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1. Introduction

1.1. Technetium and Rhenium as Elements 

As the first artificially made element - hence its name - and by being the lightest element without stable 

isotopes, technetium presents unique characteristics and challenges. It was discovered as late as 1937 

by Emilio Segrè and Carlo Perrier from an irradiated molybdenum foil.1 The metastable 95mTc and 97mTc 

had been produced during the irradiation of the probe with deuterons and the chemical properties of 

the obtained products were compared to those of manganese and rhenium.2, 3 The discovery had been 

claimed previously by the discoverers of rhenium but their results could not be reproduced.4 The most 

common isotope,99Tc, which has a half-life of 2.10∙105 years, is a major fission product of 235U with a 

yield of 6%.5 As such, it is responsible for a large amount of the long-term radioactive emissions of 

high-level nuclear waste. 99Tc compounds can be synthesized in macroscopic quantities and 

characterized by conventional methods such as nuclear magnetic resonance spectroscopy, infrared 

spectroscopy, or X-ray diffraction.2 The natural occurrence of technetium is limited to trace amounts 

due to spontaneous fission reactions. However, atomic weapons, reprocessing facilities (e.g. Sellafield) 

using the PUREX cycle (Plutonium-Uranium Recovery by Extraction) as well as accidental releases led 

to the presence of several tons of this element in the environment.6 

While long-lived Tc isotopes have no commercial applications, the short-lived nuclear isomer 99mTc 

with its 6 h half-life and high availability (vide infra) has become one of the workhorses of nuclear 

medicine. The low concentration and high specific activity of 99mTc precludes structural studies with 

this nuclide.  

Rhenium was discovered in 1925 by Walter Noddack, Ida Tacke and Otto Berg and it was the last stable 

element to be discovered.7,8 Its discovery by German researchers lead to its name coming from the 

river Rhine. It was first isolated in small quantities from platinum ores and the first gram could be 

isolated a few years later from minerals like gadolinite and columbite.9 Besides few minerals like 

molybdenite, which can be made up of 1-2% of rhenium, the concentration of rhenium is extremely 

low in the earth crust. Natural rhenium consists of two isotopes, 185Re and 187Re, from which 187Re is a 

very long-lived β- emitter (>1010 a).7 Rhenium is the higher homologue of technetium and, 

subsequently, structural studies have been performed on rhenium complexes to avoid the radiation 

protection issues caused by the long-lived 99Tc.  
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1.2. The Chemistry of Technetium and Rhenium  

 

Technetium and rhenium have very similar atomic radii, which arises from the lanthanide contraction 

and technetium tends to react more like rhenium than like its lower homologue manganese. However, 

ligand exchange reactions can be hundreds of times slower with rhenium than with technetium, thus 

precluding a direct transposition of reaction conditions from one element to the other.10 Only the 

oxidation states +VII (mostly as MO4
-), +IV (mostly as MO2) or 0 as a metal are stable without being 

part of metal complexes.10 Also, both elements differ in their oxidation potential, as technetium (TcO4
-

/TcO2 at +0.747 V) is more readily reduced than rhenium (ReO4
-/ReO2 at +0.510 V) but significantly less 

so than manganese (MnO4
-/MnO2 at +1.679 V).  

At least eight oxidation states of technetium and rhenium are known ranging from +VII to -I with every 

single oxidation state characterized by spectroscopic methods and X-ray diffraction. The oxidation 

state of the metal depends on the type of ligands used. Donor ligands such as amines, thiols, but also 

oxido, nitrido or imido units tend to stabilize the metal in higher oxidation states (+III and above), 

whereas accepting ligands such as nitrosyls, carbonyls, some phosphines as well as isocyanides are 

more suited to stabilize lower oxidation states.2,11 The chemistry of rhenium and technetium 

complexes can be categorized in so-called “cores” where one ligand or one group of ligands stabilize 

the metal center in one oxidation state and are mostly impervious to ligand exchanges (see Fig. 1). 

“Core-stabilized” units, thus, have a comparable reactivity between technetium and rhenium. 
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Figure 1: Common cores of rhenium and technetium. 

The nitrido core contains formally a N3- ligand and stabilizes the metal in the oxidation states +V, +VI 

or +VII. The nitrogen atom can also act as a Lewis base. The nitrido core of rhenium and technetium is 

significantly more impervious to hydrolysis than its manganese equivalent. The phenylimido core 

stabilizes the metal center in the oxidation +V, +VI or +VII and contains a formally {NPhR}2- ligand. The 

residue R on the aryl moiety can be changed, which can profoundly affect the solubility and reactivity 

of the metal ion.12,13 The oxido core is isoelectronic to the phenylimido core and also stabilizes the 
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metal center in the oxidation state +V to +VII. A technetium oxo core is, however, more prone to be 

reduced than its rhenium equivalent.14 The tricarbonyl core contains three facially arranged carbonyl 

ligands, which are strong π-acceptors, and, thus, stabilize the metal center in the oxidation state +I and 

exert a strong trans effect and influence on other ligands. The HYNIC core stabilizes both technetium 

and rhenium in high oxidation states and shows remarkable in-vivo stability even with bioconjugates.15 
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Figure 2: Examples of technetium and rhenium organometallic compounds.16  

Organometallic compounds are known for both metals and under certain circumstances remarkably 

air- and water-stable (see Fig. 2). Complexes are known with many types of ligands. Cyclopentadienyl 

(Cp)-ligands usually form piano-stool like complexes and can be made in an aqueous environment. The 

obtained complexes, thus, only contain metal-carbon bonds.17-21 Arene complexes can also be made in 

an aqueous environment and can be easily functionalized. Aryl, alkenyl as well as alkynyl complexes 

on the other hand usually require a synthesis under inert conditions to avoid the protonation of the 

ligands prior to the coordination.22 Isocyanide and N-heterocyclic carbenes ligands are further 

examples of carbon-based ligands (vide infra for isocyanides).2,23 The stability and ease of synthesis of 

some of those complexes as well as the possible modifications on the organic residues attached 

motivated significant efforts to transpose the chemistry to 99mTc for potential applications in nuclear 

medicine. 

 

1.3. Radioactive Metals in Nuclear Medicine 

 

1.3.1. General Overview 

 

An ideal isotope for medical application needs to fulfill a number of physical and chemical criteria. It 

needs to be available with a high specific activity (ideally several GBq). Moreover, an ideal isotope 

should be readily available on site, at best without requiring a complex setup such as a cyclotron or a 

nuclear reactor. Very few isotopes are available using a generator system (see Table 1). In addition, an 

ideal isotope needs to have a half-life sufficiently long to allow the binding to a biovector and measure 

the biodistribution after the intravenous injection.24 As a counter example, the short half-life of 15O 
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(2.0 min) limits the clinical use of this isotope.25 An overview of common isotopes used in diagnostics 

is given in Table 1.  

Table 1: Overview of isotopes used for diagnostic purposes.26 

Isotope Half-life Radiation Production 
11C 20 min β+ Cyclotron 
13N 10 min β+ Cyclotron 
15O 2 min β+ Cyclotron 
18F 110 min β+ Cyclotron 
64Cu 12.7 h β+ Cyclotron or reactor 
67Cu 2.58 d γ (93/185 keV) Cyclotron 
68Ga 68 min β+ Generator 
89Zr 78.4 h β+ Cyclotron 
99mTc 6 h γ (140 keV) Generator 
111In 2.8 d γ (171.3/245.4 keV) Cyclotron 
123I 13.2 h γ (159 keV) Cyclotron 

 

Nuclear medicine can fulfill both diagnostic and therapeutic goals. Short-lived gamma emitters (e.g. 
111In) for single photon emission computer tomography (SPECT) or positron emitters (e.g. 68Ga) for 

positron emission tomography (PET) can provide information about physiological functions such as 

blood flow or bind to overexpressed proteins in tumor tissues. Both techniques can be used conjointly 

with computed tomography (CT) and magnetic resonance imaging (MRI), which provide anatomical 

information on the targeted tissues. 

Three approaches are possible to bring the radioactive isotope to the desired tissue. The first is to 

introduce a radioactive isotope directly in the scaffold of a biologically active molecule such as 18F 

replacing a hydroxylic group in D-glucose. Such an approach seems to be ideal at a first glance since it 

uses already existing biomolecules with known biological distributions. However, most isotopes 

present in small organic molecules (e.g. 13N or 11C see Table 1) have extremely short half-lives. 

Furthermore, the introduction of such isotopes in the organic scaffold requires multi-step syntheses, 

which can be incompatible with the very short half-lives and requires the manipulation of highly 

radioactive solutions with so-called synthesis modules.27 

A second approach is to synthetize de-novo small pharmaceutically active molecules, which contain a 

radioisotope (see Fig. 3). Such an approach faces the same hurdles as the development of non-

radioactive small-molecule pharmaceutical compounds, but several commercially successful 99mTc-

radiopharmaceuticals have been obtained using this approach.  
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A third approach is to bind a metal using a chelator system which is connected to a biovector (e.g. a 

peptide or an antibody) via a linker. This approach can lead to very high uptake specificity such as for 
68Ga-PSMA-11, but it requires to find an appropriate biovector which is highly overexpressed in the 

desired tissue to obtain a good contrast. Furthermore, both the metal chelator and the linker to the 

biovector can negatively affect the biodistribution of the resulting compound. 

Radioactive 
metal Linker

Biovector

O

OH

HO
HO

OH
18F

Tc

ON N

N N

O
H

O

I) II) III)

Figure 3: Three different approaches for binding a radioisotope. I) Radioisotope introduced in a 

biologically active molecule. II) De-novo molecule. III) Chelated metal linked to a biovector. 

1.3.2. Technetium and Rhenium in Nuclear Medicine 

While the long-lived, low-energy β- emitter 99Tc has virtually no commercial use, its short-lived 

metastable nuclear isomer 99mTc has experienced a tremendous success in nuclear medicine. 28 

99mTc possesses an ideal half-life of 6 h as well as a γ energy of 140 keV, which is not accompanied by 

any particle emission. This energy is high enough to penetrate biological tissues such as the human 

body but low enough to be collimated in SPECT scanners. 99mTc can be conveniently produced by 

nuclear fission of 235U (see Scheme 1) in a nuclear reactor which leads to the formation of 99Mo. Once 

separated from the target material, 99Mo can be loaded as MoO4
2- on an alumina column. It decays 

with a half-life of 66 h to 99mTc which is obtained as TcO4
-.29 Pertechnetate is only singly charged and 

therefore less tightly bonded to the alumina column. An isotonic saline solution can elute the 

pertechnetate anion from the column in pure form. The obtained aqueous solution containing 99mTcO4
- 

has the high specific activity required for nuclear imaging without requiring any further concentrating 

steps. The solution obtained from such a 99Mo/99mTc isotope generator can either be used as it is or 

mixed with so-called kits which contain several chemicals such as ligands, reducing agents and 

stabilizers. Besides a short heating step and standardized quality control, no chemical expertise is 

required to use such kits. The combination of a generator-based 99mTc supply and kit chemistry explains 
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the role of this isotope as workhorse of nuclear medicine (19 x 106 injections in 2007 in the United 

States alone with 85% market share).29  

Scheme 1: 99Mo/99mTc generator and the production of 99Mo and its decay chain.5 

Several cores at different oxidation states (vide supra) are used for nuclear medicine and the diversity 

of oxidation states is reflected in commercially available kits with 99mTc-HMPAO, which is for brain 

imaging, having an oxido core and 99mTc-Tetrofosmin used for myocardial imaging having a bis-oxido 

core, whereas 99mTc-sestamibi, mostly used for myocardial imaging as well, is an air-and water-stable 

organometallic compound (see Fig. 4). The technetium metal center is in the low oxidation state +I in 

the latter case.  

Figure 4: Three commercially successful 99mTc radiopharmaceuticals.

Small variations in the molecular structure of a potential radiopharmaceutical agent can lead to 

profound changes in its biological distribution. An example of structural studies which permitted the 

development of the successful imaging agent Cardiolite® (see Fig. 5) is the evolution of the residue on 

the isocyanide ligand. It started with the very lipophilic CNtBu, which led to a significant uptake in the 

myocardium but also in the liver, thus, impairing a clear view of the heart. Furthermore, this compound 

suffered from a rapid washout in the targeted tissues. The lipophilicity of the compound was lowered 

by introducing ester groups on the isocyanides. 30 The ester groups were however cleaved very rapidly 
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in-vivo. This led to the development of Sestamibi (Cardiolite®) with ether groups.31 A kit suitable for 

clinical routine was then formulated. It contained tin chloride as a reducing agent and cysteine as a 

stabilizer for intermediate oxidation states formed during the reduction from Tc(+VII) to Tc(+I). The 

isocyanide ligand had to be formulated as a copper(I) complex as small isocyanides tend to be liquid 

with a pungent smell and cannot be lyophilized.  
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Figure 5: Structural evolution of hexakis(isocyanide)technetium(I) complexes towards the myocardial 

imaging agent 99mTc-methoxyisobutylisocyanide.  

The constraints described above for diagnostic isotopes also apply for their therapeutic counterparts, 

which need to emit β- or α radiation with a significantly higher ionization potential than γ-rays and can, 

therefore, locally (within a few mm) destroy tumor tissues. An ideal isotope should be either long-lived 

enough to be transported from a central production site or made locally using a generator system. 

Furthermore, the chemistry of the therapeutic isotope should “match” well with that of a diagnostic 

isotope to have a comparable biological distribution without the need to develop a completely new 

chemistry for therapeutic isotopes. As an example, 68Ga-PSMA-11 and 177Lu-PSMA-617 require 

different chelators and linkers to cover both diagnostic and therapeutic purposes.32 Furthermore, 177Lu 

is made in nuclear reactors, thus, requiring the transport of large doses of radioactivity (see Table 2).  

Table 2: Overview of isotopes used for therapeutic purposes.26 

Isotope Half-life Radiation Production 
64Cu 12.7 h β- (0.57 MeV) Cyclotron or reactor 
90Y 64.6 h β- (2.28 MeV) Reactor 
177Lu 6.7 d β- (0.49 MeV) Reactor 
188Re 16.9 h β- (2.12 MeV) Generator 
225Ac 9.9 d α (5.93 MeV) Generator or cyclotron 

99mTc can form such a “matched-pair” with 186Re and 188Re to cover both diagnostic and therapeutic 

applications. Both rhenium isotopes are β- emitters.33 186Re has a half-life of 3.7 d and an intermediate 

β-  energy (Eβmax = 1.07 MeV), while 188Re has a half-life of 16.9 h and emits highly energetic beta 

particles (Eβmax = 2.12 MeV) that can penetrate deeper in tissues than the particles emitted by 186Re. 

While both isotopes possess interesting radiation properties, the availability of 186Re is very limited as 
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it is mostly produced in nuclear reactors whereas 188Re can be obtained from a generator system 

similarly to that shown in Scheme 2. In such a generator, 188W, which can be synthesized by exposing 
186W to a very high neutron flux, is loaded on an alumina column which can then be eluted with normal 

saline to obtain 188Re (see Scheme 2).34 Such a generator can be eluted once daily and produces carrier 

free 188Re at high specific activity.  

Scheme 2: 188W/188Re generator and production and decay scheme of 188Re. 

Though rhenium and technetium differ in their reaction kinetics and their redox potentials, structurally 

identical compounds can be synthesized in corresponding kits e.g. 188Re-DMSA (meso-2,3-

dimercaptosuccinic acid) which has been proposed for oncological treatment. 35 Recent works showed 

that new synthetic pathways towards nitrido cores (vide supra) can be developed to overcome the 

differences between rhenium and technetium.36,37 However, more fundamental coordination 

chemistry studies are required to obtain other cores.  

1.4. Isocyanides 

1.4.1. Ligand Properties and Synthesis 

Isocyanides, also described as isonitriles, are ligands with a carbon-nitrogen triple bond. The 

coordination to a metal ion takes place via the carbon atom. Isocyanides are, therefore, frequently 

considered isolobal, though not isoelectronic, to carbonyl ligands (see Fig. 6). Both carbonyls and 

isocyanides are regarded as suitable ligands for metals in their low oxidation states due to their π-

backbonding abilities.38  

Figure 6: Comparison of carbonyl, nitrile and isocyanide ligands. 
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The isocyanide chemistry of technetium, while clinically successful, is limited to a few complexes (see 

Scheme 3). Hexakis(isocyanide)technetium(I) complexes can be synthesized from a Tc(III) thiourea 

complex or from pertechnetate using a reducing agent such as sodium dithionite.39-41 Heteroleptic 

complexes could be obtained using such pathways but the products were only obtained as mixtures 

depending on the ligand ratio used.42 Complexes have been obtained both with alkyl and aryl 

isocyanides and could be reacted with either nitric acid to form [Tc(NO)(CNR)5]2+ complexes or with 

elemental halogens to form heptacoordinate Tc(III) complexes.43,44 Mixed carbonyl-isocyanide 

complexes could be obtained from a fac-{Tc(CO)3}+ starting material.45,46 Depending on the solvent or 

the use of a halide scavenger bis- or tris-substituted complexes could be isolated, but the fac-{Tc(CO)3}+ 

core was not further substituted. Mixed phosphine-isocyanide complexes with the formula 

[Tc(PMe2Ph)6-x(CNtBu)x]+ were also reported.47  

Scheme 3: Synthesis of hexakis(isocyanide)technetium(I) complexes and mixed carbonyl-isocyanide 

complexes of technetium. 
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1.4.2. m, m’-Terphenylic Isocyanides 

Most Tc isocyanide complexes studied so far have been prepared with commercially available 

isocyanides, which limited the information about the influence of the electronical and sterical factors 

of the organic residues attached to the nitrogen atom.48 To overcome this limitation, Figueroa et al. 

developed several isocyanides with a m,m´-terphenyl scaffold, which lead to “well-behaved” ligands, 

which can coordinate metal centers in very low oxidation states by providing a steric protection. This 

precludes polymerization reactions of the very reactive metal centers.49 The sterical protection also 

allowed the synthesis of unprecedented P2 and BF compounds (see Fig. 7).50, 51 
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P

Figure 7: Recent examples of stabilized species thanks to sterical protection by m,m´-terphenyl 

isocyanides. 50, 51

Remarkable results were also obtained with manganese, where very reactive Mn(0) complexes could 

be isolated.49,52,53 Surprisingly, the same type of ligands was also found to stabilize metal centers in 

higher oxidation states such as Tc(V) or Re(V), whereas the isocyanide ligand acted as a σ-donor and 

not as a π-acceptor.54,55 As only few reactions were attempted with group VII metals, further 

investigations were deemed necessary and are part of the present work.  

The fluorine functionalized sterically hindered terphenyl isocyanide CNp-FArDArF2 has also been shown 

to replace carbonyl ligands.56 While it has been reported as early as the 1950s that isocyanides can 

replace carbonyls, the exact electronic influence of the organic residue bonded to the nitrogen atom 

has not yet been systematically studied.57,58 It is, thus, also necessary to better understand the 

reactivity of electron-poor isocyanides. The four m,m´-terphenyl isocyanides depicted in Figure 8 were 

used in this work to compare both electronic and steric influences of the substituents on the 

coordination chemistry with technetium and rhenium. 
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Figure 8: m,m´-Terphenyl isocyanides used in this work. 

While several routes exist to introduce the isocyano functional group, the dehydration of a formamide 

is by far the most reported in the literature. Dehydrating agents such as tosyl chloride, phosgene, 

PPh3/I2, Burgess reagent or POCl3 in presence of an amine have been reported in the literature.48 The 

latter reagent was proposed by Ugi et al. in the late fifties and remains the easiest and cheapest 

synthetic pathway towards isocyanides and shows a good functional group tolerance.59 Some 

limitations of this procedure, e.g. a lengthy aqueous work-up, have been resolved by Patil et al. by 

using a dry silica gel column eluted with diethyl ether.48  
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Scheme 4: Synthesis of CNArMes2 via the “aryne” route. 

The terphenyl backbone used in CNArTripp2, CNArMes2 and CNArDipp2 can be made as depicted in 

Scheme 4. A lithiated 1,3-dichlorobenzene is added slowly to a solution containing the Grignard 

reagent of the desired flanking ring (see Scheme 4). The reaction proceeds via an “aryne” intermediate. 

The reaction is then quenched with tosyl azide. The obtained terphenyl azide is then reduced to an 

amine using LiAlH4, which is subsequently reacted with formic anhydride to form a formamide. The 

latter is then dehydrated using “Ugi conditions”.60  

CNp-FArDArF2 can be synthesized via a different pathway. Both the boronic acid required for the flanking 

rings as well as the fluorinated aniline for the central ring are commercially available (see Scheme 5).61 

The target molecule can be made from the terphenyl aniline obtained after the Suzuki coupling using 

the same procedure as for the aforementioned ligands.  
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Scheme 5: Synthesis of CNp-FArDArF2 via a Suzuki coupling.  
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1.4.3. Isocyanide Chemistry in this Work 

The approach to the widely used compound Tc-Sestamibi is only suitable for the synthesis of 

homoleptic complexes. It is as such particularly relevant to gain a better control on the coordination 

sphere of hexakis(isocyanide) complexes. Previous studies with fluorinated isocyanides and the 

rhenium core {Re(CO)3}+ showed a remarkable reactivity.62 The monitoring of ligand exchange on 

rhenium compounds with spectroscopic methods can be performed without the need of extensive 

radioprotection. As such, the substitution chemistry of rhenium carbonyls with a mono-fluorinated 

isocyanide ligand was studied in publication 1 (Z. Anorg. Allg. Chem., 2023, 649, e202200320.) 

p-Fluorophenylisocyanide (CNPhpF) 
reacts with [Re(CO)5Br] under stepwise 
exchange of the carbonyl ligands 
depending on the conditions applied. 
The reaction stops with the formation of 
fac-[Re(CO)3Br(CNPhpF)2] in boiling THF. 
An ongoing carbonyl exchange is 
observed at higher temperatures, e. g. in 
refluxing toluene, with the final 
formation of the [Re(CNPhpF)6]+ cation. 
The progress of the reactions has been 

studied by 19F NMR spectroscopy and the 
structures of [Re(CO)Br(CNPhpF)4] and [Re(CNPhpF)6](BPh4) have been elucidated by X-ray 
diffraction. 

The fluorine atom proved to have a large influence on the reaction kinetic compared to non-fluorinated 

ligands reported in the literature.63 Furthermore, the NMR-active nuclei 19F proved useful to observe 

in situ the stepwise substitution of carbonyl ligands. It was, thus, possible to observe a strong 

dependence of the substitution rate on the temperature. The choice of temperature changed the 

outcome of the reaction. Lower temperatures lead to the exclusive formation of fac-{Re(CO)3}+ 

products. Higher temperatures lead to the isomerization and substitution of the remaining carbonyl 

ligands.  

The reaction kinetic of technetium is known to be faster than that of rhenium, which was indeed 

observed when fluorinated isocyanides were reacted with a fac-{Tc(CO)3}+ starting material. 

Homoleptic hexakis(isocyanide)technetium(I) complexes could be obtained within one hour and the 

reaction patterns could be followed by both 19F and 99Tc NMR spectroscopy, which proved to be a 

powerful combination to observe the ligand and the metal at the same time. The stepwise substitution 

could be stopped at the pentakis(isocyanide) intermediate [Tc(CNR)2(CNp-FArDArF2)3Cl] (R = tBu or nBu) 

by introducing bulky m,m´-terphenyl isocyanides, which allowed the synthesis of the first defined 

Z. Anorg. Allg. Chem., 2023, 649, e202200320
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isocyanide complex with three different isocyanides. Thus, a better understanding of the reactivity 

pattern of isocyanides depending on their electronic characteristics or steric hinderance allowed a 

better control of the coordination sphere. The corresponding results are reported in publication 2 

(Inorg. Chem., 2022, 61, 16163–16176.) 

Reactions of the alkyl 
isocyanide fac-[Tc(CO)3(CNR)2Cl] 
complexes (2) (CNR = CNnBu or 
CNtBu) with the sterically 
encumbered isocyanide CNp-
FArDArF2 [DArF = 3,5-(CF3)2C6H3] 
allow a selective exchange of the 
carbonyl ligands of 2 and the 
isolation of the mixed-isocyanide 
complexes mer,trans-[Tc(CNp-
FArDarF2)3(CNR)2Cl] (3). Depending 
on the steric requirements of the 
residues R, the remaining chlorido ligand can be replaced by another isocyanide ligand. 
Cationic complexes such as mer-[Tc(CNp-FArDarF2)3(CNnBu)3]+ (4a) or mer,trans-[Tc(CNp-
FArDarF2)3(CNnBu)2(CNtBu)]+ (6) have been prepared in this way and isolated as their 
PF6

– salts. mer,trans-[Tc(CNp-FArDarF2)3(CNnBu)2(CNtBu)](PF6) represents to the best of our 
knowledge the first transition-metal complex with three different isocyanides in its 
coordination sphere. Since the degree of the ligand exchange seems to be controlled both by 
the electronic and steric measures of the incoming isocyanides, we undertook similar 
reactions with the sterically less demanding p-fluorophenyl isocyanide, CNPhpF, which indeed 
readily led to the hexakis(isocyanide)technetium(I) cation through an exchange of all ligands 
in the staring materials [Tc2(CO)6(μ-Cl)3]− or fac-[Tc(CO)3(CNR)2Cl]. The influence of the 
substituents at the isocyanide ligands in such reactions has been reasoned with the density 
functional theory-derived electrostatic potential at the accessible surface of the 
corresponding isocyanide carbon atoms. 

Surprisingly, even the most electron-withdrawing isocyanides used in the aforementioned publications 

were found to act as σ-donor ligands as soon as stronger π-acidic carbonyl ligands were still present. 

This contradicts the expected behavior of isocyanides which have been described as carbonyl analogs 

in the literature. Due to this comparison, the reactivity of isocyanides with metal centers in formally 

higher oxidation states has been only sparingly investigated. As mentioned above, rhenium offers a 

convenient starting point for spectroscopical studies. We, thus, investigated the reactivity of aryl and 

alkyisocyanides with [Re(NPhF)Cl3(PPh3)2] as a Re(V) starting material. The fluorine atom on the 

phenylimido ligand provides an enhanced solubility of the starting material which allowed reactions 

with delicate isocyanides leading to the formation of complexes of the formula 

[Re(NPhF)Cl3(PPh3)(CNR)] with alkyl, small aryl as well as with the strongly electron-deficient terphenyl 

isocyanide CNp-FArDArF2. Attempts to synthesize complexes with more isocyanide ligands using a larger 

excess of ligands and prolonged reaction times lead to the decomposition of both the metal complex 

Inorg. Chem., 2022, 61, 16163–16176
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and the free isocyanide ligands. On the other hand, electron-richer terphenyl isocyanides lead to bis 

isocyanide complexes, thus, highlighting the strong influence of substituents on the reactivity pattern 

of isocyanide ligands even with a high-oxidation-state metal ion. 19F NMR proved to be suitable to 

observe the reaction in situ. A survey of the observed reactivity was reported in publication 3 (Dalton 

Trans., 2023, 52, 4768-4778). 

 

Reactions of [Re(NPhF)Cl3(PPh3)2] 
({NPhF}2-= p-fluorophenylimide) 
with a variety of alkyl and aryl 
isocyanides have been studied. 
Different reactivity patterns and 
products have been obtained 
depending on the steric and 
electronic properties of the 
individual ligands. This involves the 
formation of 1:1 and 1:2 exchange 
products of Re(V) with the general 

formulae cis-[Re(NPhF)Cl3(PPh3)(isocyanide)] and cis- or trans-[Re(NPhF)Cl3(isocyanide)2]. 
The stability of the obtained products is correlated with the substitution pattern of the 
isocyanide ligands. The products have been studied by single-crystal X-ray diffraction and 
spectroscopic methods, including IR and multinuclear NMR spectroscopy as well as mass 
spectrometry. The use of partially fluorinated starting materials and ligands allows the 
modulation of the solubilities of the starting materials and the products as well as the 
monitoring of the reactions by means of 19F NMR. The attachment of CF3 or F substitutions 
on the isocyanides gives control over the steric bulk and the electronic properties of the 
ligands and, thus, their reactivity. 

 

Analogous reactions were attempted with the technetium(V) starting material [Tc(NPh)Cl3(PPh3)2]. The 

faster reaction kinetic of technetium allowed the reactions with small alkyl and aryl isocyanides to 

proceed at room temperature to form cis-[Tc(NPh)Cl3(PPh3)(CNR)] complexes. On the other hand, 

terphenyl isocyanides form cis- or trans-[Tc(NPh)Cl3(CNR)2] complexes depending on their steric bulk. 

Furthermore, a reaction at elevated temperature with the electron-poor isocyanide CNPhpF led to the 

surprising isolation of a hexakis(isocyanide)technetium(I) complex, thus, highlighting the strong 

difference in reactivity depending on both steric and electronic factors. The obtained complexes were 

less stable than their rhenium equivalent, especially in solution. The results of this study are found in 

publication 4 (Molecules, 2022, 27, 8546). 

 

Dalton Trans., 2023, 52, 4768-4778 
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Organometallic approaches 
are of ongoing interest for the 
development of novel 
functional 99mTc radiophar-
maceuticals, while the basic 
organotechnetium chemistry 
seems frequently to be little 
explored. Thus, structural and 
reactivity studies with the 
long-lived isotope 99Tc are of 
permanent interest as the 
foundation for further 
progress in the related radiopharmaceutical research with this artificial element. Particularly 
the knowledge about the organometallic chemistry of high-valent technetium compounds is 
scarcely developed. Here, phenylimido complexes of technetium(V) with different 
isocyanides are introduced. They have been synthesized by ligand-exchange procedures 
starting from [Tc(NPh)Cl3(PPh3)2]. Different reactivity patterns and products have been 
obtained depending on the steric and electronic properties of the individual ligands. This 
involves the formation of 1:1 and 1:2 exchange products of Tc(V) with the general formulae 
[Tc(NPh)Cl3(PPh3)(isocyanide)], cis- or trans-[Tc(NPh)Cl3(isocyanide)2], but also the reduction 
in the metal and the formation of cationic technetium(I) complex of the formula 
[Tc(isocyanide)6]+ when p-fluorophenyl isocyanide is used. The products have been studied 
by single-crystal X-ray diffraction and spectroscopic methods, including IR and multinuclear 
NMR spectroscopy. DFT calculations on the different isocyanides allow the prediction of their 
reactivity towards electron-rich and electron-deficient metal centers by means of the 
empirical SADAP parameter, which has been derived from the potential energy surface of the 
electron density on their potentially coordinating carbon atoms. 

 

A better understanding of the influence of steric and electronic properties of substituents on the 

reactivity of isocyanides was obtained from the publications mentioned above. The relationship 

between density functional theory derived Surface-Averaged Donor−Acceptor Potential (SADAP) 

parameters matched reliably with the observed reactivity patterns. A para-alkyne-functionalized aryl 

isocyanide ligand was found to have similar SADAP parameters to the fluorinated isocyanide ligands 

mentioned above and should, thus, be able to replace carbonyl ligands under thermal conditions. The 

introduction of an alkyne would allow the further functionalization of the isocyanide ligand with a 

potential biological vector. Indeed, a hexakis(CNPhpC≡CH)technetium(I) complex could be obtained from 

a Tc(I) carbonyl starting material. Benzyl azide was used as a model to assess the reactivity of an azide 

with the coordinated CNPhpC≡CH ligand. Using Cu(I) catalysts, benzyl azide could be “clicked” on the 

alkyne once the isocyanide moiety was coordinated to the Tc metal center. As copper(I) complexes are 

used to deliver ligand by transmetalation in 99mTc, a tetrakis(CNPhpC≡CH)copper(I) complex was also 

synthesized and could also be reacted with benzyl azide. The coordinated isocyano-triazole ligand was 

cleaved from the metal center and reacted with mer,trans-[Tc(CO)3(PPh3)2(tetrahydro-

thiophene)][BF4]. The crystal structure of the resulting mer,trans-[Tc(CO)3(PPh3)2(CNPhazole)][BF4] 

complex could be obtained, which confirmed the formation of a C-bonded isocyano-triazole ligand.  

Molecules, 2022, 27, 8546 
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The attachment of an ethyne 
substituent in para position of 
phenylisocyanide, CNPhpC≡CH, 
enables the isocyanide to replace 
carbonyl ligands in the 
coordination sphere of common 
technetium(I) starting materials 
such as (NBu4)[Tc2(µ-Cl)3(CO)6]. 
The ligand exchange proceeds 
under thermal conditions and 
finally forms the corresponding 
hexakis(isocyanide)technetium(I) 

complex. The product undergoes a copper-catalyzed cycloaddition (‘Click’ reaction), e.g. with 
benzyl azide, which gives the [Tc(CNPhazole)6]+ cation. The uncoordinated ‘Click’ product is 
obtained from a reaction of the corresponding tetrakis(isocyanide)copper(I) complex and 
NaCN. It readily reacts with mer-[Tc(CO)3(tht)(PPh3)2](BF4) (tht = tetrahydrothiophene) under 
the exchange of the thioether ligand. Alternatively, [Cu(CNPhazole)4]+ can be used as a 
transmetalation reagent for the synthesis of the hexakis(isocyanide)technetium(I) complex, 
which is the preferable approach for the synthesis of the technetium complex with the short-
lived isotope 99mTc and a corresponding protocol for [99mTc(CNPhazole)6]+ is reported. The 99Tc 
and copper complexes have been studied by single-crystal X-ray diffraction and/or 
spectroscopic methods including IR and multinuclear NMR spectroscopy. 

 

  

Inorg. Chem., 2023, Submitted 
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2. Summary 
 

Three aspects of group 7 isocyanide chemistry were considered in this thesis.  

First, the reactivity of electron-poor isocyanides with facial tricarbonyl starting materials was 

investigated. As expected, the reactions with technetium were significantly faster than with rhenium 

and carbonyl ligands of fac-[Tc(CO)3(CNR)2Cl] (R = tBu, nBu) could be exchanged under thermal 

conditions forming the key intermediate mer-[Tc(CNp-FArDArF2)3(CNR)2Cl]. The chlorido ligand in this 

compound can be abstracted using a halide scavenger and replaced by a sixth isocyanide ligand leading 

to the first defined heteroleptic hexakis(isocyanide)technetium(I) complex : [Tc(CNp-FArDArF2)3 

(CNnBu)2(CNtBu)][PF6]. 

CNPhpF was then used to assess the reactivity of electron-poor isocyanides without the sterical strain 

caused by the flanking rings of the m,m´-terphenyl isocyanide CNp-FArDArF2. The reaction kinetics were 

even faster once the sterical strain was removed. In both cases, the combination of 99Tc and 19F NMR 

spectroscopy proved invaluable to monitor the progress of the reaction in solution. The use of 19F NMR 

was even more important for reaction involving rhenium as the metal center cannot be observed by 

NMR. The slower reaction rates of the rhenium compounds allowed the facile isolation of intermediate 

compounds such as fac-[Re(CO)3(CNPhpF)2Br] or trans-[Re(CO)(CNPhpF)4Br], which could both only be 

spectroscopically observed for technetium. 

In a second part of the thesis, the reactivity of isocyanides with high-valent phenylimido starting 

materials was studied. Both electronic and steric factors play a role in the outcomes of the reactions. 

The electron-deficient CNPhpF was able to cleave the technetium-nitrogen bond and replaced the 

entire coordination sphere to form a hexakis(isocyanide)technetium(I) complex. Such a high 

substitution degree was not observed for rhenium and only a [Re(NPhF)(PPh3)(CNPhpF)Cl3] complex 

could be obtained. On the other hand, the electron-rich m,m´-terphenyl isocyanides CNArDipp2 and 

CNArTripp2 were able to form bis(isocyanide) complexes with both metals. 

The reactions with [Re(NPhF)Cl3(PPh3)2] also show, which role fluorine-substitution may have in the 

coordination chemistry. The non-fluorinated starting material [Re(NPh)Cl3(PPh3)2] is too little soluble 

for reactions with delicate isocyanides and the introduction of a fluorine atom on the phenylimido ring 

increases the solubility. Furthermore, this fluorine atom shows small, but significant shifts in 19F NMR 

resonances, which were used to monitor the progress of such reactions. Moreover, the electron-

deficient and highly fluorinated CNp-FArDArF2 only forms [M(NPhR)Cl3(PPh3)(CNp-FArDArF2)], even though 

the sterical hinderance of the ligand does not preclude a higher substitution. 
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Remarkably, the IR stretches of all used isocyanides show hypsochromic shift upon coordination on 

Re(V) and Tc(V) centers. This means, they act exclusively as σ-donors.  

In the last part of this thesis, the gained knowledge on the influence of steric and electronic parameters 

on the reactivity of isocyanide ligands was applied to synthesize a functionalizable isocyano ligand. 

Surface-Averaged Donor−Acceptor Potential (SADAP) parameters showed that the alkyne 

functionalized isocyanide CNPhpC≡CH should have a similar reactivity to the CNPhpF ligand, which 

replaces carbonyl ligands under thermal conditions. Indeed, the reaction of (NBu4)[Tc2(µ-Cl)3(CO)6] 

with CNPhpC≡CH lead to the (hexakis)isocyanide complex [Tc(CNPhpC≡CH)6]+. The latter complex could be 

“clicked” with benzyl azide using an appropriate copper catalyst. The reaction conditions to form the 

(hexakis)isocyanide complex were harsh and required an inert atmosphere which precluded equivalent 

reactions with aqueous 99mTc. The Cu(I) complex [Cu(CNPhpC≡CH)4](BF4) could be readily synthesized and 

“clicked” under milder conditions. The resulting [Cu(CNPhazole)4]+ can be used as a transmetalation 

reagent for the synthesis of the hexakis(isocyanide)technetium(I) complex, which is the preferable 

approach for the synthesis of the technetium complex with the short-lived isotope 99mTc. Alternatively, 

the uncoordinated ‘Click’ product can be obtained by cleaving the [Cu(CNPhazole)4](BF4) complex with 

aqueous NaCN. It readily reacts with mer-[Tc(CO)3(tht)(PPh3)2](BF4) (tht = tetrahydrothiophene) under 

the exchange of the thioether ligand. 
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3. Zusammenfassung 
 

In dieser Arbeit wurden drei Aspekte der Isocyanidchemie der Gruppe 7 betrachtet.  

Zunächst wurde die Reaktivität von elektronenarmen Isocyaniden mit facialen Tricarbonyl-

Ausgangsmaterialien untersucht. Erwartungsgemäß waren die Reaktionen mit Technetium signifikant 

schneller als mit Rhenium, und die Carbonylliganden von fac-[Tc(CO)3(CNR)2Cl] (R = 
tBu, 

nBu) konnten 

unter thermischen Bedingungen ausgetauscht werden, wobei das Zwischenprodukt mer-[Tc(CNp-

FArDArF2)3(CNR)2Cl] gebildet wurde. Der Chlorid-Ligand in dieser Verbindung kann mit Hilfe eines 

Halogenidfängers abstrahiert und durch einen sechsten Isocyanid-Liganden ersetzt werden, was zum 

ersten definierten heteroleptischen Hexakis(isocyanid)technetium(I)-Komplex führt: [Tc(CNp-

FArDArF2)3(CNnBu)2(CNtBu)][PF6]. 

CNPhpF wurde dann verwendet, um die Reaktivität von elektronenarmen Isocyaniden ohne die 

sterische Hinderung, die durch die flankierenden Ringe des m,m'-Terphenylisocyanids CNp-FArDArF2 

verursacht wird, zu untersuchen. In beiden Fällen erwies sich die Kombination aus 99Tc- und 19F-NMR-

Spektroskopie als unverzichtbar, um den Fortschritt der Reaktion in Lösung zu überwachen. Die 

Verwendung der 19F-NMR war für die Reaktion mit Rhenium noch wichtiger, da das Metallzentrum 

durch NMR nicht beobachtet werden kann. Die langsameren Reaktionsgeschwindigkeiten der 

Rheniumverbindungen ermöglichten die einfache Isolierung von Zwischenprodukten wie fac-

[Re(CO)3(CNPhpF)2Br] oder trans-[Re(CO)(CNPhpF)4Br], deren Analoga im Fall von Technetium nur 

spektroskopisch beobachtet werden konnten.  

In einem zweiten Teil der Arbeit wurde die Reaktivität von Isocyaniden mit hochvalenten Phenylimid-

Ausgangsstoffen untersucht. Sowohl elektronische als auch sterische Faktoren haben den 

Reaktionsausgang beeinflusst. Das elektronendefiziente CNPhpF war in der Lage, die Technetium-

Stickstoff-Bindung zu spalten und ersetzte die gesamte Koordinationssphäre, unter Bildung eines 

Hexakis(isocyanid)technetium(I)-Komplexes. Ein derart hoher Substitutionsgrad wurde für Rhenium 

nicht beobachtet und es konnte nur ein [Re(NPhF)(PPh3)(CNPhpF)Cl3]-Komplex erhalten werden. 

Andererseits konnten die elektronenreichen m,m'-Terphenylisocyanide CNArDipp2 und CNArTripp2 mit 

beiden Metallen Bis(isocyanid)-Komplexe bilden. 

Die Reaktionen mit [Re(NPhF)Cl3(PPh3)2] zeigen auch, welche Rolle Fluorsubstituenten in der 

Koordinationschemie spielen können. Das nicht-fluorierte Ausgangsmaterial [Re(NPh)Cl3(PPh3)2] ist zu 

unlöslich für Reaktionen mit empfindlichen Isocyaniden und die Einbringung eines Fluoratoms auf dem 

Phenylimid-Ring erhöht die Löslichkeit. Darüber hinaus zeigt dieses Fluoratom kleine, aber signifikante 

Verschiebungen in den 19F-NMR-Resonanzen, die zur Überwachung des Verlaufs solcher Reaktionen 
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verwendet wurden. Darüber hinaus bildet das elektronenarme und hochfluorierte CNp-FArDArF2 nur 

[M(NPhR)(PPh3)(CNp-FArDArF2)Cl3] – Komplexe (M = Tc, Re), obwohl die sterische Hinderung des 

Liganden eine höhere Substitution nicht ausschließt. 

Bemerkenswert ist, dass die IR-Schwingungen aller verwendeten Isocyanide eine hypsochrome 

Verschiebung bei Koordination an Re(V)- und Tc(V)-Zentren zeigen, d.h. sie agieren ausschließlich als 

σ-Donor.  

Im letzten Teil dieser Arbeit wurden die gewonnenen Erkenntnisse über den Einfluss sterischer und 

elektronischer Parameter auf die Reaktivität von Isocyanid-Liganden genutzt, um einen 

funktionalisierbaren Isocyano-Liganden zu synthetisieren. Surface-Averaged-Donor-Acceptor-

Potential-Parameter (SADAP) zeigten, dass das Alkin−funktionalisierte Isocyanid CNPhpC≡CH eine 

ähnliche Reaktivität aufweisen sollte wie der CNPhpF Ligand, der unter thermischen Bedingungen 

Carbonyl−Liganden ersetzt. Tatsächlich führte die Reaktion von (NBu4)[Tc2(μ-Cl)3(CO)6] mit CNPhpC≡CH 

zum (Hexakis)Isocyanid-Komplex [Tc(CNPhpC≡CH)6]+. Letzterer Komplex konnte mit Benzylazid unter 

Verwendung eines geeigneten Kupferkatalysators "geklickt" werden. Vergleichbaren Reaktionen mit 

wässrigem 99mTc sind aber wegen der harschen und inerten Reaktionsbedingungen ausgeschlossen. 

Der Cu(I)-Komplex [Cu(CNPhpC≡CH)4](BF4) konnte unter milderen Bedingungen leicht synthetisiert und 

"geklickt" werden. Das resultierende [Cu(CNPhazole)4]+ kann als Transmetallierungsreagenz für die 

Synthese des 99mTc Hexakis(isocyanid)technetium(I)-Komplexes verwendet werden. Alternativ kann 

das unkoordinierte 'Click'-Produkt durch Spaltung des [Cu(CNPhazole)4](BF4)-Komplexes mit wässrigem 

NaCN erhalten werden. Es reagiert mit mer-[Tc(CO)3(tht)(PPh3)2](BF4) (tht = Tetrahydrothiophen) unter 

dem Austausch des Thioetherliganden. 
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Rhenium Complexes with p-Fluorophenylisocyanide

Guilhem Claude,[a] Dominik Weh,[a] Adelheid Hagenbach,[a] Joshua S. Figueroa,[b] and

Ulrich Abram*[a]

p-Fluorophenylisocyanide (CNPhpF) reacts with [Re(CO)5Br]

under stepwise exchange of the carbonyl ligands depending on

the conditions applied. The reaction stops with the formation of

fac-[Re(CO)3Br(CNPh
pF)2] in boiling THF. An ongoing carbonyl

exchange is observed at higher temperatures, e.g. in refluxing

toluene, with the final formation of the [Re(CNPhpF)6]
+ cation.

The progress of the reactions has been studied by 19F NMR

spectroscopy and the structures of [Re(CO)Br(CNPhpF)4] and

[Re(CNPhpF)6](BPh4) have been elucidated by X-ray diffraction.

The frequent use of an hexakis(isocyanide) complex of

technetium (99mTc-Sestamibi or Cardiolite)[1–3] in diagnostic

nuclear medicine has also stimulated the related chemistry of

rhenium.[4–9] Rhenium complexes are frequently used as (almost)

non-radioactive mimics for the corresponding technetium

compounds, but there are also two beta-emitting nuclei (186Re:

half-life 90 h, Eßmax=1.09 MeV and 188Re: half-life 16.9 h, Eßmax=

2.12 MeV ),[10] which are under discussion for applications in

nuclear medical therapy. Particularly 188Re is readily available for

the clinical sites from an alumina-based 188W/188Re generator

system, from which the isotope can be eluted when it is

required.[11]

Mixed carbonyl/isocyanide complexes are under consider-

ation for a long time not only as potential imaging agents, but

also because of their interesting optical properties and as

potential anticancer drugs.[12–16] For both fields, corresponding

CO/CNR exchange reactions are of interest and for the most

alkyl isocyanides reactions starting from [Re(CO)5Br] or [Re-

(CO)3(X)3]
+ ,2 complexes (X= solvent, halide) form products

with the fac-tricarbonyl core.[17] Under mild conditions, fre-

quently two isocyanides are introduced and products of the

composition [Re(CO)3(X)(CNR)2]
+ ,0 are formed,[5,13,17–19] while the

introduction of a third isocyanide ligands usually requires a

halide scavenger.[12,18] A slightly different behavior has been

observed for aryl isocyanides, which may allow an ongoing

carbonyl exchange depending on their substitutions. First

reports about this point can be found in an early paper of

Treichel and Williams,[17] and during our experiments with

technetium and rhenium complexes with sterically encumbered

m-terphenyl isocyanides we found that particularly the p-

fluorinated isocyanide CNp-FArDarF2 (see Scheme 1) does not

stop with the replacement of three carbonyl ligands. Irrespec-

tive of its steric bulk it forms the tetrakis(isocyanide) complex

[Re(CO)Br(CNp-FArDarF2)4] (3) (Scheme 1).[20] The tris(isocyanide)

complex 2 could be isolated as well for rhenium, while a similar

reaction with the common technetium starting material

(NBu4)[Tc2(CO)6(Cl3)] gives quantitatively the tetrakis compound.

Such a difference in the reactivity is not unexpected keeping in

mind the slower kinetics in exchange reactions of rhenium

compared with technetium.[21]

Very recently, we found that the bulky CNp-FArDarF2 shows a

remarkable reactivity also with other synthons such as fac-

[Tc(CO)3Cl(CN
tBu)2] (CNtBu= t-butylisocyanide), where it re-

placed selectively the three carbonyl ligands and gave the

mixed-isocyanide complex [Tc(CNp-FArDarF2)3Cl(CN
tBu)2].

[22] On

the basis of DFT calculations,[22] we address the observed
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Scheme 1. Reactions of [Re(CO)5Br] (1) with the sterically encum-

bered isocyanide CNp-FArDarF2.[20]
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reactivity to the fluorine substituent on the central phenyl ring,

while the steric bulk of the ligands limits the extend of potential

exchange reactions. For a further insight into the electronic and

steric effects of such reactions, we performed reactions of

(NBu4)[Tc2(CO)6Cl3] and [Tc(CO)3Cl(CN
tBu)2] with p-fluoro-

phenylisocyanide (CNPhpF), during which the entire coordina-

tion sphere of technetium was replaced and the [Tc(CNPhpF)6]
+

cation was formed.[22] Having in mind the slower ligand

exchange kinetics for the ‘third transition row’ elements, we

decided to extend these experiments also to related rhenium

complexes.

Attempted reactions of [Re(CO)3Cl(CN
tBu)2] with CNp-FArDarF2

did not result in the replacement of carbonyl ligands as was

observed for the technetium analog. Even after prolonged

heating (3 days!) in toluene there was no evidence for the

formation of defined mixed isocyanide complexes and an

gradual decomposition of the ligand and intermediate products

was observed by subsequently recorded 19F NMR spectra.

In contrast, reactions with CNPhpF are more defined and the

ligand exchange starting from [Re(CO)5Br] proceeds under a

stepwise replacement of carbonyl ligands (Scheme 2). The rate

of the exchange is generally slow, but can be controlled by the

reaction temperature. In boiling THF, up to two CO ligands are

replaced. The intermediate formation of the monosubstitution

product [Re(CO)4Br(CNPh
pF)] (4) is indicated by a 19F NMR signal

at 109.3 ppm, which could be recorded in the reaction mixture

during the early stages of the reaction. Subsequent recordings

of 19F NMR spectra of the reaction mixture are shown in

Figure 1, in which only the signals of two ligand exchange

products could be detected. While no pure samples of the

transient compound 4 could be isolated from such reactions,

the final product fac-[Re(CO)3Br(CNPh
pF)2] (5) was obtained as a

colorless solid in good yields.

The IR spectrum of 5 shows the (CO) stretches at 1916, 1973

and 2026 cm 1, while the (CN) bands appear at 2153 and

2183 cm 1. The latter values are higher than that of the

uncoordinated isocyanide (2129 cm 1), which suggests that the

isocyanide does not act as -acceptor in compound 5. This is in

accord with other rhenium or technetium complexes of the

general composition [M(CO)3X(CNR)2].
[12,13,17,18,23–28] The ESI+

mass spectrum of 5 shows an intense signal at m/z=614.914

for the cluster ion {M+Na}+ with the expected isotopic pattern.

Details are shown in the Supporting Information.

Prolonged heating of the above mentioned reaction mixture

in THF did not give higher carbonyl/isocyanide exchange rates,

even when additional Ag(PF6) was added as Br scavenger. 19F

NMR spectra of such reaction mixtures indicate a gradual

decomposition of CNPhpF in such solutions by the appearances

of numerous 19F signals (see Supporting Information). All our

Scheme 2. Stepwise ligand exchange with CNPhpF starting from [Re(CO)5Br] (1).

Figure 1. 19F NMR spectra of the stepwise CO/CNPhpF exchange

starting from [Re(CO)5Br] (1) in boiling THF and of pure [Re(CO)3Br-

(CNPhpF)2] (5) in THF.
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attempts to isolate the expectes tris complex [Re-

(CO)3(CNPh
pF)3]

+ from such solutions failed.

An ongoing ligand exchange, however, is observed at

higher temperatures, e.g. in boiling toluene, and species such

as [Re(CO)Br(CNPhpF)4] and [Re(CNPhpF)6]
+ could be assigned

unambiguously in the 19F NMR spectra of such solutions. Two

more signals with an intensity ratio of 4 : 1 can be assigned to

[ReBr(CNPhpF)5] or [Re(CO)(CNPhpF)5]
+. The spectra of such a

reaction sequence are shown as Supporting Information. In the

course of the reaction, the initially clear mixture became turbid

and gradually a colorless solid precipitated. This solid contains

charged species (mainly [Re(CNPhpF)6]Br) which are only spar-

ingly soluble in toluene, while the neutral species (mainly

[Re(CO)Br(CNPhpF)4] (6)) remain in solution.

Yellow crystals of compound 6 can be obtained by

concentration of the mother liquor, filtration from the precipi-

tated salt(s) and crystallization from CH2Cl2/n-pentane in a yield

of approximately 30%. The compound is readily soluble in polar

solvents. The (CO) band appears at a low value of 1874 cm 1,

but unlike in compound 5 also the (CN) frequency (2065 cm 1) is

bathochromically shifted against the value in the uncoordinated

isocyanide indicating that CNPhpF participates in the withdrawal

of electron density from the d6 ion by -backbonding in the

tetrakis complex.

The ESI+ mass spectrum of [Re(CO)Br(CNPhpF)4] (6) in

acetonitrile shows an intense signal at m/z=740.107, which can

be assigned to the {M Br+CH3CN}
+ ion, but also the molecular

ion {M+Na}+ is visible with lower intensity at m/z=800.986.

Similar to the spectrum of compound 5, also that of [Re(CO)Br-

(CNPhpF)4] (6) gives evidence for the formation of dimeric

species in the mass spectrometer (for details see Experimental

and Supporting Information).

Single crystals of 6 were obtained by slow diffusion of n-

pentane into a solution of the complex in CH2Cl2. Figure 2

shows an ellipsoid representation of the molecular structure of

the complex with an almost perfectly planar equatorial

coordination sphere formed by the four CNPhpF ligands. Minor

deviations are only due to the C10-Re C1/C4 angles being

slightly larger than 90° due to the bulk of the CO ligand.

Selected bond lengths and angles can found in the Supporting

Information.

The colorless solid removed from the reaction mixture in

toluene dissolves in MeOH. Addition of Na(BPh4) to such a

solution gives a colorless precipitate, which is readily soluble in

dichloromethane. Single crystals of [Re(CNPhpF)6](BPh4) were

grown from CH2Cl2/n-pentane. Since there are hitherto only two

examples of homoleptic hexakis(isocyanide)rhenium(I) cations

are studied crystallographically, we undertook an X-ray diffrac-

tion study on compound 7.[9,29] Figure 3 shows the structure of

the [Re(CNPhpF)6]
+ cation. The coordination environment of the

rhenium atom is an almost perfect octahedron with cis-C Re C

angels between 87.2(2) and 92.7(2)°. Details about individual

bond lengths and angles are contained in the Supporting

Information.

The ESI+ mass spectrum of 7 is dominated by the

molecular ion at m/z=913.151 and the (CN) stretch appears at

2074 cm 1 in its IR spectrum. The latter value confirms the

expected back-donation to the isocyanide ligands in the

homoleptic rhenium(I) complex.

Summarizing, it can be stated that the introduction of a

fluorine atom in 4-position of the phenyl ring increases the

reactivity of arylisocyanides with d6 metal centers such as Tc(I)

or Re(I) carbonyl complexes and that depending on the reaction

conditions applied a complete exchange of the coordination

sphere of the metal ions and the formation of [M(CNPhpF)6]
+

cations (M=Tc, Re) can be achieved. The exchange rate is faster

with technetium, where only the final products could be

obtained, while for rhenium intermediates such as [Re(CO)3Br-

(CNPhpF)2] or Re(COBr(CNPh
pF)4] could be isolated. The results of

the present communication can be regarded as another

experimental proof of the old paradigm of Dieter Lentz that

“fluorinated isocyanides are more than ligands with unusual

properties”.[30]

Figure 2. Molecular structure of [Re(CO)Br(CNPhpF)4] (6). Ellipsoids

represent 50% probability. Hydrogen atoms have been omitted for

clarity.

Figure 3. Ellipsoid representation of the [Re(CNPhpF)6]
+ cation in 7.

Ellipsoids represent 50% probability. Hydrogen atoms have been

omitted for clarity.
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Experimental Section

Details about the crystallographic studies and the spectroscopic

instrumentation are given as Supporting Information. 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. The synthesis of CNPhpF was

done by adapted literature procedures.[31]

fac-[Re(CO)3Br(CNPh
pF)2] (5): [Re(CO)5Br] (40.6 mg, 0.1 mmol) was

dissolved in 4 mL of THF. CNPhpF (120 L, 1 mmol) was added and

the mixture was heated on reflux for 8 h. The progress of the

reaction was monitored by 19F NMR spectroscopy. After completion

of the reaction, all volatiles were removed and the obtained light

brown residue was suspended in n-hexane, filtered and washed

with several portions of n-hexane. The obtained colorless solid was

dried under reduced pressure. Yield: 45 mg (0.076 mmol, 76%).

Elemental analysis: Calcd. for: C17H8BrF2N2O3Re: C, 34.47, H, 1.36, N,

4.73, found: C, 34.90, H 1.62, N, 4.78. IR (ATR, cm 1): (CN) 2188 (sh),

(CN) 2153 (s), (CO) 2026 (s). (CO) 1973 (s), (CO) 1916 (s). 1H NMR

(CD2Cl2, ppm): 7.53 (mc, 4H), 7.18 (mc, 4H).
13C{1H} NMR (CD2Cl2,

ppm): 186.6, 184.2, 163.4 (d, 1J(19F-13C)=250 Hz), 143.9, 129.7 (d,
3J(19F-13C)=9 Hz), 123.4, 117.5 (d, 2J(19F-13C)=24 Hz). 19F NMR

(CD2Cl2, ppm):  107.48 (mc). ESI+ MS (acetonitrile): 614.914 ([M+

Na]+; calcd 614.914), 630.887 ([M+K]+; calcd 630.888), 1206.835

([2 M+Na]+; calcd 1206.838).

trans-[Re(CO)Br(CNPhpF)4] (6): [Re(CO)5Br] (40.6 mg, 0.1 mmol) was

dissolved in 6 mL of toluene. CNPhpF (120 L, 1 mmol) was added

and the reaction mixture was heated on reflux for 4 h. Another

portion of CNPhpF (120 L, 1 mmol) was added and the mixture was

heated on reflux for another 14 h. The volatiles were removed in

vacuum, methanol (5 mL) was added and the remaining solid was

filtered off. It was washed with methanol (2 mL) and dissolved in

CH2Cl2. Diffusion of n-pentane into this solution gave yellow crystals

suitable for X-Ray diffraction. They were isolated by filtration and

washed with MeOH (2 mL) and n-pentane (2 mL) and dried under

reduced pressure. Yield: 24 mg (0.031 mmol, 31%). Elemental

analysis: Calcd. for: C29H16BrF4N4ORe: C, 44.74; H, 2.07; N, 7.20.

Found: C, 44.87; H, 2.40; N, 6.79. IR (ATR): (CN) 2065 (s), (CO)1874

(s), (CO) 2040 (s). 1H NMR (CD2Cl2, ppm): 7.43 (mc, 8H, m, aryl-H),

7.12 (mc, 8H, aryl-H).
13C{1H} NMR (CD2Cl2, ppm): 190.71, 162.39 (d,

1J(19F-13C)=250 Hz), 154.63, 129.02 (d, 3J(19F-13C)=9 Hz), 125.40,

117.07 (d, 2J(19F-13C)=24 Hz). 19F NMR (CDCl3, ppm): -110.7 (mc). ESI

+ MS (acetonitrile): 740.108 ([M Br+MeCN]+; calcd 740.108),

800.986 ([M+Na]+; calcd 800.990), 1477.076 ([2M Br]+; calcd

1477.082, 1578.985 ([2 M+Na]; calcd 1578.990), 1595.957 ([2 M+K];

calcd 1594.964).

[Re(CNPhpF)6](BPh4) (7): Na(BPh4) (340 mg, 1.00 mmol) was added to

the filtrate obtained from the synthesis of compound 6, which

resulted in the precipitation of a colorless solid. The solid was

filtered off and was washed with methanol (3 mL) and diethyl ether

(3 mL). Recrystallization was performed from CH2Cl2/pentane. Color-

less crystals suitable for X-diffraction were obtained. The crystals

were washed with MeOH and diethyl ether and dried under

reduced pressure. Yield: 37 mg (0.030 mmol, 30%). Elemental

analysis: Calcd. for: C66H44BF6N6Re: C, 64.34; H, 3.60; N, 6.86. Found:

C, 63.36; H, 3.48; N, 6.25. IR (ATR, cm 1): (CN) 2074 (s). 1H NMR

(CD2Cl2, ppm): 7.44–7.35 (12H, m, pF-aryl-H), 7.30 (8H, dt, J=7.1,

3.4 Hz, phenyl-H), 7.19–7.09 (12H, m, pF-aryl-H), 7.02 (8H, t, J=

7.3 Hz, phenyl-H), 6.86 (4H, t, J=7.2 Hz, phenyl-H). 13C{1H} NMR

(CD2Cl2, ppm): 164.61 (q, 1J(11B-13C)=50 Hz), 162.59 (d, 1J(19F-13C)=

250 Hz), 136.48 (s); 128.89 (d, 3J(19F-13C)=9 Hz), 126.17 (q, 2J(11B-13C) -

=3 Hz), 125.11, 122.24, 117.48 2J(19F-13C)=25 Hz), the isocyanide

carbon was not observed, probably due to line broadening. 19F

NMR (CD2Cl2, ppm):  109.54 (mc). ESI+ MS (acetonitrile): 913.151

([M+H]+, calcd 913.152).
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Crystallographic data 
 
The intensities for the X ray determinations were collected on a STOE IPDS II instrument with 

absences. Absorption corrections were carried out by 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 

using the program DIAMOND 4.2.2.  
Additional information on the structure determinations is contained in the Supporting 
Information and has been deposited with the Cambridge Crystallographic Data Centre. 

 

Table 1. Crystallographic data and data collection parameters 

 

 

 trans-[Re(CNPhpF)4(CO)Br] (6) [Re(CNPhpF)6](BPh4) (7) 

Empirical formula C29H16BrF4N4ORe C66H44BF6N6Re 

Formula weight 778.57 1232.08 

Temperature/K 240.0 200.0 

Crystal system monoclinic monoclinic 

Space group P21/c P21/n 

a/Å 13.8916(14) 11.162(2) 

b/Å 13.9445(10) 34.932(7) 

c/Å 15.3715(12) 14.069(3) 

 90 90 

 106.862(7) 94.06(3) 

 90 90 

Volume/Å3 2849.6(4) 5471.7(19) 

Z 4 4 

calcg/cm3 1.815 1.496 

-1 5.722 2.290 

F(000) 1488.0 2464.0 

Crystal size/mm3 0.35 × 0.19 × 0.07 0.36 × 0.22 × 0.14 

Radiation   

2  range for data collection/° 6.79 to 54.062 6.488 to 51.998 

Index ranges - -  
-  

- -  
-  

Reflections collected 18263 31289 

Independent reflections 6196 [Rint = 0.0477,  
Rsigma = 0.0545] 

10722 [Rint = 0.0591,  
Rsigma = 0.0559] 

Data/restraints/parameters 6196/470/361 10722/852/722 

Goodness-of-fit on F2 0.910 0.930 

Final R indexes [I>=2  (I)] R1 = 0.0358, wR2 = 0.0548 R1 = 0.0333, wR2 = 0.0711 

Final R indexes [all data] R1 = 0.0805, wR2 = 0.0632 R1 = 0.0525, wR2 = 0.0755 

Largest diff. peak/hole /  
e Å-3 

0.43/-0.71 0.67/-0.89 

CCDC access code 2176655 2176656 
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 5 

 

Figure S1. Ellipsoid representation of trans-[Re(CO)Br(CNPhpF)4] (6). The thermal 
ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for clarity. A 
number of 14 reflections  below thetamin is missing due to the large unit cell and the 
data collection with the IPDS T2 measuring routine. 
 

 

 

Table S2. Selected bond lengths (Å) and angles (°) in trans-[Re(CO)Br(CNPhpF)4] 
(6). 
Re1-Br1 2.6539(7) Re1-C2 2.032(5) Re1-C4 2.015(5) 
Re1-C1 2.038(5) Re1-C3 2.012(5) Re1-C10 1.919(6) 
C1-N1 1.155(6) C3-N3 1.157(6) C10-O10 1.092(6) 
C2-N2 1.162(6) C4-N4 1.163(6)   
      
Br1-Re1-C1 85.9(1) C1-Re1-C2 93.8(2) C2-Re1-C4 175.5(2) 
Br1-Re1-C2 89.8(2) C1-Re1-C3 176.7(2) C2-Re1-C10 93.1(2) 
Br1-Re1-C3 90.9(2) C1-Re1-C4 88.1(2) C3-Re1-C4 92.7(2) 
Br1-Re1-C4 86.3(2) C1-Re1-C10 92.6(2) C3-Re1-C10 90.6(2) 
Br1-Re1-C10 176.9(1) C2-Re1-C3 85.2(2) C4-Re1-C10 90.9(2) 
Re1-C1-N1 177.5(4) Re1-C3-N3 175.8(5) Re1-C10-O10 178.6(5) 
Re1-C2-N2 175.2(4) Re1-C4-N4 178.8(5)   
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Figure S2. Ellipsoid representation of [Re(CNPhpF)6](BPh4) (7). The thermal ellipsoids 
are set at a 50% probability level. Hydrogen atoms are omitted for clarity. A number of 
21 reflections  below thetamin is missing due to the large unit cell and the data collection 
with the IPDS T2 measuring routine.

Table S3. Selected bond lengths (Å) and angles (°) in [Re(CNPhpF)6](BPh4) (7)
Re1-C1 2.047(4) Re1-C3 2.022(4) Re1-C5 2.029(4)
Re1-C2 2.044(4) Re1-C4 2.029(4) Re1-C6 2.027(4)
C1-N1 1.157(5) C3-N3 1.161(5) C5-N5 1.153(5)
C2-N2 1.154(5) C4-N4 1.154(5) C6-N6 1.149(5)

C1-Re1-C2 92.4(2) C2-Re1-C3 87.2(2) C3-Re1-C5 89.9(2)
C1-Re1-C3 177.5(1) C2-Re1-C4 177.3(2) C3-Re1-C6 88.2(2)
C1-Re1-C4 89.3(2) C2-Re1-C5 89.6(2) C4-Re1-C5 92.6(2)
C1-Re1-C5 87.6(2) C2-Re1-C6 88.2(2) C4-Re1-C6 89.7(2)
C1-Re1-C6 89.8(2) C3-Re1-C4 91.1(2) C5-Re1-C6 176.6(2)
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Spectra 
 

NMR spectra were recorded with JEOL 400 MHz ECS or ECZ or Bruker AV700 multinuclear 
spectrometers. IR spectra were recorded with a FT IR spectrometer (Nicolet iS10, Thermo 
Scientific). Intensities are classified as vs = very strong, s = strong, m = medium, w = weak, 
vw = very weak, sh = shoulder. 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. 

 

fac-[Re(CO)3Br(CNPhpF)2] (5) 

Figure S3. IR spectrum of fac-[Re(CO)3Br(CNPhpF)2]. 
 

 

Figure S4. 1H NMR spectrum of fac-[Re(CO)3Br(CNPhpF)2] in CD2Cl2. 
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 8 

 

 

Figure S5. 19F NMR spectrum of fac-[Re(CO)3Br(CNPhpF)2] in CD2Cl2. 
 

 

 

Figure S6. 13C{1H} NMR spectrum of fac-[Re(CO)3Br(CNPhpF)2] in CD2Cl2. 
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 9 

 

Figure S7. 13C,1H HMBC NMR spectrum of fac-[Re(CO)3Br(CNPhpF)2] in CD2Cl2. 
 

 

 

Figure S8. ESI+ mass spectrum of fac-[Re(CO)3Br(CNPhpF)2] in acetonitrile. 
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trans-[Re(CO)Br(CNPhpF)4] (6) 
 

 

Figure S9. IR spectrum of trans-[Re(CO)Br(CNPhpF)4]. 
 

 

Figure S10. 1H NMR spectrum of trans-[Re(CO)(CNPhpF)4Br] in CD2Cl2.    
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Figure S11. 13C{1H} NMR spectrum of trans-[Re(CO)Br(CNPhpF)4] in CD2Cl2. 
 

 

 

Figure S12. 19F NMR spectrum of trans-[Re(CO)Br(CNPhpF)4] in CD2Cl2. 
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Figure S13. ESI+ mass spectrum of trans-[Re(CO)Br(CNPhpF)4] in acetonitrile. The 
main peaks set (see above for comparison of experimental and calculated data) 
correspond to trans-[Re(CO)(CNPhpF)4(MeCN)]+. Peaks with high masses e.g. at 
14770.76 are attributed to a dimer of the product. 
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[Re(CNPhpF)6](BPh4) (7) 
 

Figure S14. IR spectrum of [Re(CNPhpF)6](BPh4). 
 

Figure S15. 1H NMR spectrum of [Re(CNPhpF)6](BPh4) in CD2Cl2. 
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Figure S16. 13C{1H} NMR spectrum of [Re(CNPhpF)6](BPh4) in CD2Cl2.   
 

 

Figure S17. 19F NMR spectrum of [Re(CNPhpF)6](BPh4) in CD2Cl2. 
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Figure S18. ESI+ mass spectrum of [Re(CNPhpF)6](BPh4) in acetonitrile. 
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Figure S19. Selected 19F NMR of the stepwise substitution of [Re(CO)5Br] with CNPhpF 
in toluene. Spectrum 1 was recorded after one hour of heating in toluene. Spectrum 2 
was recorded after 4 h at 110°C and after the addition of ten more equivalents of 
CNPhpF. Spectrum 3 was recorded after 7 h of heating. Spectrum 4 was recorded after 
18h of heating and addition of MeOH to dissolve the precipitated [Re(CNPhpF)6]Br. 
Note the solvent-dependent chemical shift changes of up to 3 ppm in toluene vs. THF. 
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Figure S20: 19F NMR spectra of an attempted reaction of [Re(CO)3(CNPhpF)2Br] with 
an excess of CNPhpF illustrating the gradual decomposition of the isocyanide without 
formation of the [Re(CO)3(CNPhpF)3]+ cation. Spectrum 1: synthesis of 
[Re(CO)3(CNPhpF)2Br] from [ (C ] and a slight excess of CNPhpF in THF. 
Spectrum 2: isolated [Re(CO)3(CNPhpF)2Br] in THF. Spectrum 3: [Re(CO)3-
(CNPhpF)2Br] in THF after the addition of two equivalents of AgPF6 and subsequent 
filtration. Spectrum 4: the solution of spectrum 3 after the addition of two more 
equivalents of CNPhpF. Spectrum 5: the solution of spectrum 5 after heating in THF. 
Spectrum 6: the solution of spectrum 5 after removal of the THF, dissolution in toluene 
and heating on reflux for 30 min. 
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Phenylimido complexes of rhenium: fluorine
substituents provide protection, reactivity, and
solubility†

Guilhem Claude,a Erika Kulitzki,a Adelheid Hagenbach,a

Maximilian Roca Jungfer, a Joshua S. Figueroa *b and Ulrich Abram *a

Reactions of [Re(NPhF)Cl3(PPh3)2] ({NPhF}2− = p-fluorophenylimide) with a variety of alkyl and aryl isocya-

nides have been studied. Different reactivity patterns and products have been obtained depending on the

steric and electronic properties of the individual ligands. This involves the formation of 1 : 1 and 1 : 2

exchange products of Re(V) with the general formulae mer-[Re(NPhF)Cl3(PPh3)(isocyanide)] and cis- or

trans-[Re(NPhF)Cl3(isocyanide)2]. The stability of the obtained products is correlated with the substitution

pattern of the isocyanide ligands. The products have been studied by single-crystal X-ray diffraction and

spectroscopic methods, including IR and multinuclear NMR spectroscopy as well as mass spectrometry.

The use of partially fluorinated starting materials and ligands allows the modulation of the solubilities of

the starting materials and the products as well as the monitoring of the reactions by means of 19F NMR.

The attachment of the CF3 or F substituent on the isocyanides gives control over the steric bulk and the

electronic properties of the ligands and, thus, their reactivity.

Introduction

Fluorine possesses a series of peculiar properties. Its very high
electronegativity (3.98 on the Pauling scale), as well as the
strong hyperconjugation resulting from a low lying σ*(C–F)
combined with its small atomic radius, has been shown to
have profound structural and electronic effects on both
organic and inorganic compounds.1,2 Fluorine can therefore
be introduced in biologically active molecules to increase their
bioavailability and/or efficacy, which led to a significant
growth of the number of small, fluorine-containing molecules
considered for pharmaceutical applications. It was estimated
that already in 2012 fluorinated compounds made 40% of all
phase III drug candidates.3

In diagnostic nuclear medicine, the radioactive isotope 18F
is a common tracer in positron-emission tomography (PET),
e.g. by replacing a “cold” fluorine atom by 18F in an estab-
lished pharmacologically active compound.4–6 A hitherto rela-
tively little considered option is the use of fluorine-substituted
ligand systems for the modulation of the pharmacokinetic pro-

perties of metal-containing radiotracers, e.g. of the matched-
pair 99mTc/188Re.6–8 For the development of corresponding
compounds, however, some fundamental work is required to
learn more about the influence, which can be expected by par-
tially fluorinated ligands in terms of the solubility and lipophi-
licity of the products, but also with regard to possible elec-
tronic effects. Such studies are commonly performed with
natural rhenium and the long-lived technetium isotope 99Tc
(weak β− emitter with Emax = 0.3 MeV, t1/2 = 2.1 × 105 years),
which is available in macroscopic amounts and allows the use
of conventional spectroscopic methods including 19F NMR
spectroscopy, which is indicative of convenient monitoring of
reactions.

Some recent work in our group with nuclear medically rele-
vant metals such as indium, technetium or rhenium demon-
strated that the structure and reactivity of metal complexes can
markedly be influenced by (partial) fluorination of the
ligands.2,9–12 The observed changes in properties were found
to be dependent on both the number of fluorine atoms and
their exact position. The addition of sometimes even a single
fluorine atom on a ligand also led to new reactivity patterns
for both rhenium and technetium complexes. Thus, the use of
p-fluorophenyl isocyanide instead of unsubstituted phenyl iso-
cyanide resulted in completely different substitution patterns
of fac-tricarbonyl complexes of these metals.10,11

Isocyanides are interesting ligands for nuclear medical pro-
cedures with 99mTc and probably also for 188Re. 99mTc-
Sestamibi (Cardiolite), an octahedral technetium(I) complex

†Electronic supplementary information (ESI) available. CCDC 2236802–2236812.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d3dt00446e
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with six methoxy-substituted isocyanides, is one of the most
used diagnostic radiopharmaceuticals worldwide.12–15

Isocyanide complexes with high-valent rhenium and techne-
tium centers are rare and only a few examples of oxidorhe-
nium(V) complexes are known,16–18 while the corresponding
{TcO}3+ core is prone to reduction by isocyanides and no such
compounds could be isolated until now.

More stable against reduction is the isoelectronic
phenylimido core and some technetium isocyanide complexes
with a central {Tc(NPh)}3+ unit could be isolated.19,20 A
number of interesting reactivity features have been observed
during this study, which makes it interesting to have a look at
the related chemistry of rhenium.

The phenylimido complex [Re(NPh)Cl3(PPh3)2] is isoelectro-
nic to the oxidorhenium(V) compound [ReOCl3(PPh3)2], which
is frequently used as a common precursor for ligand exchange
procedures.21 A similar use of the phenylimido compound as
the starting material may give access to a wide variety of
phenylimido complexes. Unfortunately, the rhenium com-
pound is significantly less soluble than its technetium analog.
Thus, predominately reactions with strong chelators or with
robust ligands,22–45 which resist harsh reaction conditions,
give pure products in good yields. The corresponding bromido
complex [Re(NPh)Br3(PPh3)2] is slightly more soluble and is,
thus, occasionally used as a better suitable starting
material.37,40,44,45 Alternatively, substitutions on the arylimido
ligand with the carboxylic, hydroxylic or amine group provide
an enhanced solubility.46–50 Such residues, however, some-
times undergo undesired reactions with co-ligands and/or sol-
vents (e.g. esterification, formation of Schiff bases, etc.), which
frequently causes undesired side-reactions and/or lower yields.
A modulation of the solubility of the phenylimido starting
material without significant interference with the chemical
behaviour of other ligands has recently been demonstrated
with the use of p-fluoro-substituted phenylimido ligands in
[M(NPhF)Cl3(PPh3)2] complexes, M = Tc or Re (1).51,52

In the present report, we present a series of (fluorinated)
phenylimidorhenium(V) complexes with a variety of different
alkyl and aryl isocyanides (Fig. 1).

Results and discussion

The attachment of a fluorine atom to the phenylimido ligand
of [Re(NPh)Cl3(PPh3)2] increases the room temperature-solubi-
lity by a factor of 5 in both dichloromethane and acetonitrile.
This allows for milder reaction conditions and lower tempera-
tures, which is particularly beneficial for sensitive isocyanides
such as CNPh, CNMes or CNPhpNO2 of the present study.
These ligands as well as other common isocyanides such as
CNtBu or CNPhi-prop2 react with [Re(NPhF)Cl3(PPh3)2] (1) with
the formation of mono-substituted complexes of the compo-
sition [Re(NPhF)Cl3(PPh3)(CNR)] (Scheme 1). The reactions
have first been performed with an excess of ligands and for
the more stable ligands (CNtBu and CNPhi-prop2) also pro-
longed reactions at higher temperatures have been tested. In

both cases, exclusively 1 : 1 ligand exchange products could be
isolated. The gradual (not metal-driven) decomposition of the
isocyanides, however, caused significant problems during the
isolation of pure products in these cases. For this reason, rela-
tively short reaction times and only a slight excess of the
ligands have been used in optimized procedures. Even so, only
a small amount of pure products could be obtained from
some of the sensitive isocyanides.

The formation of 1 : 1 complexes with common isocyanides
has also been observed for reactions of [Tc(NPh)Cl3(PPh3)2],

20

and for reactions of robust isocyanides with the corresponding
phenyl- or tolyl- or xylylimido complexes.46,53–55 These findings
are not necessarily trivial since the ligand exchange behaviour
of isocyanides has been found to be strongly dependent on
steric and electronic factors. In particular, electronic effects
due to electron withdrawing or electron donating substituents
on (phenyl) isocyanides have been underestimated in the
coordination chemistry of these compounds. Systematic
studies about this point are rare, which is attributed to the pre-
ferred use of commercially available and stable ligands such as
e.g. tert-butyl or cyclohexyl isocyanide in many papers about
the related chemistry. Approximately 40 percent of all studies
with isocyanides are done with these two representatives. A
nice overview of this point is given in ref. 56. This, finally,
resulted in a (not fully justified) generalization of their chemi-
cal behaviour for all isocyanides. After the exploration of the
coordination chemistry of the bulky (but also electronically
diverse) m-terphenyl isocyanides,57–69 it became evident that
isocyanides are more than bulky surrogates of carbonyl
ligands. This also includes studies on group 7 elements, which
have been stabilized in oxidation states ranging from ‘−1’ to
‘+5’.10,11,20–22,70,71 A DFT-based sum parameter describing the
electronic potential on the accessible VdW surface of the iso-
cyanide carbon atom has recently been derived for a number
of isocyanides.10 The so-called SADAP (surface-averaged donor
acceptor potential) parameter is a combined descriptor of the
steric and electrostatic properties of the potential ligand.

Fig. 1 Isocyanides used throughout this paper.
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Table 2 contains selected SADAP parameters for the isocya-
nides of the present study. Details of the calculations and the
derived parameter comprising a large number of isocyanides
are outlined in ref. 10. Such parameters nicely describe the
reactivity of a number of carbonyltechnetium(I) complexes,
where ligands with progressively electron-deficient properties
readily replace carbonyl ligands, while those with a large nega-
tive potential at the carbon atoms are σ-donors with predomi-
nantly negligible back-donation properties.10 Similar consider-
ations have also been done for phenylimidotechnetium(V)
compounds, d2 systems, where π-acceptor behaviour should be
negligible.20

The formation of 1 : 1 complexes during reactions of
[Re(NPhF)Cl3(PPh3)2] with the relatively electron-deficient iso-
cyanides as shown in Fig. 1 is in line with such considerations.
The νCuN IR stretches of the complexes appear between 2158
and 2192 cm−1. These values are significantly higher (between
39 and 72 cm−1, for individual values see the Experimental
section) than those in the spectra of uncoordinated isocya-

nides, which means that there is no sign for π-backdonation
into anti-bonding orbitals of the ligands in the d2 complexes
under study.

Ellipsoid plots of the molecular structures of the
[Re(NPhF)Cl3(PPh3)(CNR)] complexes (R = tBu, Ph, Phi-prop2,
Mes, PhpNO2) are depicted in Fig. 1. Selected bond lengths and
angles are summarized in Table 1. The Re–N bonds are clearly
in the range of double bonds and the slightly bent phenyl-
imido units (Re–N–C angles between 164 and 173°) are a
common feature of such compounds.22–45 The replacement of
one of the PPh3 ligands of [Re(NPhF)Cl3(PPh3)2] goes along
with a rearrangement of the coordination sphere of rhenium.
The incoming isocyanides are found in cis position to phos-
phine in all 1 : 1 complexes.

Two isocyanide ligands could be bonded to a {ReNPhF}3+

unit, when more electron-rich isocyanides such as CNArMes2,
CNArDipp2 or CNArTripp2 were used. The steric bulk of the indi-
vidual ligands, however, has an influence on the isomers
formed. The reaction of the less bulky CNArMes2 gives the 1 : 2

Scheme 1 Reaction of [Re(NPhF)Cl3(PPh3)2] with various isocyanides.

Fig. 2 Molecular structures of (a) [Re(NPhF)Cl3(PPh3)(CN
tBu)] (2), (b) [Re(NPhF)Cl3(PPh3)(CNPh)] (3), (c) [Re(NPhF)Cl3(PPh3)(CNPhi-prop2)] (4), (d) [Re

(NPhF)Cl3(PPh3)(CNMes)] (5) and (e) [Re(NPhF)Cl3(PPh3)(CNPhpNO2)] (6).
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complex fac-[Re(NPhF)Cl3(CNAr
Mes2)2] (7) with the two isocya-

nide ligands in cis position to each other, while the corres-
ponding trans complexes are formed by the sterically more
encumbered ligands CNArDipp2 and CNArTripp2 (Scheme 1).
The formation of cis complexes with CNArMes2 is a common
feature of this ligand and has also been observed for oxido
and nitrido complexes of rhenium and technetium.18,19 There
are even some rare cases where three CNArMes2 ligands are
accommodated in octahedral complexes of cobalt,72

molybdenum,58,73 and manganese.62 Such flexibility regarding
the number of ligands and their coordination positions,
however, is also the source of the appearance of a fluxional
behaviour in solution, which could be detected preferably by
19F NMR, with subsequent problems for the isolation of satis-
factory amounts of the individual species in pure form. This is
mainly due to the almost identical solubility of the formed
species and also applies to the phenylimido compounds under
study with the consequence that only a relatively small amount
of complex 7 could be isolated in crystalline form. Although
the isolated blue needles of 7 were identical as has been tested
by X-ray diffraction on several species, they quickly isomerize
in solution and again several 19F NMR signals are detected.
This behaviour is unlike that of the complexes with the more
bulky CNArDipp2 or CNArTripp2 ligands, which form inert mer-
[Re(NPhF)Cl3(isocyanide)2] complexes that contain the isocya-
nides necessarily in trans position to each other.

Ellipsoid plots of the molecular structures of complex fac-
[Re(NPh)Cl3(CNAr

Mes2)2] (7) and mer-[Re(NPhF)Cl3(CNAr
Dipp2)2]

(8) are shown in Fig. 3. All common features of the central {Re
(NPhF)}3+ unit discussed above for compounds 2–6 (Re–N
double bond, slightly bent Re–N10–C11 axis) also apply for the
bis complexes 7 and 8. The rhenium-carbon bonds in the cis

isomer 7 (2.034–2.044 Å) are slightly shorter than in the trans

isomer 8 (2.055–2.076 Å). This comes not unexpected with
regard to the sterically favoured trans compound. Similar
effects have been observed previously for the cis and trans

isomers of [Re(CO)3Br(CNAr
Dipp2)2], where the Re–C (isocya-

nide) bonds are elongated by approximately 0.02 Å in trans

position to carbonyl ligands,70 for which, however, mainly elec-
tronic effects shall be responsible.

The exchange of the PPh3 ligands occurs stepwise and can
nicely be monitored by 19F NMR. Fig. 4 shows 19F NMR spectra

recorded for a corresponding reaction of [Re(NPhF)Cl3(PPh3)2]
(1) with CNArDipp2 in toluene. The formation of two transient
compounds can readily be detected by their 19F NMR signals
in addition to the signals of the (not yet consumed) starting
material 1 in the initial phase (first hour) of the reaction.
Upon subsequent heating, the intensities of these signals and
of compound 1 decrease in favour of the formation of the final
product of the reaction mer-[Re(NPhF)Cl3(CNAr

Dipp2)2] (8). The
tentative assignment of the transient signals A and B is poss-
ible in two ways: (1) to a mixture of cis- and trans-[Re(NPhF)

Table 1 Selected bond lengths and angles of [Re(NPhF)Cl3(PPh3)(CNR)] complexes

2a 3 4 5 6 11 12

Re–N10 1.715(3), 1.715(3) 1.731(3) 1.722(3) 1.712(3) 1.711(3) 1.721(3) 1.705(4)
N10–C11 1.391(4), 1.382(4) 1.377(4) 1.385(4) 1.399(5) 1.390(5) 1.380(4) 1.395(7)
Re–P1 2.4593(9), 2.4473(9) 2.4539(9) 2.4476(9) 2.463(1) 2.454(1) 2.4494(8) 2.470(2)
Re–C1 2.020(4), 2.045(4) 2.028(4) 2.023(3) 2.030(4) 2.020(5) 2.022(3) 2.024(6)
C1–N1 1.151(5), 1.146(5) 1.165(5) 1.147(4) 1.151(6) 1.162(6) 1.151(4) 1.156(7)
Re–N10–C11 164.4(3), 166.7(2) 168.7(3) 172.1(2) 166.0(3) 171.2(3) 170.4(2) 172.9(4)
Re–C1–N1 172.9(3), 173.8(8) 177.7(3) 170.6(3) 176.9(3) 176.6(4) 174.6(3) 176.9(4)
N10–Re–P1 93.1(1), 91.42(9) 89.99(9) 94.15(9) 92.0(1) 94.2(1) 91.96(8) 94.2(2)
N10–Re–C1 86.0(1), 88.1(1) 87.7(1) 88.1(1) 85.7(1) 89.4(2) 88.5(1) 91.8(2)

a Values of two crystallographically independent species.

Fig. 3 Molecular structures of (a) fac-[Re(NPh)Cl3(CNArMes2)2] (7) and
(b) mer-[Re(NPhF)Cl3(CNArDipp2)2] (8) (selected bond lengths and angles
of 7: Re–N10 1.724(3), Re–C1 2.043(4), Re–C2 2.034(4) Å, Re–N10–C11
173.0(3), Re–C1–N1 176.6(3), and Re–C2–N2 174.2(4)°; selected bond
lengths and angles of 8: Re–N10 1.728(7) and 1.722(6), Re–C1 2.076(6)
and 2.066(6), Re–C2 2.055(7) and 2.055(7) Å, Re–N10–C11 177.4(5) and
171.5(5), Re–C1–N1 179.1(7) and 178.2(6), and Re–C2–N2 176.6(7) and
178.3(6)°. The values of compound 8 refer to two independent mole-
cular species.
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Cl3(PPh3)(CNAr
Dipp2)] or (2) to a mixture of cis-[Re(NPhF)

Cl3(PPh3)(CNAr
Dipp2)] and [Re(NPhF)Cl3(PPh3)(CNAr

Dipp2)2].
Evidence for the latter, seven-coordinate species is given with
the detection of an intense peak at m/z = 1349.600 (simulation:
1349.309) in the ESI + mass spectrum of the reaction mixture
after 10 min. Up to now, we could not isolate these two or at
least one of these complexes in crystalline form for an unam-
biguous proof of one of these assumptions. This, however, was
possible for the corresponding reaction with CNArTripp2.

The 19F NMR monitoring of the reaction of 1 with
CNArTripp2 (see the ESI, Fig. S57†) shows that essentially only
one major transient compound is formed. The concentration
of this compound reaches a maximum after approximately
90 min and when the reaction is stopped at this point, a small
amount of this intermediate can be separated from the bulk of
the starting material 1 and crystallized. An X-ray diffraction
study on these single crystals confirms the formation of fac-[Re
(NPhF)Cl3(PPh3)(CNAr

Tripp2)] (9) as the (isolated) intermediate
of this reaction. Prolonged heating of the reaction mixtures
gives the bis complex [Re(NPhF)Cl3(CNAr

Tripp2)2] (10) similar
to the reaction with CNArDipp2. The molecular structures of
compounds 9 and 10 are depicted in Fig. 5. Bond lengths and
angles in the products with the extremely sterically encum-
bered CNArTripp2 ligand are similar to those observed in the
other 1 : 1 complexes or in the analogous bis complex with
CNArDipp2 discussed above. Also in compound 10, the Re–C
bonds are slightly longer than in the complexes of the compo-

sition [Re(NPhF)Cl3(PPh3)(CNR)], where the isocyanides are in
trans positions to chlorido ligands.

CNArDipp2 and CNArTripp2 are structurally distinguished by
the presence of additional isopropyl substituents at the peri-
pheral phenyl rings. At first glance this seems to be a minor
difference, especially since this substitution is in the 4-posi-
tion and, thus, relatively far away from the coordinating
carbon atom. This means, that a similar electronic potential
should be expected for both ligands, while CNArTripp2 should
be slightly more sterically hindered, which is finally also
reflected by the SADAP parameters in Table 2 and the for-
mation of 1 : 2 complexes of the present study. Nevertheless,
there is a striking difference between these two isocyanides

Fig. 5 Molecular structures of (a) fac-[Re(NPh)Cl3(PPh3)(CNArTripp2)] (9)
and (b) mer-[Re(NPhF)Cl3(CNArTripp2)2] (10). Selected bond lengths and
angles of 9: Re–N10 1.711(4), Re–P 2.460(2), Re–C1 2.027(5), C1–N1
1.167(5) Å; Re–N10–C11 168.7(3), and Re–C1–N1 170.4(4)°. Selected
bond lengths and angles of 10: Re–N10 1.698(6) and 1.711(5), Re–C1
2.093(6) and 2.090(6), Re–C2 2.084(6) and 2.076(6), C1–N1 1.135(7) and
1.139(7), C2–N2 1.135(7) and 1.148(7) Å; Re–N10–C11 177.1(5) and
178.7(5), Re–C1–N1 175.3(6) and 178.2(6), and Re–C2–N2 175.4(5) and
179.5(7)°. The values of compound 10 refer to two independent mole-
cular species.

Fig. 4 19F NMR monitoring of a reaction mixture of [Re(NPhF)
Cl3(PPh3)2] and two equivalents of CNArDipp2 in boiling toluene. Note
the narrow chemical shift range depicted and that the chemical shifts
slightly differ from the values given in the Experimental part due to
solvent effects.

Table 2 Selected SADAP parameters of the isocyanides of the present
study. Values are taken from ref. 10 and 20

Isocyanide SADAP

CNArTripp2 −3.33
CNArDipp2 −3.28
CNPhi-prop2, CNMes, CNtBu −2.38, −2.26, −2.15
CNPh, CNPhpNO2

−1.64, −0.95
CNPhpF

−1.25
CNp-FArD

arF2 +2.73
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regarding their steric bulk. This can nicely be seen in Fig. 6,
where the solid state structures of [Re(NPhF)Cl3(CNAr

Dipp2)2]
(8) and [Re(NPhF)Cl3(CNAr

Tripp2)2] (10) are shown along the
planes formed by their phenylimido ligands. The central
phenyl rings of the two CNArDipp2 ligands are almost perfectly
co-planar (twisting angle: 7.1(6)°) in a perpendicular arrange-
ment to the phenylimido ring. The larger bulk of CNArTripp2

results in a torsion of 52.3(2)° of the isocyanide ligand around
its coordination axis. This is a direct effect of the ‘outer-
sphere’ substitution on this ligand and may underline the
influence of such relatively small modifications in the ligand
design on structural factors, but also on the reactivity of the
respective metal ion. It shall be noted that the proton NMR
resonances of CNArTripp2 appear as one set of signals
suggesting that a rotation is possible in solution.

The steric effects discussed above shall always be regarded
together with potential electronic effects due to the introduced
residues and the electronic configuration of the metal ion. An
example of the complex interplay of such influences shall be
discussed with the use of the fluorinated isocyanides CNp-
FArDarF2 and CNPhpF.

The steric bulk of CNp-FArDarF2 due to the CF3 residues in
meta positions of the terphenyl rings takes mainly effect in the
outer sphere of the complex similar to CNArTripp2, but the
fluorinated ligand is more flexible in terms of a spheric
arrangement around the metal ions. Thus, it allows the coordi-
nation of up to four of the ligands around a metal ion. This
has been demonstrated recently for carbonyl complexes of
manganese, technetium and rhenium, where compounds of
the compositions [M−I(CO)(CNp-FArDarF2)4]

− (M = Tc, Re),
[M0(CO)(CNp-FArDarF2)4] (M = Tc, Re) and [MI(CO)(CNp-
FArDarF2)4] (M = Tc, Re) have been isolated in crystalline
form.71,74 The replacement of carbonyl ligands from tricarbo-
nylrhenium(I) or technetium(I) centers is not common and can
be attributed to the special electronic situation on the donor
carbon atom due to the strong electron withdrawing capacity
of the fluorine atom at the central phenyl ring of CNp-FArDarF2.

For isocyanides, it is reasonable to assume that electron-
deficient regions on the surface of the coordinating carbon
atom would enable improved π-back-donation, while electron-
rich regions on the surface of the same carbon atom are

responsible for a better σ-donation. Steric restraints on the
donor carbon atom can be partially included in such an
approach by averaging the obtained potential energies over the
accessible surface of the potential donor atoms.

Thus, sterically demanding isocyanides such as CNArDipp2

or CNArTripp2 show less overall accessible surface area, while
the less encumbered isocyanides have a larger overall accessi-
ble carbon surface. A more comprehensive discussion of this
approach is shown in ref. 10. In the sterically encumbered, but
fluorine-substituted CNp-FArDarF2 ligand the steric effects are
overruled by the electron withdrawing capacity of fluorine,
which make this ligand a powerful π-acceptor when it reacts
with electron rich metal ions such as rhenium(I) or techne-
tium(I) and explains the reactivity with the corresponding car-
bonyl compounds.10,11,20 In the electron-deficient rhenium(V)
complexes of the present study, however, π-back-donation
plays practically no role, which is supported by the blue-shift
of the IR νCuN frequencies. Consequently, the reactivity of
CNp-FArDarF2 in such cases is identical with those
isocyanides with predominantly σ-donor properties and
[Re(NPhF)Cl3(PPh3)(CNp-FAr

DarF2)] (11) is formed as the sole
product in a reaction with 1. The corresponding reactivity is
well reflected by the SADAP parameters in Table 2.

A similar behavior is observed for CNPhpF, where the fluo-
rine substitution at the central ring is retained, but the steric
bulk due to the peripheral residuals is removed. Indeed, it
behaves with electron-rich metal ions as a powerful π-acceptor,
as has been demonstrated by the complete replacement of car-
bonyl and halido ligands in [Tc2(CO)6Cl3]

2− and the formation
of a [Tc(CNPhpF)6]

+ cation.20 Expectedly, this is not observed
for the d2 complexes of the present study and the 1 : 1 complex
[Re(NPhF)Cl3(PPh3)(CNPh

pF)] (12) was isolated from a corres-
ponding reaction with compound 1.

The structures of compounds 11 and 12 are shown in
Fig. 7. All main structural features are close to those of the
other 1 : 1 complexes presented in Fig. 2 and Table 1 and shall
not be discussed here in detail.

Experimental
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 according to standard procedures. The reactions have
been performed in air unless otherwise stated. [Re(NPhpF)
Cl3(PPh3)] (1) as well as CNArDipp2, CNArTripp2, CNp-FArDarF2,
CNPhpF, and CNPhi-prop2 were prepared according to literature
procedures.10,51,56,58,59

Physical measurements

NMR spectra were recorded with JEOL 400 MHz ECS or ECZ or
JEOL ECZ 600 or Bruker AV700 multinuclear spectrometers. IR
spectra were recorded with an ATR spectrometer (Nicolet iS10,
Thermo Scientific). Intensities are classified as vs = very

Fig. 6 Wire-frame presentation of the structures of mer-[Re(NPh)
Cl3(CNArDipp2)2] (8) and mer-[Re(NPhF)Cl3(CNArTripp2)2] (10) along the
planes formed by their phenylimido ligands.
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strong, s = strong, m = medium, w = weak, vw = very weak, and
sh = shoulder. Electrospray ionization mass spectrometry (ESI
MS) was carried out with the ESI MSD time-of-flight (TOF) unit
of an Agilent 6210 TOF liquid chromatography/mass spec-
trometry system. Elemental analyses of carefully dried samples
of the bulk were performed using a Vario MICRO cube CHNS
elemental analyser.

X-ray crystallography

The intensities for X-ray determinations were collected on
STOE IPDS II or Bruker D8 Venture instruments with Mo Kα
radiation. The space groups were determined by the detection
of systematic absences. Absorption corrections were carried
out by multi scan or integration methods.75,76 Structure solu-
tion and refinement were performed with the SHELX program
package using OLEX 2.77–79 Hydrogen atoms were derived from
the final Fourier maps and refined or placed at calculated posi-
tions and treated with the ‘riding model’ option of SHELXL.
The representation of molecular structures was done using the
program DIAMOND 4.2.2.80

Additional information on the structure determinations is
presented in the ESI† and has been deposited with the
Cambridge Crystallographic Data Centre.

Synthesis

[Re(NPhF)Cl3(PPh3)(CNR)] complexes. [Re(NPhF)Cl3(PPh3)2]
(1) (92 mg, 0.1 mmol) was suspended in a 5 : 1 toluene/aceto-
nitrile mixture (6 mL) and the corresponding isocyanide

(0.11 mmol) was added. The mixture was heated under reflux
for 10 min in a pre-heated oil bath. The starting material dis-
solved and the solution turned blue or green. Volatiles were
removed under reduced pressure and the residue was resus-
pended in diethyl ether (5 mL) and filtered. The obtained solid
was washed with diethyl ether (3 × 5 mL) and dried under
reduced pressure.

fac-[Re(NPhF)Cl3(PPh3)(CN
tBu)] (2). Recrystallization from

CH2Cl2/diethyl ether. Light blue plates. Yield: 36 mg, 48%.
Elemental analysis: calc.: C: 46.6, H: 3.8, N: 3.7%. Found: C:
46.7, H: 3.8, N: 3.8%. IR (cm−1): 2192 (vs, νCuN), 1584 (vs). 1H
NMR (CD2Cl2, ppm): δ = 7.75 (mc, 6H), 7.42 (mc, 9H), 7.02 (mc,
2H,), 6.82 (t, J = 8.0 Hz, 2H), 1.43 (s, 9H). 19F NMR (CD2Cl2,
ppm): δ = −101.9 (mc).

13C{1H} NMR (CD2Cl2, ppm): δ = 162.83
(d, 1J (13C–19F) = 260 Hz), 151.32, 135.01 (d, J (13C–31P) = 8 Hz),
133.73 (d, 1J (13C–31P) = 53 Hz), 131.74, 128.90 (d, J (13C–31P) =
10 Hz), 127.09 (d, 3J (13C–19F) = 10 Hz), 117.55 (d, 2J (13C–19F) =
25 Hz), 60.30, 31.24. ESI + MS: m/z = 628.0141 [M − CNtBu −
Cl]+ (calc.: 628.0158), 711.0855 [M − Cl]+ (calc.: 711.0894),
769.0463 [M + Na]+ (calc.: 769.0494), 1517.069 [2M + Na]+

(calc.: 1517.0999).
fac-[Re(NPhF)Cl3(PPh3)(CNPh)] (3). Single crystals were

obtained directly from the reaction mixture at 5 °C. Green, sen-
sitive blocks. Only a small amount of the compound could be
isolated in this way, since it quickly decomposes in solution
even at room temperature precluding the measurement of
spectra of appropriate quality. Already the uncoordinated
CNPh is significantly more unstable than other isocyanides in
this study. IR (cm−1): 2171 (vs, νCuN). ESI + MS: m/z = 731.0669
[M − Cl]+ (calc.: 731.0581), 789.0183 [M + Na]+ (calc.:
789.01622), 804.9920 [M + K]+ (calc.: 804.9901), 1557.0502 [2M
+ Na]+ (calc.: 1557.0417).

fac-[Re(NPhF)Cl3(PPh3)(CNPh
i-prop2)] (4). Recrystallization

from CH2Cl2. Blue crystals. Yield: 44 mg, 52%. Elemental ana-
lysis: calc.: C: 52.2, H: 4.3, N: 3.3%. Found: C: 52.2, H: 4.3, N:
3.5%. IR (cm−1): 2168 (vs, νNuC).

1H NMR (CD2Cl2, ppm): δ =
7.81 (mc, 6H), 7.39 (mc, 3H), 7.34 (mc, 6H), 7.26–7.19 (m, 3H),
7.03(mc, 2H), 6.86 (mc, 2H), 2.71 (h, 3J (1H, 1H) = 7 Hz, 2H),
1.00 (d, 3J (1H, 1H) = 7 Hz, 6H), 0.92 (d, 3J (1H, 1H) = 7 Hz, 6H).
19F NMR (CD2Cl2, ppm): δ = −101.9 (mc).

13C{1H} NMR
(CD2Cl2, ppm): δ = 162.86 (d, 1J (13C,19F) = 260 Hz), 151.45 (t,
1J (13C,14N) = 3 Hz), 145.48, 135.02 (d, J (13C,31P) = 9 Hz), 133.45
(d, 1J (13C,31P) = 45 Hz), 131.87 (d, J (13C,31P) = 2 Hz), 131.30,
129.01 (d, J (13C,31P) = 11 Hz), 126.93 (d, 3J (13C,19F) = 10 Hz),
123.41, 117.58 (d, 2J (13C,19F) = 25 Hz), 29.74, 23.51, 22.86. ESI
+ MS: m/z = 873.109 [M + Na]+ (calc.: 873.112), 889.084 [M + K]+

(calc.: 889.086), 1725.233 [2M + Na]+ (calc.: 1723.234), 1739.209
[2M + K]+ (calc.: 1739.208).

fac-[Re(NPhF)Cl3(PPh3)(CNMes)] (5). A few single crystals
were obtained upon cooling the reaction mixture. Green-blue,
sensitive blocks. Only a small amount of the compound could
be isolated in this way, since it quickly decomposes in solution
even at room temperature precluding the measurement of
spectra of appropriate quality. IR (cm−1): 2173 (vs, νNuC).

1H
NMR (CD2Cl2, ppm): δ = 7.78 (mc, 6H), 7.34 (mc, 9H), 7.04 (mc,
2H), 6.92 (s, 2H), 6.83 (dd, 3J (1H, 1H) = 8 Hz, 2H), 2.42 (s, 3H),

Fig. 7 Molecular structures of a) fac-[Re(NPh)Cl3(PPh3)(CNArDarF2)2] (11)
and b) mer-[Re(NPhF)Cl3(PPh3)(CNPhpF)2] (12). Selected bond lengths
and angles for 11: Re–N10 1.721(43), Re–P 2.4494(9), Re–C1 2.022(3),
C1–N1 1.151(4) Å; Re–N10–C11 170.4(2), and Re–C1–N1 174.6(43)°;
selected bond lengths and angles of 12: Re–N10 1.705(4), Re–P 2.470
(2), Re–C1 2.024(6), C1–N1 1.156(7) Å; Re–N10–C11 172.9(4), and Re–
C1–N1 176.9(5)°.
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2.01 (s, 6H). ESI + MS: m/z = 773.098 [M − Cl]+ (calc.:
773.1051), 1656.115 [2M + K]+ (calc.: 1656.1019), 1657.115 [2M
+ K]+ (calc.: 1657.1097).

fac-[Re(NPhF)Cl3(PPh3)(CNPh
NO2)Cl3] (6). Recrystallization

from CH2Cl2/toluene. Green, very unstable plates. Yield:
28 mg, 40%. The compound quickly decomposes in solution,
which goes along with a color change to brown and precludes
the measurement of the solution spectra of reasonable quality.
IR (cm−1): 2160 (s, νNuC), 1735 (m, νNvO).

1H NMR (acetone-
d6, ppm): δ = 8.32 (mc, 2H), 7.79 (mc, 6H), 7.42–7.32 (m, 9H),
7.12–7.05 (m, 4H), 6.88 (dd, 3J (1H, 1H) = 8 Hz, 6H). 19F NMR
(acetone-d6, ppm): δ = −100.4 (mc). ESI + MS: m/z = 834.003 [M
+ Na]+ (calc.: 834.003), 1647.013 [2M + Na]+ (calc.: 1645.017).

fac-[Re(NPhF)Cl3(PPh3)(CNp-FAr
DarF2)] (11). Recrystallization

from acetonitrile. Blue blocks. Yield: 82 mg, 67%. Elemental
analysis: calc.: C: 46.7, H: 2.3, N: 2.3%. Found: C: 47.2, H: 2.3,
N: 2.2%. IR (cm−1): 2158 (s, νNuC).

1H NMR (acetone-d6, ppm):
δ = 8.22 (s, 4H), 7.76 (s, 2H), 7.73 (d, 3J (1H, 19F) = 8 Hz, 2H),
7.49 (mc, 9H), 7.35 (mc, 3H,), 7.22 (mc, 6H), 6.75 (mc, 2H), 6.62
(mc, 2H). 19F NMR (acetone-d6, ppm): δ = −62.6 (s, 12F),
−103.1 (mc, 1F), −109.9 (t, 3J (19F,1H) = 8 Hz, 1F). 13C{1H} NMR
(acetone-d6, ppm): δ = 163.42 (d, 1J (13C,19F) = 260 Hz), 163.31
(d, 1J (13C,19F) = 260 Hz), 150.41, 148.13, 139.71 (d, J = 10 Hz),
138.30, 135.12 (d, J (13C,31P) = 10 Hz), 133.88 (d, 1J (13C,31P) =
52 Hz), 132.46 (q, 2J (13C,19F) = 33 Hz), 131.78, 131.14, 128.92
(d, J (13C,31P) = 10 Hz), 128.62 (d, 3J (13C,19F) = 10 Hz), 124.00
(q, 1J (13C,19F) = 260 Hz), 123.77, 119.98, 119.04 (d, 2J (13C,19F) =
26 Hz), 117.61 (d, 2J (13C,19F) = 26 Hz). ESI + MS: m/z =
1231.015 [M + Na]+ (calc.: 1231.020), 1246.989 [M + K]+ (calc.:
1246.995), 2441.037 [2M + Na]+ (calc.: 2441.043), 2457.010 [2M
+ K]+ (calc.: 2457.017).

fac-[Re(NPhF)(PPh3)Cl3(CNPh
pF)] (12). Recrystallization from

CH2Cl2/n-pentane. Green trapezoids. Yield: 60 mg, 76%.
Elemental analysis: calc.: C: 47.4, H: 3.0, N: 3.6%. Found: C:
47.5, H: 3.1, N: 3.6%. IR (cm−1): 2173 (vs, νNuC).

1H NMR
(CD2Cl2, ppm): δ = 7.80 (mc, 6H), 7.39 (mc, 9H), 7.18 (mc, 2H),
7.08 (mc, 2H), 7.03 (mc, 2H), 6.85 (mc, 2H). 19F NMR (CD2Cl2,
ppm): δ = −101.4 (mc, 1F), −106.9 (mc, 1F). 13C{1H} NMR
(CD2Cl2, ppm): δ = 164.12 (d, (1J (13C–19F) = 260 Hz), 163.17 (d,
(1J (13C–19F) = 260 Hz), 150.98, 140.81, 134.93 (d, J (13C–31P) = 8
Hz), 133.16 (d, 1J (13C–31P) = 54 Hz), 131.87, 129.49 (d,
3J (13C–19F) = 10 Hz), 129.05 (d, J (13C–31P) = 10 Hz), 127.65 (d,
3J (13C–19F) = 10 Hz), 122.79, 117.70 (d, 2J (13C–19F) = 25 Hz),
117.17 (d, 2J (13C–19F) = 25 Hz). ESI + MS: m/z = 806.990 [M +
Na]+ (calc.: 807.008), 822.964 [M + K]+ (calc.: 822.983),
1590.993 [2M + Na]+ (calc.: 1591.028), 1607.002 [2M + K]+

(calc.: 1606.966).
fac-[Re(NPhF)Cl3(CNAr

Mes2)2] (7). [Re(NPhF)Cl3(PPh3)2] (1)
(92 mg, 0.1 mmol) was suspended in toluene (10 mL) and
CNArMes2 (68 mg, 0.2 mmol) was added to it. The mixture was
heated under reflux and the progress of the reaction was moni-
tored by 19F NMR. The solution became blue and homo-
geneous upon heating. After three hours, the complete starting
material was consumed. Volatiles were removed under reduced
pressure and the resulting blue solid was resuspended in
n-pentane, filtered and washed with more n-pentane. Blue

needles suitable for X-ray diffraction were obtained by slow
evaporation of the toluene solution at 5 °C. Yield: 18 mg, 17%.
Elemental analysis: calc.: C: 62.2, H: 5.0, N: 3.9%. Found: C:
62.4, H: 5.1, N: 3.9%. IR (cm−1): 2192 (s, νCuN), 2163 (s, νCuN).
1H NMR (CD2Cl2, ppm): δ = 7.52 (dd, 3J (1H,1H) = 8 Hz, 2H),
7.27 (d, 3J (1H,1H) = 8 Hz, 4H), 7.85 (dd, 3J (1H,1H) = 8 Hz, 2H),
6.83 (s, 4H), 6.74 (s, 4H), 6.43(mc, 2H), 2.22 (s, 12H), 2.01 (s,
12H), 1.98 (s, 12H). 19F NMR (CD2Cl2, ppm): δ = −101.1 (mc).
13C{1H} NMR (CD2Cl2, ppm): δ = 163.39 (d, 1J (13C,19F) = 260
Hz), 150.20 (br. S), 140.13, 138.08, 136.17 (d, 3J (13C,19F) = 14
Hz), 135.21, 133.13, 131.61, 130.27, 128.89, 128.72, 128.58 (d,
4J (13C,19F) = 9 Hz), 125.03, 117.14 (d, 2J (13C,19F) = 24 Hz),
21.38, 20.69, 20.29. ESI + MS: m/z = 1044.3266 [M − Cl]+ (calc.:
1044.3224), 1102.2871 [M + Na]+ (calc.: 1102.2850), 2183.5903
[2M + Na]+ (calc.: 2183.5718).

mer-[Re(NPhF)Cl3(CNAr
Dipp2)2] (8). [Re(NPhF)Cl3(PPh3)2] (1)

(92 mg, 0.1 mmol) was suspended in toluene (4 mL) and
CNArDipp2 (128 mg, 0.3 mmol) was added to it. The mixture
was heated under reflux and the progress of the reaction was
monitored by 19F NMR. After 4 h, the starting complex was
completely consumed. The volatiles were removed under
reduced pressure and the obtained blue solid was suspended
in n-pentane, filtered off, and washed with further n-pentane.
Blue single crystals suitable for X-ray diffraction were obtained
from CH2Cl2/toluene. Yield: 46 mg, 37%. Elemental analysis:
calc.: C: 65.4, H: 6.3, N: 3.4%. Found: C: 65.4, H: 6.1, N: 3.1%.
IR (cm−1): 2170 (vs, νNuC).

1H NMR (CD2Cl2, ppm): δ = 7.47
(dd, 3J (1H,1H) = 7 Hz), 7.28 (d, 3J (1H,1H) = 8 Hz, 4H), 7.12 (dd,
3J (1H,1H) = 8 Hz), 7.06 (mc, 2H), 7.02–6.98 (m, 10H), 2.42
(hept, 3J (1H,1H) = 7 Hz), 1.05 (d, 3J (1H,1H) = 8 Hz, 24H), 1.03
(d, 3J (1H,1H) = 8 Hz, 24H). 19F NMR (CD2Cl2, ppm): δ = −103.4
(mc).

13C{1H} NMR (CD2Cl2, ppm): δ = 160.43 (d, 1J (13C,19F) =
260 Hz), 153.48, 146.77, 140.32, 133.35, 130.83, 130.17, 129.57,
125.34, 124.25 (d, 3J (13C,19F) = 10 Hz), 123.17, 117.84 (d,
2J (13C,19F) = 25 Hz), 31.54, 24.57, 24.13. ESI + MS: m/z =
1270.4715 [M + Na]+ (calc.: 1270.46951).

fac-[Re(NPhF)Cl3(PPh3)(CNAr
Tripp2)] (9). [Re(NPhF)Cl3(PPh3)2]

(1) (92 mg, 0.1 mmol) was suspended in toluene (6 mL) and
CNArTripp2 (102 mg, 0.2 mmol) dissolved in toluene (2 mL) was
added to it. The mixture was heated under reflux and the pro-
gress of the reaction was monitored by 19F NMR. After one
hour, only the resonances of the starting material and one
other compound were observed. The heating was stopped
and a few blue needles suitable for X-ray diffraction were
obtained by slow evaporation of the crude reaction mixture at
5 °C.

mer-[Re(NPhF)Cl3(CNAr
Tripp2)2] (10). [Re(NPhF)Cl3(PPh3)2]

(1) (92 mg, 0.1 mmol) was suspended in toluene (6 mL) and
CNArTripp2 (102 mg, 0.2 mmol) dissolved in toluene (2 mL) was
added to it. The mixture was heated under reflux and the pro-
gress of the reaction was monitored by 19F NMR. After 12 h,
complex 1 was nearly completely consumed. The volatiles were
removed under reduced pressure and the residue was dissolved
in diethyl ether and filtered. The solvent was removed under
reduced pressure leading to a blue powder. Blue single crystals
suitable for X-ray diffraction were obtained from diethyl ether/
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n-hexane. Yield: 116 mg, 82%. Elemental analysis: calc.: C:
67.8, H: 7.3, N: 3.0%. Found: C: 67.9, H: 7.3, N: 3.0%. IR
(cm−1): 2170 (vs, νNuC).

1H NMR (CD2Cl2, ppm): δ = 7.47 (dd,
3J (1H,1H) = 8 Hz, 2H), 7.31 (d, 3J (1H,1H) = 8 Hz, 4H), 7.07 (mc,
2H), 6.93 (s, 8H), 6.86 (mc, 2H), 2.82 (h, 3J (1H,1H) = 7 Hz, 4H),
2.38 (h, 3J (1H,1H) = 7 Hz, 8H), 1.28 (d, 3J (1H,1H) = 8 Hz, 24H),
1.02 (d, 3J (1H,1H) = 8 Hz, 24H), 0.95 (d, 3J (1H,1H) = 8 Hz, 24H).
19F NMR (CD2Cl2, ppm): δ = −104.1 (mc).

13C{1H} NMR
(CD2Cl2, ppm): δ = 160.43 (d, 1J (13C,19F) = 260 Hz), 153.96,
149.74, 146.40, 141.49, 131.18, 130.76, 130.46, 126.09, 123.59
(d, 3J (13C,19F) = 10 Hz), 121.75, 117.52 (d, 2J (13C,19F) = 24 Hz),
34.99, 31.67, 24.91, 24.53, 24.09. ESI + MS: m/z = 1438.644 [M +
Na]+ (calc.: 1436.657), 1454.618 [M + K]+ (calc.: 1454.631).

Conclusions

The results of the present study may demonstrate that the use
of fluorine-substituted ligand systems can have a number of
benefits apart from their use in pharmaceutical approaches,
but also for fundamental chemical studies. (1) The introduc-
tion of the fluorine or CF3 substituent modulates the solubility
e.g. of the starting materials, (2) reactions with diamagnetic
compounds can readily be monitored (and thus optimized) by
means of 19F NMR, (3) the use of a peripheral m,m′-(CF3)2Ar
group is a suitable instrument to control the steric bulk of
ligand systems and (4) fluorine substituents are well suitable
to control the electronic properties of ligand systems.
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Crystallographic data 
 
The intensities for the X ray determinations were collected on STOE IPDS 2T with Mo K  radiation. The 
space groups were determined by the detection of systematical absences. Absorption corrections were 
carried out by integration methods.1 Structure solution and refinement were performed with the SHELX 
program package.2,3 Hydrogen atoms were derived from the final Fourier maps and refined or placed at 

molecular structures was done using the program DIAMOND 4.2.2.4  
Additional information on the structure determinations has been deposited with the Cambridge 
Crystallographic Data Centre. 

 

 

Table S1: Crystallographic data and data collection parameters 

 [Re(NPhF)Cl3(PPh3)(CNtBu)]  

(2) 

[Re(NPhF)Cl3(PPh3)(CNPh)] 

(3) 

[Re(NPhF)Cl3(PPh3) 

(CNPhi-prop2)] (4) 

Empirical formula C29H28Cl3FN2PRe C31H24Cl3FN2PRe C37H36Cl3FN2PRe 

Formula weight 747.05 767.04 851.20 

Temperature/K 200.0 100.0 200 

Crystal system triclinic monoclinic monoclinic 

Space group  P21/c P21/c 

a/Å 10.2945(6) 12.4219(9) 18.349(4) 

b/Å 14.5070(8) 11.5944(8) 10.552(2) 

c/Å 21.6560(1) 20.6804(2) 19.299(4) 

 70.369(4) 90 90 

 83.840(5) 106.880(3) 99.46(3) 

 89.494(5) 90 90 

Volume/Å3 3027.3(3) 2850.2(4) 3686.1(1) 

Z 4 4 4 

calcg / cm3 1.639 1.788 1.534 
-1 4.358 4.632 3.590 

F(000) 1464.0 1496.0 1688.0 

Crystal size / mm3 0.28 × 0.17 × 0.08 0.21 × 0.18 × 0.04 0.58 × 0.35 × 0.13 

Radiation    

2  range for data collection/° 6.69 to 52.154 4.528 to 54.274 6.702 to 51.998 

Index ranges - -  

-  

- -  

-  

- - -

 

Reflections collected 25804 49900 26788 

Independent reflections 11870 [Rint = 0.0368, Rsigma = 

0.0481] 

6252 [Rint = 0.0354, Rsigma = 

0.0196] 

7171 [Rint = 0.0401, Rsigma = 

0.0309] 

Data/restraints/parameters 11870/0/667 6252/0/352 7171/500/410 

Goodness-of-fit on F2 0.888 1.141 0.979 

Final R indexes [I>=2  (I)] R1 = 0.0235, wR2 = 0.0411 R1 = 0.0268, wR2 = 0.0564 R1 = 0.0252, wR2 = 0.0541 

Final R indexes [all data] R1 = 0.0413, wR2 = 0.0439 R1 = 0.0288, wR2 = 0.0571 R1 = 0.0358, wR2 = 0.0565 

Largest diff. peak/hole / 

e Å-3 

0.53/-0.78 2.53/-1.21 0.57/-0.97 

Flack    

Diffractometer IPDS 2T D8 Venture IPDS 2T 

CCDC access code 2236802 2236803 2236804 

120



S7 
 

Table S1 (continued): Crystallographic data and data collection parameters. 

 

 

 [Re(NPhF)Cl3(PPh3)(CNMes)] 

(5) 

[Re(NPhF)Cl3(PPh3)(CNPhpNO2)] 

(6) 

[Re(NPhF)Cl3(CNArMes2)2] 

x 1.5 toluene (7) 

Empirical formula C34H30Cl3FN2PRe  C31H23Cl3FN3O2PRe  C66.5H66Cl3FN3Re  

Formula weight 809.12  812.04  1218.77  

Temperature/K 200  200  200.0  

Crystal system monoclinic  monoclinic  triclinic  

Space group P21/n  P21/c   

a/Å 9.6268(7)  9.0634(2)  12.5541(7)  

b/Å 20.7312(1)  25.461(5)  13.5237(7)  

c/Å 16.4187(1)  13.352(3)  20.8711(1)  

 90  90  77.386(4)  

 100.002(5)  99.20(3)  86.283(4)  

 90  90  64.117(4)  

Volume / Å3 3227.0(3)  3041.4(11)  3109.2(3)  

Z 4  4  2  

calc g/cm3 1.665  1.773  1.302  
-1 4.096  4.352  2.118  

F(000) 1592.0  1584.0  1242  

Crystal size / mm3 0.31 × 0.143 × 0.02  0.33 × 0.157 × 0.03  0.3 × 0.2 × 0.2  

Radiation    

2  range for data collection/° 6.636 to 51.996  6.618 to 52  6.672 to 51.998  

Index ranges - -  

-  

- - -

 

- -

16, -  

Reflections collected 18114  17337  25031  

Independent reflections 6313 [Rint = 0.0394, Rsigma = 

0.0452]  

5953 [Rint = 0.0637, Rsigma = 

0.0749]  

12158 [Rint = 0.0674, 

Rsigma = 0.0614]  

Data/restraints/parameters 6313/0/382  5953/0/379  12158/0/578  

Goodness-of-fit on F2 0.919  0.822  0.961  

Final R indexes [I>=2  (I)] R1 = 0.0271, wR2 = 0.0470  R1 = 0.0281, wR2 = 0.0423  R1 = 0.0368, wR2 = 

0.0873  

Final R indexes [all data] R1 = 0.0458, wR2 = 0.0501  R1 = 0.0568, wR2 = 0.0459  R1 = 0.0459, wR2 = 

0.0901  

Largest diff. peak/hole /  

e Å-3 

0.54/-1.07  0.56/-0.70  1.19/-1.15  

Flack    

Diffractometer IPDS 2T IPDS 2T IPDS 2T 

CCDC access code 2236805 2236806 2236807 
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Table S1 (continued): Crystallographic data and data collection parameters. 

*The unusual space group P1 has been checked for higher symmetry by several methods, but no inversion center has been 
found. 

 

 

  

 [Re(NPhF)Cl3(CNArDipp2)2] 

(8) + 0.5 CH2Cl2 +1.25 

toluene* 

[Re(NPhF)Cl3(PPh3)(CNArTripp2)] 

(9)+ THF 

[Re(NPhF)Cl3(CNArTripp2)2] 

(10) 

Empirical formula C154.5H178Cl8F2N6Re2  C65H76Cl3FN2OPRe  C80H102Cl3FN3Re  

Formula weight 2813.02  1243.79  1417.19  

Temperature/K 100  200  200  

Crystal system triclinic  triclinic  monoclinic  

Space group P1   P21/n  

a/Å 14.706(3)  10.858(2)  24.4087(9)  

b/Å 16.346(3)  14.422(3)  25.0277(7)  

c/Å 17.419(5)  20.631(4)  28.2885(1)  

 84.392(8)  77.64(3)  90  

 82.455(9)  75.03(3)  108.962(3)  

 63.855(5)  81.35(3)  90  

Volume / Å3 3722.5(2)  3033.2(1)  16343.5(1)  

Z 1  2  8  

calc g/cm3 1.255  1.362  1.152  
-1 1.820  2.206  1.626  

F(000) 1451.0  1276.0  5904.0  

Crystal size / mm3 0.24 × 0.21 × 0.18  0.32 × 0.143 × 0.05  0.9 × 0.5 × 0.5  

Radiation    

2  range for data collection/° 4.722 to 55.978  6.73 to 52  6.618 to 52  

Index ranges - - -

 

- - -

 

- -

-  

Reflections collected 167349  25108  107340  

Independent reflections 35322 [R int = 0.0455, Rsigma = 

0.0472]  

11861 [Rint = 0.0721, Rsigma = 

0.1409]  

32003 [Rint = 0.0901, 

Rsigma = 0.1020]  

Data/restraints/parameters 35322/1904/1479  11861/0/679  32003/2108/1595  

Goodness-of-fit on F2 1.045  0.755  0.881  

Final R indexes [I>=2  (I)] R1 = 0.0396, wR2 = 0.0993  R1 = 0.0417, wR2 = 0.0551  R1 = 0.0524, wR2 = 

0.1164  

Final R indexes [all data] R1 = 0.0460, wR2 = 0.1039  R1 = 0.0810, wR2 = 0.0618  R1 = 0.1130, wR2 = 

0.1346  

Largest diff. peak/hole /  

e Å-3 

1.74/-1.49  0.69/-0.65  1.17/-1.51  

Flack 0.009(2)   

Diffractometer D8 Venture IPDS 2T IPDS 2T 

CCDC access code 2236808 2236809 2236810 
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Table S1 (continued): Crystallographic data and data collection parameters. 

 

 

  

 [Re(NPhF)Cl3(PPh3)(CNp-FArDarF2)] x 

0.5 CH2Cl2 (11) 

[Re(NPhF)Cl3(PPh3)(CNPhpF)] (12) 

Empirical formula C47H27Cl3F14N2PRe  C31H23Cl3F2N2PRe  

Formula weight 1209.22  785.03  

Temperature/K 105.0  200  

Crystal system tetragonal  monoclinic  

Space group I41/a  P21/n  

a/Å 46.9293(1)  11.170(2)  

b/Å 46.9293(1)  21.178(4)  

c/Å 8.3649(2)  12.895(3)  

 90  90  

 90  103.82(3)  

 90  90  

Volume / Å3 18422.5(9)  2962.1(1)  

Z 16  4  

calc g/cm3 1.744  1.760  
-1 7.935  4.464  

F(000) 9440.0  1528.0  

Crystal size / mm3 0.15 × 0.1 × 0.08  0.21 × 0.07 × 0.027  

Radiation   

2  range for data collection/° 5.326 to 133.24  6.626 to 52.016  

Index ranges - - -  - - -  

Reflections collected 173200  17347  

Independent reflections 8121 [Rint = 0.0672, Rsigma = 0.0185]  5800 [Rint = 0.0596, Rsigma = 0.0714]  

Data/restraints/parameters 8121/6/633  5800/0/362  

Goodness-of-fit on F2 1.030  0.886  

Final R indexes [I>=2  (I)] R1 = 0.0287, wR2 = 0.0703  R1 = 0.0358, wR2 = 0.0597  

Final R indexes [all data] R1 = 0.0332, wR2 = 0.0734  R1 = 0.0663, wR2 = 0.0652  

Largest diff. peak/hole /  

e Å-3 
1.48/-0.96  1.44/-1.26  

Flack   

Diffractometer D8 Venture IPDS 2T 

CCDC access code 2236811 2236812 
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Figure S1: Ellipsoid representation of [Re(NPhF)Cl3(PPh3)(CNtBu)] (2). The thermal ellipsoids are set 
at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

Table S2A: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNtBu)]  (2). 
Re1-Cl2 2.4252(10) 

 

P1-C21 1.812(4) 
 

Re1-Cl3 2.4252(10) 
 

Re1-Cl1 2.3994(9) 
 

P1-C27 1.829(3) 
 

Re1-N10 1.715(3) 
 

Re1-P1 2.4593(9) 
 

P1-C33 1.830(3) 
 

Re1-C1 2.020(4) 
 

N10-C11 1.391(4) 
 

C1-N1 1.151(5) 
 

N1-C17 1.458(5) 
 

Cl2-Re1-Cl1 91.91(3) 
 

Cl1-Re1-P1 84.47(3) 
 

C11-N10-Re1 164.4(3) 
 

Cl2-Re1-P1 92.38(3) 
 

Cl1-Re1-Cl3 89.43(4) 
 

C1-Re1-P1 94.61(11) 
 

Cl2-Re1-Cl3 86.06(4) 
 

Cl3-Re1-P1 173.65(3) 
 

N1-C1-Re1 172.9(3) 
 

C1-Re1-Cl2 169.35(10) 
 

C1-Re1-Cl1 80.79(9) 
 

C1-N1-C17 175.7(4) 
 

 

Table S2B: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNtBu)]  (2). 

Re2-Cl5 2.3887(9) P2-C45 1.841(4) Re2-Cl6 2.4144(9) 

Re2-Cl4 2.4276(8) P2-C51 1.816(3) Re2-N20 1.715(3) 

Re2-P2 2.4473(9) P2-C57 1.818(3) Re2-C2 2.045(4) 

N20-C39 1.382(4) C2-N2 1.146(5) N2-C7 1.463(5) 

Cl4-Re2-Cl5 92.15(3) Cl4-Re2-P2 82.98(3) C39-N20-Re2 166.7(2) 

Cl5-Re2-P2 88.41(3) Cl4-Re2-Cl6 87.77(3) C2-Re2-P2 97.1(1) 

Cl5-Re2-Cl6 85.87(3) Cl6-Re2-P2 168.93(3) N2-C2-Re2 173.8(3) 

C2-Re2-Cl5 167.96(1) 
 

C2-Re2-Cl4 78.03(1) 
 

C2-N2-C7 167.6(4) 
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Figure S2: Ellipsoid representation of [Re(NPhF)Cl3(PPh3)(CNPh)] (3). The thermal ellipsoids are set 
at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

Table S3: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNPh)] (3). 
Re1-Cl2 2.3921(9) 

 

P1-C23 1.819(4) 
 

Re1-Cl3 2.4254(9) 
 

Re1-Cl1 2.4097(9) 
 

P1-C29 1.828(4) 
 

Re1-N10 1.730(3) 
 

Re1-P1 2.4539(9) 
 

P1-C35 1.830(4) 
 

Re1-C1 2.029(4) 
 

N10-C11 1.378(4) 
 

C1-N1 1.165(5) 
 

N1-C17 1.397(5) 
 

Cl2-Re1-Cl1 92.29(3) 
 

Cl1-Re1-P1 84.40(3) 
 

C11-N10-Re1 168.7(3) 
 

Cl2-Re1-P1 90.63(3) 
 

Cl1-Re1-Cl3 87.00(3) 
 

C1-Re1-P1 91.74(1) 
 

Cl2-Re1-Cl3 85.46(3) 
 

Cl3-Re1-P1 170.41(3) 
 

N1-C1-Re1 177.7(3) 
 

C1-Re1-Cl2 169.85(10) 
 

C1-Re1-Cl1 91.74(10) 
 

C1-N1-C17 177.7(4) 
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Figure S3: Ellipsoid representation of [Re(NPhF)Cl3(PPh3)(CNPhi-prop2)] (4). The thermal ellipsoids are 
set at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

Table S4: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNPhi-prop2)] (4). 
Re1-Cl2 2.3946(1) 

 

P1-C29 1.832(3) 
 

Re1-Cl3 2.4144(10) 
 

Re1-Cl1 2.4294(9) 
 

P1-C35 1.821(3) 
 

Re1-N10 1.722(3) 
 

Re1-P1 2.4476(9) 
 

P1-C41 1.823(3) 
 

Re1-C1 2.023(3) 
 

N10-C11 1.385(4) 
 

C1-N1 1.147(4) 
 

N1-C17 1.404(4) 
 

Cl2-Re1-Cl1 93.93(4) 
 

Cl1-Re1-P1 79.36(3) 
 

C11-N10-Re1 172.1(2) 
 

Cl2-Re1-P1 89.44(4) 
 

Cl1-Re1-Cl3 86.88(4) 
 

C1-Re1-P1 97.52(10) 
 

Cl2-Re1-Cl3 86.71(4) 
 

Cl3-Re1-P1 165.42(3) N1-C1-Re1 170.6(3) 

C1-Re1-Cl2 169.54(9) 
 

C1-Re1-Cl1 79.78(9) 
 

C1-N1-C17 172.6(3) 
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Figure S4: Ellipsoid representation of [Re(NPhF)Cl3(PPh3)(CNMes)] (5). The thermal ellipsoids are set 
at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

Table S5: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNMes)] (5). 
Re1-Cl2 2.4034(1) 

 

P1-C26 1.828(4) 
 

Re1-Cl3 2.4345(9) 
 

Re1-Cl1 2.3957(1) 
 

P1-C32 1.815(4) 
 

Re1-N10 1.712(3) 
 

Re1-P1 2.4631(1) 
 

P1-C38 1.828(4) 
 

Re1-C1 2.030(4) 
 

N10-C11 1.399(5) 
 

C1-N1 1.151(5) 
 

N1-C17 1.404(5) 
 

Cl2-Re1-Cl1 92.88(4) 
 

Cl1-Re1-P1 85.04(3) 
 

C11-N10-Re1 166.0(3) 
 

Cl2-Re1-P1 88.75(3) 
 

Cl1-Re1-Cl3 88.05(4) 
 

C1-Re1-P1 92.00(11) 
 

Cl2-Re1-Cl3 86.53(4) 
 

Cl3-Re1-P1 171.42(3) 
 

N1-C1-Re1 176.9(3) 
 

C1-Re1-Cl2 173.33(1) 
 

C1-Re1-Cl1 80.58(11) 
 

C1-N1-C17 174.1(4) 
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Figure S5: Ellipsoid representation of [Re(NPhF)Cl3(PPh3)(CNPhpNO2)] (6). The thermal ellipsoids are 
set at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

Table S6: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNPhpNO2)] (6). 
Re1-Cl2 2.3967(1) 

 

P1-C23 1.827(4) 
 

Re1-Cl3 2.4203(13) 
 

Re1-Cl1 2.4282(1) 
 

P1-C29 1.801(4) 
 

Re1-N10 1.712(3) 
 

Re1-P1 2.4537(1) 
 

P1-C35 1.834(4) 
 

Re1-C1 2.021(5) 
 

N10-C11 1.390(5) 
 

C1-N1 1.162(6) 
 

N1-C17 1.397(6) 
 

Cl2-Re1-Cl1 94.32(4) 
 

Cl1-Re1-P1 82.76(4) 
 

C11-N10-Re1 171.1(3) 
 

Cl2-Re1-P1 88.88(4) 
 

Cl1-Re1-Cl3 86.30(4) 
 

C1-Re1-P1 93.47(14) 
 

Cl2-Re1-Cl3 86.92(4) 
 

Cl3-Re1-P1 167.95(3) 
 

N1-C1-Re1 176.6(4) 
 

C1-Re1-Cl2 171.69(1) 
 

C1-Re1-Cl1 78.09(13) 
 

C1-N1-C17 178.2(5) 
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Figure S6: Ellipsoid representation of [Re(NPhF)Cl3(CNArMes2)2] (7). The thermal ellipsoids are set at a 
50% probability level. Hydrogen atoms are omitted for clarity. 

 

 

 

Table S7: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(CNArMes2)2] (7). 
Re1-Cl2 2.3855(1) N1-C1 1.140(5) Re1-Cl3 2.3783(1) 

Re1-Cl1 2.4001(1) N2-C40 1.399(5) Re1-N10 1.724(3) 

C2-N2 1.149(5) Re1-C2 2.034(4) Re1-C1 2.043(4) 

N10-C11 1.363(5) N1-C17 1.395(5) N2-C2 1.149(5) 

Cl2-Re1-Cl1 89.12(5) Cl1-Re1-C2 80.13(1) C11-N10-Re1 173.0(3) 

Cl2-Re1-C2 167.75(1) Cl2-Re1-Cl3 87.59(5) C1-Re1-C2 96.89(2) 

Cl1-Re1-Cl3 90.24(5) N2-C2-Re1 174.2(4) N1-C1-Re1 176.6(3) 

C1-Re1-Cl2 86.88(1) C1-Re1-Cl1 79.77(1) C1-N1-C17 174.7(4) 
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Figure S7A: Ellipsoid representation of [Re(NPhF)Cl3(CNArDipp2)2] 1.25 toluene 1/2 CH2Cl2 (8), species 
1. The thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for clarity. One 
of the crystallographically independent species (see labelled compound) shows unusually large 
ellipsoids for Cl1 and Cl3. This is mainly due to packing effects and have not been constrained by EADP 
instructions.  
 

Table S8A: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(CNArDipp2)2] 
CH2Cl2 (8), species 1. 
Re1-Cl2 2.392(2) 

 

N1-C1 1.142(8) 
 

Re1-Cl3 2.383(2) 
 

Re1-Cl1 2.367(3) 
 

N2-C46 1.412(8) 
 

Re1-N10 1.728(7) 
 

C2-N2 1.155(9) 
 

Re1-C2 2.056(7) 
 

Re1-C1 2.075(6) 
 

N10-C11 1.373(1) N1-C17 1.394(7) 
 

N2-C2 1.155(9) 
 

Cl2-Re1-Cl1 86.01(12) 
 

Cl1-Re1-C2 86.5(2) 
 

C11-N10-Re1 177.3(5) 
 

Cl2-Re1-C2 91.2(2) 
 

Cl2-Re1-Cl3 173.66(2) 
 

C1-Re1-C2 172.3(3) 
 

Cl1-Re1-Cl3 87.68(2) 
 

N2-C2-Re1 176.5(7) 
 

N1-C1-Re1 179.0(7) 
 

C1-Re1-Cl2 90.29(19) 
 

C1-Re1-Cl1 86.0(2) 
 

C1-N1-C17 176.8(6) 
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Figure S7B: Ellipsoid representation of [Re(NPhF)Cl3(CNArDipp2)2] 2Cl2 (8), species 
2. The thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

Table S8B: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(CNArDipp2)2

CH2Cl2 (8), species 2. 
Re2-Cl4 2.4267(2) N5-C76 1.145(8) Re2-Cl6 2.3975(2) 

Re2-Cl5 2.3801(2) N6-C106 1.415(8) Re2-N4 1.722(6) 

C106-N6 1.160(9) Re2-C106 2.055(7) Re2-C75 2.066(6) 

N6-C107 1.409(9) N4-C69 1.370(9) N5-C75 1.151(8) 

C75-Re2-Cl5 85.66(2) Cl4-Re2-C106 94.1(3) C69-N4-Re2 171.5(6) 

Cl5-Re2-C106 86.0(2) Cl5-Re2-Cl6 87.54(7) C106-Re2-C75 171.6(3) 

Cl4-Re2-Cl6 172.88(7) N6-C106-Re2 178.3(6) N5-C75-Re2 178.2(6) 

C75-Re2-Cl5 85.66(2) C106-Re2-Cl4 89.63(2) C75-N5-C76 177.5(&) 
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Figure S8: Ellipsoid representation of [Re(NPhF)Cl3(PPh3)(CNArTripp2 9). The thermal ellipsoids 
are set at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

Table S9: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNArTripp2 9). 
Re1-Cl2 2.3958(1) P1-C53 1.824(5) 

 

Re1-Cl3 2.4173(2) 

Re1-Cl1 2.3771(2) P1-C59 1.823(5) 
 

Re1-N10 1.711(4) 
 

Re1-P1 2.4602 (2) P1-C65 1.805(5) 
 

Re1-C1 2.027(5) 
 

N10-C11 1.409(6) 
 

C1-N1 1.167(5) 
 

N1-C17 1.405(5) 
 

Cl2-Re1-Cl1 86.17(5) 
 

Cl1-Re1-P1 86.23(5) 
 

C11-N10-Re1 168.7(3) 
 

Cl2-Re1-P1 86.17(5) 
 

Cl1-Re1-Cl3 87.59(5) 
 

C1-Re1-P1 100.96(14) 
 

Cl2-Re1-Cl3 86.56(5) 
 

Cl3-Re1-P1 170.35(5) 
 

N1-C1-Re1 170.4(4) 
 

C1-Re1-Cl2 166.31(14) 
 

C1-Re1-Cl1 77.82(14) 
 

C1-N1-C17 164.9(5) 
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Figure S9A: Ellipsoid representation of [Re(NPhF)Cl3(CNArTripp2)2] (10), species 1. The thermal 
ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

 

Table S10A: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(CNArTripp2)2] (10), species 1. 
Re1-Cl2 2.417(2) N1-C1 1.135(7) Re1-Cl3 2.3972(2) 

Re1-Cl1 2.3627(2) N2-C53 1.412(6) Re1-N10 1.698(6) 

C2-N2 1.139(7) Re1-C2 2.084(6) Re1-C1 2.093(6) 

N10-C11 1.397(8) N1-C17  1.408(7)   

Cl2-Re1-Cl1 85.81(8) Cl1-Re1-C2 86.25(2) 
 

C11-N10-Re1 177.1(5) 
 

Cl2-Re1-C2 93.07(2) Cl2-Re1-Cl3 171.09(9) C1-Re1-C2 173.9(2) 
 

Cl1-Re1-Cl3 85.32(7) 
 

N2-C2-Re1 177.3(6) 
 

N1-C1-Re1 177.3(6) 
 

C1-Re1-Cl2 89.32(19) 
 

C1-Re1-Cl1 88.38(2) 
 

C1-N1-C17 178.4(7) 
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Figure S9B: Ellipsoid representation of [Re(NPhF)Cl3(CNArTripp2)2] (10), species 2. The thermal 
ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

Table S10B: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(CNArTripp2)2] (10), species 2. 
Re2-Cl5 2.4016(2) N3-C3 1.135(7) Re2-Cl6 2.4016(2) 

Re2-Cl4 2.3609(2) N3-C97 1.397(7) Re2-N20 1.711(5) 

C4-N4 1.148(7) Re2-C4 2.076(6) Re2-C3 2.090(6) 

N20-C91 1.376(8) N3-C97  1.397(7)   

C4-Re2-Cl4 84.67(2) Cl4-Re2-C4 84.67(2) C91-N20-Re2 178.7(5) 

Cl5-Re2-C4 88.52(2) Cl5-Re2-Cl6 173.17(9) C3-Re2-C4 170.8(2) 

Cl4-Re2-Cl6 86.17(9) N4-C4-Re2 179.5(7) N3-C3-Re2 175.4(5) 

C3-Re2-Cl5 92.44(2) C3-Re2-Cl4 86.23(2) C4-N4-C134 177.2(6) 
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Figure S10: Ellipsoid representation of [Re(NPhF)Cl3(PPh3)(CNp-FArDarF2)] (11). The thermal ellipsoids 
are set at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

 

Table S11: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNp-FArDarF2)] (11). 
Re1-Cl2 2.4013(8) 

 

P1-C39 1.816(3) 
 

Re1-Cl3 2.3879(8) 
 

Re1-Cl1 2.4253(7) 
 

P1-C45 1.835(3) 
 

Re1-N10 1.721(3) 
 

Re1-P1 2.4494(8) 
 

P1-C51 1.822(3) 
 

Re1-C1 2.022(3) 
 

N10-C11 1.380(4) 
 

C1-N1 1.151(4) 
 

N1-C17 1.393(4) 
 

Cl2-Re1-Cl1 94.67(3) 
 

Cl1-Re1-P1 79.30(3) 
 

C11-N10-Re1 170.4(2) 
 

Cl2-Re1-P1 89.00(3) 
 

Cl1-Re1-Cl3 86.86(3) 
 

C1-Re1-P1 96.37(8) 
 

Cl2-Re1-Cl3 86.10(3) 
 

Cl3-Re1-P1 164.88(3) 
 

N1-C1-Re1 174.6(3) 
 

C1-Re1-Cl2 169.98(9) 
 

C1-Re1-Cl1 78.10(8) 
 

C1-N1-C17 172.2(3) 
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Figure S11: Ellipsoid representation of [Re(NPhF)Cl3(PPh3)(CNPhpF)] (12). The thermal ellipsoids are 
set at a 50% probability level. Hydrogen atoms are omitted for clarity. 
 

 

 

Table S12: Selected bond lengths (Å) and angles (°) in [Re(NPhF)Cl3(PPh3)(CNPhpF)] (12). 
Re1-Cl2 2.407(2) 

 
P1-C23 1.832(5) Re1-Cl3 2.4129(2) 

Re1-Cl1 2.437(2) 
 

P1-C35 1.822(5) 
 

Re1-N10 1.705(4) 
 

Re1-P1 2.470(2) 
 

P1-C29 1.833(5) 
 

Re1-C1 2.024(6) 
 

N10-C11 1.395(7) 
 

C1-N1 1.156(7) N1-C17 1.396(7) 
 

Cl2-Re1-Cl1 89.91(5) 
 

Cl1-Re1-P1 81.81(5) 
 

C11-N10-Re1 172.9(4) 
 

Cl2-Re1-P1 93.14(5) 
 

Cl1-Re1-Cl3 88.81(6) 
 

C1-Re1-P1 91.33(16) 
 

Cl2-Re1-Cl3 86.95(6) 
 

Cl3-Re1-P1 170.62(5) 
 

N1-C1-Re1 176.9(5) 
 

C1-Re1-Cl2 169.89(16) 
 

C1-Re1-Cl1 81.75(16) 
 

C1-N1-C17 173.0(6) 
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Spectroscopic data and mass spectrometry 

 

Figure S12: IR (ATR) spectrum of [Re(NPhF)Cl3(PPh3)(CNtBu)] (2). 
 

 

 

 

Figure S13: 1H NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNtBu)] (2) in CD2Cl2.  
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Figure S14: 19F NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNtBu)] (2) in CD2Cl2.  
 

 

 

Figure S15: 13C{1H} NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNtBu)] (2) in CD2Cl2. 
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Figure S16: ESI+ mass spectrum of [Re(NPhF)Cl3(PPh3)(CNtBu)] (2) in MeCN. 
 

 

 

Figure S17: IR (ATR) spectrum of [Re(NPhF)Cl3(PPh3)(CNPh)] (3). 
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Figure S18: ESI+ mass spectrum of [Re(NPhF)Cl3(PPh3)(CNPh)] (3) in MeCN. 
 

 

 

 

Figure S19: IR (ATR) spectrum of [Re(NPhF)Cl3(PPh3)(CNPhi-prop2)] (3). 
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Figure S20: 1H NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNPhi-prop2)] (4) in CD2Cl2.  
 

 

 

 

Figure S21: 19F NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNPhi-prop2)] (4) in CD2Cl2.  
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Figure S22: 13C{1H} NMR of [Re(NPhF)Cl3(PPh3)(CNPhi-prop2)] (4) in CD2Cl2. 
 

 

 

 

Figure S23: ESI+ mass spectrum of [Re(NPhF)Cl3(PPh3)(CNPhi-prop2)] (4) in MeCN. 
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Figure S24: IR (ATR) spectrum of [Re(NPhF)Cl3(PPh3)(CNMes)] (5). 
 

 

 

 

Figure S25: 1H NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNMes)] (5) in CD2Cl2 shortly after dissolution. 
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Figure S26: 19F NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNMes)] (5) in CD2Cl2 shortly after 
dissolution. 
 

 

 

 

Figure S27: ESI+ mass spectrum of [Re(NPhF)Cl3(PPh3)(CNMes)] (5) in MeCN. 
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Figure S28: IR (ATR) spectrum of [Re(NPhF)Cl3(PPh3)(CNPhpNO2)] (6). 
 

 

 

Figure S29: 1H NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNPhpNO2)] (6) in CD2Cl2 shortly after 
dissolution. 
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Figure S30: 19F NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNPhpNO2)] (6) in CD2Cl2 shortly after 
dissolution. 
 

 

 

 

Figure S31: ESI+ mass spectrum of [Re(NPhF)Cl3(PPh3)(CNPhpNO2)] (6) in MeCN. 
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Figure S32: IR (ATR) spectrum of [Re(NPhF)Cl3(CNArMes2)2] (7). 
 

 

 

 

Figure S33: 1H NMR spectrum of [Re(NPhF)Cl3(CNArMes2)2] (7) in CD2Cl2.  
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Figure S34: 19F NMR spectrum of [Re(NPhF)Cl3(CNArMes2)2] (7) in CD2Cl2.  
 

 

 

 

Figure S35: 13C{1H} NMR spectrum of [Re(NPhF)Cl3(CNArMes2)2] (7) in CD2Cl2.  
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Figure S36: ESI+ mass spectrum of [Re(NPhF)Cl3(CNArMes2)2] (7) in MeCN. 
 

 

 

Figure S37: IR (ATR) spectrum of [Re(NPhF)Cl3(CNArDipp2)2] (8). 
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Figure S38: 1H NMR spectrum of [Re(NPhF)Cl3(CNArDipp2)2] (8) in CD2Cl2. 
 

 

 

 

Figure S39: 19F NMR spectrum of [Re(NPhF)Cl3(CNArDipp2)2] (8) in CD2Cl2.  
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Figure S40: 13C{1H} NMR spectrum of [Re(NPhF)Cl3(CNArDipp2)2] (8) in CD2Cl2.  
 

 

 

 

Figure S41: ESI+ mass spectrum of [Re(NPhF)Cl3(CNArDipp2)2] (8) in MeCN.  
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Figure S42: IR (ATR) spectrum of [Re(NPhF)Cl3(CNArTripp2)2 
 

 

 

Figure S43: 1H NMR spectrum of [Re(NPhF)Cl3(CNArTripp2)2] (10) in CD2Cl2.  
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Figure S44: 19F NMR spectrum of [Re(NPhF)Cl3(CNArTripp2)2] (10) in CD2Cl2.  
 

 

 

 

Figure S45: 13C{1H} NMR spectrum of [Re(NPhF)Cl3(CNArTripp2)2] (10) in CD2Cl2.  
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Figure S46: ESI+ mass spectrum of [Re(NPhF)Cl3(CNArTripp2)2] (10) in MeCN. 
 

 

 

Figure S47: IR (ATR) spectrum of [Re(NPhF)Cl3(PPh3)(CNp-FArDarF2)] (11). 
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Figure S48: 1H NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNp-FArDarF2)] (11) in acetone-d6.  
 

 

 

 

Figure S49: 19F NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNp-FArDarF2)] (11) in acetone-d6.  
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Figure S50: 13C{1H} NMR spectrum of [Re(NPhF)Cl3(PPh3)(CNp-FArDarF2)] (11) in acetone-d6.  
 

 

 

 

Figure S51: ESI+ mass spectrum of [Re(NPhF)Cl3(PPh3)(CNp-FArDarF2)] in MeCN (11). 
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Figure S52: IR (ATR) spectrum of [Re(NPhF)Cl3(PPh3)(CNPhpF)] (12). 

 

 

 

Figure S53: 1H NMR of [Re(NPhF)Cl3(PPh3)(CNPhpF)] (12) in CD2Cl2. 
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Figure S54: 19F NMR of [Re(NPhF)Cl3(PPh3)(CNPhpF)] (12) in CD2Cl2. 
 

 

 

 

Figure S55: 13C{1H} NMR of [Re(NPhF)Cl3(PPh3)(CNPhpF)] (12) in CD2Cl2. 
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Figure S56: ESI+ mass spectrum of [Re(NPhF)Cl3(PPh3)(CNPhpF)] (12) in MeCN. 
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Figure S57: 19F NMR monitoring of reaction of [Re(NPhF)Cl3(PPh3)2] with CNArTripp2 in a boiling 
toluene/acetonitrile mixture (5:1). 1 was recorded after 5 minutes, 2 after 1.5 h, 3 after 3.5 h, 4 after 5 h, 
5 after 10h, 6 after 13h. As no significant different was observed between 5 and 6, the heating was not 
continued. (a: [Re(NPhF)Cl3(PPh3)2]; b: [Re(NPhF)Cl3(PPh3)(CNArTripp2)]; c: minor intermediate 
compound, probably [Re(NPhF)Cl3(PPh3)2(CNArTripp2)]; d: [Re(NPhF)Cl3(CNArTripp2)2]). 
  

160



S47 
 

Computational chemistry 
 

As a simple descriptor for the overall donor/acceptor properties of the isocyanides, we determined the 
quotient from a sum parameter containing the calculated potential energy extrema and the averaged 
potential energy on the Van der Waals surface of the carbon donor atoms (kcal/mol), and the exposed 
VdW surface area (Å2): the Surface-Averaged Donor Atom Potential (SADAP) (Equ. 1). The results for 
the isocyanides discussed in the present study are summarized in Table 2. The derived sum parameter 
corresponds to the average interaction energy of the isocyanide carbon atom with positively and 
negatively charged moieties over its entire accessible surface.5  

 

  (Equ.1) 

 

 

Table S13. Calculated electrostatic potential surface properties of the isocyanide carbon atom at the 
Van der Waals (VdW) boundary for structures optimized at the B3LYP/6-311++G** level. Surface 
properties were evaluated at  = 0.001 level using an electrostatic potential map basis with a grid-point 
spacing of 0.25. The last column contains the Surface-Averaged Donor Atom Potential SADAP = (EPmin 
+ EPmax + AP)/(ESpos + ESneg) as a combined descriptor of steric and electrostatic properties of the 
potential ligands, which allows an estimation of their reactivity.5 

CN-R 

 

R = 

Exposed VdW surface, 

ES (Å2) 

Extrema for potential 
energies at VdW surface, EP 

(kcal/mol) 

Average potential energies 
at VdW surface, AP 

(kcal/mol) 

Surface-averaged donor atom 
potential SADAP, (kcal/mol Å2) 

    

ESpos ESneg EPmin EPmax  overall SADAP 

 

CNArTRIPP2 0.00 22.23 -38.01 -9.31 -26.65 -3.33 

 

CNArDipp2 0.00 22.13 -37.64 -8.87 -26.04 -3.28 

 

CNPhi-prop2 0.00 25.99 -35.47 -5.16 -21.20 -2.38 

 

CNArMes2 0.00 30.10 -39.20 -7.01 -25.11 -2.37 

 

CNMes 0.00 28.89 -36.79 -6.83 -21.68 -2.26 

 

CNtBu 0.00 31.43 -39.63 -5.86 -22.00 -2.15 
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CNPh 0.05 31.28 -35.20 1.72 -18.01 -1.64 

 

CNPhp-F 1.67 29.53 -32.02 7.05 -14.10 -1.25 

 

CNPhp-NO2 6.15 24.86 -28.59 9.44 -10.27 -0.95 

 

CNp-FArDArF2 20.50 6.74 -11.49 69.07 16.88 2.73 
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The Chemistry of Phenylimidotechnetium(V) Complexes with
Isocyanides: Steric and Electronic Factors
Guilhem Claude 1, Laura Zeh 1, Maximilian Roca Jungfer 1, Adelheid Hagenbach 1 , Joshua S. Figueroa 2,*
and Ulrich Abram 1,*
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2 Department of Chemistry and Biochemistry, University of California San Diego, La Jolla, CA 92093, USA
* Correspondence: jsfig@ucsd.edu (J.S.F.); ulrich.abram@fu-berlin.de (U.A.)

Abstract: Organometallic approaches are of ongoing interest for the development of novel functional
99mTc radiopharmaceuticals, while the basic organotechnetium chemistry seems frequently to be little
explored. Thus, structural and reactivity studies with the long-lived isotope 99Tc are of permanent
interest as the foundation for further progress in the related radiopharmaceutical research with this
artificial element. Particularly the knowledge about the organometallic chemistry of high-valent
technetium compounds is scarcely developed. Here, phenylimido complexes of technetium(V) with
different isocyanides are introduced. They have been synthesized by ligand-exchange procedures
starting from [Tc(NPh)Cl3(PPh3)2]. Different reactivity patterns and products have been obtained de-
pending on the steric and electronic properties of the individual ligands. This involves the formation
of 1:1 and 1:2 exchange products of Tc(V) with the general formulae [Tc(NPh)Cl3(PPh3)(isocyanide)],
cis- or trans-[Tc(NPh)Cl3(isocyanide)2], but also the reduction in the metal and the formation of
cationic technetium(I) complex of the formula [Tc(isocyanide)6]+ when p-fluorophenyl isocyanide is
used. The products have been studied by single-crystal X-ray diffraction and spectroscopic methods,
including IR and multinuclear NMR spectroscopy. DFT calculations on the different isocyanides
allow the prediction of their reactivity towards electron-rich and electron-deficient metal centers by
means of the empirical SADAP parameter, which has been derived from the potential energy surface
of the electron density on their potentially coordinating carbon atoms.

Keywords: technetium; phenylimides; isocyanides; ligand exchange; reactivity; DFT

1. Introduction

The impressive success story of the 99mTc-Sestamibi (Cardiolite), a cationic
hexakis(isocyanide) complex of technetium(I) with the ether-substituted MIBI ligand shown
in Figure 1, dominates the chemistry of isocyanide complexes of technetium [1–4]. Thus,
many such [Tc(CNR)6]+ complexes have been isolated and tested for their biological behav-
ior [5–7]. 99mTc is a metastable nuclear isomer, which practically emits the exclusively γ

radiation of Eγ = 141 keV. Its short half-life of 6 h and the ready availability via a 99Mo/99mTc
isotope generator make this nuclide the workhorse in diagnostic nuclear medicine, with
some 40 million procedures per year. This accounts for approximately 80% of all nuclear
medical procedures and 85% of diagnostic scans in nuclear medicine worldwide [8].

The concentration of the 99mTcO4
− solutions, which are eluted from commercial

99Mo/99mTc generators, is approximately on a nanomolar level. This is a clear advantage for
the medicinal use of the prepared drugs since classical toxicity problems normally play no
role in such dilute solutions. On the other hand, structural and spectroscopic investigations,
which are important for the development and improvement of drugs, are largely prohibited
by dilution. They are commonly performed using a second isotope of technetium: the
long-lived 99Tc. 99Tc is a weak β− emitter with a low β energy (Eβmax = 0.292 MeV) and
a half-life of 2.1 × 105 years. It is available in macroscopic amounts as one of the major
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products of nuclear fission and is isolated from spent nuclear fuel solutions. Its weak β

radiation allows the handling of 99Tc compounds in milligram amounts in normal glassware,
provided that general radiation protection protocols are applied.

Alkyl and aryl isocyanides are frequently regarded as structural and electronic surro-
gates for carbonyl ligands, even when a tendency is observed to act as stronger σ-donors
and as weaker π-acceptors. Such a general description, however, is merely a rough ap-
proximation, and particularly the π-acceptor properties may be strongly influenced by
the organic substituents of the ligands. Steric effects and the formal oxidation state of the
metal ion will also influence the strength of the resulting metal–carbon bonds. Systematic
studies about this point are rare, which is related to the fact that in many papers about the
coordination chemistry of isocyanides, commercially available and stable ligands such as
tert-butyl or cyclohexyl isocyanides are favorably used [9]. A more detailed assessment
of the influence of electronic factors on the coordination behavior of highly substituted
aryl isocyanides is available for a number of chromium(0) compounds, where a special
role for aryl isocyanides with electron-withdrawing substituents was found [10]. Similar
results were derived very recently for carbonyltechnetium(I) compounds, which react with
differently substituted isocyanides in very different manners (Scheme 1) [11]. It became
evident that simple alkyl isocyanides were not able to replace carbonyl ligands, while this
was readily possible with aryl isocyanides which have a fluorine substituent in 4-position.
Steric factors give control over the degree of the achieved ligand exchange. The influence
of the substituents at the isocyanide ligands in such reactions has been reasoned with the
DFT-derived electrostatic potential at the accessible surface of the corresponding isocyanide
carbon atoms. The corresponding Surface-Averaged Donor Atom Potential (SADAP) pa-
rameter allowed predictions concerning the reactivity of the individual isocyanides with
the regarded d6 systems in a synthetic and operationally convenient way [11]. It would
now be interesting to see if the derived SADAP parameter is also suitable for electron-poor
metal centers such as technetium(V) complexes, where no or almost no back-bonding to
ligand orbitals should be expected.

 

Scheme 1. Reactions of carbonyltechnetium(I) complexes with differently substituted iso-
cyanides [11].

There are only a very few examples of Tc(V) isocyanide complexes. Unlike the re-
lated rhenium compounds [12–14], oxotechnetium(V) complexes are readily reduced by
isocyanides, and corresponding complexes could not (yet) be isolated. Thus, there exist
only two nitridotechnetium(V) and phenylimidotechnetium(V) complexes with sterically
encumbered terphenyl isocyanides [15]. Particularly the phenylimido compounds are
interesting for a comparative study since the “NPh2−” ligand is isoelectronic to “O2−” but
not prone to reduction. This may allow a comparison of the reaction behavior of different
isocyanides with the {Tc(NPh)}2− core, but also between technetium and rhenium, given
that comparable rhenium complexes can also be synthesized. For both metals, there exist
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corresponding [M(NPh)Cl3(PPh3)2] complexes as potential starting materials [16,17], and
ligand-exchange procedures starting from [Tc(NPh)Cl3(PPh3)2] have been used to prepare
novel technetium(V) complexes with phosphines, dithiolenes, acetylacetones, or other
ligands [18–22].

2. Results and Discussion
2.1. The Ligands

The results obtained during reactions of tricarbonyltechnetium(I) complexes and other
metal centers with isocyanides strongly indicate that this class of ligands should not be
regarded in the same undifferentiated way as carbonyl surrogates, although a few corre-
lations between the properties of some isocyanides and their highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) have been discussed
in the past [23–26]. It has been found that electronic as well as steric effects strongly
influence their coordination capabilities [10–15,27–35]. The electronic effects can best be
described by a consideration of the electrostatic potentials located at the donor carbon
atoms. Such parameters are generally accepted as tools for an evaluation of the nucle-
ophilicity (electron-richness) or electrophilicity (electron-deficiency) of atoms or fragments
of molecules [36–38]. With the intention to apply such measures also for the estimation of
σ-donor/π-acceptor properties of isocyanides, we modeled several isocyanides by DFT cal-
culations at the B3LYP/6-311++G* level. Details of the calculations are outlined in Ref. [11].
The final self-consistent field densities were used for the construction of mappings of the
electrostatic potentials onto the density isosurfaces (MO = 0.02; ρ = 0.004). They revealed
stunning substitution-dependent differences when normalized to the potential boundaries
[e/Å3] of the intermediate donor CNMe. The corresponding electrostatic potential maps
for the isocyanides discussed in this paper are shown in Figure 1, while corresponding
maps for a large number of other isocyanides are published elsewhere [11].

Figure 1. Isocyanides discussed in the present paper together with their electrostatic potential map-
ping (MO = 0.02; ρiso = 0.004) normalized to the potential boundaries of CNMe (7.478 × 10−2 [e/Å3];
blue = positive, red = negative) [11].

Electron-deficient regions on the surface of the C ≡ N carbon atom could enable
improved π-back donation (at least when bonded to electron-rich metal ions), while electron-
rich regions on the surface of the same carbon atom would be responsible for a better
σ-donation. Steric restraints on the donor carbon atom can be partially included in such
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an approach by averaging the obtained potential energies over the accessible surface of the
potential donor atoms, which means the surface on the VdW boundary of a specific atom but
not in the VdW boundary of another atom. Thus, we calculated the electrostatic and steric
surface properties of the carbon atoms potentially involved in isocyanide-metal binding [38].
The sterically demanding isocyanides expectedly showed a less overall accessible surface
area, while the less encumbered isocyanides had a larger overall accessible carbon surface.
In a similar way, the rather electron-accepting isocyanides (partial π-acceptors) showed an
increased positive surface area at the potential donor carbon atom compared to the rather
σ-donor ligands, which had no positive surface exposure on their isocyanide carbon atom.

The charge distribution on the surface also plays a crucial role in the interplay be-
tween π-acceptance and σ-donation. We introduced a simple descriptor for the overall
donor/acceptor properties of isocyanides using the calculated potential energies (extrema
and averaged values) on the vdW surface of the C ≡ N carbon atom and the exposed VdW
surface area [11]. The resulting Surface-Averaged Donor Atom Potential (SADAP) sum
parameter (SADAP =

EPmin+EPmax+AP
ESpos+ESneg

) corresponds to the averaged interaction energy of
the C ≡ N carbon atom with positively and negatively charged moieties over the entire
accessible surface. Table 1 contains the SADAP measures for the isocyanides discussed
in the present paper, together with their components. The corresponding values of many
more isocyanides are given as Supplementary Materials.

Table 1. Calculated electrostatic potential surface properties of the isocyanide carbon atom at the
VdW boundary for structures optimized at the B3LYP/6-311++G** level. Surface properties were
evaluated at ρ = 0.001 level using an electrostatic potential map basis with a grid-point spacing of
0.25. The last column contains the surface-averaged donor atom potential SADAP = (EPmin + EPmax

+ AP)/(ESpos + ESneg) as a combined descriptor of steric and electrostatic properties of the potential
ligands, which allows an estimation of their reactivity (ES: exposed VdW surface, EP: minimum and
maximum potential energy at the VdW surface, AP: averaged potential energy at the VdW surface).

Isocyanide
Exposed VdW Surface,

ES (Å2)
Extrema for Potential Energies
at VdW Surface, EP (kcal/mol)

Average
Potential

Energies at VdW
Surface, AP
(kcal/mol)

SADAP

ESpos ESneg EPmin EPmax APoverall

CNArTripp2 0.00 22.23 −38.01 −9.31 −26.65 −3.33
CNArDipp2 0.00 22.13 −37.64 −8.87 −26.04 −3.28 1

CNPhi-prop2 0.00 25.99 −35.47 −5.16 −21.20 −2.38
CNArMes2 0.00 30.10 −39.20 −7.01 −25.11 −2.37

CNMes 0.00 28.89 −36.79 −6.83 −21.68 −2.26
CNtBu 0.00 31.43 −39.63 −5.86 −22.00 −2.15 1

CNnBu 0.00 31.58 −38.51 −5.52 −21.36 −2.07 1

MIBI 0.02 29.07 −35.96 2.30 −18.65 −1.80
CNH 0.00 31.12 −31.48 −4.62 −16.42 −1.69 1

CNPhp -F 1.67 29.53 −32.02 7.05 −14.10 −1.25 1

CNp-FArDArF2 20.50 6.74 −11.49 69.07 16.88 2.73 1

1 Value taken from Ref. [11].

For the electron-rich (d6) carbonyltechnetium(I) complexes shown in Scheme 1, the cal-
culated SADAP parameters nicely correlate with the observed reactivity of the compounds
(e.g., the ability of certain isocyanides to replace carbonyl ligands) [11]. Isocyanides with
progressively positive overall sum parameters replace CO ligands on the low-valent metal
complexes, while those with negative sum parameters are σ-donors with predominantly
negligible back-bonding properties. Consequently, no, or only a slow exchange of carbonyl
ligands is observed with the latter group of isocyanides. It should, however, be noted that
particularly the π-acceptor behavior of the isocyanides in such complexes (expressed by
the νC ≡ N IR frequencies in the different complexes) is also significantly influenced by the
nature and number of co-ligands [11,39].

In comparison, we found that the HOMO and LUMO energies (or those of the respec-
tive lone-pair at carbon and the π*CN orbitals), as well as the magnitude of the LPC-π*CN
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gaps in the free ligands, do not reflect the reactivity well and, therefore, suggest the
molecular-orbital-derived electrostatic surface potential parameter SADAP as a better
descriptor for the reactivity compared to direct molecular orbital approaches. Since the
above-mentioned considerations are exclusively ‘ligand-based’, we also calculated the
electronic properties of some model complexes of the theoretical high-valent composition
[TcVIIO3(CO/CNR)]+ and the low-valent composition [TcI(CO)5(CO/CNR)]+ (R = PhF5,
Php-F, Ph, tBu, ArDArF2) with some representative isocyanides of considerably different
SADAP parameters. Expectedly, for the fully oxidized technetium(VII) compounds, only
σ–bonds were found; however, the number of electrons shared in the bond decreased in
the non-intuitive order CO < CNPhF5 < CN Php-F < CNPh < CNtBu < CNArDArF2. In
contrast, the technetium atoms in the [TcI(CO)5(CO/CNR)]+ cations show pronounced π-
back donating behavior from two Tc lone-pairs to the two π*CN orbitals with second-order
perturbation energies between 8 and 14 kJ/mol in the order of CO > CNPhF5 > CNArDArF2

> CN PhpF > CNPh > CNtBu, while the ordering of the number of shared electrons in the
σ–bonds is CO > CNPhF5 > CN Php-F > CNPh > CNArDArF2 > CNtBu. It should be noted
that only the second-order perturbation energies somewhat reflect the reactivity predictions
made by SADAP, albeit at much higher computational costs, and common convergence
problems arise—especially for large ligands. The corresponding parameters for the model
compounds and the HOMO/LUMO information of some representative complexes are
given in the Supplementary Materials.

Having in mind the nice correlation between the SADAP measures of Table 1 and the
reactivity of the corresponding isocyanides with carbonyltechnetium(I) compounds [11], it
should be interesting to compare the influence of steric and electronic parameters of the
isocyanide ligands on the coordination to electron-poor metal ions such as the phenylimi-
dotechnetium(V) core of the present study.

2.2. Reactions of [Tc(NPh)Cl3(PPh3)2] with Alkyl and (Alkyl-Substituted) Aryl Isocyanides

[Tc(NPh)Cl3(PPh3)2] (1) has been proven to be a suitable precursor material for the
synthesis of other phenylimido complexes of technetium [18–22]. The compound is suf-
ficiently soluble in solvents such as CHCl3 or CH2Cl2 and is stable enough to resist pro-
longed heating in organic solvents. This is unlike the behavior of the rhenium analog
[Re(NPh)Cl3(PPh3)2], which is practically insoluble in all common organic solvents and
is, thus, only partially suitable as a starting material for ligand exchange reactions [40].
The solubility of such compounds can be increased by the introduction of a fluorine
atom at the imido ligand, as has been demonstrated by the synthesis of [Re{NC6H4(p-
F)}Cl3(PPh3)2], and its use as a precursor for the synthesis of corresponding complexes with
β-diketonates [40,41]. Such an approach is not suitable for related technetium compounds
since the corresponding complexes with the p-substituted {=NC6H4(p-F)}2− or {=NC6H4(p-
CF3)}2− ligands undergo rapid hydrolysis, which is followed by a reduction in the metal
and the formation of the technetium(IV) complex [TcCl4(PPh3)2] [41].

Fortunately, such decompositions are not common for the unsubstituted phenylimido
complex, and [Tc(NPh)Cl3(PPh3)2] (1) reacts readily with alkyl isocyanides (e.g., CNtBu)
and small alkyl-substituted phenyl isocyanides such as CNMes or CNPhi-prop2 under
replacement of one triphenylphosphine ligand and the formation of complexes of type 2.
The reactions proceed already at room temperature in solvents such as CH2Cl2 or CHCl3
(Scheme 2). The use of an excess of the isocyanides or heating does not result in the
formation of products with two or more of such CNR ligands but causes problems during
the isolation of the products in crystalline form by the presence of excess ligand and/or its
decomposition products.
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Scheme 2. Reactions of [Tc(NPh)Cl3(PPh3)2] with alkyl and (alkyl-substituted) aryl isocyanides.

Interestingly, another course of the reaction is observed when [Tc(NPh)Cl3(PPh3)2]
is treated with an excess of the sterically encumbered m-terphenylisocyanides CNArMes2,
CNArDipp2, or CNArTripp2. In such cases, bis–complexes are formed under the replacement
of both PPh3 ligands. These reactions require elevated temperatures, but we found no
evidence for the formation of 1:1 ligand-exchange products under milder conditions or
with the addition of only one equivalent of the terphenylisocyanides.

The observed difference in the reactivity goes along with the electrostatic potentials
located at the carbon donor atoms of the isocyanides (Figure 1) and the clear differences
found for the derived SADAP values calculated for the individual ligands (−3.38 and −3.28
for CNArTripp2 and CNArDipp2 and values between −2.28 and −2.15 for CNtBu, CNMes,
and CNPhi-prop2, Table 1). This means that the electron-rich isocyanides with a pronounced
σ-donor and diminished π-acceptor behavior (such as CNArTripp2 and CNArDipp2) show a
higher tendency for ligand exchange reactions at the electron-poor d2 metal centers of the
technetium(V) complexes of the present study. The domination of the ‘σ-donation’ comes
not completely unexpected and reflects a reversed behavior compared to the carbonyltech-
netium(I) complexes of Scheme 1, where the π-back donation from the electron-rich d6

system and the competition with the good π-acceptor CO plays a major role [11]. Thus,
ligands with a progressively positive overall sum parameter easily and rapidly replace
CO ligands, while those with negative sum parameters have predominantly σ-donating
properties, which rule the ligand-exchange behavior with electron-deficient metal centers
as in phenylimidotechnetium(V) complexes. The absence of π-back donation is also re-
flected by the νCN IR frequencies. They appear in the Tc(V) complexes generally at higher
wavenumbers than in the spectra of the uncoordinated ligands.

The [Tc(NPh)Cl3(PPh3)(isocyanide)] complexes 2 are green crystalline solids, while
the bis–complexes 3a and 4 are yellow-green. Both types of complexes are fairly soluble
in CH2Cl2 or CHCl3 and insoluble in hydrocarbons. As solids, they are indefinitely stable
at ambient temperatures in the air. As d2 systems with a multiply bonded phenylimido
ligand, the novel compounds are diamagnetic and give well-resolved 1H spectra (see
Experimental and Supplementary Materials). Their limited solubility, however, prevents
the measurement of the 13C NMR spectra with sufficient quality.

Single crystals of the complexes suitable for X-ray diffraction were obtained from
CH2Cl2/hydrocarbon mixtures. Ellipsoid plots of the molecular structures are shown in
Figure 2. Table 2 contains some selected bond lengths and angles. The Tc-N10 bond lengths
are between 1.692(5) and 1.725(6) Å, which is clearly in the range of technetium–nitrogen
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double bonds and agreement with the values of other phenylimido complexes of tech-
netium [15–22,41]. The Tc-N10-C11 bonds of the mono-substituted complexes 2 are slightly
bent away from the bulky PPh3 ligand. A similar effect is observed for the bis-substituted
cis-[Tc(NPh)Cl3(CNArMes2)2] (3a), in which the two bulky isocyanide ligands are coordinated
in cis positions to each other, and a slightly bent arrangement of the {NPh}2− ligand lowers
the steric stress at the central part of the molecule.

Figure 2. Ellipsoid representations of the molecular structures of (a) [Tc(NPh)Cl3(PPh3)(CNtBu)]
(2a), (b) [Tc(NPh)Cl3(PPh3)(CNMes)] (2b), (c) [Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] (2c), (d) cis-
[Tc(NPh)Cl3(CNArMes2)2] (3a) and (e) trans-[Tc(NPh)Cl3(CNArTripp2)2] (4b).

Table 2. Selected bond lengths (Å) and angles (◦) for [Tc(NPh)Cl3(PPh3)(CNtBu)] (2a),
[Tc(NPh)Cl3(PPh3)(CNMes)] (2b), [Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] (2c), cis-[Tc(NPh)Cl3(CNArMes2)2]
(3a) and trans-[Tc(NPh)Cl3(CNArTripp2)2] (4b).

Tc-N10 Tc-Cl1 Tc-Cl2 Tc-Cl3 Tc-C1 Tc-C2 C1-N1 C2-N2 Tc-N10-C11 N10-Tc-Cl1

2a 1.711(2) 2.4131(6) 2.3909(6) 2.4154(6) 2.057(2) 1.133(3) 163.5(2) 160.78(6)

2b 1.705(2) 2.3972(7) 2.4033(6) 2.4388(6) 2.037(3) 1.152(3) 164.5(2) 165.24(7)

2c 1.725(6) 2.413(2) 2.421(2) 2.409(2) 2.030(8) 1.18(1) 167.4(6) 165.2(2)

3a 1.699(3) 2.400(1) 2.391(1) 2.3877(8) 2.056(4) 2.034(3) 1.147(4) 1.160(4) 171.7(3) 166.0(1)

4b * 1.714(5)
1.692(5)

2.347(2)
2.361(2)

2.393(2)
2399(2)

2.395(2)
2.417(2)

2.076(5)
2.095(5)

2.095(5)
2.095(5)

1.150(6)
1.138(6)

1.139(6)
1.135(6)

177.7(2)
178.9(2)

176.9(6)
178.9(2)

* Values for two independent species.

It is interesting to note that the lower steric bulk of the CNArMes2 ligand allows the
electronically favored cis coordination, while the CNArDipp2 and CNArTripp2 ligands are di-
rected into the trans-conformation in compounds 4a and 4b. Similar findings are reported for
nitridotechnetium(V) and oxidorhenium(V) complexes [14,15]. Notably, for the latter group of
compounds, even the mixed–isocyanide complex [ReOCl3(CNArMes2)(CNArDipp2)]− allows
cis-coordination for the two isocyanides. The lower steric bulk of CNArMes2 might also allow
for the more dynamic behavior of this ligand. Although we only isolated compound 3a in
its cis conformation, the NMR spectra of the corresponding reaction mixtures and solutions
of 3 indicate a kind of fluxional behavior of this complex in solution with the formation of
additional species. This can be regarded as a hint for a potential isomerization but also for
the formation of mono- or tris-isocyanide complexes that cannot completely be excluded.
Sterically, the latter option might also be possible since a corresponding dicarbonylman-
ganese(I) complex, [Mn(CO)2Br(CNArMes2)3] hosts three CNArMes2 ligands in meridional
positions [32].
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2.3. Reactions of [Tc(NPh)Cl3(PPh3)2] with Fluorine-Substituted Aryl Isocyanides

A ligand with particularly interesting properties is CNp-FArDarF2. It combines a
fluorine-substituted central phenyl ring with two bulky bis(trifluoromethyl)phenyl sub-
stituents. It is extremely electron-deficient at the isocyanide carbon atom, which makes it a
good π-acceptor, and even allows for the exchange of carbonyl ligands [11,35]. Unlike the
reactions with the d6 systems in Scheme 1, these properties should be without relevance
for reactions with the electron-deficient technetium(V) complexes. Additionally, during a
ligand exchange reaction with [Tc(NPh)Cl3(PPh3)2], only one CNp-FArDarF2 ligand enters
the coordination sphere of the metal, and pale green crystals of [Tc(NPh)Cl3(PPh3)(CNp-
FArDarF2)] (5) are formed (Scheme 3).

 

p

∆

Scheme 3. Reactions of [Tc(NPh)Cl3(PPh3)2] with CNp-FArDarF2 and CNPhpF.

Attempted reactions with an excess of the ligand did not result in the formation of
technetium complexes with more CNp-FArDarF2 ligands. Since steric reasons seem to be
irrelevant for this result and technetium complexes with up to four CNp-FArDarF2 ligands
in their coordination sphere are known [11,35], we attribute the observed reaction behavior
to electronic reasons. Such an assumption is supported by the SADAP parameter of
CNp-FArDarF2, which is the most positive in Table 1 and suggests a predominantly poor
σ-donor behavior. Nevertheless, the νCN frequency in complex 5 also appears at a higher
wavenumber (2176 cm−1) than in the uncoordinated isocyanide.

Single crystals of [Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5) suitable for X-ray diffraction
were obtained by slow diffusion of n-hexane into a solution of the complex in CH2Cl2.
An ellipsoid representation of the molecular structure of 5 is depicted in Figure 3a, while
Figure 3b,c illustrates the steric bulk caused by the cis-coordinated isocyanide and PPh3
ligands. The bonding situation around the technetium atom of complex 5 is expectedly
very similar to those found for complexes 2a, 2b, and 2c with a Tc-N10 double bond of
1.710(4) Å and a slightly bent N10-Tc-Cl1 axis.

In contrast to the compounds of type 2, solutions of [Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)]
(5) are not infinitely stable. A gradual decomposition of 5 becomes evident when solutions
of the compound are heated. This can be concluded from the appearance of novel 19F NMR
signals in such solutions (see Supplementary Materials).

Even more unstable is the ligand exchange product of [Tc(NPh)Cl3(PPh3)2] with
CNPhpF: [Tc(NPh)Cl3(PPh3)(CNPhpF)] (6). This ligand has been chosen as a sterically
unencumbered mimic for CNp-FArDarF2. The isocyanide carbon atom of CNPhpF is also
extremely electron deficient with only a small negative SADAP parameter of −1.25 (Table 1),
for which a reactivity similar to CNp-FarDarF2 or alkyl or simple aryl isocyanides should be
expected. Indeed, the 1:1 ligand exchange product 6 could be isolated, but the synthesis had
to be performed under mild conditions, and quick precipitation of the product was required
to obtain a pure compound. [Tc(NPh)Cl3(PPh3)(CNPhpF)] is a pale green, microcrystalline
complex that is readily soluble in CH2Cl2. The 1H and 19F NMR spectra of reasonable
quality can be recorded for the pure compound from fresh solutions of the complex in
this solvent (Figure 4). A well-resolved 31P NMR spectrum could not be obtained. Such

171



Molecules 2022, 27, 8546 9 of 17

a behavior is not unusual for (low-symmetric) phosphine complexes of technetium and
is commonly explained by scalar couplings with the large quadrupole moment of 99Tc
(Q = −0.19 Å × 10−28 m2) [42,43]. Such couplings can cause extreme line-broadenings,
which make the resolution of 31P signals frequently impossible [44–47], which is also
observed for the complexes of type 2. An ongoing decomposition of the compound in the
solution becomes evident by the detection of an increasing number of 19F NMR signals
within one day in the solution. The infrared spectrum of complex 6 shows the νCN band
at 2186 cm−1, which is at a higher wavenumber than that of the uncoordinated ligand
(2129 cm−1) and confirms the assumption that a potential π-acceptor behavior of CNPhpF

is not significant for the phenylimdo complexes of technetium(V).

Figure 3. (a) Ellipsoid representation of the molecular structure of [Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)]
(5) and illustration of the steric bulk caused by the isocyanide and PPh3 ligands by (b) A view along
the phenylimido plane and (c) A view along the isocyanide bond. Selected bond lengths and angles:
Tc-N10 1.710(4) Å, Tc-Cl1 2.434(2) Å, Tc-Cl2 2.398(2) Å, Tc-Cl3 2.389(2) Å, Tc-C1 2.009(5) Å, C1-N1
1.176(6) Å, N10-Tc-Cl1 165.5(2)◦.

 

Figure 4. 1H, 19F and 31P NMR spectra of [Tc(NPh)Cl3(PPh3)(CNPhpF)] (6) in CD2Cl2.

A completely unexpected product was found for the reaction of [Tc(NPh)Cl3(PPh3)2] with
an excess of CNPhpF in boiling toluene. The reaction of compound 1 with CNPhpF under such
conditions gives the Tc(I) cation [Tc(CNPhpF)6]+. Such behavior of CNPhpF has been observed
before during reactions with (NBu4)[TcI

2(CO)6Cl3] or [TcI(CO)3(CNtBu)2Cl] [11]. However,
in the latter cases, it could readily be explained by the activity of the fluorine-substituted
ligand as a strong π-acceptor. In the case of the technetium(V) complexes of the present study,
this does not apply. However, having in mind the inherent instability of the 1:1 exchange
product [Tc(NPh)Cl3(PPh3)(CNPhpF)], we regard it as highly probable that in the course of the
reaction, the technetium–nitrogen bond is cleaved, which should result in a rapid reduction in
the metal to low oxidation states. Consequently, the strong π-acceptor CNPhpF will gradually
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dominate the chemistry in the system, and the formation of the stable [Tc(CNPhpF)6]+ cation
becomes unavoidable.

The hexakis complex can be isolated as PF6
− salt in the form of colorless microcrystals.

[Tc(CNPhpF)6](PF6) (7) is infinitely stable in the air. It shows a narrow (ν1/2 = 42 Hz) 99Tc
NMR signal at −1886 ppm, which comes close to the value of [Tc(CNPh)6]+ in CDCl3
(−1889 ppm), but is appreciably de-shielded relative to the values found for hexakistech-
netium(I) cations with alkyl isocyanides (−1914 to −1964 ppm) [45]. The infrared spectrum
of 7 displays the νCN band at 2087 cm−1, which corresponds to a bathochromic shift
of ca. 30 cm−1 relative to the value in uncoordinated CNPhpF and indicates a marked
π-back-donation to the isocyanide ligand in this technetium(I) complex.

3. Materials and Methods

Unless otherwise stated, reagent-grade starting materials were purchased from com-
mercial sources and either used as received or purified by standard procedures. The sol-
vents were dried and deoxygenated according to standard procedures. [Tc(NPh)Cl3(PPh3)2]
(1), CNArTripp2 and [Tc(NPh)Cl3(CNArDipp2)2] (4a) were prepared by procedures in the
literature [10,15,16]. The syntheses of CNp-FArDarF2, CNPhpF, CNMes, and CNPhi-prop2

were performed by modified procedures from the literature [9,11]. The NMR spectra were
recorded with JEOL 400 MHz ECS or ECZ multinuclear spectrometers. The values given
for the 99Tc chemical shifts are referenced to potassium pertechnetate in water. IR spectra
were recorded with a Shimadzu FTIR 8300 spectrometer as KBr pellets. Intensities are
classified as vs. = very strong, s = strong, m = medium, w = weak, vw = very weak, and
sh = shoulder.

3.1. Radiation Precautions
99Tc is a long-lived, weak β− emitter (Emax = 0.292 MeV). Normal glassware provides

adequate protection against weak beta radiation when milligram amounts are used. Sec-
ondary X-rays (bremsstrahlung) play a significant role only when larger amounts of 99Tc
are handled. All manipulations were performed in a laboratory approved for the handling
of radioactive materials.

3.2. Syntheses

The general procedure for the [Tc(NPh)Cl3(PPh3)(CNR)] Complexes 2: [Tc(NPh)Cl3(PPh3)2]
(1) (41 mg, 0.05 mmol) was dissolved in CH2Cl2 (5 mL). The corresponding isocyanide
(0.055 mmol) was added, and the solution was stirred for 10 min at room temperature. Volatiles
were removed under reduced pressure, and the residue was resuspended in Et2O (5 mL) and
filtered. The obtained solid was washed with Et2O (3 × 5 mL) and then dried under reduced
pressure. Single crystals suitable for X-ray diffraction were obtained by the slow diffusion of
n-hexane into solutions of the complexes in CH2Cl2. The obtained crystals were filtered, washed
with a small amount of Et2O, and dried under reduced pressure.

[Tc(NPh)Cl3(PPh3)(CNtBu)] (2a): Green needles. Yield: 15 mg, 47%. IR (cm−1): 3057 (w),
2984 (w), 2918 (w), 2207 (s, νC≡N), 1437 (s), 1191 (m), 1092 (m), 749 (m), 695 (s), 525 (s). 1H
NMR (CD2Cl2, ppm): δ = 7.82 (mc, 6H, o-H (PPh3)), 7.65 (t, J = 7.46 Hz, 1H, p-H (arom.
NPh)), 7.46 (mc, 3H, p-H (PPh3)), 7.39 (mc, 6H, m-H (PPh3)), 7.30 (d, J = 7.84 Hz, 2H, o-H
(arom. NPh)), 7.17 (t, J = 7.75 Hz, 2H, m-H (arom. NPh)), 1.38 (s, 9H, (CH3)3).

[Tc(NPh)Cl3(PPh3)(CNMes)] (2b): Green needles. Yield: 10 mg, 28%. IR (cm−1): 3057 (w),
2920 (w), 2187 (s, νC≡N), 1480 (w), 1435 (m), 1310 (w), 1092(m), 747 (m), 693 (s), 523 (s). 1H
NMR (CD2Cl2, ppm): 7.87 (mc, 6H, o-H(PPh3)), 7.66 (t, J = 7.47 Hz, 1H, p-H (arom. NPh)),
7.41–7.31 (m, 11H, m-/p-H(PPh3), o-H (arom. NPh)), 7.18 (t, J = 7.77 Hz, 2H, m-H (arom.
NPh)), 6.87 (s, 2H, m-H (arom. CNMes)), 2.32 (s, 3H, p-CH3 (CNMes)), 1.94 (s, 6H, o-CH3
(CNMes)).

[Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] (2c): Green-yellow, dichroic needles. Yield: 26 mg, 70%. IR
(cm−1): 3055 (w), 2695 (m), 2922 (w), 2183 (s, νC≡N), 1572 (m), 1477 (m), 1433 (s), 980 (w),
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804 (w), 746 (m), 692 (m), 525 (m). 1H NMR (CD2Cl2, ppm): 7.89 (mc, 6H, o-H(PPh3)), 7.69
(t, J = 8.0 Hz, 1H, p-H (arom. NPh)), 7.43–7.29 (m, 12H, m-/p-H (PPh3), H(CNPhi-prop2)),
7.20 (t, J = 8.0 Hz, 2H, m-H (arom. NPh)), 7.14 (d, J = 7.7 Hz, 2H, o-H (arom. NPh)), 2.68 (h,
J = 6.8 Hz, i-prop CH), 0.97 (d, J = 7.0 Hz, i-prop CH3), 0.89 (d, J = 7.0 Hz, i-prop CH3).

Subsequently, cis-[Tc(NPh)Cl3(CNArMes2)2] (3a): [Tc(NPh)Cl3(PPh3)] (1) (82 mg, 0.1 mmol)
was suspended in toluene (5 mL). CNArMes2 (68 mg, 0.2 mmol) was added, and the reaction
mixture was heated under reflux for one hour. It became dark green and homogenous upon
heating. The resultant solution was slowly evaporated at 5 ◦C. After one day, the first crop
of a few yellow-green needles (compound 3a) suitable for X-ray diffraction were obtained
and analyzed by IR spectroscopy. Upon further evaporation of the solvent, more of the
aforementioned needles was obtained along with other green crystals of different shapes,
which were not suitable for X-ray diffraction. They were filtered off and washed with small
amounts of n-pentane and studied by 1H NMR spectroscopy. Three sets of resonances were
observed in the methyl region, suggesting the presence of at least three isomers which
could be cis/trans-[Tc(NPh)Cl3(CNArMes2)2] or cis/trans-[Tc(NPh)Cl3(PPh3)(CNArMes2)].
3a: Yellow-green needles. IR (cm−1): 3058 (w), 2919 (m), 2851 (w), 2178 (s, νC≡N), 1572
(m), 1433 (m), 1308 (w), 1094 (w), 845 (w), 749 (w), 695 (m), 521 (m). The isomeric mixture
was of [Tc(NPh)Cl3(CNArMes2)2] and [Tc(NPh)Cl3(PPh3)(CNArMes2)]: IR (cm−1): 3058 (w),
2919 (m), 2851 (w), 2178 (s, νC≡N), 1572 (m), 1433 (m), 1308 (w), 1094 (w), 845 (w), 749 (w),
695 (m), 521 (m). 1H NMR (CD2Cl2, ppm): 7.78–6.58 (m, aryl), 2.20 (s, CH3), 2.11 (s, CH3),
2.05 (s, CH3), 2.02 (s, CH3), 1.96 (s, CH3), 1.94 (s, CH3).

trans-[Tc(NPh)Cl3(CNArTripp2)2] (4b): [Tc(NPh)Cl3(PPh3)] (1) (41 mg, 0.05 mmol) was sus-
pended in toluene (5 mL). CNArTripp2 (51 mg, 0.1 mmol) was added, and the reaction
mixture was heated under reflux for one hour. It became slightly red and homogenous
upon heating. The resultant solution was slowly evaporated at 5 ◦C. After five days, green-
yellow crystals suitable for X-ray diffraction were obtained. They were filtered off and
washed with small amounts of cold MeOH and n-pentane, and then dried under a reduced
pressure. Yield: 39 mg, 72%. IR (cm−1): 3057 (w), 2957 (s), 2866 (s), 2184 (s, νC≡N), 1607 (m),
1576 (m), 1570 (m), 1461 (s), 1439 (s), 1362 (s), 1316 (m), 1191 (m), 1121 (m), 1071 (w), 943
(w), 874 (s), 807 (m), 722 (m), 697 (s), 543 (s). 1H NMR (CD2Cl2, ppm): 7.73 (t, J = 7.33 Hz,
1H, p-H (arom. NPh)), 7.50 (t, J = 6.8 Hz, 2H, CNArTripp2), 7.41 (d, J = 7.46 Hz, 2H, o-H
(arom. NPh)), 7.26 (d, J = 7.46 Hz, 4H, CNArTripp2), 7.14 (t, J = 6.68 Hz, 2H, m-H (arom.
NPh)), 6.92 (s, 8H, CNArTripp2), 2.83 (h, J = 6.1 Hz, 4H, (i-prop CH)), 2.38 (h, J = 6.3 Hz, 8H,
(i-prop CH)), 1.32 (d, J = 6.52 Hz, 24H, (i-prop CH3)), 1.01 (d, J = 6.0 Hz, 24H, (i-prop CH3)),
0.96 (d, J = 6.0 Hz, 24H, (i-prop CH3)).

[Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5): [Tc(NPh)Cl3(PPh3)2] (1) (41 mg, 0.05 mmol) was
dissolved in CH2Cl2 (5 mL). CNp-FArDarF2 (30 mg, 0.055 mmol) was added, and the
dark green solution was stirred for 20 min at room temperature. A pale green solid
was precipitated by the addition of an excess of n-hexane (approximately 30 mL). The
immediately formed precipitate was washed with pentane and a small amount of diethyl
ether, redissolved in CH2Cl2 (1 mL), and overlayered with n-hexane. Pale green columns
were formed together with brown oil. The crystals were separated and washed with pentane
alongside a small amount of diethyl ether, and the crystallization procedure was repeated
in the described way. The resultant single crystals were suitable for X-ray diffraction. Pale
green needles. Yield: 22 mg, 40%. IR (cm−1): 3057 (w), 2176 (vs, νC≡N), 1482 (w), 1435 (m),
1364 (m), 1279 (s), 1179 (s), 1135 (s), 1092 (m), 905 (w), 743 (m), 701 (m), 693 (m) 520 (m).
1H NMR (CD2Cl2, ppm): 7.90 (s, 4H, CNp-FArDarF2), 7.61 (s, 2H, CNp-FArDarF2), 7.55 (t,
J = 7.1 Hz, 1H, p-H (arom. NPh)), 7.46 (t, J = 8.4 Hz, 6H, o-H (PPh3)), 7.31 (t, J = 6.9 Hz,
3H, p-H (PPh3)), 7.25 (d, J = 7.7 Hz, 2H, m-H (CNp-FArDarF2)), 7.16 (t, J = 6.0 Hz, 6H, m-H
(PPh3)), 6.89 (t, J = 7.2 Hz, 2H, m-H (arom. NPh)), 6.71 (d, J = 6.9 Hz, 2H, o-H (arom.
NPh)). 19F NMR (CD2Cl2, ppm): −65.0 (s, 12F, m,m’-CF3 (CNp-FArDarF2)), −107.9 (s, 1F,
p-F (CNp-FArDarF2)).
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[Tc(NPh)Cl3(PPh3)(CNPhF)] (6): 100 µL of a solution prepared from CNPhpF (160 µL) and
toluene (940 µL was added to a suspension of [Tc(NPh)Cl3(PPh3)2] (1) (41 mg, 0.05 mmol)
in CH2Cl2 (5 mL). The mixture was gently heated and held at a temperature of 30 ◦C
until the reaction mixture became homogenous (approximately 2 min). Then, n-hexane
(20 mL) was immediately added, which resulted in the formation of a pale green precipitate.
The obtained solid (pure compound 6 with some incorporated n-hexane) was filtered off,
washed with diethyl ether alongside n-hexane, and then dried under reduced pressure.
Complex 6 is stable as a solid but decomposes at room temperature in solvents such as
dichloromethane or acetone. Yield: 20 mg, 57%. IR (cm−1): 3422 (br), 3058 (w), 2923 (w),
2186 (vs, νC≡N), 1570 (w), 1499 (s), 1435 (m), 1239 (w), 1092 (m), 990 (w), 841 (m), 749 (m),
697 (s), 521 (s). 1H NMR (CD2Cl2, ppm): 7.80 (mc, 6H, o-H(PPh3)), 7.68 (t, J = 8.0 Hz, 1H,
p-H (arom. NPh)), 7.46–7.31 (m, 11H), 7.20 (t, J = 8.0 Hz, 2H, m-H (arom.)), 7.17–7.07 (m,
4H), 1.27 (CH2, 0.2 n-hexane), 0.88 (CH3, 0.2 n-hexane). 19F NMR (CD2Cl2, ppm): −106.5.

[Tc(CNPhpF)6](PF6) (7): [Tc(NPh)Cl3(PPh3)2] (1) (41 mg, 0.05 mmol) was suspended in
toluene (5 mL). CNPhpF (45.9 µL, 0.5 mmol) was added, and the solution was heated under
reflux for one hour. The reaction mixture became homogeneous upon heating and changed
its color to pale yellow within the first ten minutes. Then, a solid started to precipitate.
The reaction mixture was cooled to room temperature and filtered. The obtained solid
was washed with a small amount of toluene and redissolved in MeOH. NH4(PF6) (0.5 g)
was dissolved in a water/MeOH mixture (5 mL, 1:1) which was added. A colorless solid
precipitated, which was filtered off and washed sequentially with water, MeOH, and Et2O.
Yield: 12 mg, 26%. IR (cm−1): 2918 (w), 2087 (s, νC≡N), 1501 (m), 1235 (m), 1154 (m), 836
(m), 558 (w). 1H NMR (CD2Cl2, ppm): 7.46 (mc, 12H, o-H (CNPhpF)), 7.16 (t, J = 8.5 Hz,
12H, m-H (CNPhpF)). 19F NMR (CD2Cl2, ppm): −73.4 (d, 1J (19F-31P) = 670 Hz, 6F, PF6),
−109.2 (s, 6F, (CNPhpF)). 99Tc NMR (CD2Cl2, ppm): −1886 (s, ν1/2 = 42 Hz).

3.3. X-ray Crystallography

The intensities for the X–ray determinations were collected on the STOE IPDS II
instrument with Mo Kα radiation. The space groups were determined by the detection of
systematic absences. Absorption corrections were carried out by multi-scan or integration
methods [48]. The structure solution and refinement were performed with the SHELX
program package [49,50]. Hydrogen atoms were derived from the final Fourier maps and
were refined or placed at calculated positions and treated with the ‘riding model’ option of
SHELXL.

Compound 2c crystallizes in the non-centrosymmetric space group Pca21. The ab-
solute structure has been determined with a Flack parameter of 0.06(6). Compound 3
co-crystallizes with CH2Cl2 molecules in the large voids between the complex molecules.
One molecule of dichloromethane could be located and refined. A sum of 102 e, which
corresponds to another 2.5 molecules of CH2Cl2, has been ‘removed’ from the final Fourier
map by means of a solvent mask of OLEX2 [51]. The positional disorder of isopropyl or CF3
groups has been addressed during the refinement of the crystal structures of compounds 4b
and 5. Details can be inspected in the Supplementary Materials and/or the corresponding
cif files.

The representation of molecular structures was conducted using the program DIA-
MOND 4.2.2 [52].

3.4. Computational Details

DFT calculations were performed on the high-performance computing systems of the
Freie Universität Berlin ZEDAT (Curta) using the program package GAUSSIAN 16 [53,54].
The gas phase geometry optimizations were performed using initial coordinates generated
using GAUSSVIEW and Avogadro [55,56]. The calculations were performed with the
hybrid density functional B3LYP [57–59]. The Stuttgart relativistic small core basis set
with its associated pseudo potential has been used for Tc [60,61]. The 6-311++G** basis
set was used to model all other elements [62–66]. All basis functions, as well as the
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ECPs, were obtained from the EMSL database [67]. The surface properties module of the
multifunctional wave-function analyzer MultiWFN was used for the calculation of the
surface properties [38,68].

4. Conclusions

Using the Tc-phenylimido core, high-oxidation state isocyanide complexes of tech-
netium(V) can be prepared and isolated as stable molecular species. [Tc(NPh)Cl3(PPh3)2]
has been proven to be a suitable starting material for such reactions. One or both of the
PPh3 ligands can be replaced by isocyanides depending on the electronic properties and
the steric bulk of the incoming ligands. A DFT-based sum parameter (SADAP) describing
the electrostatic potential at the isocyanide carbon atom is a good measure to predict the
reactivity of isocyanides with metal ions. In contrast to low-valent technetium complexes,
where electron-deficient isocyanides (less negative or positive SADAP parameters) show
the highest exchange rates, reactions with electron-rich isocyanides such as CNArMes2 or
CNArTripp2 (ligands with very negative SADAP parameters) form bis–complexes with the
d2 systems under study. On the contrary, ligands with a lower electron density located
at the isocyanide carbon atoms prefer the formation of 1:1 complexes. Such a behavior
correlates with the σ-donor and π-acceptor properties of the ligands in the formed com-
plexes in a way that for the complex formation with the electron-poor {TcV(NPh)}3− core,
the σ-donor abilities of the ligands clearly dominate. This is also reflected by the positions
of the νCN bands in the IR spectra of the complexes (Table 3). They are all found at higher
wavenumbers relative to the spectra of the uncoordinated ligands.

Table 3. νCN Frequencies in the complexes under study compared with the values in the uncoordi-
nated ligands.

2a
(CNtBu)

2b
(CNMes)

2c
(CNPhi-prop2)

3a
(CNArMes2)

4a *
(CNArDipp2)

4b
(CNArTripp2)

5
(CNp-FArDarF2)

6
(CNPhpF)

7
(CNPhpF)

2207 2187 2183 2177 2187 2184 2176 2186 2087

Ligand 2135 2114 2113 2120 2124 2114 2119 2129 2129

* Values taken from Ref. [15].

A considerable π-acceptor behavior (also reflected by a bathochromic shift of the
corresponding νCN band) is only observed when the metal ion is reduced as a consequence
of the cleavage of the technetium–nitrogen double bond. Such a reaction pathway has been
observed for CNPhpF.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238546/s1, Table S1: Crystallographic data and
data collection parameter; Figure S1: Ellipsoid representation of [Tc(NPh)Cl3(PPh3)(CNtBu)] ·
CH2Cl2 (2a). The thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted
for clarity. A number of 42 reflections below thetamin is missing due to the large unit cell and
the data collection with the IPDS T2 measuring routine; Table S2: Selected bond lengths (Å)
and angles (◦) in [Tc(NPh)Cl3(PPh3)(CNtBu)] · CH2Cl2 (2a); Figure S2: Ellipsoid representation
of [Tc(NPh)Cl3(PPh3)(CNMes)] (2b). The thermal ellipsoids are set at a 50% probability level.
Hydrogen atoms are omitted for clarity. A number of 16 reflections below thetamin is missing
due to the large unit cell and the data collection with the IPDS T2 measuring routine; Table S3:
Selected bond lengths (Å) and angles (◦) in [Tc(NPh)Cl3(PPh3)(CNMes)] (2b); Figure S3: Ellipsoid
representation of [Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] · C7H8 (2c). The thermal ellipsoids are set at a
50% probability level. Hydrogen atoms are omitted for clarity. A number of 11 reflections below
thetamin is missing due to the large unit cell and the data collection with the IPDS T2 measur-
ing routine. Flack parameter of the non-centrosymmetric structure: 0.06(6); Table S4: Selected
bond lengths (Å) and angles (◦) in [Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] (2c); Figure S4: Ellipsoid
representation of cis-[Tc(NPh)Cl3(CNArMes2)2]·CH2Cl2 (3). The thermal ellipsoids are set at a
50% probability level. Hydrogen atoms are omitted for clarity. A number of 70 reflections below
thetamin is missing due to the large unit cell and the data collection with the IPDS T2 measuring
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routine. Only one molecule of solvent CH2Cl2 could be located. An overall number of 102 e-
has been ‘removed’ from the large. voids, which are contained in the structure, by a solvent
mask using OLEX2 (Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann,
H. (2009), J. Appl. Cryst. 42, 339–341). This corresponds to approximately 2.5 more molecules
of CH2Cl2; Table S5: Selected bond lengths (Å) and angles (◦) in cis-[Tc(NPh)Cl3(CNArMes2)2]
· CH2Cl2 (3); Figure S5: Ellipsoid representation of trans-[Tc(NPh)Cl3(CNArTripp2)2] (4b). The
thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for clarity.
A number of 70 reflections below thetamin is missing due to the large unit cell and the data
collection with the IPDS T2 measuring routine. One carbon of an isopropyl group has an unusu-
ally large ellipsoid due to an elongation of the distal isopropyl moieties. A solvent-accessible
void is caused by the molecular packing and does not contain any substantial residual electron
density. (b) Visualization of the disorder found for one of the isopropyl groups in the two crys-
tallographically independent species of these large molecules; Table S6: Selected bond lengths
(Å) and angles (◦) in trans-[Tc(NPh)Cl3(CNArTripp2)2] (4b); Figure S6: Ellipsoid representation of
[Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5). The thermal ellipsoids are set at a 50% probability level.
Hydrogen atoms are omitted for clarity. The ratio of unique to observed reflections is too low
leading to a B alert. This is due to the measurement routine of the IPDS 2T; Table S7: Selected
bond lengths (Å) and angles (◦) in trans-[Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5); Figure S7: 1H
NMR spectrum of [Tc(NPh)Cl3(PPh3)(CNtBu)] (2a) in CD2Cl2; Figure S8: IR (KBr) spectrum of
p[Tc(NPh)Cl3(PPh3)(CNtBu)] (2a); Figure S9: 1H NMR spectrum of [Tc(NPh)(PPh3)(CNMes)Cl3]
(2b) in CD2Cl2; Figure S10: 1H,1H COSY NMR spectrum of cis-[Tc(NPh)(PPh3)(CNMes)Cl3]
(2b) in CD2Cl2; Figure S11: IR (KBr) spectrum of [Tc(NPh)(PPh3)(CNMes)Cl3] (2b); Figure S12:
1H NMR spectrum of [Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] (2c) in CD2Cl2; Figure S13: IR (KBr)
spectrum of [Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] (2c); Figure S14: 1H NMR spectrum of isomers of
[Tc(NPh)Cl3(PPh3)(CNArMes2)] (3a) in CD2Cl2; Figure S15: 1H NMR spectrum of trans-[Tc(NPh)Cl3
(CNArTripp2)2] (4b) in CD2Cl2; Figure S16: IR (KBr) spectrum of trans-[Tc(NPh)(CNArTripp2)Cl3]
(4b); Figure S17: 1H NMR spectrum of [Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5) in CD2Cl2;
Figure S18: 19F NMR spectrum of [Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5) in CD2Cl2; Figure
S19: 19F NMR spectra recorded during the reaction of [Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5)
with CNp-FArDarF2 in THF. Spectrum 1 was recorded after the addition of one equivalent of
CNp-FArDarF2 to 5. Spectrum 2 was recorded after heating the previously obtained solution
for 10 min in boiling THF. Spectrum 3 was recorded after heating a solution of complex 5 for
10 min in boiling THF; Figure S20: IR (KBr) spectrum of [Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5);
Figure S21: 1H NMR spectrum of [Tc(NPh)Cl3(PPh3)(CNPhpF)] (6) in CD2Cl2; Figure S22: 19F
NMR spectrum of [Tc(NPh)Cl3(PPh3)(CNPhpF)] (6) in CD2Cl2; Figure S23: 31P{1H} NMR spectrum
of [Tc(NPh)Cl3(PPh3)(CNPhpF)] (6) in CD2Cl2; Figure S24: IR (KBr) spectrum of [Tc(NPh)Cl3(PPh3)
(CNPhpF)] (6); Figure S25: 1H NMR spectrum of [Tc(CNPhp-F)6][PF6] (7) in CD2Cl2; Figure S26:
19F NMR spectrum of [Tc(CNPhp-F)6][PF6] (7) in CD2Cl2; Figure S27: 99Tc NMR spectrum of
[Tc(CNPhpF)6][PF6] (7) in CD2Cl2; Figure S28: IR (KBr) spectrum of [Tc(CNPhp-F)6][PF6] (7); Table
S8: Calculated electrostatic potential surface properties of the isocyanide carbon atom at the Van
der Waals (VdW) boundary for structures optimized at the B3LYP/6-311++G** level. Surface
properties were evaluated at ρ = 0.001 level using an electrostatic potential map basis with a
grid-point spacing of 0.25. The last column contains the Surface-Averaged Donor Atom Potential
SADAP = (EPmin + EPmax + AP)/(ESpos + ESneg) as a combined descriptor of steric and electro-
static properties of the potential ligands, which allows an estimation of their reactivity; Table S9:
LPc/π*CN properties of some representative, free isocyanides, number of donated σCTc electrons
(#e− ; LPc→LP*Tc), and second order perturbation parameters (interaction energy E; energy differ-
ence between the two orbitals Ei-Ej; overlap parameter A) for LPTc→π*CN in the model complexes
[TcO3(CO/CNR)]+ and [Tc(CO)5(CO/CNR)]+ (R = PhF5, Php-F, Ph, tBu, ArDArF2).
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Crystallographic data 
 
The intensities for the X ray determinations were collected on STOE IPDS 2T with Mo K  
radiation. The space groups were determined by the detection of systematical absences. 
Absorption corrections were carried out by integration methods (Coppens, P. The Evaluation 
of Absorption and Extinction in Single-Crystal Structure Analysis. Crystallographic Computing; 
Copenhagen, Muksgaard, 1979). Structure solution and refinement were performed with the 
SHELX program package. Hydrogen atoms were derived from the final Fourier maps and 

The representation of molecular structures was done using the program DIAMOND 4.2.2.  
Additional information on the structure determinations has been deposited with the Cambridge 
Crystallographic Data Centre. 

 

Table S1: Crystallographic data and data collection parameters 

 fac-[Tc(NPh)Cl3(PPh3)(CNtBu)]  

CH2Cl2 (2a) 

fac-[Tc(NPh)Cl3(PPh3)-

(CNMes)] (2b) 

fac-[Tc(NPh)Cl3(PPh3)-

(CNPhi-prop2)]  C7H8  (2c) 

Empirical formula C30H31Cl5N2PTc C34H31Cl3N2PTc C44H45Cl3N2PTc 

Formula weight 725.79 702.93 837.14 

Temperature/K 200.0 200.0 293(2) 

Crystal system triclinic monoclinic orthorhombic 

Space group P-1 P21/n Pca21 

a/Å 9.8713(7) 9.5714(7) 21.988(4) 

b/Å 12.5882(9) 20.816(1) 10.556(2) 

c/Å 14.1290(1) 16.296(1) 17.683(4) 

 80.628(6) 90 90 

 74.909(6) 99.504(5) 90 

 73.409(6) 90 90 

Volume/Å3 1617.1(2) 3202.2(3) 4104.1(14) 

Z 2 4 4 

calcg / cm3 1.491 1.458 1.355 
-1 0.930 0.776 0.618 

F(000) 736.0 1432.0 1728.0 

Crystal size / mm3 0.66 × 0.56 × 0.38 0.3 × 0.24 × 0.2 0.35 × 0.2 × 0.2 

Radiation    

2  range for data collection/° 9.484 to 51.992 7.242 to 58.496 6.768 to 58.482 

Index ranges - - -

15 

- - -

 

- -

-  

Reflections collected 13325 25489 16632 

Independent reflections 6302 [Rint = 0.0473, Rsigma = 

0.0355] 

8612 [Rint = 0.0927, Rsigma = 

0.0795] 

9691 [Rint = 0.1047, 

Rsigma = 0.1771] 

Data/restraints/parameters 6302/0/355 8612/0/373 9691/521/465 

Goodness-of-fit on F2 1.045 0.887 0.802 

Final R indexes [I>=2  (I)] R1 = 0.0303, wR2 = 0.0769 R1 = 0.0377, wR2 = 0.0846 R1 = 0.0552, wR2 = 

0.0903 

Final R indexes [all data] R1 = 0.0346, wR2 = 0.0785 R1 = 0.0599, wR2 = 0.0903 R1 = 0.1262, wR2 = 

0.1065 

Largest diff. peak/hole /  

e Å-3 

0.50/-0.94 0.75/-1.34 0.48/-0.50 

Flack parameter - - -0.06(6) 

CCDC access code 2208603 2208604 2208605 
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Table S1 (continued): Crystallographic data and data collection parameters. 

 

 cis-[Tc(NPh)Cl3(CNArMes2)2]  

CH2Cl2 (3) 

trans-

[Tc(NPh)Cl3(CNArTripp2)2] (4b) 

fac-[Tc(NPh)Cl3(PPh3)-

(CNp-FArDarF2)] (5) 

Empirical formula C57H57Cl5N3Tc C80H103Cl3N3Tc C47H28Cl3F13N2PTc 

Formula weight 1059.30 1311.00 1103.03 

Temperature/K 200.0 200.0 200.0 

Crystal system triclinic monoclinic monoclinic 

Space group P-1 P21/n P21/n 

a/Å 12.4573(9) 24.4011(9) 8.5399(8)

b/Å 13.3922(11) 24.9304(7) 22.855(2) 

c/Å 19.8431(16) 28.0596(13) 23.501(2) 

 96.377(7) 90 90 

 92.599(6) 108.814(3) 98.416(7) 

 114.514(6) 90 90 

Volume / Å3 2978.1(4) 16157.5(11) 4537.4(7) 

Z 2 8 4 

calc g/cm3 1.181 1.078 1.615 
-1 0.501 0.317 0.620 

F(000) 1096.0 5584.0 2200.0 

Crystal size / mm3 0.6 × 0.36 × 0.2 0.9 × 0.72 × 0.46 0.2 × 0.133 × 0.1 

Radiation    

2  range for data collection/° 6.698 to 51.996 6.646 to 49.998 3.932 to 51 

Index ranges - - , -24 

 

- - -33 

 

- -

-  

Reflections collected 25752 82662 27078 

Independent reflections 11656 [Rint = 0.0749, Rsigma = 

0.1151] 

28300 [Rint = 0.1080, Rsigma = 

0.0972] 

8443 [Rint = 0.1506, 

Rsigma = 0.2363] 

Data/restraints/parameters 11656/0/607 28300/1886/1498 8443/854/621 

Goodness-of-fit on F2 0.833 0.999 0.669 

Final R indexes [I>=2  (I)] R1 = 0.0471, wR2 = 0.0832 R1 = 0.0817, wR2 = 0.2151 R1 = 0.0477, wR2 = 

0.0657 

Final R indexes [all data] R1 = 0.0915, wR2 = 0.0929 R1 = 0.1273, wR2 = 0.2422 R1 = 0.1479, wR2 = 

0.0819 

Largest diff. peak/hole /  

e Å-3 

0.41/-0.58 1.59/-1.00 0.70/-0.70 

CCDC access code 2208606 2208607 2208608 
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 Figure S1: Ellipsoid representation of fac-[Tc(NPh)Cl3(PPh3)(CNtBu)]  CH2Cl2 (2a). 
The thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted 
for clarity. A number of 42 reflections below thetamin is missing due to the large unit cell 
and the data collection with the IPDS T2 measuring routine. 
 

 

Table S2: Selected bond lengths (Å) and angles (°) in fac- [Tc(NPh)Cl3(PPh3)-
(CNtBu)]  CH2Cl2 (2a). 
Tc1-Cl2 2.3909(6) P1-C27 1.824(2) Tc1-Cl3 2.4154(6) 

Tc1-Cl1 2.4131(6) P1-C33 1.819(2) Tc1-N10 1.7114(18) 

Tc1-P1 2.4602(6) P1-C21 1.828(2) Tc1-C1 2.057(2) 

N10-C11 1.388(3) C1-N1 1.133(3) N1-C17 1.470(3) 

Cl2-Tc1-Cl1 91.06(22) Cl1-Tc1-P1 84.90(2) C11-N10-Tc1 163.55(2) 

Cl2-Tc1-P1 87.21(2) Cl1-Tc1-Cl3 89.85(2) C1-Tc1-P1 99.94(7) 

Cl2-Tc1-Cl3 86.79(2) Cl3-Tc1-P1 171.95(2) N1-C1-Tc1 173.1(2) 

C1-Tc1-Cl2 165.95(7) C1-Tc1-Cl1 77.68(6) C1-N1-C17 178.0(3) 
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Figure S2. Ellipsoid representation of fac-[Tc(NPh)Cl3(PPh3)(CNMes)] (2b). The 
thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for 
clarity. A number of 16 reflections below thetamin is missing due to the large unit cell 
and the data collection with the IPDS T2 measuring routine. 
 

 

Table S3: Selected bond lengths (Å) and angles (°) in fac- [Tc(NPh)Cl3(PPh3)-
(CNMes)] (2b). 
Tc1-Cl2 2.4033(6) P1-C26 1.827(3) Tc1-Cl3 2.4388(6) 

Tc1-Cl1 2.3972(7) P1-C32 1.820(2) Tc1-N10 1.705(22) 

Tc1-P1 2.4654(6) P1-C26 1.827(3) Tc1-C1 2.037(3) 

N10-C11 1.382(3) C1-N1 1.152(3) N1-C17 1.403(3) 

Cl2-Tc1-Cl1 93.88(3) Cl1-Tc1-P1 84.00(2) C11-N10-Tc1 164.51(2) 

Cl2-Tc1-P1 88.00(2) Cl2-Tc1-Cl3 88.31(2) C1-Tc1-P1 92.33(7) 

Cl1-Tc1-Cl3 88.78(2) Cl3-Tc1-P1 171.65(2) N1-C1-Tc1 177.3(2) 

C1-Tc1-Cl2 174.06(7) C1-Tc1-Cl1 80.26(7) C1-N1-C17 173.7(3) 
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Figure S3: Ellipsoid representation of fac-[Tc(NPh)Cl3(PPh3)(CNPhi-prop2)]  C7H8 (2c). 
The thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted 
for clarity. A number of 11 reflections below thetamin is missing due to the large unit cell 
and the data collection with the IPDS T2 measuring routine. Flack parameter of the 
non-centrosymmetric structure: 0.06(6). 
 

 

Table S4: Selected bond lengths (Å) and angles (°) in fac-[Tc(NPh)Cl3(PPh3)(CNPhi-

prop2)] (2c). 
Tc1-Cl2 2.421(2) P1-C41 1.834(9) Tc1-Cl3 2.409(2) 

Tc1-Cl1 2.413(2) P1-C35 1.808(1) Tc1-N10 1.725(6) 

Tc1-P1 2.452(2) P1-C29 1.854(9) Tc1-C1 2.030(8) 

N10-C11 1.374(1) C1-N1 1.1834(1) N1-C17 1.390(1) 

Cl2-Tc1-Cl1 94.62(8) Cl1-Tc1-P1 79.67(8) C11-N10-Tc1 167.4(6) 

Cl2-Tc1-P1 92.96(1) Cl2-Tc1-Cl3 87.35(1) C1-Tc1-P1 92.7(3) 

Cl1-Tc1-Cl3 87.35(1) Cl3-Tc1-P1 87.75(9) N1-C1-Tc1 176.7(9)

C1-Tc1-Cl2 172.0(3) C1-Tc1-Cl1 80.9(2) C1-N1-C17 178.8(9) 
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Figure S4: Ellipsoid representation of cis,fac-[Tc(NPh)Cl3(CNArMes2)2] CH2Cl2 (3). The 
thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for 
clarity. A number of 70 reflections below thetamin is missing due to the large unit cell 
and the data collection with the IPDS T2 measuring routine. Only one molecule of 
solvent CH2Cl2 could be located. An overall number of 102 e- 
the large. Voids, which are contained in the structure, by a solvent mask using OLEX2 
(Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), 
J. Appl. Cryst. 42, 339-341). This corresponds to approximately 2.5 more molecules of 
CH2Cl2.  
 

 

 

Table S5: Selected bond lengths (Å) and angles (°) in cis, fac-[Tc(NPh)Cl3-
CNArMes2)2]  CH2Cl2 (3). 
Tc1-Cl2 2.3909(1) N1-C17 1.392(5) Tc1-Cl3 2.3877(9) 

Tc1-Cl1 2.4004(1) N2-C41 1.1411(4) Tc1-N10 1.699(3) 

C2-N2 1.160(4) Tc1-C2 2.034(3) Tc1-C1 2.056(4) 

N10-C11 1.380(4) C1-N1 1.147(4)   

Cl2-Tc1-Cl1 87.70(9) Cl1-Tc1-C2 86.41(2) C11-N10-Tc1 176.9(6) 

Cl2-Tc1-C2 92.21(1) Cl2-Tc1-Cl3 174.04(9) C1-Tc1-C2 171.7(2) 

Cl1-Tc1-Cl3 86.40(9) N2-C2-Tc1 175.4(4) N1-C1-Tc1 177.9(5) 

C1-Tc1-Cl2 88.65(1) C1-Tc1-Cl1 85.38(2) C1-N1-C31 179.3(6) 
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Figure S5: a) Ellipsoid representation of trans,mer-[Tc(NPh)Cl3(CNArTripp2)2] (4b). The 
thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for 
clarity. A number of 70 reflections below thetamin is missing due to the large unit cell 
and the data collection with the IPDS T2 measuring routine. One carbon of an isopropyl 
group has an unusually large ellipsoid due to an elongation of the distal isopropyl 
moieties. A solvent accessible void is caused by the molecular packing and does not 
contain any substantial residual electron density. b) Visualization of the disorder found 
for one of the isopropyl groups in the two crystallographically independent species of 
these large molecules. 
 

Table S6: Selected bond lengths (Å) and angles (°) in trans,mer-[Tc(NPh)Cl3-
CNArTripp2)2] (4b). 
Tc1-Cl2 2.3933(2) N1-C1 1.150(6) Tc1-Cl3 2.3946(2) 

Tc1-Cl1 2.3470(2) N2-C67 1.1416(6) Tc1-N10 1.714(5) 

C2-N2 1.139(6) Tc1-C2 2.097(5) Tc1-C1 2.076(5) 

N10-C11 1.361(1) N1-C31 1.409(6)   

Cl2-Tc1-Cl1 87.70(9) Cl1-Tc1-C2 86.41(2) C11-N10-Tc1 176.9(6) 

Cl2-Tc1-C2 92.21(1) Cl2-Tc1-Cl3 174.04(9) C1-Tc1-C2 171.7(2) 

Cl1-Tc1-Cl3 86.40(9) N2-C2-Tc1 175.4(4) N1-C1-Tc1 177.9(5) 

C1-Tc1-Cl2 91.69(1) C1-Tc1-Cl1 85.38(2) C1-N1-C31 179.3(6) 
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Figure S6: Ellipsoid representation of fac-[Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5). The 
thermal ellipsoids are set at a 50% probability level. Hydrogen atoms are omitted for 
clarity. The ratio of unique to observed reflections is too low leading to a B alert. This 
is due to the measurement routine of the IPDS 2T. 
 

 

 

Table S7: Selected bond lengths (Å) and angles (°) in fac-[Tc(NPh)Cl3(PPh3)(CNp-
FArDarF2)] (5). 
Tc1-Cl2 2.4338(2) P1-C45 1.821(5) Tc1-Cl3 2.3890(2) 

Tc1-Cl1 2.3977(2) P1-C39 1.793(5) Tc1-N10 1.710(4) 

Tc1-P1 2.4423(2) P1-C51 1.812(5) Tc1-C1 2.009(5) 

N10-C11A 1.395(1) C1-N1 1.176(6) N1-C17 1.401(6) 

Cl2-Tc1-Cl1 96.17(5) Cl1-Tc1-P1 90.42(5) C11A-N10-Tc1 168.3(1) 

Cl2-Tc1-P1 77.65(5) Cl2-Tc1-Cl3 86.94(6) C1-Tc1-P1 94.83(2) 

Cl1-Tc1-Cl3 87.80(6) Cl3-Tc1-P1 164.21(6) N1-C1-Tc1 174.9(5) 

C1-Tc1-Cl2 78.68(2) C1-Tc1-Cl1 171.66(2) C1-N1-C17 172.0(5) 
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Spectroscopic data 

 

Figure S7: 1H NMR spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNtBu)] (2a) in CD2Cl2. 
 

 

 

 

Figure S8: IR (KBr) spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNtBu)] (2a). 
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Figure S9: 1H NMR spectrum of fac-[Tc(NPh)(PPh3)(CNMes)Cl3] (2b) in CD2Cl2. 

 

 

 

 

Figure S10: 1H,1H COSY NMR spectrum of fac-[Tc(NPh)(PPh3)(CNMes)Cl3] (2b) in 
CD2Cl2. 
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Figure S11: IR (KBr) spectrum of fac-[Tc(NPh)(PPh3)(CNMes)Cl3] (2b). 
 

 

 

Figure S12: 1H NMR spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] (2c) in CD2Cl2. 
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Figure S13: IR (KBr) spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNPhi-prop2)] (2c). 
 

 

 

Figure S14: 1H NMR spectrum of isomers of fac-[Tc(NPh)Cl3(PPh3)(CNArMes2)] (3a) 
in CD2Cl2. 
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Figure S15: 1H NMR spectrum of trans,mer-[Tc(NPh)Cl3(CNArTripp2)2] (4b) in CD2Cl2. 
 

 

 

Figure S16: IR (KBr) spectrum of trans,mer-[Tc(NPh)(CNArTripp2)Cl3] (4b). 
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Figure S17: 1H NMR spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5) in 
CD2Cl2. 
 

 

 

 

Figure S18: 19F NMR spectrum of fac- [Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5) in 
CD2Cl2. 
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Figure S19: 19F NMR spectra recorded during the reaction of fac- 
[Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5) with CNp-FArDarF2 in THF. Spectrum 1 was 
recorded after the addition of one equivalent of CNp-FArDarF2 to 5. Spectrum 2 was 
recorded after heating the previously obtained solution for 10 min in boiling THF. 
Spectrum 3 was recorded after heating a solution of complex 5 for 10 min in boiling 
THF. 
 

 

 

 

Figure S20: IR (KBr) spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNp-FArDarF2)] (5). 
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Figure S21: 1H NMR spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNPhpF)] (6) in CD2Cl2.  

 

 

Figure S22: 19F NMR spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNPhpF)] (6) in CD2Cl2. 
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Figure S23: 31P{1H} NMR spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNPhpF)] (6) in CD2Cl2. 

 

 

 

Figure S24: IR (KBr) spectrum of fac-[Tc(NPh)Cl3(PPh3)(CNPhpF)] (6). 
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Figure S25: 1H NMR spectrum of fac-[Tc(CNPhpF)6][PF6] (7) in CD2Cl2. 

 

 

 

Figure S26: 19F NMR spectrum of [Tc(CNPhpF)6][PF6] (7) in CD2Cl2. 
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Figure S27: 99Tc NMR spectrum of [Tc(CNPhpF)6][PF6] (7) in CD2Cl2. 
 

 

 

 

Figure S28: IR (KBr) spectrum of [Tc(CNPhpF)6][PF6] (7). 
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DFT Calculations 
 

Table S8. Calculated electrostatic potential surface properties of the isocyanide carbon 
atom at the Van der Waals (VdW) boundary for structures optimized at the B3LYP/6-
311++G** level. Surface properties were evaluated at  = 0.001 level using an 
electrostatic potential map basis with a grid-point spacing of 0.25. The last column 
contains the Surface-Averaged Donor Atom Potential SADAP = (EPmin + EPmax + 
AP)/(ESpos + ESneg) as a combined descriptor of steric and electrostatic properties of 
the potential ligands, which allows an estimation of their reactivity. 

CN-R 

 

R = 

Exposed VdW surface, 

ES (Å2) 

Extrema for potential 
energies at VdW surface, EP 

(kcal/mol) 

Average potential energies 
at VdW surface, AP 

(kcal/mol) 

Surface-averaged donor atom 
potential SADAP, (kcal/mol Å2) 

    

ESpos ESneg EPmin EPmax  overall SADAP 

 

CNAr(DippNC4H8)

0.00 21.81 -42.74 -15.96 -31.70 -4.15 

 

TRIP 0.00 22.23 -38.01 -9.31 -26.65 -3.33 

 

CNArDipp2 0.00 22.13 -37.64 -8.87 -26.04 -3.28 

 

CNp-FArDipp2 0.00 22.14 -36.22 -7.19 -24.42 -3.06 

 

CNPhi-prop2 0.00 25.99 -35.47 -5.16 -21.20 -2.38 

 

CNArMes2 0.00 30.10 -39.20 -7.01 -25.11 -2.37 

 

CNMes 0.00 28.89 -36.79 -6.83 -21.68 -2.26 

 

CNp-FArMes2 0.00 30.13 -37.67 -5.04 -23.31 -2.19 

 

CNp-NO2ArDipp2 0.01 22.81 -31.40 0.48 -18.83 -2.18 
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CNtBu 0.00 31.43 -39.63 -5.86 -22.00 -2.15 

 

CNPho,o-Me2 0.00 28.80 -35.60 -5.35 -20.34 -2.13 

 

CNCy 0.00 31.61 -39.23 -5.09 -21.81 -2.09 

 

CNnHex 0.00 31.61 -38.62 -5.69 -21.48 -2.08 

 

CNnPent 0.00 31.58 -38.60 -5.67 -21.45 -2.08 

 

CNnBu 0.00 31.58 -38.51 -5.52 -21.36 -2.07 

 

CNnPr 0.00 31.57 -38.37 -5.51 -21.23 -2.06 

 

CNEt 0.00 31.62 -38.06 -5.17 -20.98 -2.03 

 

CNMe 0.00 31.52 -37.41 -6.01 -20.50 -2.03 

 

CNPho,o-Me2,p-F 0.00 28.79 -33.68 -2.45 -18.02 -1.88 

 

MIBI 0.02 29.07 -35.96 2.30 -18.65 -1.80 

 

CNPhp-Me 0.01 31.24 -35.69 0.94 -18.57 -1.71 

H 

CNH 0.00 31.12 -31.48 -4.62 -16.42 -1.69 

 

CNPhp-NMe2 0.16 31.28 -36.06 2.15 -18.61 -1.67 

 

CNPhp-CCH 0.15 30.08 -34.98 1.79 -17.21 -1.67 

 

CNPh 0.05 31.28 -35.20 1.72 -18.01 -1.64 
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CNp-NO2ArMes2 0.17 29.91 -32.56 2.46 -17.50 -1.58 

 

CNPhp-OMe 0.43 30.95 -34.17 4.50 -16.60 -1.47 

 

CNPhp-F 1.67 29.53 -32.02 7.05 -14.10 -1.25 

 

CNp-MeArDArF2 1.87 26.11 -30.32 9.17 -13.34 -1.23 

 

CNPhp-CF3 1.86 29.19 -31.18 6.80 -13.37 -1.22 

 

CNArDArF2 3.43 24.42 -29.04 10.22 -11.95 -1.10 

 

CN(p-CCH)ArDArF2 4.52 23.37 -28.26 11.17 -11.03 -1.01 

 

CNPhp-NO2 6.15 24.86 -28.59 9.44 -10.27 -0.95 

 

CN(p-COOMe)ArDArF2 5.45 22.34 -27.45 12.53 -10.13 -0.90 

 

CNp-BrArDArF2 5.61 22.28 -27.38 12.50 -10.03 -0.89 

 

CNp-IArDArF2 5.61 22.34 -27.42 12.53 -10.04 -0.89 

 

CNp-ClArDArF2 5.74 22.15 -27.30 12.92 -9.96 -0.87 

 

CN(p-NO2)Ar(p-NO2Dipp)2 4.92 18.14 -23.28 12.74 -8.26 -0.81 
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CN(p-COOH)ArDArF2 6.74 21.13 -26.39 14.75 -8.89 -0.74 

 

CNPhm,m-(CF3)2 8.23 22.96 -27.55 14.48 -8.68 -0.70 

 

CNPhF5 9.36 21.48 -25.27 14.24 -7.07 -0.59 

 

CNPhm.m-(NO2)2 12.09 19.09 -23.33 14.43 -4.67 -0.44 

 

CNPhp,m,m-(CF3)3 11.49 19.44 -24.62 17.89 -5.28 -0.39 

 

CNp-NO2ArDArF2 10.54 17.20 -22.73 18.30 -4.73 -0.33 

 

CNPhp-NO2,F4 12.46 18.27 -22.28 18.10 -3.77 -0.26 

 

CNPhp-NO2,m,m-(CF3)2 14.33 17.03 -21.39 17.29 -2.32 -0.20 

 

CNCF3 15.06 15.57 -19.94 16.88 -0.94 -0.13 

CO 19.29 10.31 -12.49 12.42 3.35 0.11 

 

CNp-FArDArF2 20.50 6.74 -11.49 69.07 16.88 2.73 
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Table S9. LPc CN properties of some representative, free isocyanides, number of 
CTc electrons (#e-; LPc Tc) and second order perturbation parameters 

(interaction energy E; energy difference between the two orbitals Ei-Ej; overlap 
parameter A) for LPTc CN in the model complexes [TcO3(CO/CNR)]+ and 
[Tc(CO)5(CO/CNR)]+ (R = PhF5, Php-F, Ph, tBu, ArDArF2). 
 

    [TcO3(L)]+ [Tc(CO)5(L)]+ 

L CN LPC CN-LPC) #e-
CTc #e- CTc E(LPTc CN) [kJ/mol] Ei-Ej [a.u.] A 

CNArDipp2 -1.53 -8.48 6.95      

CNtBu 2.74 -11.15 13.89 1.9029 1.8910 8.37/8.37 0.32/0.32 0.049/0.049 

CNPh 2.20 -11.59 13.80 1.9033 1.8923 9.00/9.06 0.31/0.31 0.050/0.049 

CNPhp-F 2.04 -11.72 13.76 1.9035 1.8927 9.13/9.17 0.31/0.31 0.050/0.051 

CNPhF5 1.48 -12.36 13.84 1.9076 1.8947 10.64/10.62 0.30/0.30 0.054/0.052 

CNArDArF2 103.58 -12.18 115.76 1.9022 1.8919 9.49/9.55 0.31/0.31 0.052/0.050 

CO -1.16 -10.55 9.39 1.9364 1.9111 13.81/13.81 0.28/0.28 0.059/0.059 
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!"#$%&' )*, ##>3, ?@A, &'%3/$-, #4, 8(9"6B, 8)9"6, -(), 8>3:"?(CD.C
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G@-#>IN645678+!H>3B"G,H>3B"#*%%"L-6%1%"D+!"@6%"*7--%**",4" 56%"
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@6%" *7;*%Z7%/5" *./56%*%*" ,4" G>7#>IN601213+'H#XQ'+"
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1)/75%*!"@6%" 8P"49%Z7%/-.",4" 56%" )*,-.'/)0%"1,)%5."*6,:* '"
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;,/0" )*" %&2%-5%03." -3%'93." 3,/<%9" 56'/" 56,*%" 5," 56%" -'9;,/.3"
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?JC?M, I1MIJ:P=, ?MC?P, I1MMM:P=,
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Crystallographic data 
The intensities for the X–ray determinations were collected on STOE IPDS II or Bruker D8 Venture instruments 

corrections were  a 1, 2Structure 
3-5 

6 

 
 

Table S1: Crystallographic data and data collection parameters 

 

 

 [Tc(CNPh )6][PF6]  

 

([1][PF6])  

)4][BF4]  

Cl  

([2][BF4]) Cl  

[Tc(CO)3(PPh3) L1][BF4] 

 

([6][BF4])  

 TcPN6F6C  BF4N4C  C 46BF4N4O3P Tc 

    

    

Crystal system triclinic triclinic monoclinic 

 P-1 P-1 1  

    

   ) 

    

    

    

    
3 6169(4)   

Z 4 4 4 

calcg  cm3    

  mm-1    

    

Crystal size  mm3    

Radiation    

      

Index ranges - - -

 

- - -

 

- -

31, -  

Reflections collected   34973 

Independent reflections int sigma 

 

14878 [Rint sigma 

 

int 

Rsigma  

    

Goodness-of-fit on F     

 (I)] R1   R1   R1  

 

Final R indexes [all data] R1   R1   R1  

 

 

e Å-3 

-  -  -  
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Figure S1: Ellipsoid representation of [Tc(CNPh )][PF6] ([1][PF6])

Table S2: Selected bond lengths (Å) and angles (°) in [Tc(CNPh )][PF6]
([1][PF6])

Tc1-C2 2.040(6) C2-N2 1.160(7) C27'-C28' 1.179(8)

Tc1-C5 2.021(5) C5-N5 1.169(7) C47-C48 1.177(9)

Tc1-C1 2.020(6) C21-N2 1.394(7) C17'-C18' 1.176(9)

Tc1-C6 2.029(5) C4-N4 1.169(7) C47'-C48' 1.156(9)

Tc1-C3 2.022(6) C41-N4 1.407(7) C37-C38 1.176(9)

Tc1-C4 2.015(6) C51-N5 1.407(7)

Tc1'-C2' 2.052(6) C31-N3 1.406(7)

Tc1'-C3' 2.034(6) N1'-C11' 1.399(7)

Tc1'-C4' 2.016(6) N5'-C51' 1.398(7)

Tc1'-C6' 2.033(6) N5'-C5' 1.155(7)

Tc1'-C1' 2.044(6) N4'-C4' 1.162(7)

Tc1'-C5' 2.030(6) N4'-C41' 1.402(7)

N1-C1 1.179(7) N6'-C61' 1.399(7)

N1-C11 1.393(7) N6'-C6' 1.166(7)

N2'-C2' 1.154(7) C68-C67 1.174(8)

N2'-C21' 1.396(7) C27-C28 1.182(8)

N6-C61 1.398(7) C57'-C58' 1.184(8)

N6-C6 1.164(7) C38'-C37' 1.181(8)

N3'-C31' 1.402(7) C17-C18 1.181(9)

N3'-C3' 1.159(7) C57-C58 1.179(8)

N1'-C1' 1.157(7) C67'-C68' 1.178(9)
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C5-Tc1-C2 94.5(2) C1-N1-C11 175.7(5) C18'-C17'-C14' 178.0(8) 

C5-Tc1-C3 86.7(2) C6-N6-C61 177.3(6) C48'-C47'-C44' 178.7(8) 

C1-Tc1-C2 87.6(2) C3'-N3'-C31' 171.4(6) C38-C37-C34 177.3(8) 

C1-Tc1-C5 93.4(2) C1'-N1'-C11' 175.5(6) C58'-C57'-C54' 177.0(6) 

C1-Tc1-C6 90.5(2) C5'-N5'-C51' 176.9(6) C68-C67-C64 179.4(6) 

C1-Tc1-C3 175.0(2) C4'-N4'-C41' 170.0(6) C28-C27-C24 176.5(6) 

C6-Tc1-C2 88.9(2) C6'-N6'-C61' 177.4(6)   

C3-Tc1-C2 87.4(2) N2-C2-Tc1 176.3(5)   

C3-Tc1-C6 89.7(2) N5-C5-Tc1 171.4(5)   

C4-Tc1-C2 176.2(2) N2'-C2'-Tc1' 174.4(5)   

C4-Tc1-C5 82.9(2) N1-C1-Tc1 175.3(4)   

C4-Tc1-C1 89.7(2) N6-C6-Tc1 177.1(5)   

C4-Tc1-C6 93.8(2) N3-C3-Tc1 174.3(5)   

C4-Tc1-C3 95.3(2) N3'-C3'-Tc1' 177.5(5)   

C3'-Tc1'-C2' 87.5(2) N4'-C4'-Tc1' 176.5(5)   

C3'-Tc1'-C1' 175.4(2) N6'-C6'-Tc1' 174.8(5)   

C4'-Tc1'-C2' 176.2(2) N4-C4-Tc1 172.2(5)   

C4'-Tc1'-C3' 93.3(2) C46-C41-N4 119.3(5)   

C4'-Tc1'-C6' 89.7(2) C42-C41-N4 120.7(5)   

C4'-Tc1'-C1' 86.1(2) N1'-C1'-Tc1' 174.2(5)   

C4'-Tc1'-C5' 92.8(2) N5'-C5'-Tc1' 177.6(5)   

C6'-Tc1'-C2' 86.6(2) C3-N3-C31 178.1(6)   

C6'-Tc1'-C3' 88.4(2) C4-N4-C41 159.6(6)   

C6'-Tc1'-C1' 96.2(2) C2-N2-C21 173.2(6)   

C1'-Tc1'-C2' 93.4(2) C38'-C37'-C34' 178.4(6)   

C5'-Tc1'-C2' 91.0(2) C18-C17-C14 178.5(7)   

C5'-Tc1'-C3' 86.6(2) C58-C57-C54 178.6(7)   

C5'-Tc1'-C6' 174.6(2) C68'-C67'-C64' 176.6(7)   

C5'-Tc1'-C1' 88.8(2) C28'-C27'-C24' 178.1(7)   

C5-N5-C51 165.6(6) C48-C47-C44 179.5(9)   
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Figure S2: Ellipsoid representation of )4][BF4] Cl ([2][BF4])
Cl

Table S3: Selected bond lengths (Å) and angles (°) in )4][BF4]
Cl ([2][BF4]) Cl

Cu1'-C3' 1.952(2) C37'-C38' 1.191(3) C1-Cu1-C3 114.98(9)

Cu1'-C2' 1.955(2) C17-C18 1.184(3) C1-Cu1-C4 104.78(9)

Cu1'-C1' 1.951(2) C37-C38 1.188(3) C2-Cu1-C1 110.29(8)

Cu1'-C4' 1.952(2) C27'-C28' 1.187(3) C2-Cu1-C3 106.33(9)

Cu1-C1 1.948(2) C47-C48 1.187(3) C2-Cu1-C4 112.81(9)

Cu1-C2 1.945(2) C17'-C18' 1.184(3) C4-Cu1-C3 107.78(9)

Cu1-C3 1.951(2) C47'-C48' 1.176(3) C2-N2-C21 179.3(2)

Cu1-C4 1.950(2) C27-C28 1.182(3) C1'-N1'-C11' 178.9(2)

N2-C21 1.399(3) N3'-C31' 1.404(2) C1-N1-C11 178.7(2)

N2-C2 1.152(3) N4'-C41' 1.404(3) C2'-N2'-C21' 173.9(2)

N1'-C11' 1.397(3) N4'-C4' 1.151(3) C3-N3-C31 178.1(2)

N1'-C1' 1.152(3) N4-C41 1.399(3) C3'-N3'-C31' 176.0(2)

N1-C1 1.148(3) N4-C4 1.149(3) C4'-N4'-C41' 176.4(2)

N1-C11 1.399(3) C3'-Cu1'-C2' 106.77(8) C4-N4-C41 178.0(2)

N2'-C21' 1.401(3) C3'-Cu1'-C4' 113.76(8) N3'-C3'-Cu1' 176.32(18)

N2'-C2' 1.151(3) C1'-Cu1'-C3' 108.36(8) N2'-C2'-Cu1' 179.27(18)

N3-C31 1.402(3) C1'-Cu1'-C2' 110.03(8) N1'-C1'-Cu1' 174.58(18)

N3-C3 1.149(3) C1'-Cu1'-C4' 113.73(8) N1-C1-Cu1 172.85(19)

N3'-C3' 1.148(3) C4'-Cu1'-C2' 103.88(8) N2-C2-Cu1 175.81(19)

N3-C3-Cu1 177.13(18) C28-C27-C24 179.0(3) C28'-C27'-C24' 177.0(3)

N4'-C4'-Cu1' 170.03(18) C18'-C17'-C14' 178.9(3) C38-C37-C34 177.8(2)

N4-C4-Cu1 177.38(19) C48-C47-C44 177.8(2) C18-C17-C14 176.3(2)

C38'-C37'-C34' 178.0(2) C48'-C47'-C44' 179.4(3)
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Figure S3: Ellipsoid representation of mer,trans-[Tc(CO)3(PPh3) (CNPhazole)][BF4]
([6][BF4])

Table S4: Selected bond lengths (Å) and angles (°) in mer,trans-
[Tc(CO)3(PPh3) (CNPhazole)][BF4] ([6][BF4])
Tc1-C1 Tc1- Tc1-C3

Tc1-C4 Tc1-P1 Tc1-

C1-N1 - C3-O3

C4-O4 N1-C11 Tc1-C1-N1

Tc1- - Tc1-C3-O3 C1-Tc1-P1 (8)

C1-Tc1- C1-Tc1-C3 C1-Tc1-

C1-N1-C11 3) N4-C19-
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Spectroscopic and mass spectrometric data 
 

 

Figure S4: IR (KBr) of [Tc(CNPh )6]Cl ([1]Cl)  
 

 

Figure S5: 1 of [Tc(CNPh )6]Cl ([1]Cl) in -d4  
 

H2O 
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Figure S6: 99Tc   of [Tc(CNPh )6]Cl ([1]Cl) in -d4  
 

 

Figure S7: IR (KBr) of [Tc(CNPh )6][PF6] ([1][PF6])  
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Figure S8: 1 of [Tc(CNPh )6][PF6] ([1][PF6]) in Cl  
 

 

Figure S9: 19F  of [Tc(CNPh )6][PF6] ([1][PF6]) in Cl  
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Figure S10: 99 of [Tc(CNPh )6][PF6] ([1][PF6]) Cl  
 

 

Figure S11: IR (KBr)  of [Tc(CNPhazole)6]Cl ([2]Cl)  
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Figure S12: 1 of [Tc(CNPhazole)6]Cl ([2]Cl) in acetone-d6

Figure S13: 99Tc of [Tc(CNPhazole)6]Cl ([2]Cl) in acetone-d6

Ha/HbHc Ha/Hb
He

Hd

H2O
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Figure S14: IR (ATR)  CNPh )4][BF4] ([3][BF4])  
 

 

Figure S15: 1 p )4][BF4] ([3][BF4]) in acetone-d6  

H2O 
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Figure S16: 13C{1   of p )4][BF4] ([3][BF4]) in acetone-
d6  
 

 

Figure S17 19 of p )4][BF4] ([3][BF4]]) in acetone-d6  
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Figure S18: p )4][BF4] ([3][BF4]) in acetone-d6  
 

 

Figure S19: IR (ATR)  of azole)4][BF4] ([4][BF4])  
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Figure S20: 1 of azole)4][BF4] ([4][BF4])
in acetone-d6

Figure S21: 1 azole)4][BF4] ([4][BF4]) in Cl

H2O

Hc
Ha/Hb Ha/Hb

He

Hd
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Figure S22: 13C{1  azole)4][BF4] ([4][BF4]) Cl  

 

Figure S23: 19F azole)4][BF4] ([4][BF4]) in Cl  
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Figure S24: azole)4][BF4] ([4][BF4])  
 

 

Figure S25: IR (ATR) of CNPhazole (5)  
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Figure S26: 1 of CNPhazole (5) in acetone-d6  
 

 

Figure S27: 13C{1 of CNPhazole (5) in acetone-d6   
box  
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Figure S28: CNPhazole (5)  
 

 

Figure S29: IR (KBr)  of mer,trans-[Tc(CO)3(PPh3) (CNPhazole)][BF4] 
([6][BF4])  
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Figure S30: 1 of mer,trans-[Tc(CO)3(PPh3) (CNPhazole)][BF4] 
([6][BF4]) Cl  

 

 

Figure S31: 19   of mer,trans-[Tc(CO)3(PPh3) (CNPhazole)][BF4] 
([6][BF4]) in acetone-d6  
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Figure S32: 99 of mer,trans-[Tc(CO)3(PPh3) (CNPhazole)][BF4] 
([6][BF4]) in Cl  
 

 

Figure S33: 99 spectra of (from top to bottom) [Tc(CNn
6], 6, 2 and 1  
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Figure S34: iTLC of 99mTc reaction CNPhazole)4][BF4] (4[BF4]) and 
[99mTcO4]- (see experimental for exact conditions) The 

or TcO [99mTcO4]-

Rf 99mTcO4]-

Figure S35: iTLC of 99mTc reaction azole)4][BF4] (4[BF4]) and 
[99mTcO4]- methyl-ethylketone as a 

4]-

(vide supra) f

f
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Figure S36: iTLC of 99m azole)4][BF4] (4[BF4]) and 
[99mTcO4]- (see experimental for exact conditions) -

-
removed 
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