —73. ®Tc-NMR (CDCly, ppm): 242 (v, =
7070 Hz).

[T (NO)(OOCCF;)(Cp)(PPh3)]. [Tc(NO)CI(Cp)(PPhy)] (49 mg,
0.1 mmol) was dissolved in 2 mL of CH,Cl,. The red solution was
mixed with a solution of AgOOCCF; (22 mg, 0.1 mmol) in 2 mL of
CH,Cl,/MeOH (2:1). The reaction mixture was stirred at room
temperature for 1 h, and the precipitated AgCl was filtered off. The
solvent was removed under vacuum and the residue was redissolved in
1 mL of CH,Cl, and overlayered with 4 mL of n-hexane. Red crystals
were formed after slow diffusion of the solvents. Yield 42% (25 mg).
IR (KBr, cm™): 3103 (w), 3059 (w), 2920 (w), 1668 (vs) NO, 1479
(m) C = 0, 1435 (s), 1396 (w), 1196 (m), 1136 (s), 1074 (w), 997
(m), 841 (m), 816 (m), 783 (m), 746 (m), 725 (m), 692 (s), 586
(m), 527 (m), 501 (m), 447 (w), 424 (w). Elemental analysis Calcd
for CysH,)NO;PF;Tc: Tc 17.8%, Found: Tc 17.5%. 'H NMR
(CDCI3, ppm): 7.34—7.47 (Ph), 5.19 (Cp). *C NMR (CDCI3,
ppm): 133.6 (Ph), 132.5 (Ph), 130.8 (Ph), 128.8 (Ph), 93.8 (Cp).
*'P{'H} NMR (CDCl,;, ppm) 48.6 (very broad). '’F NMR (CDCI3,
ppm): —75. Tc NMR (CDCly, ppm): 19 (v, = 4690 Hz).

[TE(NO)(SCN)(Cp)(PPh3)]. [Tc(NO)CI(Cp)(PPh,)] (25 mg, 0.05
mmol) was dissolved in 2 mL of CH,CL,. Me;SiNCS (47 mg, 3.5
mmol) was added. The reaction mixture was heated under reflux for 1
h. The solvent was removed under vacuum, and the residue was
redissolved in 0.5 mL of CH,Cl, and overlayered with 2 mL of n-
hexane. Red crystals were formed after slow diffusion of the solvents.
Yield 48% (12 mg). Elemental analysis Calcd for C,,H,(N,OPSTc:
Tc 19.2%, Found: Tc 18.8%. IR (KBr, cm™): 3121 (w), 3078 (w),
3055 (w), 2918 (w), 2851 (w), 2089 (s) SCN, 1690 (vs) NO, 1477
(m), 1433 (s), 1310 (w), 1244 (m), 1180 (w), 1159 (w), 1092 (s),
997 (m), 835 (w), 816 (m), 748 (m), 694 (s), 578 (m), 546 (m), 525
(s), 500 (m), 446 (w), 424 (w). 'H NMR (CDCI3, ppm): 7.43—7.45
(m, 9H, Ph), 7.33—7.37 (m, 6H, Ph), 5.23 (s, SH, Cp) ppm. *C
NMR (CDCI3, ppm): 133.3 (Ph), 132.6 (Ph), 130.93 (Ph) 128.8
(Ph), 125.8 (SCN), 95.7 (Cp). *'P{*H} NMR (CDCl;, ppm): 47.5
(very broad). Tc-NMR (CDCly, ppm): —820 (v, = 6580 Hz).

[TE(NO)(1)(Cp)(PPh3)]. [Tc(NO)CI(Cp)(PPh;)] (49 mg, 0.1
mmol) was dissolved in 2 mL of CH,Cl, and cooled to 0 °C. HI
(0.1 mL) was added to the red solution. The mixture was stirred for 2
h at room temperature and filtered over 2 cm silica gel. The solution
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was concentrated to 1 mL and covered with a layer of diethyl ether (3
mL). Slow diffusion of the solvents gave brown crystals. Yield 52%
(44 mg). IR (KBr, cm™"): 3090 (w), 3050 (w), 2970 (w), 2920 (w),
1682 (vs) NO, 1479 (m), 1431 (s), 1312 (w), 1180 (w), 1157 (w),
1090 (s), 1069 (w), 1026 (w), 999 (m), 918 (w), 837 (m), 804 (m),
746 (m), 694 (s), 617 (w), 581 (m), 525 (s), 494 (m), 447 (w), 428
(w). Elemental analysis. Caled for C,3H,NOPLTc: Tc 11.8%,
Found: Tc 12.2%. '"H NMR (CDCl;, ppm): 7.44—7.51 (m, 6H, Ph),
7.39—7.42 (m, 9H, Ph), 5.12 (s, SH, Cp). *C NMR (CDCl,, ppm):
131.3 (Ph), 130.1 (Ph), 128.32 (Ph) 126.7 (Ph), 91.7 (Cp). ¥'P{'H}
NMR (CDCly, ppm): 50 (very broad). **Tc NMR (CDCl;, ppm):
—679, (v, = 6860 Hz).

[T"(NO)(),(Cp)]. [Tc(NO)(L,)(Cp)(PPhy)] (45 mg, 0.1 mmol)
was dissolved in $ mL of CH,Cl, and kept in solution for 2 days. The
red-brown solution slowly changed its color to bright green. After
concentration of the green solution to 1 mL, diethyl ether (2 mL) was
added. Standing overnight in a refrigerator gave green crystals. Yield
60% (20 mg). Elemental analysis Calcd for C;HNOL Te: Tc 22.1%,
Found: Tc 21.5%. IR (KBr, cm™): 3447 (w), 2961 (w), 2923 (w),
1746 (m) NO, 1431 (w), 1262 (m), 1161 (w), 1113 (s), 1096 (s),
1022 (m), 802 (s), 721 (m), 691 (m), 538 (s). EPR (CH,CL,, 77 K):
g =g = 2240, g, = 1.886, A[* = 50 X 10~ cm™}, A[* =70 X 107*
em™!, AT = 136 X 107* em™.

[Tc(NO)I(Cp)(PPh3)]. [Tc(NO)CI(Cp)(PPh;)] (49 mg, 0.1 mmol)
was dissolved in 2 mL of CH,Cl,. Me,Sil (0.1 mL) was added. The
reaction mixture was stirred for 2 h at room temperature. The solvent
was removed under vacuum, and the residue was dissolved in 0.5 mL
of CH,Cl, and overlayered with 3 mL of diethyl ether. Red-brown
microcrystals deposited after slow diffusion of the solvents. Yield 39%
(23 mg). IR (KBr, cm™): 3049 (w), 3050 (w), 2920 (w), 1681 (vs)
NO, 1475 (m), 1429 (m), 1311 (w), 1182 (w), 1157 (w), 1089 (s),
999 (m), 918 (w), 833 (m), 806 (m), 746 (m), 696 (s), 617 (w), 582
(m), 522 (s), 493 (m), 441 (w), 428 (w). '"H NMR (CD,CL,, ppm):
7.33—7.67 (m, 15H, Ph), 523 (s, SH, Cp). *C NMR (CD2Cl2,
ppm): 1343 (Ph), 132.1 (Ph), 129.72—128.5 (Ph), 94.2 (Cp).
S'P{'H} NMR (CD,Cl,, ppm): 44. *Tc-NMR (CD,Cl,, ppm): —668
(v1/, = 4200 Hz). Elemental analysis Calcd for C,3H,,NOPITc: Tc
16.97%, Found: Tc 16.25%.
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4.6 [{Tc'(NO)(L°Me)(PPhs)Cl},Ag](PFs) and [Tc"(NO)(L°Me)(PPhs)CI](PFs): Two
Unusual Technetium Complexes with a “Klaui-type” Ligand
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[Tc"(NO)(L°M¢)(PPh,)CI](PF¢): Two Unusual Technetium
Complexes with a “Klaui-type” Ligand
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The reaction of  [TC(NO)(L°M)(PPhy)Cll  ({L°M} =4-
cyclopentadienyltris(dimethyl phosphito-P)cobaltate(lll)) with
Ag(PFs) gives two unexpected products: the dimeric
technetium(l) complex [{Tc(NO)(L°M®)(PPh,)CI},Agl(PF,) with a

Introduction

Technetium complexes are of ongoing interest as potential
radiopharmaceuticals. The metastable nuclear isomer *™Tc is by
far the most frequently used nuclide in diagnostic nuclear
medicine with some 40 million administrations annually.”” Since
the introduction of a technetium(l) isocyanide complex into the
routine myocardial imaging in the 1980's*® also organo-
metallic approaches found an increasing interest. This includes
numerous compounds with the {*™Tc(CO)s}* core,” but also
bis-arene complexes, and particularly cyclopentadienyl (Cp~)
compounds.®'%"

Recently, we reported a number of technetium complexes
having the {Tc(NO)(Cp)(PPh3)}* core.''”! The chlorido ligand of
their parent compound [Tc(NO)(Cp)(PPh;)CI] (1) can readily be
replaced by other anionic or neutral ligands. Stimulated by the
versatility of this core, we decided to undertake some efforts for
the synthesis of similar compounds with ligands, which are
isolobal to Cp~. The classical scorpionate tris(pyrazolyl)borate,
but also n’-cyclopentadienyltris(dialkyl phosphito-
P)cobaltates(lll) (“Klaui-type” ligands) are frequently discussed a
surrogates for the 6-electron donor Cp~["*2" A variety of
technetium complexes with the “Kliui-type” ligand #’-
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central Ag® ion and the cationic Tc(ll) compound [Tc-
(NO)(L°™®)(PPh,)CII(PFy). The products have been studied spec-
troscopically and by X-ray diffraction.

cyclopentadienyltris(dimethyl phosphito-P)cobaltate(lll) ({L°M¢}"),
comprising seven different oxidation states of the transition
metal have been introduced recently.”” The obtained products
are of remarkable stability, which recommends them as starting
materials for ongoing reactions. One of the isolated
technetium(l) complexes, [Tc(NO)(L°M)(PPh,)CI] (2) in Figure 1,
is structurall<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>