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1 Introduction

1.1 The role of fluorine in chemistry and technology

Modern chemistry has deepened the understanding of how the special position of fluorine in the periodic
table of elements affects the structure, reactivity, and function of fluorine-containing molecules.! As a
result, a large variety of fluorine-containing materials, catalysts and agrochemicals or pharmaceutical
drugs have been developed.”” The field extends far beyond these advances, since the unique reactivity
of fluorine can also be used to access fluorine-free molecules.!

Fluorine chemistry has played a central role in many significant and highly diverse technological
developments over the recent 80 years. Because of the special synthetic challenges that it presents and
because of the unique structure/reactivity relationships observed for fluorine-containing compounds,

fluorine chemistry is also a field of great fundamental interest.

The uniqueness of compounds containing fluorine can be attributed, among others, to the fact that:
1. Fluorine is the most electronegative element on the Periodic Table of Elements (3.98 on the
Pauling electronegativity scale, compared to 2.20 for H, 3.44 for O, and 2.55 for C).
2. Fluorine is a small atom with a van der Waals radius of 1.47 A, close to the value of 1.20 A for

hydrogen.!*!

In addition, the high sensitivity of '°F in nuclear magnetic resonance (NMR) experiments makes this

nucleus ideal for biological and chemical studies.™

1.2 Fluorine in medicinal chemistry

The highest impact of fluorine in the biochemical sciences is undoubtedly associated with the
development of agrochemicals and, most importantly, in medicinal chemistry. In 1955, the U.S. Food
and Drug Administration (FDA) approved the first fluorine-containing drug, the steroid
fludrocortisone.®! Since then, more than 150 fluorinated molecules have been managed to reach the
market (Fig. 1). In 2010, it was calculated that about 20% of the administered drugs contained fluorine
atoms or fluoroalkyl groups.!”! However, the current trend is increasing from 20% to about 30% for all
new approved drugs (excluding biopharmaceutical products) in the most recent years. These fluorinated
drugs cover all possible therapeutic areas and, according to a recent survey, several of them are among

the most-prescribed and/or profitable in the U.S. pharmaceutical market.!®!
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Figure 1. Common organic pharmaceuticals containing fluorine.

In addition, '°F has been established as a useful positron-emitting isotope for in vivo imaging technology
that potentially has large application in drug discovery and development, often limited only by
convenient synthetic accessibility to appropriate labeled compounds.'”’ The wide ranging applications
of fluorine in drug design provide a strong stimulus for the development of new synthetic methodologies

that allow more facile access to a wide range of fluorinated compounds.

The introduction of fluorine into bioactive molecules is a well-established strategy in the designing of
new drugs to increase pharmaceutical effectiveness, biological half-life, and bio-absorption. The
advantage of introducing fluorine atoms or fluoroalkyl groups into organic compounds is a consequence
of the alteration of their physicochemical properties, which in some cases are substantially modified in
comparison to their non-fluorinated counterparts. For instance, the modulation of the acidity and
lipophilicity,'” as well as the control of conformation, can be achieved by judicious substitution of
hydrogen atoms or functional groups by fluorine; ultimately this may result in an improvement of the
biological and/or pharmacological properties. Another useful application is the blocking of potential
oxidation sites in order to prevent undesired metabolic pathways, for instance the replacement of a
methyl-arene substituent by trifluoromethyl.!'"! Even if there is a certain degree of predictability when
designing bioactive fluoroorganic compounds, medicinal chemists still need to synthesize very large
libraries of derivatives through a systematic trial and error process until the desired molecule is finally
obtained. In addition, in some cases, a desired fluorine-containing molecule might not be accessible

because of unsurmountable synthetic difficulties.
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1.3 Coordination compounds in nuclear medicine

The development of metal-based radiopharmaceuticals represents a dynamic and rapidly growing
research area that requires a deep knowledge of metal coordination chemistry and ligand design.!'?

For in vivo applications, kinetic inertness and/or thermodynamic stability of metal complexes is
required.!"*! In general, acyclic chelator complexes are kinetically less inert than macrocyclic complexes

[14

of comparable stability.'¥ On the other hand, acyclic chelators typically have faster metal-binding

kinetics compared with their macrocyclic analogues, which can be a significant advantage for shorter-
lived radiometals.!'”

Diagnostic nuclear medicine relies outstandingly on the use *Tc because of its nuclear properties (ti2 =
6.02 h, E, = 140 KeV), its availability from a *’Mo/**"Tc generator and its relatively low costs. The main
v emission (140 KeV, 89%) can be efficiently detected by gamma detectors used for imaging. *™Tc has
no beta emission and emits only low-energy Auger electrons. Its half-life is long enough to carry out the
synthesis of various radiopharmaceuticals, and yet it is short enough to minimize the radiation dose to

the patient. In fact, *Tc is used for roughly 80% of the diagnostic scans performed in nuclear medicine

departments worldwide.'
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Figure 2. Examples of *™Tc radiopharmaceuticals, in which technetium presents different oxidation states.

The screening of the thyroid is often conducted directly with a diluted solution of *™TcO4 " yet in
most applications metal complexes in which Tc is in a lower oxidation state are used. Tc(V) oxo
complexes, Tc(IV) and organometallic compounds of Tc are common in radiopharmaceutical chemistry.
Ceretec® (Fig. 2) is a neutral complex with high lipophilicity that is efficiently accumulated in the brain
and it can be prepared from a commercial Kit. The most successful imaging agent is Cardiolite® (Fig.

2), a cationic isocyanide complex of Tc(I), which accumulates in the heart.!'”

9™Tc has a short half-life and is used in nanomolar concentrations, while the long-lived isotope *Tc
(2.1 X 10° y, Emax = 0.292 MeV) is applied to investigate the chemistry of technetium. The element
technetium does not possess any stable isotope, but its heavier homologue, rhenium, is a good model
for the non-radioactive study of its chemistry.

Moreover, rhenium itself presents two B-emitting radionuclides with convenient properties for the
application in therapeutic nuclear medicine: "*Re (ti2 = 89.2 h, Emax = 1.1 MeV) und '"®*Re (ti» = 16.9 h,

Emax = 2.1 MeV).I"¥ Its potential applicability is demonstrated in a number of clinical studies and
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Rhenium-188-HEDP (HEDP = hydroxyethyldiphosphonate) is used in hospitals for the treatment of
bone cancer."”!

Another widely studied and used radionuclide is '''In (ti2 = 2.8 d; E;1 = 171 keV; E,» = 245 keV). It is
produced commercially by irradiating a natural cadmium target with high-energy protons according to
the reactions: '''Cd(p,n)'"'In or '"*Cd(p,2n)""'In.>2"

"In radiopharmaceuticals are the main medical applications of indium(IIl) complexes.'*! Cell labelling
with '"'In, developed to allow clinical imaging of infection and inflammation sites, entered general

[22

clinical use in the 1980s.1**! In addition, '''In may be employed in cancer therapy through the emission
y ploy

of Auger electrons, offering a method to achieve DNA damage and eventual cell death.”**]

1.4 Au(IIl) complexes in medicinal chemistry

The small energetic separation of the d and s valence shells of gold, in comparison to its lighter
homologue silver, is responsible for the efficient formation of linear, dicoordinate gold(I) complexes.
At the same time, the destabilization of the 5d orbitals leads to the occurrence of the oxidation state +3,
which is almost absent for silver. Au(Ill) complexes are diamagnetic and normally have a square-planar
geometry. Great progresses have been made in the last 20 years in the investigation of the chemistry of
Au(IlI), drawing the attention to possible applications in medicinal chemistry.** Au(IIl) is isoelectronic
with Pt(II) and many of their complexes are isosteric with square-planar geometry. This may indicate a
similar anti-tumor activity as observed for Pt(I[) compounds, such as Cisplatin (Fig. 3). Investigations

of the anti-proliferative activity of gold(Ill) complexes revealed that their mechanism of action is DNA
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Figure 3. Coordination compounds featuring Au and Pt applied as anti-cancer (Cisplatin) and anti-rheumatic agents
(Auranofin).

independent (differently from Cisplatin) and might offer an alternative against Cisplatin-resistant
tumors. Gold(IIT) complexes should be easily reduced by naturally occurring reductants, such as thiols
or disulphides, but with an appropriate choice of the ligand system it is possible to increase the reduction

potential and avoid unwanted decomposition.*”

The clinical use of gold(I) compounds has been established with Auranofin (Fig. 3), a drug for the
treatment of rheumatoid arthritis.”® During the recent years, a number of potential applications in
therapeutic medicine have been identified for gold(Ill) compounds as well as such for cancer

treatment®” and such with antibacterial activity.*!
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1.5 Thiosemicarbazone ligands and their pharmaceutical properties

Thiosemicarbazones and similar compounds are of considerable interest with respect to their biological
and pharmaceutical properties. A thiosemicarbazone is the sulfur equivalent of semicarbazone, in which
a thiocarbonyl group substitutes the carbonyl group, and is obtained by condensation of a ketone with a
thiosemicarbazide (Fig. 4).
S S
RL‘KO + HZN"HJLN' R? £O> RH//N‘”JLN' R¢ aRr:nflaitFi)cr;]?ggigtrJes

R? |'q4 R2 R3

Figure 4. Formation of a thiosemicarbazone by condensation of a ketone and a thiosemicarbazide under elimination of
water.

Thiosemicarbazones usually react with metal cations giving complexes, in which they behave as
chelating ligands.* The easy functionalization of thiosemicarbazones makes it possible to increase the
denticity of the ligands by the addition of further donating atoms. Research on the coordination

391 analytical applications®'! and biological activities™ of such complexes has increased

chemistry,!
steadily for many years: a search of the Cambridge Structural Database found more than a 500 crystal
structures of thiosemicarbazone complexes with a large variety of main group and transition metals.
Many of these compounds and their metal complexes possess remarkable activities against a number of
diseases such as cancer,**! HIV,*¥ tuberculosis,’**! and also against parasitic diseases.*"!

For example, 2-acetyl pyridine-derived thiosemicarbazones and their metal complexes have been
extensively investigated for their cytotoxic effects against human solid tumor and leukemia cell lines,
as well as for their antifungal activity.l*’]

2-Acetylpyridine 4N-(2-acetoxyethoxymethyl)thiosemicarbazone was shown to have, among a fairly
large number of thiosemicarbazones, the highest inhibitory activity against the growth of the following
microorganisms: Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Candida albicans
and Aspergillus niger. It also has activity against resistant strains of W-2 Indochina Plasmodium

falciparum and D-6 Afiican Plasmodium falciparum.P™

The indirect condensation of the carbonyl group of a benzoylthiourea with a nucleophile was first
described by Weber et al. The formation of a bis-chelate with Ni(Il) and its reaction with SOCI; gives a

benzimidoyl chloride (3) (Fig. 5),1*”) which can be efficiently reacted with a number of nucleophiles."*"!

o) S Ni 1~/2

/
o s SOCl;, cl s
J (CH3COO),Ni h CH-Cl
N NEt 2Ll S
©)LH i ©)\\NJ\NEQ —_— N/U\NEtz
1 2 3

Figure 5. Synthesis of the benzimidoyl chloride according to the method of Weber.[3]
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Figure 6. Transition metal complexes with S,N,S-tridentate thiosemicarbazones.[!®4!-42]

H. H. Nguyen exploited this reaction for the creation of a novel tridentate thiosemicarbazone-type ligand
class with an S,V, S donor set (4), which resulted from the condensation of the benzimidoyl chloride with
a thiosemicarbazide. As depicted in Figure 6, the obtained ligand readily reacts with (NBu4)[TcOCl4] in
methanol under the formation of red oxotechnetium(V) complexes of the composition [TcOCI(L)]. The
monomeric, five-coordinate compounds are air-stable. The same reaction with (NBus)[ReOCl4] leads to
the formation of the isostructural [ReOCI(L)] compounds. Ligands that stabilize the (M*=0)** cores
(M = Re, Tc) are of particular interest, since the reduction of [MO4] ions from commercial generator
systems with common reducing agents allows the facile production of oxidometallates(V).!'®
Na[AuCl4]-2H,0 reacts with tridentate thiosemicarbazone ligands, under formation of air-stable, green
Au(IIT) complexes of the composition [Au(L)CI]. The organic ligands coordinate in a planar S,N,S
coordination mode (Fig. 6).*!! Stable organogold(IIl) compounds of the composition
[Au"(Hdamp)(L)]C1 are formed from reactions of [AuCly(damp)] with H,L (damp =
dimethylaminomethylphenyl).**" The in vitro anti-parasitic activity was evaluated against the
intracellular form of Trypanosoma cruzi, a hemoflagellate protozoan, responsible for the American
Trypanosomiasis or “Chagas disease”.**” This disease is endemic in Latin America and affects
18 million people causing 50,000 deaths per year.*] The current treatment based on Nifurtimox and
Benznidazole is unsatisfactory due to poor efficacy and serious side effects of the used medications. The
choice of gold compounds for the treatment of Chagas’ disease is not arbitrary; its etiological agent, 7.

cruzi, is rich of thiol containing proteins, which are fundamental for its life cycles.!**!

The most abundant
cysteine protease for 7. cruzi is the protein Cruzain, which is essential for parasite development and
survival within host cells. This protein has been identified as a drug target.*>**! In this context, the high

affinity of gold compounds for thiol and selenol donor atoms contained in the proteins of the
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trypanosomes makes them promising agents for the treatment of Chagas’ disease and other tropical
diseases.[*¥

The organometallic complexes [Au"'(Hdamp)(L)]Cl (Fig. 6) display a remarkable activity, which is
dependent on the alkyl substituents of the thiosemicarbazone building blocks of the ligands. One
representative of the cationic complexes, where H,L contains a dimethylthiosemicarbazide building
block, shows a trypanocidal activity against the intracellular amastigote form in the same order of
magnitude as that of the standard drug Benznidazole. Furthermore, no appreciable toxicity to mice

spleen cells was observed for this compound.**

1.6 meta-Terphenyl isocyanide ligands for the stabilization of low-valent and
highly reduced metal complexes.

Isocyanides have been widely recognized as effective and versatile ligands for transition metals. Their

isolobal relation to CO impart them similar coordination properties, for instance their ability to stabilize

low oxidation states through strong m-acceptor properties (Fig. 7). The fundamental advantage of the

isocyanides over CO is the presence of an organic residue and, thus, the possibility of tuning their

electronic and steric properties by change of the substitution pattern. ‘!

M-C=0 - M=C=0

M-C=N-R - M=C=N-R

Figure 7. Schematic representation of the m-acceptor properties of carbonyl and isocyanide ligands.

Isocyanides differ from CO being in general stronger o-donors and weaker m-acceptors. Nevertheless,
perfluorination of the organic residue strongly enhances the m-acceptor properties of isocyanides by
lowering the energy of the n* orbital. The synthesis of the first trifluoromethyl isocyanide complexes
[(CF3NC)Cr(CO)s] and [CF3sNC)W(CO)s] indicated that the trifluoromethyl isocyanide ligand has a very

similar, maybe even superior, ratio of m-acceptor and c-donor strengths than CO.[*”

J. S. Figueroa et al. demonstrated that sterically encumbered isocyanides, in particular meta-terphenyl
isocyanides are able to enforce low metal coordination numbers, fostering exotic structural motifs and
coordinatively unsaturated metal centers. Combination of cuprous chloride and the isocyanide ligand
CNAMM*? (Mes = 2,4,6-MesCgH>) in a 1:2 molar ratio in CH»Cl, solution allows for the isolation of the
three-coordinate bis-isocyanide complex [CICu(CNAr"*?),], which represents a very rare example of a
structurally authenticated monomeric bis-isocyanide Cu(I) halide complex (Fig. 8). Indeed, most related
Cu bis-isocyanide examples contain a (u-halide), functionality in the solid state.*®) The Figueroa group

Dipp2

also compared the ligation properties of two isocyanides CNAr (Dipp = 2,6-diisopropylphenyl) and

CNAr™2 having different steric requirements, with Cu(I) and Ag(l). It was found that only two units

Dipp2

of the sterically more protective CNAr~ " ligand are accommodated by monovalent Cu and Ag centers,

whereas three CNAr™*? units can readily bind (Fig. 8).[*! Therefore, using metal centers that lack of
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Figure 8. Complexes of meta-terphenyl isocyanides in presence of weak (Ag', Cu') and strong (Mo®) backdonation.

significant m-basicity, they established that steric hindrance can be exploited to stabilize low coordinated

metal centers.

Also in the case of m-basic metal centers, such as Mo(0), sterical effects play an important role. Three
CNAr™? ligands react with fac-[Mo(CO);(NCMe);] to afford the octahedral complex fac-
[Mo(CO)3(CNAr™*?);], which can be converted irreversibly to the mer isomer upon heating in solution
without decomposition, thus indicating that the mer isomer is robust and thermodynamically favoured
over the fac isomer. This is due to the relive of the significant steric pressure present in the fac isomer,
generated by the encumbering terphenyl groups. The preference of [Mo(CO)3(CNAr™*?);] to adopt its
meridional isomeric form is particularly noteworthy since the facial disposition of isocyanide ligands is
the preferred coordination geometry in the overwhelming majority of Group VI [M(CO)3(CNR);]
complexes. In the absence of significant steric hindrance, the preference for fac over mer configurations
in Group VI [M(CO)3(CNR);] complexes may be attributed to electronic factors: (i) the preference for
each CNR ligand to be trans to the relatively weaker o-donating CO ligands and (ii) the maximization
of m-acceptor ability of the CO units in the fac-geometry.*”) The only exceptions are the fluorinated
trans-[ Cr(CNCH3)(CNCegF5)(CO)s] and trans-[Cr(CNCH3)(CNCF3)(CO)s] complexes prepared by
Lentz et al.’% In these cases, the strong m-accepting properties of perfluorinated isocyanides are

responsible for the preference for the meridional disposition of the CO ligands.
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Addition of CNAT”""? to fac-[Mo(CO);(NCMe);] results in a mixture of both the tetracarbonyl and the
tricarbonyl complexes trans-[Mo(CO)s(CNArP™?),] and trans-[Mo(NCMe)(CO);(CNAr°?),],

Dipp2

respectively, in which the encumbering CNAr ligands are in a trans-disposition.

oc, {° §%co Na/Hg
1/2 OC—M—M=—CO —_— Na[M(CO)s] M = Mn, Re

OC co coCO THF

Figure 9. Formation of the pentacarbonyl metallates of group VII metals.

With exception of the well-studied carbonylmetalate [Re(CO)s]”, organometallic monoanions of
rhenium and technetium have received limited attention.”" Thus, except for CO, little information is
available concerning the influence of ligand modifications on the stability or reactivity properties of
monoanionic Mn, Tc and Re centers. Moreover, [Tc(CO)s]”, which should be easily prepared by
reduction of [Tc2(CO)10] with Na/Hg (Fig. 9), is in practice hardly accessible, because of the absence of
a synthetic procedure for the decacarbonyl [Tcy(CO)io] that is conform with the actual radiation
protection regulations. A high-yield synthesis from pertechnetate requires, indeed, high pressure
(100 atm of CO), high temperature (120° C) and long reaction time (three days).’? The possibility of

using isocyanides as CO analogues is, in this case, particularly profitable.

Figueroa et al. described that the encumbering m-terphenyl isocyanide ligands, CNAr™*? and CNAr”*?
(Fig. 8), readily furnish mixed carbonyl/isocyanide manganese(I) complexes, which can be reduced to
the corresponding monoanions.** Subsequent treatment of [BrMn(CO)>(CNAr¥*?);] with potassium
anthracenide (K[Ci4H1o]) and 18-crown-6 in THF solution resulted in the formation of [K(18-crown-
6)][Mn(CO)»(CNAr™*?);] in low yields (20%). X-ray structural determination on crystals grown from
1,2-dimethoxyethane (DME) solution revealed the salt, [K(DME)(18-crown-6)][Mn(CO),(CNAr™*2);],
in which the five-coordinate manganese monoanion features a trigonal bipyramidal (tbp) coordination
geometry with apical CO ligands. Once crystallized at -35° C, [K(DME)(18-crown-
6)][Mn(CO)»(CNA™*?);] can be readily manipulated in the solid state. However, it decomposes over

the course of 4 h at room temperature in C¢Ds solution.

This observation arises the question whether the higher steric protection ensured by CNArPPP

might
further stabilize the metallate. In contrast to [BrMn(CO),(CNAr™*?);], Na/Hg reduction of mer,trans-
[BrMn(CO);(CNArPP?),] generates the bright red salt Na[Mn(CO);(CNAT>"?),] in 47% isolated yield.
This compound is significantly more stable and retains its integrity in CsDs solution for several days.
Moreover, Na[Mn(CO);(CNAr""?),] shows a well-defined reactivity with a range of electrophiles. For
example, the reaction of the nucleophilic metal center with HCI generates the corresponding hydride,
mer, trans-[HMn(CO)3(CNAr°™?),], and treatment with methyl iodide (Mel) readily generates the
corresponding methyl complex, mer, trans-[MeMn(CO)3;(CNAr°™?),]. Heavier main-group

electrophiles also react cleanly with Na[Mn(CO);(CNAr®®™?),]. Accordingly, treatment of
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Na[Mn(CO)3(CNAr°*?),] with trichloromethylsilane (MeSiCl;) smoothly provides mer,trans-
[Cl2(Me)SiMn(CO);(CNAT”"?),] and treatment of a E,O solution of Na[Mn(CO);(CNAr""?),] with
SnCl, generates the metallostannylene complex, mer, trans-[C1SnMn(CO);(CNAr??),] as a thermally
stable solid."*’!

As observed by Lentz, incorporation of fluorine on the organic residue of the isocyanide can increase
its m-acceptor properties."”’ This is true in general for electron-withdrawing substituents on aryl
isocyanides, in particular in the para-position of the aromatic ring.**! Fluorinated substituents are able
to diminish the o-donor/n-acid ratio, offering a strategy to mimic the electronic properties of CO. The
Figueroa group developed the synthesis of the fluorinated meta-terphenyl isocyanide CNAr®*™2, by
palladium-catalyzed cross-coupling of 2,6-dibromoaniline with 3,5-(CF3)C¢H3B(OH), and
subsequently formylation/dehydration steps (Fig. 10).5

CF, CF3

NH 4.0 Na,CO3,

B(OH), 2 1.0 mol% Padz(dba)g NH O
Br Br 2.0 mol% PPh, CF4 CFa
: — ®
CF3 CFS
F F
l HC(0)OC(0)Me

CF, c CF3 1) OPCl; HN(i-Pr), CF3 OHC CFs

cF, Q O CF4 2)Na,CO, CF, Q ﬁ CF,
F

F

Figure 10. Synthesis of CNArPA™F2 by palladium cross-coupling. 53

They also reported that in the zerovalent mer-[Mo(CO)3;(CNAr);] complexes, CNArA™ gives rise to

significantly blue-shifted vco bands relative to CNAr™e?

, which features electron-releasing alkyl-
substituted flanking rings. Furthermore, the presence of flanking 3,5-(CF3).Ce¢H3 rings on the m-
terphenyl framework qualitatively presents the greatest steric encumbrance on the vicinity of the metal
center, among the investigated meta-terphenyl isocyanides. This encumbrance results in significant
steric pressure that affects the preference of [Mo(CO);(CNAr""2);] complexes for the meridional
isomer, which could not in any way be converted (thermally or photochemically) to the facial form.>
Also the [W(CO)3(CNCF3)3] and [W(CO)3(CNCeFs)s] prepared by Lentz exhibited a strong preference

for the mer-isomers. 474

18



(@]
m
w
(@]
m
w
m hul
<
l m
=Z=-0)
&
w

N C
CF, u CF3 (5 OC'...CL.-\\CO
0C.., | «CO oc.., | .«co oc” | >co
AN oc” 1 >co co
oc” | ~co &o
co

Figure 11. [Cr(CO)s(CNR)] complexes in comparison. Force constants of the CO bonds for the axial (k;) and equatorial (k2)
carbonyl ligands. Force constants are an empirical measure of the 6-donating/m-acceptor properties of the isocyanides: (k;, k2):
[Cr(CO)s(CNATP™?)], (15.60, 15.92); [Cr(CO)s(CNArMe?)], (15.64, 15.95); [Cr(CO)s(CNArPAT2)], (15.69, 15.96);
[Cr(CO)s(CNp-FArPAF2)] (15.72, 15.98); [(CsFsNC)Cr(CO)s], (15.75, 16.00), [(CF3NC)Cr(CO)s], (16.36, 16.779).

In order to enhance the electronic effects of meta-terphenyl isocyanide ligands, the Figueroa group
DArF2

synthetized the para-fluorinated terphenyl isocyanide CNp-FAr and systematically compared it with
a number of terphenyl isocyanides bearing different electron-withdrawing and donating substituents in
their m-acidity relative to [Cr(CNAr)(CO)s] complexes (Fig. 11). This analysis suggested that 6-donor/zt-
acid ratios matching or exceeding that of CO may only be achieved by perfluorinated alkyl isocyanides,
which are very difficult to handle due to their high instability, which severely limits their applicability.
However, distant polyfluorination, as in the case of CNp-FAr°A™2, can effectively lower the 6-donor/z-
acid ratio of the isocyano group, in a synthetically and operationally convenient manner. In conclusion,

CNp-FArPA™2 offers a large degree of steric encumbrance, combined with enhanced m-acceptor

properties, which are very promising for the generation of low-coordinate isocyanide complexes."*®!
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2 Abstract

In this thesis, a series of novel fluorinated ligands and corresponding metal complexes is presented. All

compounds were spectroscopically and/or crystallographically characterized.

The synthesis of a series of differently halogenated S, V,S-tridentate thiosemicarbazone ligands and their
Re(V), Tc(V), Au(Ill) and In(III) complexes is described. The fluorination reduces the stability of the
free ligands against hydrolysis but does not influence significantly the structure and stability of the Re,
Tc and Au complexes. On the contrary, the structures and properties of the In(I1I) complexes are affected
by fluorination. Some of the compounds were investigated regarding to their biological activity

against Trypanosoma cruzi, a parasite responsible for a tropical disease, known as Chagas disease.

Subsequently, the synthesis of Re(I) and Tc(I) complexes with fluorinated and non-fluorinated meta-
terphenyl isocyanides is described. Reactions of [Re(CO)sBr] and (NBus)[Tc2(CO)s(p-Cl)3] with the
encumbering isocyanides give stable complexes with a high degree of steric protection, which are
suitable starting materials for the formation of highly-reduced and low-coordinated metal species. The
reaction of the Re(I) and Tc(I) isocyanide complexes with different reducing agents is reported, leading
to defined products containing persistent monomeric Re(0) complexes or rhenium in a negative formal
oxidation state. Moreover, the first known complex with Tc in the formal —1 oxidation state was

characterized with NMR spectroscopy.
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3 Zusammenfassung

Eine Reihe neuer halogenierter Liganden und entsprechender Metallkomplexe wurde hergestellt. Alle

Verbindungen wurden spektroskopisch und/oder kristallographisch charakterisiert.

Die Synthese einer Serie halogensubstituierter S,N,S-dreizahniger Thiosemicarbazonliganden und ihrer
Re(V)-, Tc(V)-, Au(Ill)- und In(IIT)-Komplexe ist beschrieben. Die Fluorierung erhoht die Hydrolyse-
empfindlichkeit der freien Liganden, aber es wurden keine Auswirkungen auf die Stabilitdt der
Komplexe beobachtet. Dagegen werden die Strukturen der erhaltenen In(IlI)-Komplexe stark von der
Fluorierung beeinflusst. Die biologische Aktivitit der fluorierten Thiosemicarbazone sowie ihrer
Metallkomplexe gegen Trypanosoma cruzi, einen Parasit, der die sogenannte Chagas Krankheit
verursacht, wurde untersucht und fiir einige Vertreter wurde eine bemerkenswerte Wirksamkeit

festgestellt.

Im zweiten Teil der vorliegenden Arbeit wird die Synthese von Re(I) und Tc(I) Komplexen mit
fluorierten und nicht fluorierten meta-Terphenyl-isocyaniden beschrieben. Die Umsetzung von
[Re(CO)sBr] and (NBuy)[Tca(CO)s(u-Cl)3] mit den sterisch anspruchvollen Isocyaniden ergibt stabile
Komplexe, in denen die Metallzentren effizient von den Terphenyl-Gruppen abgeschirmt werden. Sie
sind geeignete Ausgangsverbindungen fiir die Synthese hoch-reduzierter und koordinativ ungeséttigter

Metallkomplexe.

Die Umsetzung der Re(I)- und Tc(I)-Isocyanidkomplexe mit verschiedenen Reduktionsmitteln wurde
untersucht. Auf diese Weise konnten stabile monomere Rhenium(0)-Komplexe isoliert werden sowie
Verbindungen, in denen das Metallatom eine negative formale Oxidationsstufe aufweist. AuBerdem
wurde der erste Technetiumkomplex in der formalen Oxidationsstufe ,-1° durch *’Tc-NMR-

Spektroskopie charakterisiert.
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ABSTRACT: [Re(CO)Br(CNATPAF2),] and [Te(CO)CI(CNAPAF2),] (ArPAF = 2 6-(3,5-(CF3)CsHs)s-4-F-
CsH2) were prepared by reactions of [Re(CO)Brs] or (NBua)[Tc2(CO)s(p-Cl)s] with the sterically encum-
bered isocyanide CNArPAT2, These two compounds proved to be excellent starting materials for the syn-
thesis of unprecedented low-valent rhenium and technetium complexes. The reduction of
[Re(CO)Br(CNArPA™2),] with Na/Hg produces an equimolar mixture of [Re(CO)(CNArPA2),] and
[Na(THF)s][Re(CO)(CNArPAT2),] containing the transition metal in the oxidation states “0” and “-1”,
respectively. The reduction of [Tc(CO)CI(CNArPA™2),] with Na/Hg produces Na[Tc(CO)(CNArPAT2),],
which was characterized by '°F and *Tc NMR spectroscopy. The reactivities of the M(-1) compounds
(M = Re, Tc) resemble that of [Re(CO)s]", which was proven by reactions with a number of electrophiles

such as Mel, HCI or F¢CsC(O)CIl.

INTRODUCTION

Sterically encumbered isocyanides, in particular meta-
terphenyl isocyanides, are able to form stable complexes
with a wide variety of transition metals, which efficiently
mimic low-valent and highly reactive carbonyl species,
which otherwise would be inaccessible for preparative
chemistry.”™ Very recently, we described the isolation and
structural characterization of the rhenium monoanion
[Re(CO),(CNAr"?™),]" (Dipp2 = 2,6-diisopropylphenyl, see
Chart 1), which is an analog of the well-known [Re(CO),]
anion, as a contact ion pair with a K" counterion.” Moreo-
ver, the extensive m-delocalization and the efficient steric
protection of the meta-terphenyl groups enabled us to iso-
late a rare example of a monomeric rhenium(o) complex,
[Re(CO),(CNAr"?™),], which was characterized through
EPR and IR spectroscopy.

These promising results and previous studies on manga-
nese"® encouraged us to consider that a similar chemistry
might also be extended to the homologous element tech-
netium. Technetium is the lightest element of the periodic
table that only possesses radioactive isotopes. The short-
lived y-emitting nuclear isomer **"Tc is used in nuclear
medicine as imaging agent for a wide variety of diagnostic
tests.” The ground state of this nuclide, **Tc, is a low-energy

B -emitter (Emax = 0.292 MeV). Its long half-life (2.1 x 10°
years) and availability in macroscopic amounts make it the
ideal candidate for chemical studies.®

CNArDipp2 CNArMes2

CN ArDArFZ

Chart 1. Sterically encumbering isocyanides used or dis-
cussed in this paper.

In contrast to its rhenium analog, the pentacarbonyl-
technetate [Tc(CO);], is in practice hardly accessible, be-
cause of the absence of a facile synthetic procedure, which
is conform with the actual radiation protection regula-
tions.” For this reason, a possible use of isocyanides as CO
surrogates would be of particular value, since it opens the
door to a completely unexplored field of technetium chem-

istry.
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Scheme 1. Rhenium complexes with CNAr*"*,

As reported by Lentz, perfluorination of the organic resi-

due of an isocyanide can increase its m-acceptor properties, RESULTS AND DISCUSSION

offering a strategy to more finely mimicking the electronic
properties of CO.” This is true, in general, for electron-
withdrawing substituents on aryl isocyanides, and partic-
ularly for such in the para-position of the aromatic ring."

Recently, the fluorinated meta-terphenyl isocyanide
CNAM™ (AP = 2,6-(3,5-(CF;),CeH,),-4-F-CH,, see
Chart 1) has been introduced. It can be synthesized by pal-
ladium-catalyzed cross-coupling of 2,6-dibromoaniline
with 3,5-(CF;),-4-F-C¢H,B(OH), and subsequent formyla-
tion/dehydration steps.” Although o-donor/m-acid ratios
matching or exceeding that of CO may only be achieved by
perfluorinated alkyl isocyanides, which are unstable and
very difficult to handle, CNAr”*"*> might be a suitable can-
didate to mimic the bonding situation of CO ligands. Dis-
tant polyfluorination can effectively lower the o-donor/n-
acid ratio of the isocyano group, in a synthetically and op-
erationally convenient manner.® At the same time,
CNAr™"*™ offers a large degree of steric encumbrance,
which, combined with enhanced m-acceptor properties,
makes it very promising for the generation of low-coordi-
nate isocyanide complexes.

In the present paper, we report an initial survey of the
coordination capabilities of CNAr®*"* to low-valent rhe-
nium and technetium species. These studies are intended
(i) to serve as the framework for uncovering the hitherto
less explored (Re) or unknown (Tc) chemistry of these two
elements in the formal oxidation states “o” and “-1” and (ii)
to develop a new generation of organometallic Tc(I) cores
with the required stability for nuclear-medical labelling ex-
periments.

The interesting results of a previous report, which de-
scribes the formation of the tris-isocyanide complex
[Mn(CO),Br(CNAr"*),] by a facile reaction of
[Mn(CO)sBr] and three equivalents of the sterically en-
cumbered isocyanide CNAr™** (Mes = 2,4,6-Me,CH., see
Chart 1) in THF,® encouraged us to undertake similar reac-
tions with corresponding technetium and rhenium start-
ing materials. A summary of the performed reactions be-
tween CNAr™*** and [Re(CO)Br] and subsequent reactions
of the formed products is given in Scheme 1. Scheme 2
shows similar reactions done with technetium compounds.
Unexpectedly, the reaction of [Re(CO)sBr] with three
equivalents of CNAr®*"™* in boiling THF led only to an

CF3
CNA DArF2
(NBug)[Te;(CO)g(u-Cly)] >

’CF

Scheme 2. Technetium complexes with CNAr®*™*,



intractable mixture from which no crystalline com-
pounds could be isolated. Defined products, however, were
obtained at higher temperature. Prolonged heating of such
a reaction mixture in toluene afforded the complete con-
sumption of the reactants and an orange-red solid was iso-
lated. The “F NMR spectrum of the raw product surpris-
ingly shows three triplets around -109 ppm (each one be-
longing to the para-fluoride substituent of the aryl group
of a CNAr®*"* molecule). They can be assigned to two dif-
ferent species: (i) two of the signals exhibit an approximate
1:2 integral ratio, which is consistent with a tris-ligated
mer-[Re(CO),Br(CNAr"***),] complex and (ii) one addi-
tional triplet suggests the formation of a complex with
magnetically identical ligands. The presence of two new
species is also confirmed by the IR spectrum of the product
mixture, which shows two different carbonyl patterns. In-
terestingly, also some unreacted starting material
[Re(CO);Br] seems to be left, while the bulky isocyanide
was completely consumed. These findings suggest the for-
mation of at least one complex with four CNAr"*** ligands,
which was confirmed by X-ray structural analyses.

A few orange-red single crystals were hand-picked and
identified as cis,mer-[Re(CO),Br(CNAr****),]. The molec-
ular structure of the compound is shown in Fig. 1. Three
isocyanide ligands are coordinated in a meridional arrange-
ment by the rhenium atom, the coordination sphere of
which is completed by two cis-coordinated carbonyls and
a Br ligand.

a)

Figure 1. a) Molecular structure of cis,mer-[Re(CO).Br-
(CNAr"™)] and b) space-filling model of the molecule.

The third “F NMR signal observed in the raw product
mixture can be assigned to a complex with higher sym-
metry. It represents the “thermodynamic product” of the
performed reaction, [Re(CO)Br(CNAr”**),], and can be
isolated in high yields and pure form, when at least four

equivalents of CNAr™*"* are used and the reaction is per-

formed in boiling toluene.

The F NMR of [Re(CO)Br(CNAr"***),] reveals a perfect
axial symmetry in solution through the magnetic equiva-
lence of the four isocyanide ligands, which produces only
one triplet for the para fluorine atoms at -109 ppm and one
singlet for the CF; groups at -63 ppm. The solid-state IR
spectrum displays a broad band at 2051 cm™ for the isocya-
nides and a splitted band at 1920 cm™ for the CO ligand.
The significant red-shift of the cyano stretch in comparison
to the non-coordinated isocyanide (ven = 218 cm™) deno-
tates an efficient m-back donation, which was not observed
in rhenium and technetium complexes with the non-fluor-
inated m-terphenyl isocyanides CNAr”??* or CNAr™*> >4

Single crystal X-ray diffraction confirms the equivalence
of the four CNAr”*"* ligands, which are coordinated in one
plane (Fig. 2). Selected bond lengths and angles as well as
an ellipsoid representation of [Re(CO),Br(CNAr"*"?),] and
[Re(CO)Br(CNAr**),] are given in the Supplementary
Information.

Figure 2. a) Molecular structure of [Re(CO)Br-
(CNAr**),] and b) space-filling model of the molecule.

The space-filling model of [Re(CO)Br(CNAr"**),] (Fig.
2b) illustrates that the rhenium atom is perfectly shielded
in this compound by the interdigitation observed for the
fluorinated flanking rings. This creates a qualitatively high
degree of shielding for the central transition metal ion,
which is clearly higher than that in the dicarbonyl com-
pound [Re(CO),Br(CNAr"*"),] (Fig. 1b).

The efficient steric protection of the metal atom in
[Re(CO)Br(CNAr"**),] provided by four encumbering
meta-terphenyl isocyanides and the enhanced m-back do-
nation through fluorination makes this compound a con-
venient candidate for the preparation of highly reduced
rhenium complexes. Indeed, treatment of [Re(CO)Br-



(CNAr®*™),] with 0.1% sodium amalgam in THF led to a
very dark solution, from which black crystals precipitated
at —35° C after the addition of pentane. The crystals rapidly
decompose at room temperature by the loss of solvent
THF. Solid state IR analysis of the product confirms the
complete consumption of the reactants and the formation
of (a) new compound(s) with broad CN absorption(s)
around 1906 cm™. Such a drastic red-shift of almost 150 cm’
' is indicative for the formation of a highly reduced rhe-
nium compound as has been reported recently for similar
CNAr”?P* complexes.’ 'H and F NMR spectra confirm that
the coordinated isocyanide ligands maintain their mag-
netic equivalence: only one singlet at -62 ppm is found for
the CF; substituents of the four ligands and only one triplet
at -116 ppm for the para-fluorine atoms. The NMR signals
are slightly shifted in comparison to the starting material
(-63 and -109 ppm).

/|

— e

Experimental

| 1 | 1
100 200 300 400 500 mT

Figure 3. Frozen-solution X-band EPR spectrum of
[Re(CO)(CNAr"**),] in benzene/THF (gx = 2.864, gy =
2.068, g2 =1.978, A =22 -10% cm™, A" =35 - 10 cm”,
AR =368 107 cm™).

Remarkably, a benzene/THF solution of the same black
crystals also give an intense EPR spectrum (Fig. 3). It shows
well resolved ****’Re hyperfine couplings, which clearly
prove the presence of a paramagnetic rhenium complex
with the unpaired electron being mainly located at the
transition metal. With respect to the experimental condi-
tions (the treatment of a rhenium(I) compound with a
strong reductant), it can be assigned to a monomeric rhe-
nium(o) compound, most probably [Re(CO)(CNAr>*"*),].
Persistent monomeric complexes of rhenium(o) are rare
and only two of them were stable enough to allow struc-
tural and/or spectroscopic studies: [Re(CO);,(tricyclohexyl-
phosphine),] and the recently published isocyanide com-
plex [Re(CO),(CNAr"?),] 57 The EPR spectrum of
[Re(CO)(CNATr"*"),] is essentially axially symmetric with
an only marginal rhombic component. Interactions of the
unpaired electron with the nuclear spin of I =5/2 of **'*’Re
result in the observed six-line pattern with a hyperfine cou-
pling of 368 - 10* cm™ in the parallel part of the spectrum,
while that in the parallel part is significantly smaller. Gen-
erally, the spectrum is very similar to that of
[Re’(CO),(CNAr"?™),] with a less pronounced rhombic

component, which is in agreement with the proposed
higher symmetry of the axial coordination sphere of rhe-
nium.

Surprisingly, [Re(CO)(CNAr"**),] is relatively robust
and does not suffer from degradation after standing at
room temperature for at least one day. Even the addition
of an equimolar quantity of water does not induce decom-

position as long as the access of atmospheric oxygen is pre-
cluded.

Figure 4. Molecular structures of the co-crystallized
compounds  [Na(THF)s][Re™(CO)(CNAr"*™),]  and
[Re°(CO)(CNAr"*™),] (symmetry operation: (‘) -x, 2-y,
2-7). Note that the [Na(THF)¢]* cation has only 50 per
cent occupancy.

The results of an X-ray structure determination explain
the unusual spectroscopic behavior of the dark solid,
which gives high-quality NMR and EPR spectra at the same
time: The black crystals represent a co-crystallization of
two species: [Na(THF)s][Re™(CO)(CNAr°**),] and
[Re’(CO)(CNAr"*"™),]. Figure 4 shows the crystallographic
results. The structure has been solved and refined in the
triclinic space group P1. The rhenium part of the structure
has an occupancy of 1, while that of the [Na(THF)s]" is o.5.
This is in agreement with the above-mentioned co-crystal-
lization of two species. Such an interpretation is only
sound, when an almost uniform structure of the Re® and
the Re™ complex species is assumed. And indeed, there is
no crystallographic evidence for significant differences be-
tween these two species. Both contain rhenium in a
square-pyramidal coordination sphere with the carbonyl
ligand in apical position. The structural similarity between
both compounds also includes the fact that each two of the
isocyanide ligands are coordinated ‘regularly’ with Re-C-N
angles of 172° and 167°, while the other two show a clearly
bent arrangement with Re-C-N angles of 130° and 134°.
Such a bent coordination of isocyanides to rhenium has re-
cently also been found for the rhenium(-1) complex
K[Re(CO),(CNAr"*"*),].5 For a more detailed discussion of
the bonding situation, however, structural data of the pure
Re(o) and Re(-1) species would be highly appreciated. We
are currently working on the isolation of suitable single
crystals of the two compounds.



Figure 5. Molecular structures of [Re(CO)Me(CNAr"***),], [Re(CO)H(CNAr"***),] and [Re(CO)CI(CNAr>*"*),] as products of
reactions of [Na(THF)s][Re™(CO)(CNAr"*"™),]/[Re’(CO)(CNAr"*"*),] with Mel, HCl and CsFsC(O)Cl, respectively.

The highly reduced rhenium species should show pro-
nounced reactivity against electrophilic agents as has been
demonstrated before for similar manganese or molyb-
denum species.‘*’6 Thus, we tested their reactivity with elec-
trophiles such as Mel, HCl or C¢F;C(O)Cl. Addition of me-
thyl iodide to a solution of the black crystals consisting of
the equimolar [Na(THF)s][Re™(CO)-
(CNAr"*™),1/[Re’(CO)(CNAr°*™),] mixture in THF af-
forded the formation of [Re(CO)Me(CNAr"*"*),], as is in-
dicated by the detection of a CH;signal at -1.8 ppm in the
'H NMR spectrum of the compound and a single crystal
structure determination (see Fig. 5a).

Treatment of [Na(THF)s][Re™(CO)(CNAr"*"*),]/[Re’-
(CO)(CNAr"**),] with HCl led to the formation of the hy-
drido complex [Re(CO)H(CNAr"*"?),], which could be iso-
lated in form of yellow crystals and characterized by X-ray
diffraction (Fig. 5b). The 'H NMR spectrum of the com-
pound displays a characteristic hydride signal at -5 ppm.
The IR spectrum of [Re(CO)H(CNAr"*"*),] shows bands at
2021, 1979 and 1938 cm”, which can be assigned to the veen,
Vre-t and vc=o vibrations. As a side product in the synthesis
of the hydrido compound, some amount of [Re(CO)Cl-
(CNAr®*™),] was formed. The yellow, crystalline material
could be separated manually and characterized by NMR
spectroscopy and X-ray diffraction. The compound is
isostructural to the corresponding bromide complex. It’s
molecular structure is shown in Fig. sc. [Re(CO)CI-
(CNAr®*™),] is also the main product of a reaction of
[Na(THF)s][Re™(CO)(CNAr*™),]/[Re°(CO)(CNAr"*™),]
with CFsC(O)Cl, which was performed for an attempted
synthesis of a complex with a perfluorinated aryl ligand.

The obtained results demonstrate that the
{Re(CO)(CNAr"**™),}* core is well suitable for the stabili-
zation of species with highly reduced metal centers, in
which the metal ion has a pronounced nucleophilic char-
acter and its reactivity resembles in some cases that of
[Re(CO)s]".

The possibility of extending this results to technetium is
particularly intriguing, since it would provide a syntheti-
cally accessible analogue of the practically unknown spe-
cies [Tc(CO)s]". Reactions of (NBu,)[Tc,(p-Cl);)(CO)e] with
3 equivalents of CNAr"*"™ in boiling toluene gave an

intractable oil, but the use of 4 equivalents of the ligand
and prolonged heating in boiling toluene gave pure or-
ange-red crystals of [Tc(CO)CI(CNAr"**),] in good yield.
X-ray structural determination demonstrates that the
complex is isostructural to the rhenium analog with four
axially arranged CNAr"*" ligands and the CO and CI' lig-
ands in trans position to each other (Fig. 6). Two well-sep-
arated bands for the ven stretch at 2064 cm™ and for the
Ve=o stretch at 1935 cm™ are resolved in the IR spectrum of
the compound. The red-shift of the isocyanide band is less
pronounced than in the isostructural rhenium complex.
“Tc NMR spectroscopy exhibits a broad signal at -
1542 ppm, which is in the typical range of Tc(I) tricarbonyl
complexes. The “F NMR  spectrum of
[Tc(CO)CI(CNAT"*"),] shows the signal of the magneti-
cally equivalent CF3 groups as a singlet at -66 ppm, while
a triplet at -124 ppm can be assigned to the fluorine atom
of the aromatic rings. These signals are slightly shifted with
respect to  the  corresponding  values  for
[Re(CO)Br(CNAr"**)4] (-63 and -109 ppm).
I

structure of [Tc(CO)Cl-

Molecular
(CNArM™),] (symmetry operation: (‘) 1-X, y, 1.5-z).

Figure 6.
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Figure 7. Tc NMR spectra of [Tc(CO)H(CNAr**),], Na[Tc(CO)(CNAr°**),] and [Tc(CO)CI(CNAr"**?),] (chemicals shifts

relative to TcOy).

The reduction of [Tc(CO)CI(CNAr"**),] with 0.1% Na/Hg
in THF led to a unique red diamagnetic compound of the
composition Na[Tc(CO)(CNAr°**?),], as can be concluded
from its NMR spectra, which are very close to the values
obtained for the analogous rhenium complex. The F NMR
spectrum confirms the purity of the obtained product by
showing only one singlet at -65 ppm and one triplet at -
m2 ppm. The *Tc NMR spectrum of Na[Tc(CO)-
(CNAr®*™),] shows the complete consumption of
[Tc(CO)CI(CNAT"*"),] and the formation of a new signal
at -1865 ppm, which is the first detection of a technetium
complex with the formal oxidation state “-1” by *Tc NMR
spectroscopy (Fig. 7).

Similarly to [Na(THF)s][Re(CO)(CNAr"**?),], the highly
reduced technetium complex reacts with nucleophiles
such as (CF;CO),0, SnCl,, P, or HCl. Unfortunately, up to
now no crystalline products could be isolated from such
reactions. But there is clear evidence by *Tc NMR spec-
troscopy that the Tc(-1) compound is consumed and Tc(I)
products are formed. One example, in which only one
product was formed is the reaction with HCl. The **Tc
NMR  spectrum of  the formed product
[Tc(CO)H(CNAr**),] shows only one signal at -355 ppm.
It is compared to the spectra of the other diamagnetic tech-
netium complexes mentioned in this study in Fig. 7.

CONCLUSIONS

Compounds with a central {M'(CO)(CNAr"*"*),}* unit
(M = Re, Tc) contain highly shielded metal ions. The four
encumbering isocyanide ligands provide adequate steric
protection in the proximity of the metal center, avoiding
dimerization reactions and other degradation pathways. In
addition, the fluorination in the periphery of the ligands
increases the m-accepting properties of the isocyanides,
which is fundamental for the stabilization of very low oxi-
dation states. The reduction of the [M(CO)X(CNAr"*"*?),]
species (M = Re, X = Br; M = Tc, X = Cl) with Na/Hg pro-
duces low-valent complexes such as
[Re°(CO)(CNArP*™),], [Na(THF)e][Re™(CO)(CNAr"™),]
or Na[Tc*(CO)(CNAr"*"),]. The encumbering fluorinated
substituents donate a surprisingly high robustness to the
reduced compounds, which readily undergo reactions with
electrophiles. Further work is required to investigate the

structure and chemical properties of these intriguing com-
pounds.

EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out
under an argon atmosphere using standard Schlenk and glovebox
techniques. Unless otherwise stated, reagent-grade starting mate-
rials were purchased from commercial sources and either used as
received or purified by standard procedures. Solvents were dried
and deoxygenated according to standard procedures. Benzene-ds
was distilled from NaK alloy and stored under Ar prior to use.
Celite 405 (Fisher Scientific) was dried at a temperature above
250°C and stored in the glovebox prior to use. CNAr®*™ and
(NBuy)[Tc2(CO)s(u-Cl);] were prepared as previously de-
scribed.?"®

Physical Measurements: NMR spectra were recorded at 20°C
with a JEOL 400 MHz multinuclear spectrometer. Positive- and
negative-mode ESI mass spectra were measured for the rhenium
compounds with an Agilent 6210 ESI-TOF (Agilent Technology)
mass spectrometer. EPR spectra were recorded in the X-band at
78 K in THF with a Magnetech Miniscope spectrometer. Simula-
tions were done with Easyspin.” Elemental analysis of carbon, hy-
drogen and nitrogen were performed using a Heraeus elemental
analyzer. For the IR spectra, a Nicolet iS10 FT-IR or a Shimadzu
FTIR Affinity-1 spectrometer were used. The following abbrevia-
tions were used for the intensities and characteristics of IR ab-
sorption bands: vs = very strong, s = strong, m = medium, w =
weak, sh = shoulder.

The technetium contents of the samples were measured by a
HIDEX 300 SL liquid scintillation counter. An aliquot of three
probes per sample with different concentrations was added to
10 mL of a scintillation cocktail (Rotiszint ecoplus, Carl Roth), and
the net count rates were measured over 1024 channels with a
counting time of 60 s. An average value was calculated for each
sample.

Radiation Precautions. *Tc is a long-lived weak B~ emitter
(Emax = 0.292 MeV). Normal glassware provides adequate protec-
tion 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 a Bruker D8 Venture instrument with
Mo Ka radiation. The space groups were determined by the de-
tection of systematical absences. Absorption corrections were car-
ried out by SADABS.* Structure solution and refinement were
performed with the SHELX program package.”** Hydrogen atoms
were placed at calculated positions and treated with the ‘riding



model option of SHELXL. The representation of molecular struc-
tures was done using the program DIAMOND 4.2.2.”

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

Synthesis of the Complexes.

[Re(CO)Br(CNAr”*™),]. To a suspension of [Re(CO)sBr] (266
mg, 0.655 mmol, 100 mL) in toluene, CNArPAT2 (1.5 g, 2.75 mmol,
4.2 equiv) was added. The mixture was heated under reflux with
stirring under argon for 24 h. The resulting yellow solution was
concentrated to a volume of 8 mL and hexane (20 mL) was added.
Storage at 4 °C for 12 h resulted in the precipitation of orange-red
crystals of [Re(CO)Br(CNAr®*™2),], which were collected and
dried in vacuo. Crystals suitable for X-ray structure determination
were obtained from CH;CN/Et.O. Yield: 1.284 g, 0.533 mmol, 82%.
FTIR (in KBr, cm™): 20515 (CN, broad), 1926m (CO), 1916m (CO),
also, 3054w, 2915w, 1622w, 1595w, 1479m, 1461m, 1433m, 1398m,
13628, 1312w, 1276VS, 1220w, 11708, 1127VS, 1105VS, 1056VS, 1000M,
971w, 952w, 912m, 902s, 879m, 861w, 847m, 798w, 750s, 735wW. 'H-
NMR (THF, ppm): 8 7.58 (two overlapped s, 24H, Ph), 7.08 (d, J =
8 Hz, 8H, Ar-F). “F-NMR (THF, ppm): § -62.8 (s, 48F, Ph-CF;), -
108.8 (t, ] = 8 Hz, 4F, Ar-F). HRMS ESI+ (m/z): [M + Na]*
2497.1320, Caled for Co3sH3.BrFs.N,NaORe: 2497.0384.

[Re(CO).Br(CNAr®*™),]. To a suspension of [Re(CO)sBr]
(122 mg, 0.3 mmol, 30 mL) in toluene, CNAPA™ (401 mg,
0.9 mmol, 3.0 equiv) was added. The mixture was heated under
reflux with stirring under argon for 24 h. The resulting yellow so-
lution was concentrated to a volume of 2 mL and hexane (15 mL)
was added. Storage at 4 °C for 12 h resulted in the formation of an
orange-red  solid  consisting of a  mixture  of
[Re(CO)-BrCNAr®*™),] and [Re(CO)Br(CNAr"™),]. The prod-
uct was dried in vacuo and a few single crystals of pure
[Re(CO)-BrCNArP*™),] could be separated by slow evaporation
of a Et.O/hexane solution of the mixture. “F-NMR (THF, ppm): §
-64.7 (s, Ph-CF;), -108.3 (t, ] = 8 Hz, Ar-F), -109.5 (t, ] = 8 Hz, Ar-
F), -110.1 (t, ] = 8 Hz, Ar-F).

[Na(THF)s][Re(CO)(CNAr"*"),]/[Re(CO)(CNAr"*™),]. " [Re-
(CO)Br(CNAr*™),] (60 mg, 0.024 mmol) was dissolved in THF
(3 mL) and 01% Na/Hg (Na: 0.003 g; Hg: 3 g; 5 equiv Na/Re) was
added. The mixture was vigorously stirred for 3 h giving a very
dark solution, which was concentrated under reduced pressure.
Addition of pentane and storage at -35° C for 12 h yielded black
crystals, which were collected and dried in vacuo. Yield: 60%.
FTIR-ATR (cm™): 2010w (CN), 1906s (CN, broad), 1789s (CO,
broad), 1619w, 1461m, 1409m, 13628, 1306w, 1276Vs, 1168s, 1130VS,
1094w, 967w, 910w, 875w, 846w, 705m, 682m, 636w, 546w. 'H-
NMR (CsDs, ppm): 8 7.60 (s, 16H, Ph), 7.53 (s, 8H, Ph), 6.52 (d, J =
8 Hz, 8H, Ar-F). “F-NMR (CsDs, ppm): 8 -62.5 (s, 48F, Ph-CF;), -
15.7 (broad t, 4F, Ar-F). EPR (THF/benzene, 78 K): (gx = 2.8638,
gy = 2.0676, g = 1.9783, A= 22 10* cm”, A" = 35 10 cm”,
A =368 -10* cm™).

[Re(CO)Me(CNA®*™),].  [Re(CO)Br(CNAr®*™),] (60 mg,
0.024 mmol) was dissolved in THF (3 mL) and 0.1% Na/Hg (Na:
0.003 g; Hg: 3 g; 5 equiv Na/Re) was added. The mixture was vig-
orously stirred for 3 h and filtered over celite. The resulting solu-
tion was cooled to -95° C and 350 pL of Mel solution (0.08 M in
THF) was slowly added to the reaction mixture, whereupon its
color turned yellow. Yellow crystals suitable for X-ray diffraction
were obtained from THF/toluene/benzene. FTIR-ATR (cm™):
20155 (CN/CO, broad), 1917m (CO), 1622w, 1596w, 1461w, 1422w,
1398w, 13628, 1311w, 1274VS, 1171s, 1126VS, 971W, 900s, 879m, 847m,
778s, 751w, 735w, 705w, 6818, 6375 ,620W, 550m, 498w, 471S, 431w,
420w. 'H-NMR (C¢Ds, ppm): § 7.68 (s, 8H, Ph), 7.56 (s, 16H, Ph),
6.41 (d, ] = 8 Hz, 8H, Ar-F), -1.85 (s, 1H, Re-Me). F-NMR (CeDs,
ppm): 8 -62.6 (s, 48F, Ph-CF;), -109.7 (broad t, 4F, Ar-F).

[Re(CO)H(CNAF"Y™),]. [Re(CO)Br(CNAr®"™),] (60 mg, 0.024
mmol) was dissolved in THF (3 mL) and 0.1% Na/Hg (Na: 0.003 g;

Hg: 3 g; 5 equiv Na/Re) was added. The mixture was vigorously
stirred for 3 h and filtered over celite. The resulting solution was
cooled to -95° C and 350 pL of a HCI solution (0.08 M in THF) was
slowly added to the reaction mixture, whereupon its color turned
yellow. Crystals suitable for X-ray structure determination were
obtained from benzene. FTIR-ATR (cm™): 20215 (CN), 1979s (CO,
broad), 1938s (CO), also, 2963w, 1597w, 1462w, 1420w, 1399w,
1363s, 1312w, 1276s, 1260s, 1171S, 1126Vs, 1098Vs, 1015VS, 913Mm, OIS,
877s, 847s, 796vs, 752w, 734w, 705m, 694m, 666s, 637s, 620w,
569w, 564w, 434w. 'H-NMR (CsDs, ppm): & 7.76 (s, 16H, Ph), 7.72
(s, 8H, Ph), 7.42 (d, ] = 8 Hz, 8H, Ar-F), -4.96 (s, 1H, Re-H).

[Re(CO)CI(CNAr®*™),]. [Re(CO)Br(CNAr"*™),] (60 mg, 0.024
mmol) was dissolved in THF (3 mL) and 0.1% Na/Hg (Na: 0.003 g;
Hg: 3 g; 5 equiv Na/Re) was added. The mixture was vigorously
stirred for 3 h and filtered over celite. The resulting solution was
cooled to —95° C and 350 pL of a C¢FsC(O)Cl solution (0.08M in
THF) was slowly added to the reaction mixture, whereupon its
color turned yellow. Crystals suitable for an X-ray structure deter-
mination were obtained from Et,O/hexane. FTIR-ATR (cm™):
21018h (CN), 2052s (CN), 2033s (CN), 2026sh (CN), 1923w (CO),
1913w (CO), also, 2963w, 1739br, 1652w, 1596w, 1524w, 1499m,
1475W, 1462w, 1422w, 1399m, 1363s, 1328w, 1314w, 1276Vs, 1261s,
1222W, 11728, 1127VS, 1099Vs, 1006Vs, 913w, 9018, 878m, 847m, 751vs,
735w, 7058, 694w, 681vs, 638m, 621w, 589w, 547w. “F-NMR (THF,
ppm): 8 -64.6 (s, 48F, Ph-CF;), -11.9 (t, ] = 8 Hz, 4F, Ar-F).

[Tc(CO)CI(CNArPA™2) ] CNAMPA™ (439 mg, 0.80 mmol, 4.5
equiv) was added to a suspension of (NBu,)[Tc.(u-Cl)5(CO)s]
(60 mg, 0.0876 mmol) in 9 mL toluene. The resulting mixture was
stirred for 20 h in boiling toluene. The resulting orange-red solu-
tion was concentrated to a minimum volume and hexane was
added. Storage at 4 °C for 12 h resulted in the formation of orange-
red crystals of [Tc(CO)CI(CNAr"**2),], which were collected and
dried in vacuo. Crystals suitable for X-ray structure determination
were obtained from THF/toluene. Yield: 0.304 g, 0.130 mmol, 74%.
FTIR (in KBr, cm™): 2064s (CN), 1982w (CN), 1935s (CO), also,
3095w, 2961w, 2936w, 2874w, 1597m, 1460m, 1421w, 1398m, 1364s,
1312w, 12798, 11758, 11348, 1109m, 972w, 903m, 879m, 847m, 752w,
735w, 706s, 683s, 638w, 594w, 523w, 463w. Elemental analysis: Tc,
4.6; calc. for Co3H;.CIF5.N,OTc, 4.2 %. 'H-NMR (THF, ppm): § 7.74
(s,16H, Ph), 7.73 (s, 8H, Ph), 7.42 (d, ] = 8 Hz, 8H, Ar-F). "F-NMR
(THF, ppm): 8 -65.6 (s, 48F, Ph-CF;), -123.9 (broad t, 4F, Ar-F).
9Tc-NMR (THF, ppm): § -1542.

Na[Tc(CO)(CNAFPY™), ], [Tc(CO)CI(CNAr®™),] (40 mg,
o0.017 mmol) was dissolved in THF (3 mL) and 0.1% Na/Hg (Na:
0.003 g; Hg: 3 g; 8 equiv Na/Tc) was added. The mixture was vig-
orously stirred for 3 h giving a deep red solution. *F-NMR (THF,
ppm): 8 -65.1 (s, 48F, Ph-CF;), -112.2 (t, ] = 8 Hz, 4F, Ar-F). ®Tc-
NMR (THF, ppm): § -1865.

[Tc(CO)H(CNAY™),]. [Tc(CO)CI(CNAr"*™),] (40 mg, 0.017
mmol) was dissolved in THF (3 mL) and 0.1% Na/Hg (Na: 0.003 g;
Hg: 3 g; 8 equiv Na/Tc) was added. The mixture was a vigorously
stirred for 3 h. The resulting solution was cooled to -95° C and
200 pL of a HClI solution (0.2 M in THF) was slowly added to the
reaction mixture, whereupon its color turned yellow. 'H-NMR
(CsDs, ppm): 8 7.62 (s, 8H, Ph), 7.59 (s, 16H, Ph), 6.38 (d, J = 8 Hz,
8H, Ar-F) “F-NMR (THF, ppm): § -69.5 (s, 48F, Ph-CF;), -112.5 (t,
J = 8 Hz, 4F, Ar-F). ®Tc-NMR (THF, ppm): § -343.
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S1. Crystallographic structure determination.

S1.1 General. The intensities for the X—ray determinations were collected on a Bruker D8 Venture or
on a Bruker APEX II Ultra instrument with Mo Ka radiation. Structure solution and refinement were
performed with the SHELX program packages.'” Hydrogen atoms were placed at calculated positions
and treated with the ‘riding model’ option of SHELXL, except in the cases of [Re(CO)H(CNArP*2),],
where the position of the hydrido hydrogen atom was taken from the Fourier map. The representation
of molecular structures was done using the program DIAMOND (vers. 4.5.1).> Additional information
on the structure determinations has been deposited with the Cambridge Crystallographic Data Centre
(see Table S1.1).

S1.2. Disorder and Refinement Specifics. The solid-state structures of the complexes
[XM(CO)m(CNATPAT2), ] (with X = Br, Cl, Me; M = Tc,Re; m = 1, 2; n = 4, 3) suffered from positional
disorder between the X ligand and one carbonyl ligand. The disorder did not affect the stereochemistry
of the complexes and was adequately modeled and refined with an occupational ratio of ca. 0.5 in all
cases. The completion of the crystal structure determination of [Re(CO)Br(CNArP**2),] and [Na(THF)s]-
[Re(CO)(CNArPAT2),]/[Re(CO)(CNATrPAT2),] was hampered by the presence of seriously disordered solvent
molecules. The Platon Squeeze tool was employed to remove the corresponding electron density. For
[Re(CO)Br(CNArPA2),], the electron density belonging to one molecule of solvent acetonitrile and one
molecule of solvent diethylether (ca. 70 electrons/cell) was subtracted. For  [Na(THF)s]-
[Re(CO)(CNATPAT2),]/[Re(CO)(CNATPAT2),], the electron density corresponding to four molecules of

solvent THF (400 electrons/cell) was subtracted.



Table S1.1. Crystal data and structure determination parameters.

[Re(CO)Br(CNArPAT2)]  [Re(CO):Br(CNArPAT2);]  [Na(THF)s)
- CH;CN [Re(CO)(CNArPAT2),)/
[Re(CO)(CNATPAT2),]
Formula CysH3sBrFs,NsOReCl C71H24BrF39N302Re Ca10H112F104NsNaOsRe,
Mw 2516.39 1958.04 5246.46
Crystal system triclinic triclinic triclinic
a/A 15.3241(7) 14.4956(9) 14.963(8)
b/A 15.3479(7) 14.982(1) 16.997(15)
c/A 23.2572(11) 17.564(1) 28.20(3)
a/° 88.417(2) 77.816(5) 87.44(5)
p/e 72.437(2) 71.084(5) 74.96(4)
v/° 66.359(2) 82.385(4) 73.51(3)
V/A3 4749.9(4) 3518.7(5) 6638(9)
Space group P1 P1 P1
z 2 2 1
Deale g/cm™ 1.759 1.848 1.312
No. reflect. 92645 15273 153422
No. indep. 21120 10883 29362
Rint 0.0573 0.0553 0.3057
Ri/wR:[I>20()]  0.0424/0.0824 0.0678/0.1376 0.1164/0.2495
GOF 1.031 0.977 1.029




Table S1.1. Crystal data and structure determination parameters (Continued).

[Re(CO)H(CNAPA™2),]  [Re(CO)Me(CNAPA™),]  [Re(CO)CI(CNAPAT),]
:0.75(CeHs)0.5(CeHsCHs)  -2(Et:0)

Formula Co3H1:F5;N4ORe Ci02H43 5F52N4sORe Ci01Hs2ClIF52N4O3Re
Mw 2396.43 2515.11 2579.11
Crystal system triclinic triclinic triclinic

a/A 14.35(1) 15.1977(6) 14.3046(5)
b/A 15.22(1) 16.6193(6) 15.9071(5)
c/A 21.41(2) 23.670(1) 24.2007(7)

a/° 84.61(5) 86.296(3) 77.920(1)

pre 86.75(7) 71.454(2) 78.021(1)

v/° 74.07(6) 67.513(2) 68.619(1)
V/A3 4476(8) 5226.0(4) 4961.8(3)
Space group P1 P1 P1

z 2 2 2

Deale g/om™ 1.778 1.598 1.726

No. reflect. 142813 128820 103649

No. indep. 14837 18208 21910

Rint 0.1099 0.1011 0.0469
Ri/wWR:[I>20()]  0.0642/0.1519 0.0786/0.2028 0.0354/ 0.0827
GOF 1.113 1.024 1.059




Table S1.1. Crystal data and structure determination parameters (Continued).

[Tc(CO)CI(CNAIPAT2),]

-CeHsCH3
Formula Ci07H4sCIF5,N4,OTc
Mw 2526.94
Crystal system triclinic
a/A 20.823(4)
b/A 21.975(4)
c/A 22.576(5)
a/° 90
p/e 98.33(1)
v/° 90
V/A3 10221(4)
Space group C2/c
4 4
Deate g/cm™ 1.642
No. reflect. 54026
No. indep. 11342
Rint 0.0377
RiWR:[I>20(1)] 0.0438/0.0967
GOF 1.039




Figure S1.1. Ellipsoid representation (50% probability) of [Re(CO)Br(CNArPA*2),]-CH3CN.
Hydrogen atoms are omitted for clarity.

Table S1.2. Selected bond lenghts (A) and angles (°) for [Re(CO)Br(CNArPAF2),]-CH;CN.

Re-C1A 1.94(1) C1B-O1B 1.29(2)
Re-C1B 1.95(1) C2-N2 1.165(4)
Re-C2 2.031(3) C3-N3 1.159(4)
Re-C3 2.027(3) C4-N4 1.161(4)
Re-C4 2.035(3) C5-N5 1.166(4)
Re-C5 2.021(3) | ClA-Re-C2 86.4(6)
CIA-O1A  1278(15) | C3-Re-C5 168.6(1)
Re-BrA 2.511(1) Re-BrB 2.480(1)




Figure S1.2. Ellipsoid representation (50% probability) of [Na(THF)s][Re(CO)-
(CNArPA™T2),1/[Re(CO)(CNArPAT2),]. Hydrogen atoms are omitted for clarity.

Table S1.3. Selected bond lenghts (A) and angles (°) for of [Na(THF)s][Re(CO)-
(CNArPAT2),]1/[Re(CO)(CNArPAT2),],

Re-C1 1.921(13) C3-N3 1.227(14)
Re-C2 1.976(13) C4-N4 1.199(14)
Re-C3 1.957(12) C5-N5 1.206(12)
Re-C4 1.981(14) | Cl-Re-C2 105.1(5)
Re-C5 1.980(10) | C2-N2-C28  172.3(11)
C1-01 1.149(13) | C3-N3-C50  130.8(11)
C2-N2 1213(14) | C5NS-C6  134.0(10)




Figure S1.3. Ellipsoid representation (50% probability) of [Re(CO)CI(CNArPA*2),]-2(Et0).
Hydrogen atoms are omitted for clarity.

02

Table S1.4. Selected bond lenghts (A) and angles (°) for [Re(CO)CI(CNArPA™2),]-2(Et,0).

ReA-C1A/ReB-C1B 2.00(2)/1.99(2) C1B-O1B 1.05(2)
ReA-C2/ReB-C2 2.072(3)/2.028(4) C2-N2 1.163(4)
ReA-C3/ReB-C3 2.041(3)/2.041(3) C3-N3 1.156(4)
ReA-C4/ReB-C4 2.012(3)/2.082(4) C4-N4 1.157(4)
ReA-C5/ReB-C5 2.029(3)/2.003(4) C5-N5 1.160(4)

CIA-O1A 1.07(2) C1A-ReA-C2 91.9(5)

ReA-CIA/ReB-CIB 2.471(2)/2.4303) | C3-ReA-CS 164.9(1)




Figure S1.4. Ellipsoid representation (50% probability) of [Tc(CO)CI(CNArPA™T2),]-
CsHsCHs. Hydrogen atoms are omitted for clarity.

Table S1.5. Selected bond lenghts (A) and angles (°) for [Tc(CO)CI(CNArPAT2),]-CeHsCHj.

Te-C1A 1.94(1)
Tc-C1B 1.92(1)
Te-C2 2.016(2)
ClA-O1A 1.17(1)
Te-C3 2.029(2)
N2-C2 1.164(3)

N3-C3
Tc-CIA
Tc-CIB
C1B-O1B
C2-Tc-C3
ClA-Tc-C3

1.165(3)
1.94(1)
2.321(3)
1.19(1)
82.20(8)
92.87(6)



Figure S1.5. Ellipsoid representation (50% probability) of [Re(CO)Me(CNArPA™T2),]-
0.75(CsHe)- 0.5(CsHsCH3). Hydrogen atoms are omitted for clarity (except at the Re-Me

group).

Table S1.6. Selected bond lenghts (A) and angles (°) for [Re(CO)Me(CNArPAT2),]-
0.75(CsHe)- 0.5(CsHsCH3).

Re-C1A 2.19(3) ClA-O1A 1.04(3)
Re-C1B 2.07(3) C3-N3 1.15(1)
Re-C2 2.047(8) C4-N4 1.146(9)
Re-C3 2.032(8) C5-N5 1.171(9)
Re-C4 2.049(7) Re-C6B 2.15(3)
Re-C5 2.005(7) Cl1A-Re-C2 91(1)
Re-C6A 2.15(2) C3-Re-C4 90.4(3)
C1B-O1B 1.19(3) C3-Re-C5 172.3(3)
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Figure S1.6. Ellipsoid representation (50% probability) of [Re(CO)Br(CNArPA™T2);].
Hydrogen atoms are omitted for clarity.

Table S1.7. Selected bond lenghts (A) and angles (°) for [Re(CO)>Br(CNArPAF2)].

Re-Cl 2.01(1) C3-N3 1.17(1)
Re-C2A 1.91(2) C4-N4 1.15(1)
Re-C2B 1.71(3) C5-N5 1.17(1)

Re-C3 2.031(9) C1-01 1.09(1)

Re-C5 2.040(9) C2A-02A 1.19(3)

Re-C4 2.045(9) C2B-02B 1.47(3)
Re-BrB 2.527(3 C1-Re-C3 87.4(4)
Re-BrA 2.543(2) C1-Re-C5 176.8(4)
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Figure S1.7. Ellipsoid representation (50% probability) of [Re(CO)H(CNArPAT2),].
Hydrogen atoms, except the hydrido one, are omitted for clarity.

Table S1.8. Selected bond lenghts (A) and angles (°) for [Re(CO)H(CNArPAF2),].

Re-Cl 2.00009) | C2-N2 1.18(1)
C1-01 1.13(1) | C3-N3 1.18(1)
Re-C2 2.024(8) | C4-N4 1.18(1)
Re-C3 2.039(9) | C5-N5 1.19(1)
Re-C4 2.028(9) | C1-Re-C3 94.6(3)
Re-C5 2.009(8) | C2-Re-C3 86.3(3)
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S2. Spectroscopic characterization

Figure S2.1. 'H NMR spectrum of [Re(CO)Br(CNArPA™2),] in CD,Cl,.

[BrRe(CO)(CNAPAT2),]
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Figure S2.2. 'F NMR spectrum of [Re(CO)Br(CNArPA2),] in CD2Cl..
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Figure S2.3. 'F NMR spectrum of [Re(CO),Br(CNArPA™2)s] in THF.
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Figure S2.4. 'H NMR spectrum of [Na(THF)s][Re(CO)(CNArPA2),] in C¢De.
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Figure S2.5. 'F NMR spectrum of [Na(THF)s][Re(CO)(CNArPA*2),] in CgDe.
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Figure S2.6. 'H NMR spectrum of [Re(CO)H(CNArPA™2),] in CgDe.
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Figure S2.7. 'F NMR spectrum of [Re(CO)CI(CNArPA™2),] in THF.

[CIRe(CO)(CNArPAT2),]

T T T T T T T T T T T T T
20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220
f1 (ppm)

Figure S2.8. 'H NMR spectrum of [Re(CO)Me(CNArPAt2),] in THF.
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Figure S2.9. IF NMR spectrum of [Re(CO)Me(CNArPA™2),] in THF.
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Figure S2.10. 'H NMR spectrum of [Tc(CO)CI(CNArPA™2)4] in THF.
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Figure S2.11. 'F NMR spectrum of [Tc(CO)CI(CNArPA2),] in THF.
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Figure S2.12. ®Tc NMR spectrum of [Tc(CO)CI(CNArPAT2),] in THF.
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Figure S2.13. '°F NMR spectrum of Na[Tc(CO)(CNArPAT2)4] in CeDe.
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Figure S2.14. °Tc NMR spectrum of Na[Tc(CO)(CNArPA™2),] in CeDe.
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Figure S2.15. '"H NMR spectrum of [Tc(CO)H(CNArPA2)4] in C¢De.
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Figure S2.16. '’F NMR spectrum of [Tc(CO)H(CNArPA2),] in C¢De.
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Figure S2.17. *Tc NMR spectrum of [Tc(CO)H(CNArPAT2),] in CeDs.
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Figure S2.18. IR spectrum of [Re(CO)Br(CNArPAT2),],
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Figure S2.19. IR spectrum of [Re(CO)H(CNAr )a].
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Figure S2.20. IR spectrum of [Re(CO)CI(CNAr )a].
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Figure S2.21. IR spectrum of [Re(CO)Me(CNArPAT2)4].
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Figure S2.22. IR spectrum of [Na(THF)s][Re(CO)(CNArPAT2),]/[Re(CO)(CNArPAT2),].
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Figure S2.23. IR spectrum of [Tc(CO)CI(CNArPAT2),].
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