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Locked out of the trusted orbits' path,  

Unmatched in prayer books of perfect order –  
Deprived of earth we'll be at earthly border  

By earthly servants of the earthly math.  

Insane's our incense, and our ship's a lath,  
Like bees gone stray, we seek our swarm by odor.  

We passed between our warder and rewarder,  
And city fire fills our sail with laugh.  

For breath of storms' mysterious appeal,  
By scrolls of trails, by tangled road turns  

We hasten, and our way is hard and stern.  

So let the thunders ring the clouds' peal,  
Let doubts swirl embittering and tough!  

The truth of dreams escapes the earthly wrath. 
 
 

Alex Romanovsky, translator 
“Corona Astralis”, Sonnet II 
By Maximilian Voloshin, 1909 
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Preface 

 
 
 

 

Aim and Scope of the Thesis  
 

 
 
 
As chemists, we are bound by the laws of the universe in which we exist. We do not 
invent new reactions, we discover them. We cannot force atoms into molecules unless 
they are capable of binding to one another in the first place. Rather, we find the starting 
points and conditions that allow things to naturally fall into a desired state – these are 
the only two degrees of freedom a synthetic chemist can actually use. Despite how 
claustrophobia-inducing it may sound, varying just these two parameters gives rise to 
a wealth of fields, spanning from organic, organometallic and main-group 
chemistry/catalysis to electro-, mechano- and photochemistry among others. All of 
them are concerned with harnessing chemical reactivity by means of understanding 
and using this knowledge to achieve a desired outcome. Ultimate reactivity control is 
the holy grail of synthetic chemistry, especially in the face of the ongoing 
environmental crisis and the quest for inexpensive and sustainable transformations. 

Aside from varying conditions, chemists have come up with a number of clever ways 
to steer reactivity in a preferred direction. Among these are the use of elements with an 
incomplete electron shell, such as transition metals or main-group compounds (often 
in unusual oxidation states), introducing strain or charge separation (CS). The latter 
approach remains largely underutilised and, therefore, was chosen as the central point 
of this thesis. CS occurs when the nuclear electrostatic potential is out of balance with 
that of the surrounding electrons. The latter can be a consequence of an electron gain 
or loss, i.e. ionization, or breaking of the spherical symmetry of electronic states, e.g. 
covalent bond formation, where the bonding electrons localize in the interatomic space. 
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As such, some extent of CS is present in every molecule. However, large CS can be 
implemented by design in molecules that bear unquenched charges of opposite sign, 
i.e. zwitterions. 

The aim of the current work is to develop a ligand with built-in CS that allows the study 
of its effects in the contexts of both transition metal and main-group chemistry. We 
introduce a novel 1,3-zwitterionic scaffold, tris-skatylmethylphosphonium (TSMP2–), 
isolated as a potassium salt TSMPK2 (Figure 0.1), which is also the first known C3-
symmetric dianionic homoscorpionate capable of metal exchange. 

 

Figure 0.1. 1,3-Zwitterionic TSMPK2 salt. 

Chapter 1 of this thesis discusses the mechanisms through which CS may affect 
reactivity. Charges give rise to oriented electric fields, which may polarize the 
neighbouring electrons, providing a degree of control that is complementary to the 
electronic and ligand field effects. Additionally, CS in zwitterions stores energy, which 
can be used for chemical transformations or to achieve designer-made HOMO-LUMO 
gaps. Finally, having opposite charges in the second coordination sphere of otherwise 
ionic catalytically-active coordination compounds obviates the need for counter-ions, 
greatly simplifying the association behavior in solution and allowing for more 
systematic and straightforward catalyst design.  

Chapter 2 describes the synthesis of the TSMPK2 salt (Figure 0.1) followed by its 
structural characterization. Its complexation with Fe(II), Ni(II) and Cu(I) centers leads 
to coordination compounds of various topology depending on the metal, stoichiometry 
and the presence of co-ligands. In particular, we show that the bis-ligated Fe(II) 
complex, [(TSMP)2FeII]K2, features a tetrahedral geometry instead of the expected 
octahedral one, whereas replacement of one or both TSMP2– ligands for the equivalent 
number of pyridines yields an octahedral metal center. This highlights the likely 
influence of charge repulsion in the first ligand sphere on coordination geometry.  

Chapter 3 continues with the [(TSMP)2FeII]K2 complex, exploring its one- and two-
electron oxidations to the corresponding anionic Fe(III) and neutral Fe(IV) species, 
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which demonstrates the ability of the TSMP2– scaffold to support catalytically-relevant 
high oxidation states. We then extensively study the electronic structure of the 
[(TSMP)2FeIV]0 complex using a combination of experimental and computational 
techniques, briefly touching upon the ligand field stabilization by the positive 
phosphonium atoms.  

Chapter 4 explores applications of the TSMP2– scaffold to main-group chemistry. 
There, we exchange the potassium cations of TSMPK2 for a silicon from an NHC-
stabilized Si(II) precursor. This reaction yields a stable and isolable, C3-symmetric, 
zwitterionic, naked silanide, TSMPSi. Its nucleophilicity, basicity and ability to 
coordinate to metal centers are greatly reduced, in particular due to electrostatic 
stabilization by the positive phosphonium charge. Specifically, it is so weakly basic that 
the conjugate silane, [TSMPSiH]+, has a solution acidity higher than those of phenol 
and benzoic acid. We study the electronic origins of this unusual acidity and connect 
it to strain as well as the presence of a linker-separated positive charge. At last, TSMPSi 
undergoes reactions connecting the Si(II) and Si(IV) oxidation states under mild 
conditions, which presents intriguing similarities with transition-metal-mediated 
processes. 

Finally, Chapter 5 – the outlook – reflects on the work done in the previous 
experimental chapters, while also providing suggestions on possible improvements and 
future developments.
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Chapter 1 
 
 

Charge Separation in Chemistry 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 

Faced with new global challenges, mankind experiences an unprecedented pressure for 
developing more sustainable and waste-effective chemical processes, which requires a high 
degree of reactivity control. In this respect, control via charge separation is often overlooked. 
Charges generate static electric fields that polarize the neighboring electrons and, if placed 
strategically, control reactivity in a manner that is complementary to electronic and ligand field 
effects. Furthermore, charge separation in zwitterions stores energy, which can be harnessed 
for chemical transformations and to endow the molecules with designer-made HOMO-LUMO 
gaps relevant for photovoltaics, molecular switching and sensing. Finally, the presence of 
opposite charges in the second coordination sphere of otherwise ionic coordination compounds 
obviates the need for counterions, greatly simplifying association behavior in solution and 
allowing for more systematic and straightforward catalyst design.   
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1.1 Introduction 

In the face of climate change and growing world population, mankind is confronted 
with unprecedented pressure to build a more sustainable and less wasteful society, 
which involves overcoming a number of humanitarian and environmental challenges. 
The ever-increasing demand for circular and energy-efficient chemical processes is now 
higher than ever. To be feasible on a large scale, processes must either rely on low-
toxicity and abundant elements such as base metals and main-group elements, or make 
extremely efficient use of scarce elements such as noble metals. For developing either 
of these options, one needs a high extent of reactivity control. One underexplored 
strategy for achieving this goal is charge separation, which is the focus of this 
introductory chapter. 

Charge separation is ubiquitous in chemistry: it emerges whenever the nuclear 
electrostatic potential is out of balance with that of the surrounding electrons. The latter 
can be a consequence of an electron gain or loss, i.e. ionization, or breaking of the 
spherical symmetry of electronic states, e.g. covalent bond formation, where the 
bonding electrons localize in the interatomic space. These two situations are not 
mutually exclusive with their combination giving rise to zwitterions. In either case, 
charge separation generates an electric field that may affect the neighboring electrons 
through polarization, altering global molecular properties and reactivity. In the context 
of coordination compounds this provides a means to control electronic structure that is 
complementary to ligand field effects. Charge separation also imposes a significant 
potential energy penalty, which is often compensated by the gain from electron pairing. 
In the event when this is insufficient or even impossible, like in charge-frustrated 
zwitterions, the energy surplus can be harnessed for chemical transformations or other 
applications such as photovoltaics, switching and sensing. 

This introductory chapter is divided into two parts, the first of which is dedicated to the 
influence of electric fields on electronic structure and reactivity in both natural and 
synthetic systems. We specifically dwell on enzymatic catalysis as it illustrates in full 
an almost untapped potential of electrostatic reactivity control. The second part of this 
chapter deals with charge-frustrated zwitterions, where the charges cannot quench one 
another by simple functional group migration. We further show how the energy of this 
separation can be converted into chemical reactivity and unusual physical properties. 
Aside from this, we discuss how strategic placement of charges affects ion pairing and 
aggregation behavior in solution, thus opening new avenues for fine reactivity control. 
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1.2 Electrostatic reactivity control 

Electric fields (EFs) underlie all chemical reactions and interact with dipoles and 
permanent charges in reactants, transition states, and products. The relevance of 
electrostatic reactivity control for enzymatic catalysis had been highlighted over forty 
years ago,1,2 however since then the field was remaining virtually dormant with the EFs 
attracting attention for rational reaction design only recently.3–7  

According to valence-bond calculations, directional EFs can modify the ionicity of a 
reactant up to the point of reversing bond polarity or heterolytic dissociation. If the 
system is already (partly) ionic, one can stabilize it by applying an EF whose polarity 
complements the ionic dipole.2,5 Therefore, most electrostatic effects can be 
comprehended as field-induced stabilization of ionic structures. Additionally, 
directional EFs are capable of (de)stabilizing specific molecular orbitals8,9 or the entire 
valence manifolds in general,10 which may alter redox potentials and reactivity patterns. 

Moderate EFs applied with specific polarity along the axis wherein the electronic 
reorganization occurs (the so-called “reaction axis”) can perturb the electronic wave 
function towards or away from the desired transition state, thus catalyzing or inhibiting 
the transformation.5,11 This catalysis can even be accompanied by the change of a 
reaction pathway in order to accommodate more ionic transition states – this 
phenomenon was dubbed “mechanistic crossover”.4,5,12,13 Aside from this, applying off-
reaction-axis EFs can alter selectivity by deforming transition states and allowing 
otherwise forbidden orbital mixing. It is expected that two-directional fields may 
control both reactivity and selectivity.4 

In this section, which is not meant to be exhaustive, we review some of the existing 
evidence of electrostatic control in enzymes as well as how this knowledge was 
transferred to and applied in the domains of coordination chemistry and catalysis. 

 

1.2.1 Electric fields in enzymes 

Along with strain and population of near-transition-state conformations,14 oriented EFs 
are proposed to significantly contribute to the phenomenal efficiency of enzymes: while 
only a handful of amino acids at an active site actually participate in a chemical 
reaction, the rest of the peptide macromolecule is thought to generate a highly-specific 
EF that complements the charge distribution of the transition state.15 This phenomenon 
was dubbed electrostatic preorganization2,16 and can be regarded as “specific solvation” 
of the transition state within the structured enzyme cavity, lowering the activation free 
energy more efficiently than less organized polar solvents like water.1 Empirical valence 
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bond calculations show that the rate enhancement for enzymatic reactions with 
significantly ionic transition states is proportional to the degree of electrostatic 
stabilization of an ionic resonance within the binding pocket; covalent transition states 
exhibit little to no EF dependence.2,17  

 

Figure 1.1. A: Catalysis by KSI.18 Note that the dipole moment of the substrate increases upon 
enolate formation, which is facilitated by the dipoles in the KSI·substrate complex; B: ±5 kT/e 
electrostatic potential surface in the crystal structure of wild-type KSI inhibited by  
19-nortestosterone (PDB accession code: 5KP4).18 The surface was generated using PyMOL19 and 
APBS software.20  

The presence of oriented EFs at enzymatic binding sites was experimentally confirmed 
by vibrational Stark spectroscopy. This technique gauges EFs by using a field-
dependent equilibrium interatomic distance in a polar functional group (a probe), 
which is then characterized by IR absorption.21 By using carbonyl- and nitrile-
containing unnatural amino acids as probes in ribonuclease S22,23 and dihydrofolate 
reductase,24 respectively, it was possible to detect the presence of moderate electric 
fields in and around enzymatic binding pockets. Furthermore, the use of a carbonyl-
containing inhibitor (19-nortestosterone) as a probe for ketosteroid isomerase (KSI; 
Figure 1.1A) and its mutants18,25 showed an extremely strong EF within the binding 
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pocket (Figure 1.1B), whose strength linearly correlates with the activation free energy 
for the enolate formation step, directly proving electrostatic rate enhancement. One 
striking detail is that in all cases the IR absorption bands of an enzyme-bound probe 
were considerably narrower than those measured in water.21 This suggests that a 
substrate is locked firmly inside the binding pocket and experiences a significantly 
smaller range of electric fields when introduced into the protein, highlighting the 
significance of the EF directionality.  

Similarly, deliberate interference with enzymatic EFs is detrimental to the catalytic 
function up to the point of complete deactivation. To exemplify, histone deacetylase 8 
(HDAC8) is a zinc-dependent enzyme that catalyzes deacetylation of lysine residues of 
the core histones and plays an important role in cell cycle progression and 
developmental processes (Figure 1.2A-C).32 The crystal structure of the active site of 
HDAC8 reveals a K+ cation buried into the interior of the protein approximately 7 Å 
away from the Zn center involved in the actual deacetylation.26,33 While the role of the 
cation is not completely understood, computational studies demonstrate that its 
removal deactivates the enzyme with general retention of a hydrogen bond network 
within the active site,34 therefore suggesting that the K+ cation plays a part in 
electrostatic preorganization.15 Another example is chorismate mutase responsible for 
Claisen rearrangement of chorismate to prephenate in the shikimate pathway of 
phenylalanine and tyrosine biosynthesis (Figure 1.2D-F). Replacement of a cationic 
arginine residue in the active site for an isostructural but neutral citrulline retains the 
substrate orientation and general geometry of the original enzyme while incurring a 
significant penalty in the catalytic activity.28,29 

 

1.2.2 Charges in coordination chemistry and catalysis 

Despite much relevance for enzymatic catalysis, EFs are often overlooked as a tool for 
rational reactivity control. This is somewhat surprising in view of the fact that 
biological systems have been a major source of inspiration for synthetic design within 
the past decades.14 It is more than likely that, not by design but by chance, there already 
exists a plethora of synthetic reactions taking advantage of electrostatic effects in one 
way or another. However, given the difficulty of separating through-space Coulombic 
and through-bond covalent interactions (which also have an electrostatic component), 
identifying EF effects and keeping a balanced discussion about their magnitude is often 
very challenging.35,36 Such analysis is also complicated by the fact that formal atomic 
charges are not physical, representing only one resonance structure, while the real 
molecules “store” charges in fractions distributed among several atoms or the entire 
functional groups. In other words, there is no fundamental difference between formal 
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Figure 1.2. A: The crystal structure of a dimeric HDAC8-substrate complex (PDB accession code: 
2V5W).26 The substrate corresponds to the acetylated peptide Arg(Ac)-His-Lys(Ac)-Lys(Ac) with a 
coumarin group at the carbonyl terminus. The enzyme was mutated (Tyr306 to Phe306) to inhibit the 
transformation; B: The corresponding active site;26 C: Catalysis by the wild-type HDAC8;27 D: 
Catalysis by chorismate mutase;28 E: The corresponding transition state in a binding pocket;29 F: 
Superimposed crystal structures of an active site in the wild-type (Arg90) and mutated (Arg90Cit) 
enzymes inhibited by a transition state analogue (PDB accession codes: 2CHT and 3ZP4, 
respectively).30,31 The crystallographic images were generated using PyMOL software.19  
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charges in molecular ions and partial charges in neutral molecules, and either can exert 
electrostatic control. More so, unlike electrostatic potential, the atomic charges are not 
quantum observables, meaning that they must be quantified through theoretical means. 
The problem lies in the fact that there are multiple schemes for doing so, which can 
give different results,37 hindering quantitatively relating atomic charges to the 
experimental observations. In the end, a researcher is often left with molecular 
electrostatic potential maps which, in the best case, provide qualitative conclusions for 
the systems where the charges are so high that they dominate the reactivity pattern. It 
goes without saying that identifying subtle electrostatic effects in this way is nearly 
impossible. Still, there exist computational methods aimed at modelling chemical 
reactions in the presence of oriented electric fields,1,2,4,5,7,38 allowing to determine 
possible electrostatic effects and correlate them to the experiment. 

In view of the above and for the sake of simplicity, we choose to limit the discussion of 
synthetic applications of EFs to the systems where electrostatic control is implemented 
by design or the EF influence is identified and discussed in detail. Aside from the 
biochemical field (vide supra), the relevant literature examples are mostly confined to 
the following: (i) the use of bulk homogenous fields from charged surfaces and STM 
tips;3,39–41 (ii) guest-charged host complexes to mimic EFs in enzymatic bonding 
pockets: mainly encapsulation with supramolecular cages42–51 and zeolites;51,52  
(iii) electrostatic stabilization of in situ-generated radicals;41,53–56 (iv) charge-assisted pre-
organization of reaction intermediates/transition states for selectivity control;57–61  
(v) counterion effects on reaction selectivity/discrimination between alternative 
transition states;62–69 and (vi) the influence of charges on electronic structure, reaction 
rates and catalytic activity.  

The last group of applications forms the scope of the present thesis and is, therefore, 
discussed in more detail below. In it, one can differentiate the systems where a charged 
group is the only EF source, and the systems where the spectator charge is 
complemented by an associated ion in the vicinity. In such cases, it is the ion-
counterion dipole that exerts electrostatic control. Nevertheless, this division is rather 
vague since in many studies the influence of ion association is not explored specifically. 
It is worth separately mentioning the systems that do not include a charged group per 
se but instead contain a crown ether fragment that can complex a metal cation thus 
creating a local EF source. This approach allows to take advantage of ionic charges by 
attenuating their solvation which would otherwise weaken Coulombic interactions. 
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1.2.2.1 Control of electronic structure 

When applied to coordination compounds, charges can provide a degree of control 
over the electronic structure that is complementary to ligand field effects. This is well-
exemplified by a family of salen-based complexes of the Yang group (Figure 1.3A), 
where the authors varied the Mn+ cation within the crown cavity thereby adjusting the 
Co(II)/Co(I) redox potential by up to 0.3 V.70 Conveniently, the ligand contains two 
imine (–C=N–) functionalities, allowing to gauge the EF around the Co(II) center using 
vibrational Stark spectroscopy (see Section 1.2.1). Measured frequencies indicate the 
expected: smaller ions with higher charge result in more intense electric fields, which 
correlates with the observed redox potentials. At the same time, UV/Vis spectra show 
little to no change in the Co(II) ligand field regardless of Mn+, leading one to conclude 
that the difference in redox potentials is mostly due to non-specific electrostatic 
stabilization of the Co(II)-based orbitals rather than Lewis acidity of Mn+. Later on, the 
same group discussed electrostatic effects in similar complexes of the Fe(II) and Ni(II) 
ions.10 In a related study on Fe(III) complexes with a diamine pyridine pincer ligand 
decorated with a crown-ether pocket, the authors showed that the ions with a higher 
charge density stabilize both the occupied and unoccupied metal-centered d-orbitals. 
However, the extent of stabilization for the lowest unoccupied orbitals is somewhat 
higher, facilitating Fe(III) to Fe(II) reduction.71 Impressively, providing other redox-
innocent ligands with a similar crown-ether pocket proved to have a beneficial effect 
on aerobic Fe(III)-catalyzed oxidation72 and stabilized Mn(VI) nitrides by disfavoring 
N2 formation.73 On a related note, crown ether-encapsulated Na+ cations were also used 
for redox fine-tuning of ferrocenes.74 

A sophisticated study of Tomson and co-workers8 demonstrated that not only can 
charges shift the energies of the entire valence manifold but they can do so specifically. 
The authors investigated a series of tetracoordinate Cu(I) complexes with 
tris(phosphinimine) substituents of increasing polarity (Figure 1.3B). It was found that 

strongly σ-donating phosphinimine moieties destabilize the 2e (𝑑 /𝑑 ) orbital set 

in the xy-plane and stabilize the a1 (𝑑 ) orbitals, the latter being a result of Coulombic 
interactions with the partly positively charged phosphorus atoms. This study highlights 
the fact that even partial charges are sufficient to exert electrostatic control. 

Another prominent example is the combined experimental/computational study by 
Holland and co-workers,9 where the authors reported an Fe complex involving an  
SCS-pincer ligand (Figure 1.3C). Its Mo ̈ssbauer parameters can only be satisfactorily 
modelled if a K+ counterion is included either directly coordinated to the complex (not 
shown in Figure 1.3) or separated from it in the form of an 18-crown-6-THF associate. 
Both models feature very similar isomer shifts and quadrupole splittings despite 
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significant distortion of the pincer plane in the former case. The authors also found that 
removal of the THF molecules in the crown ether associate without changing the rest 
of the geometry gives Mössbauer parameters close to those in the potassium-free model. 
This can be explained by THF taking part in delocalization of the positive charge on 
potassium, placing it close enough to the Fe center to affect the electronic structure. 
Detailed analysis reveals that the charge stabilizes the 𝑑  orbital thereby causing an 
inversion in the valence manifold. 

 

Figure 1.3. Examples of electrostatic control of electronic structure in metal complexes.8,9,70 

Such changes of electronic structure along with subtle charge stabilization and 
transition state preorganization effects translate into numerous applications of 
spectator charges in both homogeneous catalysis and electrochemistry, some of which 
are discussed below. 
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1.2.2.2 Homogeneous catalysis and bond activation 

There is a number of homogenous catalytic systems as well as those for small molecule 
activation that take advantage of spectator charges. Some of the prominent examples 
are based on porphyrins or related scaffolds, which is not surprising given the ubiquity 
of these ligands in metalloenzymes and the prevalence of electrostatic control in nature 
(vide supra). More specifically, the Groves group published a cytochrome P450 model 
Fe(IV) compound (Figure 1.4A) featuring a porphyrin ligand decorated with four 
pyridinium cations that shows extraordinarily high rates of C–H oxidation in aqueous 
solution.75 In a similar vein, the authors also reported a related porphyrazine Fe(III) 
compound (Figure 1.4A)76 capable of C–H oxidation 5-6 orders of magnitude faster than 
other known Fe(III)–OH complexes and that is more active than many ferryl 
complexes. Later on, Shaik and co-workers were able to computationally reproduce 
the experimentally observed activation barriers for both complexes by replacing 
charged groups with oriented electric fields, thereby showing that the observed catalytic 
rate enhancement is almost entirely electrostatic in nature.77 On a related note, in 
another computational study, Shaik and co-workers showed that the unparalleled 
reactivity of the cytochrome P450 enzymes themselves is at least partially owed to the 
oriented electric fields within the binding pocket, which increase the spectroscopic 
oxidation state of the iron center.5  

Next, Wiedner and co-workers synthesized a Ru(I) complex bearing a remote cationic 
charge (Figure 1.4B),78 which they show to be a superior catalyst for CO2 hydrogenation 
in terms of rate, yield and selectivity compared to the neutral isostructural analogues. 
The authors, however, point out that the role of the positive charge is not entirely clear: 
it could modulate electron donicity of the ligand via inductive effects; alternatively, or 
perhaps concurrently, it could also stabilize one of the Ru-based d-orbitals, thus 
lowering the barrier for the key steps of the catalytic cycle.  

Another example was published by Gilbertson and co-workers and concerned a 
cationic Fe(II) complex with a redox-non-innocent ligand and a (benzo-15-
crown)sodium motif in the secondary coordination sphere (Figure 1.4C).79 This complex 
is capable of accelerated reduction of nitrite to nitric oxide. According to the authors, 
while the presence of the encapsulated Na+ cation does not significantly influence the 
redox potential of the Fe complex, it entices the reduction of NO2

− to NO, likely 
assisting with preorganization of the transition state.  

Further, the group of Lavallo described a zwitterionic Au(I) complex with a phosphine 
bearing an anionic non-coordinating carborane substituent, CB11Cl11

− (Figure 1.4D).80 
This system proves to be a potent alkyne hydroamination catalyst, which, as the 
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authors speculate, could be due to the presence of a negative charge: it either stabilizes 
positively-charged intermediates or, perhaps concomitantly, acts as an electrostatic 
tether preventing phosphine dissociation throughout the catalytic cycle.  

Finally, the same group synthesized a dianionic Pd(0) complex supported by two 
monoanionic carboranyl phosphines (Figure 1.4E), which rapidly undergoes oxidative 
addition to chlororarenes at room temperature, thus acting as a competent catalyst for 
Kumada cross-coupling.81 Importantly, the isosteric complex supported by neutral o-
carboranyl (R = CH) phosphines does not display the same reactivity, supporting the 
involvement of electrostatic control. 

 

Figure 1.4. Examples of electrostatic control in homogeneous catalysis.76,78–81 
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1.2.2.3 Electrochemical applications 

Aside from the examples discussed above in Section 1.2.2.1,10,70,74 charges have been used 
for tuning redox potentials and optimizing electrocatalysts. For instance, in the elegant 
study of Savéant and co-workers,82 a series of Fe(0)/porphyrin-based CO2 
electroreduction catalysts was designed wherein charged groups were placed at a 
different distance from a reactive metal center (Figure 1.5A). High turnover frequency 
and a dramatic decrease in overpotential were observed with the cationic NMe3

+ groups 
located in the closest proximity to the metal (R1 = H, R2 = NMe3

+). Earlier on, Mayer 
and co-workers reported the same complex to be an excellent electrocatalyst for oxygen 
reduction.83,84  

Next, Zhang and Warren described a modified Co(II)(5,10,15,20-
tetraphenylporphyrin) where one of the phenyl groups bears a cationic NMe3

+ moiety 
(Figure 1.5B).85 This modification results in electrostatic stabilization of anionic 
intermediates in the electrocatalytic O2 reduction cycle, thus providing superior 
selectivity over a wider pH range compared to other cobalt porphyrins. Other 
electrostatically-controlled Co-based systems were employed for the CO2 
electroreduction and contain porphyrine86 and phthalocyanine motifs.87 

In a similar vein, the group of McCrory demonstrated that introduction of an  
N-methylpyridinium group into a cobalt pyridyldiimine complex (Figure 1.5C) allows 
to increase its reactivity towards CO2 electroreduction while dramatically decreasing 
the overpotential.88 According to the authors, this effect is due to Coulombic 
stabilization of anionic intermediates in the catalytic cycle by a remote positive charge. 
As a matter of fact, this system is comparable to or more active than other CO2 
electroreduction catalysts employing imidazolium groups89,90 or charged 
macromolecular ligands.91  

Further, the group of Agapie investigated a series of heterometallic cubane clusters with 
three Mn(II) centers and a redox-inactive metal Mn+ (Figure 1.5D).92,93 The redox 
potential of the clusters varies depending on both the Lewis acidity and charge of Mn+, 
indicating a certain extent of electrostatic control. 

Finally, Tolman and co-workers reported a family of [CuOH]+ complexes bearing 
NNN pincer-type bis(carboxamide)pyridine ligands with distal charged groups (Figure 
1.5E).94 While all these compounds are structurally and spectroscopically similar, the 
Cu(II)/Cu(III) redox potential shifts by ca. 0.3 V upon switching between SO3

– and 
NMe3

+ groups, implying significant through-space electrostatic influence.  
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Figure 1.5. Examples of electrostatic control in electrochemically active systems.88,92–94 

 

1.3 Charge frustration 

Molecules with separated charges that cannot quench one another have been at the 
forefront of chemistry for decades95 with many prominent applications in synthetic 
(in)organic chemistry, catalysis, click chemistry, photochemistry, switching and 
sensing. In addition to amphiphilic properties provided by such an unusual electronic 
structure, this charge frustration stores a significant amount of energy that can be 
harnessed for chemical transformations. Furthermore, and this pertains to coordination 
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compounds in particular, the presence of charged groups in the second coordination 
sphere affects the net molecular charge, influencing association behavior in solution 
and solubility in general with far-reaching effects on reactivity. 

According to the IUPAC Gold Book, zwitterions are “neutral compounds having 
formal unit electrical charges of opposite sign”.96 For the purpose of the present thesis, 
this definition appears incomplete as it omits a plethora of charge-separated systems 
with non-zero net charge as well as those where atoms bear multiple charge. Instead, 
we choose to define a zwitterion as any neutral or otherwise species that has separated 
electrical charges in one of the major canonical descriptions. Here, a number of cases 
may be distinguished depending on the kind of charge separation. If no non-
zwitterionic connected Lewis structure can be drawn by π-electron resonance, the 
system is classified as truly zwitterionic. Otherwise, one can only speak of varying 
extents of zwitterionic character. 

In this section, which is not meant to be exhaustive, we outline a number of frustrated 
zwitterionic literature compounds sorted by the distance between separated charges. 
Of course, this division is somewhat artificial since formal atomic charges are not 
experimental observables37 and do not represent true electron density distribution 
within a molecule. A strict discussion about the extent of charge separation can only 
be held on theoretical grounds.37,97–99 Nevertheless, even rough grouping by the distance 
helps to rationalize reactivity and make useful predictions.  
 

1.3.1 Elementenes: 1,1-zwitterions 

The simplest of the charge-frustrated systems are represented by singlet elementenes: 
carbenes, nitrenes, borylenes and their heavier congeners, like silylenes and germylenes 
(Figure 1.6A),100–105 featuring a negative electron lone pair and a positive vacant orbital 
on the same atom. This defines elementenes as single-site zwitterions, where the 
simultaneous presence of the features associated with both nucleophilicity and 
electrophilicity enables them, among other spectacular transformations, to add to 
strong bonds,101,106,115,116,107–114 stabilize unusual oxidation states107,117–121 and serve as 
stirring ligands in transition metal catalysis.120,122–127 The archetypical member of this 
group is carbon monoxide, which, despite some ylidic character, can be considered a 
strongly-stabilized carbene as indicated by the dominant resonance structure (Figure 
1.6B).128–131 One should also mention mesoionic (or non-classical)132 carbenes, which, 
alongside the single-site charge separation, do not have canonical resonance structures 
without additional charges elsewhere in the molecule (Figure 1.6C).133–135 
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Figure 1.6. A: examples of isolable elementenes;101–105 B: carbon monoxide and its four main 
resonance structures as identified by ELF analysis130,131 and valence bond method136 (unlike the 
classical textbook description where C–≡O+ is the main zwitterionic Lewis structure137); C: 
Mesoionic 1,3,4-triazol-(1H-1,2,3)-5-ylidene and its resonance structures.135 

 

1.3.2 Ylides: 1,2-zwitterions 

The second prominent class of charge-frustrated systems are ylides – molecules with 
adjacent atoms of opposite charge (1,2-zwitterions) in one of their major canonical 
descriptions.138 For a diatomic molecule, the difference between ylidic charge 
separation, a triplet diradical and a polar σ,π-multiple bond (Figure 1.7A) can be 
understood in terms of the simplified frontier orbital diagram that features the π-bond 
orbitals (Figure 1.7B). In it, ΔEorbital is the energy difference between the overlapping 

atomic orbitals, roughly corresponding to the electronegativity difference, and ΔEoverlap 
is the extent of the overlap. Both ylidic and diradical character only emerge at poor 
orbital overlap, i.e. in case of a weak π-bond caused by orbital misalignment or 
size/energy mismatch; although π-bonds between heavier elements are inherently 
weaker. An additional condition for an ylide is a considerable electronegativity 
difference between the bound elements. All other situations, regardless of the 
electronegativity difference, and provided the σ-bond is preserved, lead to the 
formation of covalent π-bonds of varied polarity (Figure 1.7C). That being said, in 
polyatomic molecules, the situation may be complicated by the availability of the low-
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lying antibonding orbitals, whereto the electrons of the ylidic lone pair may be 
promoted. This, for instance, characterizes the bonding situation in phosphine oxides, 
in which the negative charge on oxygen is donated into a low-lying P–R σ*-orbital 
(Figure 1.7D), leading to a partial double bond character.139 It may also happen that only 

one electron of the ylidic pair gets donated, as it is the case in pyridinium ylides (Figure 
1.7D) that exhibit diradicaloid character.140 All this variety of bonding situations 
highlights the fact that the ground-state wavefunction of the actual ylides is often 
described as a linear combination of several states with the weights regulating the 
reactivity pattern.  

Figure 1.7. A: possible resonances of a diatomic doubly-bound molecule; B: its truncated 
MO diagram; C: conditions for the dominant resonance; D: ylidic polyatomic molecules.139,140 

Organoelement ylides can be based on many non-metals,141–148 but the most common 
ones are phosphorus,149,150 sulphur141,151–153 and nitrogen141 (Figure 1.8A). Among other 
types of reactivity,154 these compounds are key to such pivotal transformations as 
various cycloadditions,155–158 Wittig159–161 and Corey-Chaykovsky162–164 reactions as well 
as diazo chemistry,a,165 in which they serve as synthetic equivalents of carbenes. It is 
important to note that, out of these ylides, the nitrogen ones are the purest type since 
frequently there are no sufficiently low-lying antibonding orbitals available for 
π-bonding, securing a high extent of charge separation and rendering many of these 
compounds elusive.141 The compounds of the elements from the third period onwards 
often do have such orbitals, and it is up to theoretical models such as Valence Bond 
Theory97 or Natural Resonance Theory98,99 to strictly define the extent of ylidic character. 

a Even though diazo alkenes can be considered 1,3-dipoles (see Section 1.3.3), diazomethane, for 
instance, as well as some other asymmetric 1,3-dipoles have a strong ylidic character.205 



Chapter 1 

31 

Indirectly, this can often be deduced from the molecular orbital occupancies or X-ray 
crystallographic data. Nevertheless, such analysis is not always done in the literature 
with the preference given to the phenomenological assignment of the ylide character 
based on the reactivity patterns and as long as the bond between the elements from 
different periods is concerned, causing poor p-p or d-p orbital overlap. In order to 
maintain consistency with the current literature, we shall not differentiate between 
these approaches in the further discussion. 

When it comes to inorganic ylides, some of best known examples include N-oxides and 
nitro compounds (Figure 1.8B), both of which feature multiple applications as oxidizing 
agents. Less known are heavier congeners of carbonyl compounds: R2E=O, where E = 
Si, Ge, Sn and Pb (Figure 1.8B). While in normal carbonyls the energies of σ- and  
π-bonds are almost equal, for heavier tetrels, due to poor p-p orbital overlap, π-bonding 
is significantly weaker.176 The same applies to the E=N and E=S bonds, where the 
energy of the σ- and π-components are roughly equal only when E is a carbon atom.177 
Given the high electronegativity difference between the bound elements, this leads to 
charge separation178 as indicated by very high dipole moments179 and extremely high 
reactivity.179–181 Similar charge separation also holds for hypervalent iodine compounds 
with formal I=O and I=N bonds (Figure 1.8B), among which are common oxidizing 
agents such as iodozobenzene, 2-iodoxybenzoic acid (IBX) and N-sulfonyl-
imidoiodinanes. Computational studies182 indicate that these molecules are better 
described in terms of σ-dative I+→O– and I+→N– interactions. Of other reactive 
inorganic ylides, a prominent example is a dipolar Sn(IV) imide that readily inserts into 
a pyridine Cα–H bond (Figure 1.8C).166 

Similarly, organometallic ylides are known for small-molecule activation under mild 
conditions, not unlike frustrated Lewis pairs, where bond polarization is also a guiding 
design principle.183 One of the most well-known examples of a metallaylide is 
titanocene methylenide (Figure 1.8D), a Schrock carbene that can be generated from 

either Tebbe’s167,168 or Petasis169 reagents – [(Cp)2Ti(μ-CH2)(μ-Cl)Al(CH3)2] and 
[(Cp)2Ti(CH3)2], respectively. Because of the mismatch in orbital energy and poor 
overlap due to the size difference, the titanium-carbon bond has a strong ylidic 
character. Just like phosphorus ylides, titanocene methylenide is competent in 
olefination of carbonyl compounds,170 giving an analogous titanaoxacyclobutane 
intermediate, which, upon immediate decomposition, leads to the target alkene. As a 
matter of fact, due to high oxophilicity of the Ti(IV) atom, this compound performs 
better than the analogous Wittig reagent, especially for sterically encumbered carbonyl 
groups. More recent developments in this direction led to alkylidyne analogues 
LnTi≡CR, capable of activating strong C–H bonds.184,185   
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Figure 1.8. Examples of organic, inorganic and metalorganic ylides. The preference was given to 
showing ylide resonance structures as opposed to the covalently-bound ones. A: representative 
organoylides of phosphorus, sulfur and nitrogen; B: inorganic ylids of nitrogen, heavier tetrels and 
iodine; C: α-C–H activation of pyridine by an ylidic Sn(IV) imide;166 D: olefination of carbonyl 
compounds with titanocene methylenide;167–170 E: reactivity of a nucleophilic Ni(II) 
metallocarbene;171 F: reactivity of Zr(IV) and Hf(IV) methandiides;172 G: examples of metal-
stabilized carbenium ions;173,174 H: reactivity of an electrophilic Pd(II) metallocarbene.175 

When it comes to nucleophilic metallocarbenes in general, a common strategy to 
enforce ylidic character lies in the use of carbene pincer ligands combined with middle-
late transition metals (Figure 1.8E): this way, filled metallic d-orbitals prevent the 
efficient π-bond formation, securing the separation of charges. Such an approach was 
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first applied in the 1970s with complexes of Ir(III)186 and was later expanded to 
Rh(V),187 Ru(IV) and Os(IV)188 coordination compounds, the latter of which can 
reversibly activate dihydrogen. The complexes of Ni(II)171 and Pd(II),175,189 more  
d-electron-rich and, thus, presumably, more ylidic, showed greater reactivity, being 
capable of activating amines, alcohols and some other substrates with an acidic proton. 
Of other ylidic nucleophilic metallocarbenes it is worth to mention Zr(IV) and Hf(IV) 
complexes supported by phopshorus imide methandiides: these compounds are capable 
of activating O–H, N–H and H–H bonds (Figure 1.8F) as well as take part in [2+2] 
cycloadditions.172,190–193 

Electrophilic metallocarbenes with separated charges are far less common, supposedly 
due to the difficulty of accumulating a negative charge on an electropositive metal 
center. There exists a number of extremely electrophilic late transition metal carbene 
complexes with high ylidic character (Figure 1.8G),194 which are well-established in  
C–H functionalization chemistry.195,196 Nonetheless, the role of a metal atom in these 
likely comes down to stabilization of a positive charge on a carbon, while the metal 
does not directly participate in the carbene C–H insertion step, allowing to consider 
these compounds as metal-stabilized carbenium ions. That being said, the 
regioselectivity of the insertion does not always obey the rules stemming from the 
acidity of the substrate, suggesting radical involvement or steric influence.174,197,198 
Revisiting the pincer carbene complexes, the polarity of the carbon-metal bond can be 
reversed upon one-electron oxidation.175,199,200 At least one of such systems95,175 shows a 
rather low metal-carbon Wiberg Bond Index201 of 0.98, which, combined with the 
electrophilic behavior of the carbene carbon atom (Figure 1.8H), allows to infer at least 
some extent of ylidic character. 

 

1.3.3 Between 1,2- and 1,3-zwitterions: 1,3-dipoles 

Somewhat further in terms of frustrated charge separation are 1,3-dipoles, including, 
among others, such molecules as ozone, nitrous oxide, nitro and diazo compounds, 
azides and nitrones. In these, three atoms share delocalized π-electrons with at least 
one significant resonance structure containing separated charges in a 1,3-relationship 
to one another,202 although 1,2-resonances are non-negligible either. Two major types 
of 1,3-dipoles are bent allylic (Figure 1.9A) and linear propargyl-allenyl (Figure 1.9B) 
ones, both of which can be represented as a linear combination of two ylidic octet 
resonance structures, two 1,3-zwitterionic sextet structures and an open-shell singlet 
diradical, where the electrons of the peripheral atoms are coupled through a non-
bonding interaction.203 A more precise way to describe the electronics of a 1,3-dipole is 
to assign a major resonance contributor based on experimental (e.g. dipole moment 
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measurements204) or computational data.203,205–208 For instance, ozone is better 
represented as a 1,3-diradical, which explains its extreme reactivity, while valence-
isoelectronic sulfur dioxide is dominated by ylidic resonances, rendering it more timid 
reactivity-wise.206 Likewise, even though diazo compounds, azomethine and nitrile 
ylides are indeed better described as ylides, the structural weight of a diradical 
resonance in them can reach one-third,207 thereby imparting a significant diradicaloid 
character.  

 

Figure 1.9. A, B: representative 1,3-dipoles. Systems with heavier elements are also known,209–212 
although used less routinely; C: 1,3-dipolar cycloadditions with an -ene dipolarophile. 
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Due to their ambivalence, 1,3-dipoles can simultaneously act as nucleophiles and 
electrophiles. The extent of such behavior at each end of the molecule can be evaluated 
using frontier molecular orbitals accessible computationally. Normally, the atom with 
the highest coefficient in the HOMO functions as a nucleophile, whereas that in the 
LUMO shows electrophilic behavior. Combined, these two properties allow 1,3-dipo-
les to engage into the cycloaddition with dipolarophiles (mostly alkenes or alkynes, 
though other π-systems are also possible), leading to formation of 5-membered rings 
(Figure 1.9C).213 This [3+2] pericyclic reaction found multiple applications in chemical 
synthesis155–157 and bioconjugation214 as an extremely powerful tool for the construction 
of various heterocyclic systems. 

Another peculiar mode of reactivity of some 1,3-dipoles is a single-atom transfer 
accompanied by the release of a thermodynamically more stable species, such as 
dinitrogen (N2) or a less polarized organic molecule. An archetypical example of this 
behavior is carbene transfer from diazo compounds, in particular diazomethane.215 In 
the context of transition metal chemistry, such reactivity was first demonstrated for a 
[MnIII(tetramesitylporphyrinato)N3] complex216 which, upon irradiation, releases N2 
and produces a corresponding MnV nitride compound (Figure 1.10A). This 
transformation proceeds via metal-to-ligand charge transfer (MLCT) into the π* orbital 

of the azide, leading to Nα–Nβ bond cleavage and two-electron oxidation of the metal 
center.217,218 In general, azide complexes of low-valent metals with favorable d-orbital 
symmetry often eliminate N2 spontaneously at room temperature or under heating 
(Figure 1.10B).219,220 Furthermore, the electrophilic Nβ atom of the azido ligand may 
undergo substitution with other small molecules as exemplified by a NiII complex 
reacting with CO to cleanly generate the corresponding isocyanate (Figure 1.10C).221 
Interestingly, the parent azido complex is stable up to 200 °C as a solid and can 
withstand five days of reflux in toluene. At the same time, the reaction with 5 bar of 
CO occurs at room temperature regardless of the presence of light, implying direct 
attack of CO onto the azide with the expulsion of isoelectronic N2. Considering that 
CO has a higher bond dissociation energy than N2 (1076.38±0.67 vs. 944.84±0.10 
kJ/mol, respectively),222 the fact that this reaction still occurs highlights how much 
energy is stored within the azide group charge separation. A number of similar 
reactions, with or without irradiation, are reviewed elsewhere.223 
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Figure 1.10. Single-atom transfer from azides.216,219–221 

One more 1,3-dipole commonly capable of single-atom transfer is nitrous oxide 
(N2O),224 which can be formally thought of as dinitrogen N-oxide. Aside from the use 
as an oxygen source in the automotive industry, it has shown to stochiometrically 
transfer an oxygen atom to a number of complexes of oxophilic metals, such as Ti,225 
Zr,226–228 Mo,229 V,225 U230 and others.231–233 Reactions with first-row late transition metals 
are known as well, leading to either oxygen atom insertion (Figure 1.11A)234–236 or 
formation of terminal oxo-species (Figure 1.11B).237 Finally, nitrogen atom transfer from 
N2O has also been observed for tricoordinate Mo complexes with formation of a 
stochiometric mixture of nitride and nitrosyl species (Figure 1.11C),238,239 although the 
reports of this kind are scarce. Even more scant are the accounts of single-atom transfer 
from other 1,3-dipoles: a notable example is a nitrogen atom transfer from an 
azomethine imine in a tungsten pentacarbonyl complex (Figure 1.11D).240 



Chapter 1 

37 

 

Figure 1.11. Single-atom transfer from nitrous oxide and azomethine imine.234,237,238,240 

 

1.3.4 Geminal charge separation: 1,3-zwitterions 

In contrast to 1,3-dipoles, main-group compounds with strong geminal zwitterionic 
character that lack π-resonance stabilization between the charges (i.e., true zwitterions) 
are relatively rare. One prominent example results from the addition of B(C6F5)3 to 
acetylenes.241 Some of these compounds are isolable and act as intermediates in alkyne 
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hydroboration (Figure 1.12A).242 Another type of reactive 1,3-zwitterionic systems are 
phosphirenium borates243 that, upon heating, rearrange into charge-neutral 
phospholes244 or vicinal B/P frustrated Lewis pairs (FLP; Figure 1.12B).245,246 On a 
related note, geminal B/P FLPs may yield 1,3-zwitterions upon small molecule 
activation,247–252 although other elemental combinations, such as Al/P,253–255 Ga/P,256 
Si/P,257 Ge/P258 and Sn/P,259,260 are also known (Figure 1.12C). Some of these 
compounds are capable of undergoing charge neutralization by transferring activated 
molecular fragments to a substrate and regenerating the original FLP, thereby closing 
a catalytic cycle.247,250,251  

As for the system where π-resonance change stabilization may take place, allenes that 
normally have a linear rigid C=C=C skeleton can be destabilized to exhibit zwitterionic 
electronic structure and behavior.261,262,271,263–270 This can be achieved either 
geometrically through twisting and bending of the C=C=C fragment or electronically 
by polarizing the π-bonds. Often, it is the combination of the two,262,263,265,269 yet 
regardless of the mechanism of destabilization, the allene scaffold always bends. 
Electronic destabilization can be attained via push-pull or push-push substitution 
patterns (Figure 1.12D).261 Push-pull allenes show carbene-like electronic structure, 
which makes them very reactive and hard to isolate as monomers.272,273 Push-push 
allenes, on the other hand, have increased electron density on the central carbon atom, 
which, in the resonance limit, allows to view them as coordination compounds of zero-
valent carbon or, in other terms, carbones.274,275 Such systems rely on strongly  
σ-donating and weakly π-accepting ligands, like some phosphines and carbenes (Figure 
1.12E). If an employed carbene has a donor heteroatom in the α-position to the carbene 
center, one speaks of 1,3-zwitterionic carbones.261,263–265 These compounds are capable 
of small molecule activation on their own (Figure 1.12F)276 or in the presence of Lewis 
acids to form FLPs.274 Moreover, they can ligate two metal centers at a time, one for 
each lone pair on a central carbon,262 which highlights the strong electron donor 
properties of carbones. Owing to this, their coordination compounds exhibit rich redox 
behavior, allowing to achieve high (formal) oxidation states.277–279 Moreover, some 
rhodium-carbone complexes exhibit excellent reactivity and selectivity in 
hydroamination,280 hydroarylation281,282 and hydroallylation283 of dienes. Of note is the 
application of carbone ligands for internal photosensitization in Pd-photocatalyzed  
C–H arylation of arenes and aldehyde-imine coupling in open air.284 There, the Pd 
complex features strong ligand-to-ligand charge transfer, in part owing to the 
zwitterionic nature of the auxiliary ligand. Interestingly, allenes of heavier tetrels like 
silicon or germanium exhibit a bent structure regardless of the substitution pattern,285–288 
reflecting the inherent weakness of the π-bonding for larger orbitals. The electronic structures 
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Figure 1.12. Reactivity of geminal zwitterions. A: zwitterionic intermediates in alkene 
hydroboration;241,242 B: synthesis and reactivity of phosphirenium borates;246 C: geminal 
FLPs;247,248,250,252,257 D: strategies for electronic destabilization of alkenes;261 E: allenes in a push-pull 
environment; 261–265 F: alkyne activation of carbones;276 G: zwitterionic NHC and phosphorus ylide 
complexes;289,291 H: NHC-bound metals in a push-pull environment;292,294 I: push-pull tungsten 
complex.297  
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of NHC-stabilized silylones and germylones feature two tetrel-based lone pairs, which 
allows to assign them as 1,3-zwitterions as well.286 

When it comes to metal coordination compounds, some phosphorus ylide289,290 and 
NHC complexes291 are better described as 1,3-zwitterions. A necessary condition for 
the NHC ligand is to have a nitrogen atom in the geminal position to the metal (Figure 
1.12G). Furthermore, the metal ion itself should not be capable of strong  

π-backdonation so that the NHC acts as almost a pure σ-donor. These criteria are 
fulfilled in d10 complexes of group 11 (Cu+–Ag+–Au+) and group 12 (Zn2+–Cd2+–Hg2+) 

metal ions, where ligand-to-metal charge transfer reaches ≥0.6ē. Since the carbene 
carbon in such complexes is considerably π-acidic, the introduction of additional π-
donor ligands may give rise to new chemistry. For example, strongly polarized push-
pull environments in [M(NHC)NR2] complexes (Figure 1.12H) can undergo 
photoinduced interligand charge transfer (1ICT), thereby affording fluorescence with 
quantum yields in excess of 99%.292-295 This behavior was characterized as “thermally 
enhanced luminescence”292 and is conceptually similar to thermally activated delayed 
fluorescence (TADF) in purely organic donor-acceptor systems.296 A noteworthy 
difference is that incorporation of a metal atom leads to significantly longer-lived 
excited states due to the spin-orbit coupling that enables mixing with the 3ICT state. 

Another example of a metal atom in a push-pull environment is a N,O,O-pincer 
tungsten alkylidyne complex with a nucleophilic α-carbon (Figure 1.12I).297 This 
reactivity is achieved by placing a metal atom into a rigid meridional environment, 
wherein the angle of 42.8o between the nitrogen lone pair and alkylidyne bond results 
in a significant orbital overlap. This antibonding combination is analogous to a HOMO 
in enamines, leading to the build-up of electron density at the Cα, thereby rendering it 
nucleophilic. The latter is illustrated by a reaction with methyl triflate that gives a 
corresponding methylalkylidene complex. It must be noted that even though the DFT-
optimized geometries demonstrate almost complete linearity of the W≡C–CH2 
fragment (W^C^C angle of 176.2°) and, therefore, low weight of the structure with a 
lone pair on the alkylidynyl carbon, it appears that this structure is not too high in 
energy so that its reactivity can still be accessed. 

 

1.3.5 Remote zwitterions 

With higher degrees of charge separation comes a larger variety of ways it can be 
utilized. Aside from energy storage and enhanced reactivity, which is still the case for 
FLP chemistry,298 zwitterionic charge separation can control molecular energy levels 
and, consequently, physical properties. Furthermore, it can also influence ion pairing 
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and aggregation behavior in solution, allowing for fine reactivity and solubility control. 
All these applications are discussed in more detail below. 

 

1.3.5.1 Organic zwitterions 

Remote organic zwitterions have attracted a lot of attention for the design of molecules 
with tunable HOMO-LUMO energy gaps, leading to highly-tunable electrochemical 
and optical properties with absorption/luminescence in red and near-IR regions.299,300 
Such systems proved instrumental for sensing and switching, data storage, 
photovoltaics, non-linear optics, bioimaging and fluorescent probing among many 
other applications.301,302 Perhaps the most well-known remote organic zwitterion is 
Reichardt’s dye (Figure 1.13A), notable for its extreme solvatochromism303 and high 
tunability by introduction of additional fucntionalities.304,305 Its charge-separated form 
is stabilized by polar solvents, which inspired the use of such compounds as solvent 
polarity probes.303 Furthermore, they also excel as thermochromic and piezochromic 
materials. Similar properties are also shown by Brooker's merocyanine (Figure 1.13B).300 
Other popular systems are azolium-derived squaranes (Figure 1.13C) and their 
polymers306–309 that demonstrate remarkable photostability coupled with intense 
emission/fluorescence in red and near-IR parts of the spectrum, which led to their 
applications in photovoltaics and biomedical fields. Open shell remote organic 
zwitterions such as tetrathiafulvalene-based donor-acceptor dyads (Figure 1.13D)310 
show remarkable complex aggregation behavior and change of optical and magnetic 
properties in solution depending on temperature and solvent polarity. Several other 
types of zwitterionic systems are also of interest, including carbene-derived 
diradicaloids and pyrylenes.311–316 

 

Figure 1.13. Representative remote organic zwitterions.300,303,309,310  
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1.3.5.2 Coordination compounds  

Neutral zwitterionic metal complexes have recently attracted considerable attention in 
the fields of organometallic chemistry and catalysis with uses in polymerization, 
hydrogenation, hydrofunctionalization, cross-couplings and other reactions.317–319 With 
electroneutrality secured by a remote charge on the ligand, they can emulate the 
electronic structure of ionic analogues,320 combining the reactivity of ionic transition 
metal complexes with the solubility patterns of neutral species, especially in low 
polarity media. Furthermore, neutral zwitterions are not subject to counterion effects 
such as ion-pairing, which are hard to predict, assess and control.69,321,322 This opens an 
avenue for more straightforward and systematic catalyst design. 

Depending on the polarity, remote zwitterionic metal complexes can be classified into 
two main types: those with a formal positive charge on the metal center and an anionic 
ligand (Figure 1.14A),318 and those with a formal negative charge on the metal and a 
cationic ligand (Figure 1.14B).317 As an intermediate group stand zwitterionic complexes 
with both cationic and anionic metals that compensate the charge of one another 
(Figure 1.14C).317 Even though a negatively-charged, electropositive transition metal 
center might seem paradoxical, in the actual electronic structure the negative charge is 
often stabilized by delocalization into the ancillary ligands (CO, Ar, Hal etc.). If the 
ligands are sufficiently rigid, the charges are mutually stabilized electrostatically as well 
as by means of through-bond electronic effects. Otherwise, geometric shortening of the 
charge separation may occur via hydrogen bonding or tight intramolecular ion pairing 
by back-folding of the ligand onto the metal center (Figure 1.14A, B). 

As mentioned above, despite a limited number of comparative studies, the performance 
of zwitterionic catalysts is similar to that of the ionic analogues.318,329,354,355,346–353 
However, in some cases, increased activity and divergent reactivity were 
observed,329,344,345,348,356,357 in particular owing to the charge separation endowing these 
systems with amphiphilic character. For instance, a carboxylate-functionalized 
zwitterionic bis-NHC Ir(I)cod complex (Figure 1.14D) shows increased CO2 
hydrogenation activity with respect to the cationic carboxylate-free analogue.344 The 
authors proposed that the carboxylate moiety stabilizes the active Ir(III) hydride 
through coordination, resulting into a fac-κ3-C,C’,O complex. Another notable example 
is a dimethyldi(2-pyridyl)boratoplatinum complex (Figure 1.14E) than can activate 
alcohols and transfer one of the borate methyls to the metal accompanied by 
nucleophilic attack of the solvent at boron.345 
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Figure 1.14. A selection of remote zwitterionic metal complexes and some of their divergent 
reactivity. A: complexes with cationic metal;323–331 B: complexes with anionic metal;332–339 C: 
complexes with both cationic and anionic metals;340–343 D: hydrogen activation;344 E: methyl group 
migration.345 
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As mentioned above, despite a limited number of comparative studies, the performance 
of zwitterionic catalysts is similar to that of the ionic analogues.318,329,354,355,346–353 
However, in some cases, increased activity and divergent reactivity were 
observed,329,344,345,348,356,357 in particular owing to the charge separation endowing these 
systems with amphiphilic character. For instance, a carboxylate-functionalized 
zwitterionic bis-NHC Ir(I)cod complex (Figure 1.14D) shows increased CO2 
hydrogenation activity with respect to the cationic carboxylate-free analogue.344 The 
authors proposed that the carboxylate moiety stabilizes the active Ir(III) hydride 
through coordination, resulting into a fac-κ3-C,C’,O complex. Another notable example 
is a dimethyldi(2-pyridyl)boratoplatinum complex (Figure 1.14E) than can activate 
alcohols and transfer one of the borate methyls to the metal accompanied by 
nucleophilic attack of the solvent at boron.345 

 

1.3.5.3 Naked tetrel anions 

Naked anions are another class of compounds that can benefit from remote charge 
separation. Normally, naked anions are complemented by weakly-coordinating cations 
and/or emerge due to differential solvation effects in dipolar aprotic solvents that 
stabilize positive charges better than the negative ones.358 As follows from the name, 
zwitterionic naked anions have a positive charge elsewhere in the molecule, 
electronically insulated from the anionic center via the linker groups. While this leads 
to formal cancellation of the negative charge, stabilization by means of electrostatic 
and electronic effects is not sufficient to quench the reactivity of the anionic lone pair. 
This translates into high nucleophilicity and basicity, which found applications in FLP 
chemistry, along with high electron donor strength that attracted attention of the 
coordination and organometallic chemists. These applications are discussed in more 
detail below. 

The major bulk of research in the field of zwitterionic naked anions is centered around 
tetrels, the lightest of which – carboanions – are mostly represented by various C3-sym-
metric trigonal pyramidal topologies. The most common systems of such type are 
tris(pyrazolyl)methanides359–368 and hexa(pyrazolyl)dimethanides363,364,368–371 (Figure 
1.15A) stabilized by mono- and dicationic metals, respectively. Given that 
tris(pyrazolyl)methanides are isoelectronic to tris(pyrazolyl)borates (CH↔BH–), 
several studies were done to compare the coordination behavior of these two 
systems:362,369 while the hard cations bind methanides similarly to pyrazolylborates in 
an N3-capping manner, the soft ions tend to form covalent metal-carbon bonds. It was 
also demonstrated that, in case of N3-capping, the carbanionic center is capable of ligation 
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Figure 1.15. Remote zwitterionic naked tetrel anions. A: tris(pyrazolyl)tetrelides of carbon, silicon 
and germanium;359,360,369–374,361–368 B: Tris(dimethylsilyl)methanide ether tetrelides of carbon, silicon 
and germanium;375–377 C: other naked carbanios;375,378 D: β-diketiminates of silicon and 
germanium;379 E: non-C3-symmetric dimeric tris(pyrazolyl)stannide;380 F: tris(pyridyl)tetrelides of 
tin and led.381–386 
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with another metal ion, leading to bimetallic complexes.368 In addition, if the N3-capped 
metal is redox-active, it may lead ligand to non-innocence with respect to the C-bound 
metal.369 Another type of zwitterionic naked carbanions are substituted 
tris(dimethylsilyl)methanides (Figure 1.15B),375–377 which envelop a metal cation with 
their (silyl)ether or silylamine linkers. In terms of reactivity and coordination behavior, 
these systems are similar to tris(pyrazolyl)methanides. Systematic studies with different 
cations as a source of positive charge have revealed that the basicity of the anionic 
carbon, its atomic charge and, consequently, donor strength, are a function of the 
charge-to-size ratio of the employed cation,376 providing opportunities for ligand 
tunability. Additionally, it was shown that the carbanionic center can act as a base in 
the FLP pair with boranes, as illustrated by dihydrogen splitting.377 A rare example of 
a planar naked zwitterionic carboanion is stabilized by an Al(III) cation and was 
characterized by X-ray crystallography (Figure 1.15C).378 

For the heavier tetrels, silicon376,387–391 and germanium,376 tris(dimethylsilyl)-based 
systems appear to be the most popular (Figure 1.15B). A series of comparative studies 
by Krempner and co-workers376,389 revealed that, similarly to the analogous methanides, 
the donor strength of such silanides and germanides can be tuned with the charge 
density of the trapped cation. Moreover, the silanides are capable of ligating to 
transition metal and metalloid sites, such as ZnCl2, ZnI2, ZnMe2,390 W(CO)5 and 
BPh3,391 clearly demonstrating the potential of such systems for transition metal and 
FLP chemistry. Tris(pyrazolyl) zwitterions of silicon372–374 and germanium380 are also 
known (Figure 1.15A), but most of the relevant publications are dedicated to their 
synthesis/structural characterization, and not so much to their properties. A rare 
example of a non-C3-symmetric naked zwitterion, a 3-sila-β-diketiminate, was 
synthesized in a reaction of Li(Si(SiMe3)3)(THF)3 with two equivalents of  
2,6-dimethylbenzonitrile (Figure 1.15D). The attempts to produce an analogous 
germanide led to a dimeric solid-state structure that does not have a naked anionic site 
(Figure 1.15D);379 its solution behavior, however, was not studied. 

Neither tris(dimethylsilyl) nor tris(pyrazolyl) naked zwitterions of tin and led are 
known. An attempt to synthesize tris(pyrazolyl)stannide by salt metathesis between 
SnCl2 and pyrazolylsodium led to a dimer with only four bridging pyrazoles out of six 
(Figure 1.15E).380 Instead, by far the most popular type of architecture for heavier tetrels 
are tris(pyridyl)-based systems (Figure 1.15F).392 Such naked zwitterions of tin381–384 and 
lead385,386 not only retain their solid-state structure in solution but also have an ability 
to complex to lanthanides (LaCp3, YbCp3)381,382,386 and Lewis-acidic metal sites (AlMe3, 
GaMe3, InMe3).383 
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1.4 Concluding remarks 

Charge separation is an important and diverse control tool that is complementary to 
electronic and ligand field effects. It occurs in nature, wherein oriented electric fields in 
enzymes impose a bias towards a desired product, in particular by affecting the 
spectroscopic oxidation state of a metal center. It is also employed by chemists for fine 
manipulation of electronic structure and energy storage, which affects reactivity and 
global molecular properties. However, given that charges are not quantum observables, 
and charge separation occurs, to some extent, in every molecule, scrutinizing these 
effects is a challenging problem inviting further investigation. Aside from 
computational models, one approach is to use the systems with large built-in charge 
separation implemented by design, i.e. zwitterions, which forms the subject of the 
present thesis.  
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Chapter 2 
 
 

A Dianionic C3-Symmetric Scorpionate:  
Synthesis and Coordination Chemistrya

 

 
 
 
 
 
 
 
 
 
Abstract 

Introducing charges into ligand systems fine-tunes their electronic properties and influences 
coordination behavior and solubility of their metal complexes. Herein, we present a synthesis 
of a dianionic, C3-symmetric ligand combining three anionic N-donors tethered to a positively 
charged phosphonium center. This tris-skatylmethylphosphonium (TSMP2–) ligand, isolated in 
the form of its dipotassium salt TSMPK2, is the first dianionic homoscorpionate capable of 
metal exchange. The potassium cations in TSMPK2 are exchangeable for other metals, which 
results in rich coordination chemistry. More specifically, the ligand displays a bridging μ2:κ2:κ1 
coordination mode with trigonal planar Cu(I) centers in the tetrameric complex [(TSMP)Cu]4

4–. 
The κ3 mode is accessed upon addition of 1 equiv. of P(OEt)3 per Cu(I) to yield the tetrahedral 
monomeric complex [(TSMP)CuP(OEt)3]–. Both Fe(II) and Ni(II) in pyridine give octahedral 
high-spin κ3 complexes with composition (TSMP)M(Py)3 (M=Fe, Ni). Displacement of three 
pyridine ligands in (TSMP)Fe(Py)3 for a second equivalent of TSMP2– gives a high-spin 
pseudotetrahedral 2:1 complex [(TSMP)2Fe]2– with the ligands in κ2 coordination mode. The 
reduction in coordination number is likely due to electrostatic repulsion of the negatively-
charged indolides as well as their weaker π-accepting character compared to pyridine. 

 
a This chapter is based on: S. Tretiakov, J. A. M. Damen, M. Lutz, M.-E. Moret. A dianionic C3-symmetric 
scorpionate: synthesis and coordination chemistry. Dalt. Trans. 2020, 49, 13549–13556. DOI: 
10.1039/D0DT02601H. 
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2.1 Introduction 

The term “scorpionate” was introduced by Trofimenko1 and refers to tripodal tridentate 
ligand systems that are able to coordinate to a metal with two identical donor moieties, 
similarly to pincers of a scorpion. The third donor moiety rotates forward akin to a 
scorpion stinger to attack the metal in a fac manner. If it is identical to the first two, a 
C3-symmetric homoscorpionate complex forms. Otherwise, coordination results into a 
heteroscorpionate complex. This can be illustrated using the first generation of scorpi-
onates – pyrazolylborates (Chart 2.1) also developed by Trofimenko.1 The present in-
troduction is confined exclusively to homoscorpionates. 

 

Chart 2.1. Examples of scorpionate complexes represented by pyrazolylborates. The homoscorpi-
onate complex is formed by trispyrazolylborate (Tp).1 

Scorpionates similar to the above are six-electron donors, which makes them isoelec-
tronic to another common ligand, cyclopentadienyl (Cp). A considerable amount of 
research was done to compare these two systems.1,2 It is important to point out, how-
ever, that while they are isoelectronic, they are not isolobal,3 therefore the extent of 
such a comparison is limited. Additionally, in some situations, scorpionates are capable 
of displaying a κ2 coordination mode freeing the third arm for binding to another metal 
center,1 which has no parallels in Cp chemistry. 

The first generation of scorpionates proved to be highly-versatile spectator ligands. By 
modifying the nature, number and position of substituents of the pyrazolyl rings, a wide 
range of Tp-based ligands was prepared allowing to fine-tune both electronic and steric 
properties of a coordinated metal. Such systems found applications in biomimetics,4 
catalysis,5 material science6 and production of radiopharmaceuticals.7 Following this 
success, the definition of scorpionates has been extended to tripodal tridentate systems 
with other donor groups and bridging atoms. Among the employed donors are imidaz-
ole,8 pyridine,9 triazole,10 indole,11 methimazole,12 oxazoline,13 N-heterocyclic car-
benes14 and others, and even acyclic donor groups.15 Variation of the bridging atom 
allowed to further tune electronics and charge of the scorpionate ligands, thus influenc-
ing coordination behavior and solubility of their complexes. Reported system include 



A Dianionic C3-Symmetric Scorpionate: Synthesis and Coordination Chemistry 

72 

CH/COH,9 CH3/C6H5–Si,16 N,9a P,8,9,17 [H–P]+,18 P=O,9b,19 As,9a As=O,9b [CH3–Al]–,20 
[CH3–Ga]–,21 C–,22 Si–,23 Ge–, Sn–,24 Pb–,20 and other bridges. Systems similar to the above 
show a potential for stabilization of high oxidation states of the first-row transition met-
als,25 which is of relevance for green catalytic applications.  

A more general way to classify the existing C3-symmetric scorpionates is by formal 
charge, which is a combined property of the donor moieties and the bridging atom. 
Thus, one can differentiate neutral, mono-, di- and trianionic scorpionates (Chart 2.2). 

 

Chart 2.2. C3-symmetric scorpionates with distinct formal charges. 

Whereas there is a plethora of known neutral,8,9,14,16,17 mono-,1,10,12,13,20,21,22,24 and trian-
ionic11 scorpionates, dianionic ones are rare with only one reported precedent18 (A in 
Chart 2.3). However, the published ligand motif was isolated as a LAlCl complex, 
which precludes the possibility of a subsequent metal exchange and exploration of its 
coordination chemistry. 

 

Chart 2.3. Dianionic C3-symmetric scorpionates. 

The focal point of this chapter is filling a gap in the assortment of charged scorpionates 
available for complexation with a C3-symmetric dianionic system B (Chart 2.3). Herein, 

we present the synthesis of its dipotassium salt 1. Taking advantage of the fact that 
potassium cations are easily exchangeable for other metal ions, we further delve into 
its coordination chemistry with Cu(I), Fe(II) and Ni(II) salts. Finally, we study the re-
dox properties of the resulting complexes, both electrochemically and chemically. 
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2.2 Results and discussion 

2.2.1 Ligand synthesis 

The dipotassium salt of tris-(2-skatyl)methylphosphonium (1), further abbreviated as 
TSMPK2, was synthesized following the synthetic route depicted in Scheme 2.1. In the 

first step, skatole (2) was treated with di-tert-butyl dicarbonate (Boc2O) in the presence 

of 4-dimethylaminopyridine (DMAP) to yield the corresponding N-Boc derivative (3). 
The second position of the indole ring was subsequently lithiated with lithium diiso-
propylamide (LDA) using N-Boc as a directing group. Without isolation, the lithium 
salt was quenched with a third of an equivalent of PCl3 to yield tris-2-(N-Boc-

skatyl)phosphine (4). The phosphine was then methylated by treatment with an excess 
(2.0 equiv.) of methyl iodide to form the corresponding methylphosphonium iodide (5). 
Attempted methylation with an equimolar amount of methyl iodide instead resulted 
into incomplete methylation and partial deprotection of N-Boc-skatole subunits. 

 

Scheme 2.1. Synthesis of TSMPK2 salt 1. Unless otherwise stated, parentheses underneath reaction 
arrows indicate isolated yields. 

It is worth pointing out that tris-2-(N-Boc-skatyl)methylphosphonium iodide (5) exists 

in DCM-d2 solution as a ca. 1.00:0.15 mixture of interexchanging tris-exo (5a) and bis-

exo-mono-endo (5b) rotamers (top left corner in Figure 2.1).a To elaborate, the 31P NMR 

 
a Due to a lot of steric hindrance and, thus, rather high rotational barriers around CAr–P bonds in 5, 
there are two possible configurations for each derivatized indole ring: with a Boc group pointing 
towards and away from a phosphonium methyl. Accordingly, we choose to call the first configura-
tion “exo-“, whereas the second one is “endo-“. 
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spectrum of 5 (Figure 2.1, right panel) shows two peaks in a ratio of 1.00 to 0.15: the 

former being a sharp quartet (A), as expected for J-coupling with a methyl group, while 

the latter is a broad singlet (B). 1H-31P ASAPHMQC spectra (Appendix A1) show a cor-
relation between these two peaks and two 1H doublets between 2.7 and 2.9 ppm (CH3

P
A 

and CH3
P

B in Figure 2.1, left panel), which have a similar ratio of integral intensities 
(1.04:0.15). We assign these doublets to methyl phosphonium groups of the individual 
rotamers, CH3

P
A and CH3

P
B. Aside from that, 1H NMR spectrum shows an intense set 

of four aromatic signals (HAr
A) and two singlets (CH3

Ar
A and CH3

Boc
A) which are con-

sistent with a C3-symmetric topology of 5a. NOESY spectrum (Figure 2.2, left panel) 
indicates spatial proximity of CH3

P
A and CH3

Boc
A protons, therefore signifying a tris-exo 

rotamer 5a. Another set of 1H peaks in Figure 2.2 – HAr
B, CH3

Ar
B and CH3

Boc
B – indicates 

an asymmetric rotamer 5b, which is in chemical exchange with 5a as shown by  
NOESY spectra (Figure 2.2, right panel). As for its configuration, the NOESY cross-
peaks do not have sufficient intensity for us to extract geometric information. However, 

variable-temperature NMR studies show that population of 5b decreases with temper-
ature, viz.: the ratio of 5a:5b at 25 oC is ca. 1.00:0.15 whereas at -40 oC it is 1.00:0.07. 

This means that rotamer 5b is more energetic, likely due to steric repulsion. Therefore, 
from general considerations, we assign 5b to have a bis-exo-mono-endo configuration 
since this is the next least strained one. The presence of two interconverting rotamers 
for phosphonium salts is not unprecedented and was previously observed by NMR.26 

Complete deprotection of the isolated methylphosphonium iodide 5 can be achieved in 

dichloromethane/trifluoroacetic acid (TFA) 1:1 mixture. The product, 6, was isolated 
as an amorphous yellow solid with significant traces of TFA, according to 13C and 19F 
NMR. In order to purify the product, numerous recrystallization attempts were made. 
Unfortunately, none yielded a well-defined crystalline phase, possibly due to the pres-
ence of a mixture of counterions with different symmetry (iodide and trifluoroacetate). 
Hence, we undertook ion exchange using the chloride form of the anion exchange resin 
Amberlite® IRA-400, affording a white crystalline solid of tris-(2-
skatyl)methylphosphonium chloride (7). Attempts of cleaner deprotection of 5 using 
EtOAc/1M HCl mixture at room temperature gave no conversion. Oppositely, reflux-
ing in acetonitrile (b.p. 82 oC) or butyronitrile (b.p. 117 oC) led to complete deprotec-
tion within under 4 h accompanied by formation of unidentified by-products.  

Deprotonation of tris-indole 7 with either KHMDS or KH gives the TSMPK2 salt (1). 
A highly pure material (>99% according to NMR) was isolated in a crystalline form 
from acetonitrile/diethyl ether. X-ray diffraction of the crystals confirmed the expected 
molecular structure with a K:P ratio of 2:1 (Figure 2.3). The K+ cations are involved in 

an extensive network of cation-N and cation-π interactions (η1 to η6). The K–N distances 
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Figure 2.1. 1H (400 MHz) and 31P NMR (162 MHz) spectra of 5 measured in DCM-d2. Integral 
intensities are extracted using MestReNova27 peak deconvolution tools. Asterisks indicate CH3

Boc
A 

peak satellites. 

 

 

Figure 2.2. NOESY spectrum of 5 in DCM-d2 shown at two different levels of intensity. Blue 
cross-peaks indicate chemical exchange, red cross-peaks show NOE.  
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vary between 2.723(4) and 3.425(4) Å, and the K–C distances between 2.995(4) and 
3.510(4) Å. With such a large variation of distances it is not possible to derive a clearly 
defined coordination number. Overall, the K coordination leads to the formation of 
one-dimensional chains in the [110] direction, which are stacked upon each other in  
c-direction. This stacking is interrupted by the inclusion of acetonitrile solvent mole-
cules between every second layer (see Section 2.5.4 for more detail).  

 

Figure 2.3. Asymmetric unit of the TSMPK2 (1) crystal. Thermal ellipsoids are drawn at the 30% 
probability level. Potassium atoms are shown in a wireframe style. Hydrogen atoms and acetonitrile 
solvent molecules are omitted for clarity. Potassium atoms are shown in a wireframe style. 

The existence of a free alkaline trianionic-monocationic phosphonium salt is, to our 
knowledge, unprecedented. It is known from the literature that quaternary phospho-
nium salts are generally incompatible with basic counterions and convert either into 
ylides,28 phosphoranes29,30 or form charge-transfer complexes followed by complex de-
composition manifolds.31 The exceptions, however, feature electronically stabilized 
bulky anions (e.g. diphenylamide32 and 2,4,6-trimethylphenolate33). We speculate that 
the stability of 1 is due to the above reasons as well: anionic indolide nitrogens lose a 
lot of their nucleophilicity due to being involved into an aromatic π-system, and the 
phosphonium center is too encumbered to accommodate the fourth indolide in its vi-
cinity. Additionally, the latter will be experiencing electrostatic repulsion from other 
anionic indolides already present in a molecule. 
 

2.2.2 Coordination chemistry of TSMP2– 

In order to study ligation behavior of a novel TSMP2- platform, we undertook a series 
of metal exchange reactions with salt 1. It shows rich coordination chemistry with a 
number of firtst-row transition metal salts (Scheme 2.2).  
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Scheme 2.2. Coordination behavior of TSMP2- ligand platform. 

Thus, equimolar amounts of TSMPK2 salt 1 and cuprous chloride in pyridine led to an 
orange-red solution. Upon freeing from solvent in vacuo and extraction with THF, 
NMR spectroscopy in acetonitrile-d3 reveals one predominant species, albeit an 
oligomer. To elaborate, the 31P spectrum (Figure 2.4) shows a single quartet consistent 
with 2JP,H coupling with a methyl group. In 1H spectrum (Figure 2.4), there are two 
singlets in a 2:1 ratio corresponding to aromatic methyl groups CH3

Ar
A and CH3

Ar
B. 

Moreover, multiplets in the aromatic area are present in the same ratio and, according 
to magnitude gCOSY (Figure 2.5), constitute two distinct spin systems. This implies 2:1 
inequivalence of indolide units in the complex. A NOESY spectrum (Figure 2.5) shows 
a correlationa between the phosphonium methyl group CH3

P and two aromatic CH3
Ar

A 
but not CH3

Ar
B, from which it follows that CH3

Ar
B is pointing away from the 

phosphonium methyl group. Lastly, H4
A and H7

A have comparable correlation 
intensities with CH3

Ar
A. Since NOE rapidly decays with distance, and H7

A is clearly 
further away from CH3

Ar
A than H4

A, it can only be the case if there is an equivalent methyl 

 
a This and furter NOESY correlations are mapped out in a structural formula in Figure 2.4. 
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Figure 2.4. 1H (400 MHz) and 31P NMR (162 MHz) spectra of 8 in acetonitrile-d3. Lilac arrows in a 
structural formula indicate diagnostic NOESY correlations discussed in the text. Only one of two 
equivalent CH3

P–CH3
Ar

A correlations is shown. 

 

Figure 2.5. Magnitude gCOSY and NOESY NMR spectra of 8 in acetonitrile-d3. Blue-phase cross-
peaks indicate chemical exchange, red-phase cross-peaks show NOE, mixed-phase cross-peaks are 
due to unsuppressed COSY correlations. 
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group in the vicinity of H7
A, i.e. if the complex is oligomerized. Based on this reasoning, 

in Figure 2.4 we suggest an oligomeric structure of the complex 8 in solution. 

It is worth mentioning that the NOESY spectrum in Figure 2.5 also features multiple 

exchange peaks between indolide groups A and B, which means that these positions 
exchange on the mixing timescale. This could either be due to reversible dissociation 
of the oligomer to smaller units or to an intramolecular exchange process. Furthermore, 
the asterisk-labeled aromatic peaks in the spectrum show exchange with some of the 
assigned signals, which suggests that they may belong to a minor unassigned form of 8 
in solution. However, the number and intensity of the peaks do not allow to deduce 
molecular connectivity. 

While the degree of oligomerization in solution is unclear, our NMR assignment is 
consistent with the X-ray diffraction of a crystal grown from pyridine/hexane. 
Complex 8 crystallizes as a cyclic {[(TSMP)Cu]K}4 tetramer (Figure 2.6) with distorted 
trigonal planar CuN3 centers and Cu–N distances ranging within 1.926(3)-2.007(3)Å. 
TSMP2- ligand adopts a μ2:κ2:κ1 coordination mode, which has been previously 
observed for other Cu(I) complexes with scorpionate ligands.34 A unit cell contains two 
independent tetrameric molecules, both being located on on exact, crystallographic 
inversion centers. K+ ions in the proximity of indolide moieties show clear cation-π 
interactions. Their environment is saturated by coordinated pyridine molecules. The 
two independent {[(TSMP)Cu]K}4 molecules differ in the number of K+-coordinated 
pyridines: 14 pyridine molecules for the first tetramer, and 12 for the second. There are 
also significant differences between the two independent molecules in the coordination 
mode of K+ to the indolide moieties (see X-ray crystallographic section for more detail). 
The content of the crystallographic unit cell is completed by six non-coordinated 
pyridine molecules.  

In an attempt to modulate the coordination environment of the Cu(I) center and get a 
well-defined mononuclear complex, we introduced triphenylphosphite, P(OEt)3, which 
is a monodentate, moderately σ-donating and neutral ligand. The latter two in order to 
reduce charge repulsion with the metal and the rest of negatively charged coordination 
sphere. Upon addition of one equivalent per equivalent of copper, the NMR spectrum 
immediately simplifies to a single aromatic methyl peak, four aromatic multiplets, a 
methylphosphonium doublet and an ethyl group of triethylphosphite (Appendix A2), 

signifying the formation of the C3-symmetric structure [(TSMP)CuP(OEt)3]K (9a). 
Furthermore, NOE spectra (Appendix A3) do not show a correlation analogous to H4

A–H7
A 

in 8 (Figures 2.4 and 2.5), which points at monomeric structure of 9a in solution. This 

assignment is, again, consistent with X-ray diffractometry of the 18-crown-6 adduct 9b 
crystallized from acetonitrile/benzene/ether (Figure 2.6). With the exception of peaks from 
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Figure 2.6. Molecular structure of 8, 9b, 10, 11 and 12b according to X-Ray diffraction. Thermal 
ellipsoids are drawn at 30% probability level. Hydrogen atoms, some counterions and non-
coordinated solvent molecules are omitted for clarity. The asymmetric unit of 8 contains two 
independent molecular fragments that make up two independent molecules; only one full molecule 
is shown. Symmetry code: ii: 1-x, 1-y, 1-z. The asymmetric units of 10 and 11 contains two 
independent molecules, only one of which is shown. Selected bond distances and angles are 
provided in the X-ray crystallographic section. 

18-crown-6, solution NMR spectra of 9a and 9b are identical. The complex features a 
distorted tethahedral CuN3P center (angle variance35 of 244.58 deg2) with N^Cu^N 
angles varying from 92.38(8) to 95.06(7)o. The Cu-P bond length is 2.1201(2) Å, as 
expected for Cu(I),36 and Cu–N distances lie within 2.0622(19)-2.0759(19) Å, similarly 
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to those in tetranuclear 8. The [(TSMP)CuP(OEt)3]– anion has approximate C3 
symmetry with the P(OEt)3 ligand in approximately staggered conformation with 
respect to the scorpionate [O^P^Cu^N 41.79(11)°]. The geometry of 9b closely 
resembles that of the neutral tris(pyrazolyl)methanide analogue {[C(3,5-
Me2pz)3]CuP(OMe)3}, which features Cu–N bonds in the range 2.047(2)-2.102(2) Å 
and a Cu–P bond length of 2.122(2) Å.

36b 

Reactions of equimolar amounts of TSMPK2 (1) with either FeCl2 or NiCl2·dme adduct 
in pyridine give, correspondingly, bright-yellow or olive-brown solutions. Subsequent 
evaporation of solvent and extraction with THF yield yellow (TSMP)Fe(Py)3 (10) and 
green (TSMP)Ni(Py)3 (11) complexes. All attempts to form related complexes with 
CoCl2 under the same conditions led to intractable mixtures of products. 

According to 1H NMR of 10 and 11 in pyridine-d5, these compounds are paramagnetic, 
and the number of lines with their integral intensity correspond to three-fold symmetric 
metallabicyclo[2.2.2]octane topology. Remarkably, in both spectra, the spacing be-
tween the pyridine peaks deviates from the normal values by up to 0.3 ppm with  
α-pyridine protons being most affected. This difference is likely due to a hyperfine shift 
induced in pyridine protons upon labile coordination to the metal centers. Indeed,  
X-ray diffraction of crystals grown from pyridine/hexane reveals isostructural octahe-
dral complexes that feature one TSMP2- and three pyridine ligands (10 and 11, respec-

tively, in Figure 2.6). Importantly, the FeN6 core in 10 has much shorter bonds with 
TSMP2- nitrogens than pyridines, viz. 2.158(6)-2.201(6) Å vs. 2.261(7)-2.351(6) Å. In 
fact, the latter are even longer in average than Fe-N distances in [FePy6]2– solvate: 
2.22(3)-2.29(3) Å.37 This is consistent with rather weak bonding and the observed labil-
ity of pyridine ligands in solution. The NiN6 core in 11 shows a similar situation: the 
Ni-N distances for the TSMP2- nitrogen atoms are within 2.115(7)-2.148(7) Å, whereas 
the corresponding values for pyridines are 2.163(8)-2.241(8) Å. The long metal-ligand 
distances in 10 and 11 indicate high-spin electronic states.38 This assignment is also 
supported by the effective solution magnetic moments measured by Evans method in 
pyridine-d5. Thus, it is 5.19 μB for Fe(II) complex 10 and 2.82 μB for Ni(II) complex 11, 
whereas the spin-only expectation values for, respectively, S = 2 and S = 1 metal centers 

are 4.90 and 2.82 μB. 

Interestingly, replacement of three pyridine ligands in 10 with another equivalent of 
TSMP2- gives a highly air-sensitive bright-yellow tetracoordinate complex 
[(TSMP)2Fe]K2, 12a (Scheme 2.2). The complex can be crystallized from acetoni-

trile/toluene/ether as a tetrakis(benzo-15-crown-5) adduct 12b (Figure 2.6). The NMR 

spectra of 12a and 12b in solution are identical with the exception of benzo-15-crown-

5 peaks. Compound 12b features a pseudo-tetrahedral FeN4 core where each TSMP2- 
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ligand coordinates with two arms while the third one remains uncoordinated (κ2 mode). 
The N^Fe^N angles vary from 96.35(13) to 119.68(13)o. The angle variance35 of 111.29 
deg2 is, consequently, rather large. The distortion is mainly caused by the chelate effect: 
the dihedral angle between the N11-Fe1-N21 and the N12-Fe1-N22 planes is 85.2(2)o 
and deviates only slightly from perfect 90o. The Fe–N distances of 2.017(3)-2.028(3) Å 
indicate a high-spin electronic state of the Fe(II) center. A comparison with structurally 
related high-spin complexes39a-h show similar bonding distances of >2.0Å. Solution ef-
fective magnetic moment measurement by Evans method in pyridine-d5 gives 5.17 μB, 

which is close to the expectation spin-only value of 4.90 μB for an S = 2 metal center. 

The tetrahedral geometry of 12a contrasts with the common octahedral geometry of 
neutral and dicationic pyrazolate-based bis(scorpionate) Fe(II) complexes39i-l and of the 
tris-pyridine complex 11. We speculate that the reduction in coordination number is 
due to electrostatic repulsion of the negatively-charged indolides as well as their weaker 
π-accepting properties as compared to pyridine or pyrazolate ligands. 

 

2.2.3 Redox behavior of the metal complexes 

In order to assess the redox properties of the synthesized complexes, we turned to cyclic 
voltammetry in 0.1 M nBu4NPF6 acetonitrile electrolyte. Compounds 8, 9b and 11 show 
a set of irreversible features accompanied by precipitation on the working electrode, 
regardless of the scan window and direction (Appendix A4). Chemical oxidation with  
1 equiv. of ferrocenium tetrafluoroborate in both acetonitrile and pyridine gives either 
insoluble or intractable products or mixtures thereof, likewise iodosobenzene with or 
without scandium triflate as an oxo-species stabilizer. The cyclic voltammogram of the 
Fe(II) complex 10, however, shows a quasi-reversible event at -119 mV with respect to 
the Fc+/Fc redox couple (Figure 2.7). The quasi-reversibility is indicated by a linear 
dependence of peak current vs. a square root of the scan rate as well as peak-to-peak 
separation of >57 mV that increases at higher scan rates. Therefore, we tentatively as-
sign events A and C to a formal Fe(II)/Fe(III) redox couple. Nevertheless, attempts 
toward chemical oxidation with 1 equiv. of ferrocenium tetrafluoroborate gave, again, 
an intractable mixture of products according to NMR studies. The same result was 
obtained upon oxidation tests with iodosobenzene with or without scandium triflate. 

Cyclic voltammetry of [(TSMP)2Fe][K(benzo-15-crown-5)2]2 (12b) shows a rather com-
plex pattern, giving stable one- and two-electron oxidation products. The electrochem-
ical behavior of 12b as well as chemical oxidation thereof are the subject of the next 
chapter of this thesis. 
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Figure 2.7. Cyclic voltammogram of compound 10 (ca. 8 mM solution) in 0.1 M nBu4NPF6 ace-
tonitrile electrolyte. Potentials are referenced with respect to Fc+/Fc redox couple. Left panel: 
overview scans at the rate of 100 mV/s (open-circuit potential: -970 mV). Right panel: a quasi-
reversible redox pair A-C centered at E1/2=-119 mV; the insert shows the linear dependence of 
the peak current vs. square root of the scan rate. 

 

2.3 Conclusions and outlook 

A dianionic C3-symmetric tris-skatylmethylphosphonium (TSMP2–) ligand platform 
can be synthesized in the form of dipotassium salt TSMPK2 (1). This system is the first 
dianionic homoscorpionate capable of metal exchange and fills a gap in the assortment 
of charged scorpionates. Despite a possibility of recombination between negatively 

charged indolides and a positively charged phosphonium atom, salt 1 is stable both in 
the solid state and solution, which is likely due to a combination of electronic and steric 
factors. 

The potassium cations in TSMPK2 (1) are exchangeable for other metals, demonstrat-
ing the versatility of TSMP2– as a ligand for transition metals. The expected scorpionate 
κ3 binding mode is observed in octahedral, high spin complexes (TSMP)M(Py)3 
(10: M=Fe; 11: M=Ni) as well as in the tetrahedral complex [(TSMP)CuP(OEt)3]– (9). 
In addition, the bridging μ2:κ2:κ1 mode is preferred with Cu(I) in the absence of a co-
ligand, affording the tetrameric complex {[(TSMP)Cu]K}4 (8). Finally, the bidentate κ2 
mode is observed in the tetracoordinate 2:1 Fe(II) complex [(TSMP)2Fe]2– (12), which 
displays a high-spin ground state.  

The redox properties of the above metal complexes were probed both electrochemically 
(cyclic voltammetry, CV) and chemically (oxidation with 1 equiv. of Fc+BF4

–). Cu(I) 
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complexes 8 and 9 and Ni(II) complex 11 show no electrochemically (quasi-)reversible 
behaviour. Chemical oxidation leads to insoluble or ill-defined products. The CV of 
mono-TSMP Fe(II) complex 10 shows several redox events, two of which are a quasi-
reversible pair. Nevertheless, chemical oxidation leads, again, to an intractable mixture 
of products. Similarly, the CV of bis-TSMP Fe(II) complex 12 shows several events 
with a quasi-reversible pair. Gratifyingly, in this case chemical oxidation affords a well-
defined Fe(III) complex that is further discussed in the next chapter. 

The rich coordination chemistry of the dianionic homoscorpionate ligand invites fur-
ther investigations. Amongst other, it has a potential to electronically stabilize high-
valent metal states due to its electron-rich character, but additional derivatization might 
be required for kinetic stabilization. Studies in these directions are currently ongoing in 
our laboratories. 
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2.5 Experimental methods 

2.5.1 General remarks 

All reactions involving air-sensitive compounds were conducted under a nitrogen atmosphere by 
using standard glovebox or Schlenk techniques.  

Acetonitrile, diethyl ether and n-hexane were dried with an MBRAUN MB SPS-79 system. Ace-
tonitrile was additionally dried by passing through a column of activated alumina after being kept 
over ca. 5 vol.% of 3Å molecular sieves over 48 h. THF and dioxane were distilled from benzophe-
none/Na. Pyridine and DCM were distilled from CaH2. Other solvents were used as supplied. 
Dried solvents were degassed by sparging with dry nitrogen for 30 min and stored in a glovebox 
under nitrogen atmosphere and over molecular sieves, except for acetonitrile which was stored 
without the sieves. THF-d8 was purchased from ABCR, other deuterated solvents were acquired 
from Cambridge Isotope Laboratories, Inc. Chloroform-d and methylene chloride-d2 were used as 
supplied, all other deuterated solvents were dried as indicated above for their proteo-analogues. 
Dried deuterated solvents were degassed by four freeze-pump-thaw cycles and stored in a glovebox 
over molecular sieves, except for acetonitrile-d3 which was stored without the sieves. Phosphorus 
trichloride, trifluoroacetic acid and methyl iodide were purchased from Acros. All other chemicals 
were purchased from Sigma-Aldrich. Potassium hydride was supplied as a 30 wt.% suspension in 
mineral oil and was washed with dry and degassed n-hexane prior to use. FeCl2 and CuCl were 
purchased in an anhydrous form. All commercially obtained chemicals were used as received, ex-
cept for 18-crown-6, which was dried according to the literature procedure.40 

Unless stated otherwise, all NMR measurements were performed at 298 K on a Varian VNMRS400 
or Varian MRF400 spectrometer, chemicals shifts are reported relative to TMS with the residual 
solvent signal as internal standard.41 In case of paramagnetic Fe- and Ni-complexes 10 and 11, TMS 
was used as an internal standard. All NMR experiments involving air-sensitive compounds were 
conducted in J. Young NMR tubes under a nitrogen atmosphere. Peak multiplicity was quoted as 
s (singlet), d (doublet), t (triplet) and so on. In cases of unresolved couplings that strongly affect the 
line shape of individual components of an otherwise well-defined multiplet, the apparent multiplic-
ity was quoted as ‘s’ (‘singlet’), ‘d’ (‘doublet’), ‘t’ (‘triplet’) and so on. 

Effective magnetic moments in were obtained by the Evans method42 using J. Young NMR tubes 
with a coaxial capillary insert as a reference. The latter was filled with a deuterated solvent with 
~1% of TMS. The outer space contained the solution of the paramagnetic complex (5-10 mg/ml) 
in a deuterated solvent with the same concentration of TMS. Molar magnetic susceptibility was 
calculated from the difference between the chemical shifts of TMS (or proteo-solvent) signals in the 
capillary and the outer solution (∆δ in Hz) using the following equation: 

  𝜒
𝛿𝑀
𝜈 𝑆 𝑐

𝜒 ,  Eq. 2.1 

where M – molecular weight of the studied compound (g/mol); ν0 – frequency of the spectrometer 
(Hz); Sf – shape factor of the magnet (4π/3); c – concentration of the paramagnetic complex 

(mg/ml); 𝜒  – molar diamagnetic contribution to the paramagnetic susceptibility calculated using 
Pascal’s constants.43 For variable-temperature measurements, the concentration c was adjusted so 
to take into account volumetric solvent expansion/contraction. 
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The effective magnetic moment was calculated as follows: 

  𝜇 8𝜒 𝑇,  Eq. 2.2 

where T is temperature. 

IR spectra were recorded on a Perkin-Elmer Spectrum Two FT-IR spectrometer. The bands were 
classified by an absorption intensity as: very weak (VW; 0-10% of the most intense absorption in 
the spectrum), weak (W; 10-30%), medium (M; 30-60%), strong (S; 60-90%), very strong (VS; 90-
100%). 

UV-Vis spectra were measured on a PerkinElmer Lambda 35 spectrometer. Cyclic voltammetry 
(CV) was performed using IVIUM Technologies Vertex Potentiostat/Galvanostat. ESI-MS meas-
urements were performed on a Waters LCT Premier XE KE317 spectrometer. Elemental analysis 
was conducted by Medac Ltd.  

For the sake of brevity, the NMR, IR and UV-Vis spectra of isolated compounds are not shown in 
this chapter. These can be found in the respective publication.55 

 

2.5.2 Synthesis and characterization 

2.5.2.1 Synthesis of TSMPK2 (1) 

The syntheses of compounds 3, 5 and 7 were conducted in air. While the synthesis of 4 was done 
with the exclusion of air and moisture, the work-up was performed at ambient conditions since the 
product is not air-sensitive. All other procedures, due to both highly reactive starting materials and 
products, required inert atmosphere and rigorously dried and degassed solvents. 

N-Boc-3-methylindole (3). The compound was synthesized using an adapted ver-
sion of a procedure by Grehn and Ragnarsson.44 

To a stirred solution of 3-methylindole 2 (18.87 g, 143.9 mmol, 1.000 equiv.) in 
CH3CN (170 mL) were added DMAP (1.76 g, 14.4 mmol, 0.100 equiv.) and Boc2O 
(37.68 g, 172.6 mmol, 1.200 equiv.) at room temperature. Evolution of gas com-

menced, and, after a few minutes, a clear solution formed. The reaction mixture was left to stir for 
16 h. After this, all 3-methylindole was consumed (as indicated by TLC), and the reaction was kept 
at 50 oC for 2 h in order to decompose excess Boc2O. Afterwards, the solvent was removed in vacuo 
and replaced with an equal volume of THF. The solution was filtered through a layer of silica, and 
the solvent was removed in vacuo to yield the product as a light-yellow free-flowing oil (98.5%, 32.86 
g).  

NMR spectra correspond to those published in the literature. 1H NMR (400 MHz, chloroform-d) δ 
8.13 (d, JH,H = 8.0 Hz, 1H, Ar-H), 7.49 (ddd, JH,H = 7.7, 1.4, 0.7 Hz, 1H, Ar-H), 7.36 (s, 1H, Ar-H), 
7.31 (ddd, JH,H = 8.5, 7.2, 1.4 Hz, 1H, Ar-H), 7.24 (td, JH,H = 7.6, 1.1 Hz, 1H, Ar-H), 2.26 (s, 3H, 
Ar-CH3), 1.66 (s, 9H, tBu). 13C NMR (101 MHz, Chloroform-d) δ 149.8 (C=OBoc), 135.5, 131.5, 
124.2, 122.8, 122.3, 118.9, 116.3, 115.1, 83.2 (qCt-Bu), 28.3 (CH3

t-Bu), 9.6 (Ar-CH3). ATR-FTIR 
(neat) ṽ (cm-1): 422 (W). 531 (W), 557(W), 594 (W), 741 (M), 768 (W), 857 (W), 1018 (M), 1084 
(S), 1151 (S), 1156 (S), 1224 (M), 1250 (S), 1307 (M), 1347 (S), 1350 (S), 1368 (S), 1388 (S), 1451 
(S), 1726 (VS), 2921 (W), 2933 (W), 2978 (W). 
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tris-(N-Boc-3-methylindol-2-yl)phosphine (4). A suspension of LDA (18.03 
g, 168.3 mmol, 1.100 equiv.) in THF (200 ml) was added to a stirred at -78 oC 
solution of N-Boc-3-methylindole 3 (35.39 g, 153.0 mmol, 1.000 equiv.) in 
THF (300 ml) over 1 h. The reaction was allowed to stir over 4 h at -78oC. 
Phosphorus trichloride (4.46 ml, 51.0 mmol, 0.330 equiv.) was added to the 
resulting salmon-pink reaction mixture over 1 h using a syringe pump, result-

ing in a dark-orange coloration. The reaction mixture was allowed to warm up to room temperature 
over 16h. Saturated aqueous NH4Cl (200 ml) was then added in air. The organic layer was sepa-
rated, dried over Na2SO4 and passed through a layer of silica. The filtrate was freed from solvent in 
vacuo, and the resulting solid was recrystallized from THF/methanol 1:1 mixture at -35 oC over-
night. Filtration and drying in vacuo yielded colorless cubic crystals (34.2%, 12.58 g).  

1H NMR (400 MHz, dichloromethane-d2) δ 8.14 (d, JH,H = 8.4 Hz, 1H, Ar-H), 7.45 (d, JH,H = 7.7 
Hz, 1H, Ar-H), 7.31 (ddd, JH,H = 8.4, 7.1, 1.3 Hz, 1H, Ar-H), 7.22 (ddd, JH,H = 8.0, 7.2, 1.0 Hz, 1H, 
Ar-H), 1.87 (d, JH,P = 0.9 Hz, 3H, Ar-CH3), 1.38 (s, 9H, tBu). 13C NMR (101 MHz, dichloro-
methane-d2) δ 151.0 (d, JC,P = 2.7 Hz, C=OBoc), 137.62, 137.60, 132.2, 131.4, 131.2, 126.11, 126.09, 
125.2, 122.8, 118.9, 115.8, 84.8 (qCt-Bu), 28.2 (CH3

t-Bu), 9.8 (Ar-CH3). 31P NMR (162 MHz, dichloro-
methane-d2) δ -48.6. ATR-FTIR (neat) ṽ (cm-1): 417 (VW), 461 (VW), 543 (VW), 603 (W), 613 
(W), 652 (W), 656 (W), 744 (M), 756 (M), 817 (W), 869 (W), 996 (W), 1099 (S), 1127 (M), 1151 
(S), 1158 (M), 1230 (M), 1247 (M), 1293 (M), 1319 (S), 1330 (S), 1354 (S), 1448 (M), 1475 (W), 
1721 (VS), 2931 (W), 2971 (W), 2982 (W). ESI-TOF-MS: found 722.3336 [M+H]+, 744.3158 
[M+Na]+, 1465.6705 [2M+Na]+ (calcd. 722.3359 [M+H]+, 744.3179 [M+Na]+, 1465.6459 
[2M+Na]+). 

 
tris-(N-Boc-3-methylindol-2-yl)methylphosphonium iodide (5). 
Phosphine 4 (2.00 g, 2.77 mmol, 1.00 equiv.) was dissolved in THF 
(10.0 ml), and the reaction flask was placed into an ice bath. Methyl 
iodide (0.35 ml, 5.5 mmol, 2.0 equiv.) was added dropwise over a 
minute with vigorous stirring. The reaction was allowed to warm 
up to room temperature, which was accompanied by formation of 

a white suspension. After 16h of stirring, the suspension was filtered and the solid was washed with 
three small portions of cold Et2O. Upon washing, some additional material that precipitated from 
the filtrate was collected by filtration and washed with cold Et2O. The solids were combined and 
dried in vacuo to yield a fine white powder (89.6%, 2.00 g).  

In dichloromethane-d2 solution, the compound exists as a ~1:0.15 mixture of rotamers. 1H NMR 
signals from the major rotamer are labeled with an asterisk. 1H NMR (400 MHz, dichloromethane-
d2) δ 8.18 (d, JH,H = 8.7 Hz, 0.05H, Ar-H), 8.11* (d, JH,H = 8.6 Hz, 1H, Ar-H), 8.05 (d, JH,H = 8.9 
Hz, 0.05H, Ar-H), 7.86 (d, JH,H = 8.8 Hz, 0.05H, Ar-H), 7.68* (d, JH,H = 8.0 Hz, 1H, Ar-H), 7.63* 
(t, JH,H = 7.9 Hz, 1H, Ar-H), 7.44* (t, JH,H = 7.6 Hz, 1H, Ar-H), 2.87 (d, JH,P = 13.9 Hz, 0.15H, P-
CH3), 2.75* (d, JH,P = 15.1 Hz, 1H, P+-CH3), 2.37 (s, 0.15H, Ar-CH3), 2.15 (s, 0.15H, Ar-CH3), 2.04 
(s, 0.15H, Ar-CH3), 1.97* (d, JH,P = 2.1 Hz, 3H, Ar-CH3), 1.66 (s, 0.45H, tBu), 1.54* (s, 9H, tBu), 
1.48 (s, 0.45H, tBu), 1.15 (s, 0.45H, tBu). 13C NMR (101 MHz, dichloromethane-d2) δ 151.1 
(C=OBoc), 137.2 (d, JC,P = 5.6 Hz, indole-C9 or C8, or C3), 136.5 (d, JC,P = 12.2 Hz, indole-C8 or 
C9, or C3), 131.2 (d, JC,P = 14.5 Hz, indole-C3 or C8, or C9), 129.7 (CAr-H), 124.7 (CAr-H), 121.0 
(CAr-H), 116.6 (CAr-H), 116.5 (d, JC,P = 128.8 Hz, indole-C2), 87.9 (qCt-Bu), 28.0 (CH3

t-Bu), 24.8 (d, 
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JC,P = 80.8 Hz, P+-CH3), 10.2 (Ar-CH3). 31P NMR (162 MHz, dichloromethane-d2) δ -2.2 (q, JP,H = 
15.2 Hz, carbon satellites: JP,C = 128.9, 80.7 Hz, 1H), -3.9 (br.s., 0.15H). ESI-TOF-MS spectra 
recorded in positive mode contain signals from the original phosphonium cation and products of 
partial Boc-deprotection: 736.3525 [M]+, 636.3006 [M-Boc+H]+, 536.2492 [M-2Boc+2H]+ (calcd. 
736.3516 [M]+, 636.2991[M-Boc+H]+, 536.2467 [M-2Boc+2H]+). 

 
tris(1H-3-methylindol-2-yl)methylphosphonium chloride (7). 
Phosphonium iodide 5 (10.00 g, 11.57 mmol) was dissolved in 
DCM (30.0 ml) in a round-bottom flask equipped with a stirring bar. 
Trifluoroacetic acid (30 ml) was added dropwise over a minute with 
vigorous stirring. The reaction mixture was left to stir over 16 h. Af-
ter this, both DCM and trifluoroacetic acid were removed in vacuo 

to yield a sticky brown solid. In order to azeotropically remove trifluoroacetic acid trapped in the 
solid, the latter was three times redissolved in small portions of DCM (10.0 ml) followed by vacuum 
drying. This resulted into formation of a dark-yellow amorphous spongy mass that was turned into 
fine yellow powder by trituration with Et2O. The powder was redissolved in 40.0 ml of 
CH3CN/MeOH 1:1 and passed through a column of the chloride form of Amberlite® IRA-400 
prewashed with two volumes of the same mixture of solvents. The eluate was concentrated until 
crystallization commenced. The mixture was left to stand at room temperature overnight. In the 
morning, white crystalline precipitate was collected, dried in vacuo to yield the target phosphonium 
chloride as white crystalline powder (80.0%, 4.37 g).  

1H NMR (400 MHz, DMSO-d6) δ 12.34 (s, 1H, NH), 7.74 (d, JH,H = 8.2 Hz, 1H, Ar-H), 7.59 (d, 
JH,H = 8.4 Hz, 1H, Ar-H), 7.41 (t, JH,H = 7.5 Hz, 1H, Ar-H), 7.20 (ddd, JH,H = 8.0, 6.9, 0.9 Hz, 1H, 
Ar-H), 3.27 (d, JH,P = 14.7 Hz, 1H, P+-CH3), 1.92 (d, JH,P = 1.8 Hz, 3H, Ar-CH3). 13C NMR (101 
MHz, DMSO-d6) δ 139.7 (d, J = 11.4 Hz, indole-C8), 128.0 (d, J = 13.0 Hz, indole C9 or C3), 126.9 
(d, J = 15.8 Hz, indole C3 or C9), 126.2 (CAr-H), 120.4 (CAr-H), 120.3 (CAr-H), 112.6 (CAr-H), 108.6 
(d, J = 120.0 Hz, indole-C2), 12.5 (d, J = 59.6 Hz, P+-CH3), 8.3 (Ar-CH3). 31P NMR (162 MHz, 
DMSO-d6) δ -14.0 (q, JP,H = 14.7 Hz, carbon satellites: JP,C = 120.2, 58.7, 11.9 Hz). ATR-FTIR 

(neat) ṽ (cm-1): 427 (M), 460 (M), 516 (VW), 560 (W), 613 (W), 639 (W), 745 (VS), 805 (M), 908 
(S), 1041 (M), 1099 (M), 1130 (M), 1151 (M), 1200 (M), 1238 (M), 1294 (W), 1332 (S), 1431 (W), 
1515 (M), 1578 (W), 1617 (W), 2851 (M), 2914 (M), 2975 (S), 3024 (M), 3061 (M), 3437 (W). ESI-

TOF-MS: found 436.1916 [M]+ (calcd. 436.1943 [M]+). 

 
TSMPK2 (1). Depending on the base, compound 1 can be prepared 
according to either of the two following procedures. 

Procedure A (using KHMDS). A solution of KHMDS (0.041 g, 0.20 
mmol, 3.0 equiv.) in THF (2.0 ml) was added to a stirred solution 
of chloride 7 (0.030 g, 0.068 mmol, 1.0 equiv.) in THF (2.0 ml). 

After stirring for 20 min, the solvent was removed in vacuo. After an hour of drying, the amorphous 
white residue was washed with hexane (3 x 4.0 ml) and dried in vacuo for another hour, after which 
both the solid and hexane washings were analyzed by NMR. 31P spectra of the hexane washings 
showed no traces of phosphorus, whereas 1H and 31P spectra of the solid showed quantitative con-
version of the starting material into 1. 
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Procedure B (using KH). To a stirred solution of chloride 7 (0.050 g, 0.11 mmol, 1.0 equiv.) in THF 
(15.0 ml) was added a suspension of potassium hydride (0.014 g, 0.35 mmol, 3.3 equiv.) in 5.0 ml 
of THF (5.0 ml). The reaction was stirred for 2 h, filtered, the solvent was removed in vacuo to yield 
an air-sensitive white amorphous solid. The residual THF content of 21.5 wt.% was determined 
using quantitative 1H NMR measurements. With the product mass of 0.072 g this gives a quantita-
tive yield. Crystals suitable for X-ray diffraction analysis were grown by vapor diffusion of diethyl 
ether into a solution of 1 in acetonitrile at room temperature.  

Regardless of the procedure used, the final products show identical NMR spectra. 1H NMR (400 
MHz, acetonitrile-d3) δ 7.44 (d, JH,H = 8.0 Hz, 1H, Ar-H), 7.31 (d, JH,H = 8.3 Hz, 1H, Ar-H), 6.86 
(‘t’, JH,H = 7.3 Hz, 1H, Ar-H), 6.76 (‘t’, JH,H = 7.2 Hz, 1H, Ar-H), 2.62 (d, JH,P = 13.8 Hz, 1H, P+-
CH3), 2.10 (d, JH,P = 1.5 Hz, 3H, Ar-CH3). 13C NMR (101 MHz, acetonitrile-d3) δ 149.7 (d, JC,P = 
24.3 Hz, indole-C8), 132.3 (d, JC,P = 10.9 Hz, indole-C9 or C3), 128.7 (d, JC,P = 117.8 Hz, indole-
C2), 119.4 (CAr-H), 119.06 (CAr-H), 118.7 (CAr-H), 117.3 (d, JC,P = 26.4 Hz, indole-C3 or C9), 116.1 
(CAr-H), 14.6 (d, JC,P = 63.5 Hz, P+-CH3), 10.4 (Ar-CH3). 31P NMR (162 MHz, acetonitrile-d3) δ -
7.8 (q, JP,H = 13.7 Hz, carbon satellites: JP,C = 117.8, 63.6, 25.7, 10.9 Hz). No satisfactory elemental 
analysis could be obtained due to the high reactivity of 1 as well as solvation of the potassium 
cations, which results into the compound retaining an unknown amount of solvent. 

 

2.5.2.2 Metal complexes 

{[(TSMP)Cu]K}4 (8). A solution of anhydrous CuCl 
(0.076 g, 0.77 mmol, 1.0 equiv.) in pyridine (6.0 ml) was 
added dropwise to dipotassium salt 1 (contains 21.5 
wt% of THF, 0.500 g, 0.768 mmol, 1.00 equiv.) in pyr-
idine (12.0 ml) over a minute. The clear red-orange so-
lution was stirred for 3 h, after which the solvent was 
evaporated in vacuo. The yellow solid was taken up in 
dry THF (20.0 ml), the resulting suspension was fil-
tered, and the solid was washed with more THF until 
all color was extracted into the solution. The volume of 
combined filtrate and washings was reduced by evapo-
ration in vacuo until yellow crystals started to form. Im-
mediately after, the mixture was cooled down to -35 oC 
and kept at this temperature for 48 h until the crystal 
formation stopped. The crystals were collected by vac-

uum filtration, washed with ~2 ml of cold THF and dried in vacuo to yield an air-sensitive fine 
yellow powder (95.4%, 0.393 g). Crystals suitable for X-ray diffraction analysis were grown by va-
por diffusion of hexane into a pyridine solution of 8 at room temperature. 

The 1H NMR spectrum in acetonitrile-d3 is dominated by one species, chemical shifts and integral 
intensities of which are consistent with the solid-state structure of 8 derived from X-ray diffraction. 
Additionally, gCOSY spectra clearly show the presence of two aromatic spin systems in a ratio of 
2:1. Nevertheless, there are some minor signals that, according to NOESY spectra, are connected 
with the major species via chemical exchange. NMR data below are shown only for the major spe-
cies. 1H NMR (400 MHz, acetonitrile-d3) δ 7.83 (d, JH,H = 8.2 Hz, 1H, H7

B), 7.64 (d, JH,H = 7.8 Hz, 
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1H, H4
B), 7.33 – 7.24 (m, 2H, H7

A), 7.20 – 7.13 (m, 2H, H3
A), 6.99 (‘t’, JH,H = 7.3 Hz, 1H, H5

B), 6.93 
(ddd, JH,H = 7.8, 6.6, 1.1 Hz, 1H, H6

B), 6.61 – 6.49 (m, 4H, H6
A+H5

A), 2.73 (d, JH,P = 13.9 Hz, 3H, 
P+-CH3), 2.18 (d, JH,P = 1.5 Hz, 3H, CH3

Ar
B), 1.71 (d, JH,P = 1.5 Hz, 6H, CH3

Ar
B). 13C NMR (101 

MHz, acetonitrile-d3) δ 150.3 (d, JC,P = 19.0 Hz, indole-C8A), 148.8 (d, JC,P = 19.9 Hz, indole-C8B), 
131.9 (d, JC,P = 11.4 Hz, indole-C9B or C3B), 130.7 (d, JC,P = 12.8 Hz, indole-C9A or C3A), 125.4 (d, 
JC,P = 117.9 Hz, indole-C2A), 122.7 (d, JC,P = 117.2 Hz, indole-C2B), 120.3, 120.2, 120.2, 120.1, 
119.6, 119.4, 119.1, 119.0, 118.8, 118.6, 118.6, 117.0, 116.2, 17.3 (d, JC,P = 61.9 Hz), 10.9 (d, JC,P = 
2.0 Hz), 10.1. 31P NMR (162 MHz, acetonitrile-d3) δ -16.9 (q, JP,H = 13.6 Hz, carbon satellites: JP,C 
= 117.5, 23.3, 19.0, 12.1 Hz). UV-Vis (acetonitrile): λmax (ε)=307 (8.4·104), 238 nm (2.0·105 cm-1M-

1). No satisfactory elemental analysis could be obtained due to high reactivity of 8 as well as solva-
tion of the potassium cations, due to which the compound retains an unknown amount of solvent.  

 
Generation and characterization of [(TSMP)CuP(OEt)3]K (9a) in 
situ. Complex 8 (0.016 g, 0.030 mmol, 1.0 equiv.) was suspended in 
0.7 ml of acetonitrile-d3 in a J. Young NMR tube. This was followed 
by addition of P(OEt)3 (5 μl, 0.03 mmol, 4 equiv.). The NMR tube 
was sealed under N2 atmosphere, and the mixture was stirred until a 
clear white solution formed. The complex could not be purified by 
means of crystallization and, hence, was analysed in a crude form 
using NMR spectroscopy. However, isolation of a crystalline 18-
crown-6 adduct 9b was successful (see the synthesis below), which 

allowed for an X-ray diffraction study. Except for 18-crown-6 signals in 9b, 1H and 31P NMR spectra 
of both 9a and 9b in acetonitrile-d3 are virtually identical. 

1H NMR (400 MHz, acetonitrile-d3) δ 7.65 (d, JH,H = 8.4 Hz, 1H, Ar-H7), 7.43 (‘d’, JH,H = 8.0 Hz, 
1H, Ar-H4), 6.93 (t, JH,H = 7.5 Hz, 1H, Ar-H6), 6.77 (‘t’, JH,H = 7.3 Hz, 1H, Ar-H5), 4.25 (p, JH,H = 
JH,P = 7.2 Hz, 2H, POCH2CH3), 3.01 (d, JH,P = 14.6 Hz, 1H, P+-CH3), 2.48 (s, 3H, Ar-CH3), 1.34 
(t, JH,H = 7.0 Hz, 3H, POCH2CH3). 13C NMR (101 MHz, acetonitrile-d3) δ 149.3 (d, JC,P = 18.6 Hz, 
indole-C8), 130.8 (d, JC,P = 13.3 Hz, indole-C9 or C3), 127.0 (d, JC,P = 118.3 Hz, indole-C2), 120.1 
(indole-C6), 119.2 (indole-C4), 118.0 (indole-C7), 116.5 (indole-C5), 115.6 (d, JC,P = 24.6 Hz, in-
dole-C3 or C9), 60.6 (d, JC,P = 6.9 Hz, POCH2CH3), 17.0 (d, JC,P = 7.1 Hz, POCH2CH3), 10.7 (Ar-
CH3), 8.9 (d, JC,P = 57.1 Hz, P+-CH3). 31P NMR (162 MHz, acetonitrile-d3) δ 130.7 (br. s., 1P), -
14.3 (q, JP,H = 14.4 Hz, 1P, carbon satellites: JP,C = 117.7, 56.9, 24.2, 18.4, 13.2 Hz). No satisfactory 
elemental analysis could be obtained due to a number of impurities in crude 9a combined with its 
high reactivity as well as solvation of potassium cations, due to which the compound retains an 
unknown amount of solvent. 
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[(TSMP)CuP(OEt)3][K(18-crown-6)·CH3CN] (9b). De-
pending on the starting material, compound 9b can be pre-
pared following either of the two procedures below. 

Procedure A (preparation from 8). Complex 8 (0.100 g, 0.187 
mmol, 1.00 equiv.) was suspended in 8.0 ml of acetoni-
trile. This was followed by dropwise addition of a mixture 
of P(OEt)3 (32 μl, 0.19 mmol, 4.0 equiv.) and 18-crown-6 
(0.049 g, 0.19 mmol, 1.0 equiv.) in acetonitrile (12.0 ml) 

over 30 sec. During the addition, the yellow suspension became a clear colorless solution. The vol-
ume of the latter was reduced in vacuo to ~2 ml, which resulted into ample crystal formation. After 
crystallization stopped at room temperature, the mixture was transferred into a freezer at -35 oC for 
24h. After that time, the crystals were collected by vacuum filtration, washed with ~1.5 ml of cold 
acetonitrile in small portions and dried in vacuo. The above manipulations yielded air-sensitive white 
colorless needles in 65.3% (0.123 g) yield. 

Procedure B (preparation from CuCl). Dipotassium salt 1 (contains 21.5 wt% of THF, 0.500 g, 0.768 
mmol, 1.00 equiv.) in acetonitrile (12.0 ml) was added to a solution of anhydrous CuCl (0.076 g, 
0.77 mmol, 1.0 equiv.) and P(OEt)3 (132 μl, 0.768 mmol, 1.00 equiv.) in acetonitrile (6.0 ml). The 
resulting white suspension was stirred over an hour followed by addition of 18-crown-6 (0.203 g, 
0.768 mmol, 1.00 equiv.) in acetonitrile (5.0 ml). Immediately after this, the suspension was filtered 
and the solid was washed with acetonitrile (2 x 25.0 ml). The volume of combined filtrate and 
washings was reduced in vacuo to ~5 ml, which resulted into ample crystal formation. After crystal-
lization stopped at room temperature, the mixture was transferred into a freezer at -35 oC for 24 h. 
After that time, the crystals were collected by vacuum filtration, washed with ~3 ml of cold ace-
tonitrile in small portions and dried in vacuo. The above manipulations yielded air-sensitive white 
colorless needles in 69.9% (0.541 g) yield. Purity >95% according to NMR spectroscopy. Crystals 
suitable for X-ray diffraction analysis were grown by vapor diffusion of diethyl ether into an ace-
tonitrile/benzene solution of 9b at room temperature. 

1H NMR (400 MHz, acetonitrile-d3) δ 7.63 (d, JH,H = 8.4 Hz, 1H, Ar-H7), 7.40 (d, JH,H = 8.0 Hz, 
1H, Ar-H4), 6.89 (‘t’, JH,H = 7.3 Hz, 1H, Ar-H6), 6.74 (‘t’, JH,H = 7.3 Hz, 1H, Ar-H5), 4.23 (p, JH,H = 
JH,P = 7.2 Hz, 2H, POCH2CH3), 3.53 (s, 8H, CH2 of 18-crown-6), 2.99 (d, JH,P = 14.6 Hz, 1H, P+-
CH3), 2.46 (d, JH,P = 1.6 Hz, 3H, Ar-CH3), 1.31 (t, JH,H = 7.1 Hz, 3H, POCH2CH3). 13C NMR (101 
MHz, acetonitrile-d3) δ 148.3 (d, JC,P = 18.6 Hz, indole-C8), 129.7 (d, JC,P = 13.4 Hz, indole-C9 or 
C3), 126.1 (d, JC,P = 117.7 Hz, indole-C2), 119.0 (indole-C6), 118.2 (indole-C4), 117.1 (indole-C7), 
115.5 (indole-C5), 114.3 (d, JC,P = 24.3 Hz, indole-C3 or C9), 69.9 (CH2 of 18-crown-6), 59.6 (d, 
JC,P = 7.4 Hz, POCH2CH3), 16.0 (d, JC,P = 7.2 Hz, POCH2CH3), 9.7 (Ar-CH3), 7.8 (d, JC,P = 57.0 
Hz, P+-CH3). 31P NMR (162 MHz, acetonitrile-d3) δ 131.3 (br. s., 1P), -14.4 (q, JP,H = 14.4 Hz, 1P, 
carbon satellites: JP,C = 117.6, 24.2, 18.4, 13.2 Hz). UV-Vis (acetonitrile): λmax (ε)=ca. 349 (shoulder) 
(1.2·104), 316 (2.2·104), 246 (4.2·104), 214 nm (2.8·104 cm-1M-1). ESI-TOF-MS: anionic unit: 
662.2196 [M]- (calcd. 662.1763 [M]-). No satisfactory elemental analysis could be obtained due to 
high reactivity of 9b.  
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(TSMP)Fe(Py)3 (10). Dry pyridine (30.0 ml) was added to a mixture of solid 
dipotassium salt 1 (contains 21.5 wt% of THF, 0.500 g, 0.768 mmol, 1.00 
equiv.) and anhydrous FeCl2 (0.097 g, 0.77 mmol, 1.00 equiv.). After 12 h of 
stirring, the reaction mixture turned clear and acquired deep orange colora-
tion. Subsequently, the solvent was removed in vacuo to give a bright-yellow 
solid. The latter was suspended in THF (25.0 ml) with 8 drops of pyridine (in 
order to improve solubility of the complex). The suspension was filtered, and 
the solid residue was washed with more THF until all color was extracted 
into the solution. Combined filtrate and washings were freed of solvent in 
vacuo. After this, the solid was redissolved in a minimal amount of pyridine, 

layered with an equal volume of hexane and left at room temperature for a week. Clear orange 
blocky crystals were collected, washed with a small volume of pyridine/hexane (1:1 (v/v)) solvent 
mixture and dried on a vacuum line for 30 min (prolonged drying results into a color change from 
orange to yellow and decreased solubility). Yield: 30.0% (0.167 g) of air-sensitive solid. Crystals 
suitable for X-ray diffraction analysis were grown by vapor diffusion of hexane into a pyridine so-
lution of 10 at room temperature.  

Integral intensities in 1H NMR spectra were extracted using MestReNova27 peak deconvolution 
tool. 1H NMR (400 MHz, pyridine-d5) δ 36.7 (br. s., 1H), 27.7 (br. s., 1H), 25.7 (br. s., 3H), 8.9 (br. 
s., pyridine α-H), 8.1 (br. s., 1H), 7.61 – 7.50 (m, pyridine γ-H), 7.35 – 7.24 (m, pyridine β-H), 5.8 
(br. s., 1H), -14.0 (br. s., 1H). 31P NMR (162 MHz, pyridine-d5) δ -304.2. Effective magnetic mo-

ment in solution determined in pyridine-d5 using Evans method: 5.19 μB. UV-Vis (acetonitrile): 
λmax (ε)=471 (1.2·102), 442 (2.1·102), 417 (2.5·102), 307 (3.5·104), 231 (6.3·104), 198 nm (5.3·104 cm-

1M-1). No satisfactory elemental analysis could be obtained due to the high reactivity of 8.  

 
(TSMP)Ni(Py)3 (11). Dry pyridine (30.0 ml) was added to a mixture of solid 
dipotassium salt 1 (contains 21.5 wt% of THF, 0.500 g, 0.768 mmol, 1.00 
equiv.) and anhydrous NiCl2·dme (0.169 g, 0.768 mmol, 1.00 equiv.). Deep-
brown coloration ensued. After 12 h of stirring, the reaction mixture turned 
clear and acquired an emerald-green coloration. Subsequently, the solvent 
was removed in vacuo to give an olive-brown solid. The latter was suspended 
in THF (25.0 ml) with 8 drops of pyridine (improves solubility of the com-
plex). The suspension was filtered, and the solid residue was washed with 
more THF until all color was extracted into the solution. Combined filtrate 
and washings were freed of solvent in vacuo. After this, the solid was redis-

solved in a minimal amount of pyridine, layered with an equal volume of hexane and left at room 
temperature for a week. Clear green blocky crystals were collected, washed with a small volume of 
pyridine/hexane (1:1 (v/v)) solvent mixture and dried on a vacuum line for 30 min (prolonged 
drying results into a color change from green to olive-brown and decreased solubility). Yield: 65.8% 
(0.369 g) of air-sensitive solid. Crystals suitable for X-ray diffraction analysis were grown by vapor 
diffusion of hexane into a pyridine solution of 11 at room temperature.  

Integral intensities in 1H NMR spectra were extracted using MestReNova27 peak deconvolution 
tool. 1H NMR (400 MHz, pyridine-d5) δ 29.7 (br. s., 1H), 15.2 (br. s., 1H), 9.1 (br. s., pyridine α-
H), 7.67 – 7.52 (m, pyridine γ-H), 7.41 – 7.23 (m, pyridine β-H), 7.0 (br. s., 1H), 6.4 (br. s., 1H), 5.2 
(br. s., 1H), 2.1 (br. s., 3H). 31P NMR (162 MHz, pyridine-d5) δ -122.7 (br. s.). Effective magnetic 



Chapter 2 

93 

moment in solution determined in pyridine-d5 using Evans method: 2.82 μB. UV-Vis (acetonitrile): 
λmax (ε)=198 (5.8·104), 228 (5.7·104), 242 (6.1·104), 316 (3.3·104), 588 nm (37 cm-1M-1). No satisfac-
tory elemental analysis could be obtained due to the high reactivity of 9. 

 
Synthesis and characterization of crude [(TSMP)2Fe]K2 (12a). Dry 
THF (15.0 ml) was added to a mixture of solid dipotassium salt 1 
(contains 21.5 wt% of THF, 0.150 g, 0.230 mmol, 2.00 equiv.) and 
anhydrous FeCl2 (0.015 g, 0.12 mmol, 1.0 equiv.). The colorless 
mixture was stirred over 16 h until all FeCl2 dissolved forming a 
bright-yellow suspension. The latter was filtered, the solvent was re-
moved in vacuo, yielding a dark-yellow oil. The complex could not 
be purified by means of crystallization and, hence, was analysed in 
a crude form using NMR spectroscopy. However, isolation of a crys-
talline tetrakis(benzo-15-crown-5) adduct 12b was successful (see the 
synthesis below), which allowed to establish atomic connectivity us-
ing X-ray diffraction. Except for a number of peaks of impurities as 
well as benzo-15-crown-5 signals in 12b, 1H and 31P NMR spectra of 
both 12a and 12b in acetonitrile-d3 are identical. 

Assuming that the structure of 12a determined by X-ray diffraction crystallography holds in solu-
tion, there should be three non-equivalent indolide units. This means that 1H NMR spectra should 
display sixteen peaks: four of triple intensity with the rest of unit intensity. Instead, only six peaks 
are observed with the ratio of integral intensities that does not match the overall composition of 
12a. This implies two possibilities: either not all peaks are visible due to fast relaxation and subse-
quent paramagnetic broadening, or the situation in solution is complicated with dynamic equilibria, 
possibly oligomerization or intermolecular exchange. This point is further addressed below, in the 
characterization section for tetrakis(benzo-15-crown-5) adduct 12b. 

1H NMR (400 MHz, acetonitrile-d3) δ 66.3 (br. s.), 21.6 (br. s.), 14.4 (br. s.), 6.0 (br. s.), -0.6 (br. 
s.), -6.1 (br. s.). 31P NMR (162 MHz, acetonitrile-d3) δ 104.4 (br. s.). ESI-TOF-MS spectra recorded 
in a negative mode show a product of one-electron oxidation of 12a, which is in line with its high 
air-sensitivity: 922.3225 [M]- (calcd. 922.2767 [M]-). No satisfactory elemental analysis could be 
obtained due to a number of impurities in crude 12a combined with its high reactivity as well as 
solvation of potassium cations, due to which the compound retains an unknown amount of solvent. 
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[(TSMP)2Fe][K(benzo-15-crown-5)2]2 (12b). Dry THF 
(150.0 ml) was added to a mixture of solid dipotassium 
salt 1 (contains 21.5 wt% of THF, 1.500 g, 2.302 mmol, 
2.000 equiv.) and anhydrous FeCl2 (0.146 g, 1.15 mmol, 
1.00 equiv.). The mixture was stirred over 16h until all 
FeCl2 dissolved forming a bright-yellow suspension. The 
latter was filtered, the volume of the liquor was reduced 
in vacuo to ca. 15 ml, and a solution of benzo-15-crown-
5 (0.680 g, 2.53 mmol, 2.20 equiv) in THF (5.0 ml) was 
added with stirring. After a few minutes, bright-yellow 
crystalline material started precipitating. The mixture 
was left standing at room temperature for 16 h, at which 
point crystal formation stopped. It was then transferred 
into a freezer at -35 oC for additional 48 h, where more 
crystalline material formed. The crystals were collected 

by vacuum filtration, washed with cold THF (4 x 20.0 ml) in small portions and dried in vacuo. This 
yielded a bright-yellow crystalline material in 40.7% (0.972 g) yield. Crystals suitable for X-ray dif-
fraction analysis were grown by vapor diffusion of diethyl ether into a toluene/THF/acetonitrile 
(4:1:1 (v/v)) solution of 12b at room temperature. 

Similarly to 12a, assuming that X-ray crystallographic structure holds for 12b in solution, there 
should be three non-equivalent indolide units. This means that 1H NMR spectra should display 
sixteen peaks: four of triple intensity with the rest of unit intensity. Instead, only six peaks are ob-
served with the ratio of integral intensities that does not match the overall composition of 12b. This 
implies two possibilities: either not all peaks are visible due to fast relaxation and subsequent para-
magnetic broadening, or the situation in solution is complicated with dynamic equilibria, possibly 
oligomerization or intermolecular exchange. Trends observed in variable-temperature NMR studies 
(Appendix A5) are in favour of the latter. 1H NMR (400 MHz, acetonitrile-d3) δ 66.3 (br. s.), 21.6 (br. 
s.), 14.4 (br. s.), 6.90 (br. s., Ar-H of benzo-15-crown-5), 6.76 (br. s., Ar-H of benzo-15-crown-5), 
6.1 (br. s.), 4.20 – 3.17 (m, aliphatic C-H of benzo-15-crown-5), -0.6 (br. s.), -6.1 (br. s.). 31P NMR 
(162 MHz, acetonitrile-d3) δ 104.2 (br. s.). Effective magnetic moment in solution determined in 
acetonitrile-d3 using Evans method: 5.17 μB. UV-Vis (acetonitrile): λmax (ε)= 308 (3.5·104), 245 nm 
(7.7·104 cm-1M-1). ATR-FTIR (neat) ṽ (cm-1): 433 (M), 452 (M), 564 (W), 621 (M), 661 (W), 739 
(VS), 808 (M), 853 (M), 884 (S), 937 (M), 1044 (S), 1076 (M), 1098 (S), 1123 (VS), 1217 (S), 1252 
(VS), 1297 (M), 1337 (M), 1363 (M), 1455 (M), 1504 (S), 1597 (W), 1651 (VW), 2864 (M), 2904 
(M), 3041 (W). ESI-TOF-MS spectra recorded in a negative mode show a product of one-electron 
oxidation of 12b, which is in line with its high air-sensitivity: 922.2360 [M]- (calcd. 922.2767 [M]-). 
No satisfactory elemental analysis could be obtained due to high reactivity of 12b. 

 

2.5.3 Additional experiments 

Attempted preparative oxidation of complexes 8-12a. Metal complex 8-12a (0.030 mmol, 1.0 
equiv.) was dissolved in acetonitrile or pyridine (5.0 ml), and a solution of ferrocenium tetrafluorob-
orate (0.008 g, 0.03 mmol, 1 equiv.) in the same solvent (5.0 ml) was added at -78 oC with vigorous 
stirring within a minute. The reaction was allowed to warm up to room temperature for an hour. 
Afterwards, the solvent was removed in vacuo, the solid crude was washed with n-hexane (3 x 3.0 



Chapter 2 

95 

ml) and, after additional drying, NMR analysis was attempted in acetonitrile-d3, pyridine-d5, di-
chloromethane-d2 and THF-d8. All complexes, except for 12a, gave intractable or insoluble products 
or mixtures thereof. Attempted crystallization from various solvents and solvent mixtures yielded 
amorphous precipitates in all cases except for 12a, which provided dark-blue crystals suitable for X-
ray diffraction. The structure as well as the properties of the product of oxidation of 12a are dis-
cussed in the next chapter. 

 

2.5.4 X-ray crystal structure determinations 

TSMPK2 (1). C56H48K4N6P2·½CH3CN, Fw=1043.87, colourless block, 0.510.450.16 mm3, 
monoclinic, Cc (no. 9), a=20.0632(12), b=12.0672(10), c=42.305(4) Å, β=95.794(2)°, 
V=10190.0(14) Å3, Z=8, Dx=1.361 g/cm3, =0.46 mm-1. The diffraction experiment was performed 
on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph monochromator 
(=0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin/)max=0.65 Å-1. The crystal 
appeared to be twinned, with a twofold rotation about hkl=(0,0,1) as twin operation. Consequently, 
two orientation matrices were used for the intensity integration with the Eval15 software.45 A multi-
scan absorption correction and scaling was performed with TWINABS46 (correction range 0.68-
0.75). A total of 102232 reflections was measured, 22187 reflections were unique (Rint=0.032), 
21465 reflections were observed [I>2(I)]. The structure was solved with Patterson superposition 
methods using SHELXT. 47 Structure refinement was performed with SHELXL-201648 on F2 of all 
reflections based on an HKLF-5 file.49 Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. All hydrogen atoms were introduced in calculated positions and refined 
with a riding model. 1270 Parameters were refined with two restraints (floating origin). R1/wR2 
[I>2(I)]: 0.0326/0.0827. R1/wR2 [all refl.]: 0.0342/0.0835. The twin fraction BASF refined to 
0.1869(5); additional inversion twinning was not included in the refinement. S=1.034. Residual 
electron density between -0.29 and 0.49 e/Å3. Geometry calculations and checking for higher sym-
metry was performed with the PLATON program.50 

Discussion: The packing in the non-centrosymmetric space group Cc (no. 9) is characterized by the 
presence of a local inversion center at approximately (0, 0, ¼). This location prevents the transfor-
mation to the centrosymmetric space group C2/c (no. 15). 

The metrics of the unit cell parameters allow a transformation to a pseudo-orthorhombic supercell 
with 5-fold volume. According to Mallard’s law, such a situation can be the driving force for twin 
formation.56 Twinning is actually found in the current crystal and can be described by a twofold 
rotation about hkl=(0,0,1), or equivalently about uvw=[1,0,0]. The a-axis of 20.06 Å indeed becomes 
a twofold axis in the 5-fold supercell. On a structural level, the twinning can be explained by stack-
ing faults of the one-dimensional coordination polymers (Figure 2.8). 
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Figure 2.8. Packing of 1 in the crystal, projected along the a-axis. The two symmetry independent 
coordination chains are drawn in black and red, respectively. The acetonitrile solvent molecules are 
drawn in green. Hydrogen atoms are omitted for clarity. The crystal was twinned, and the twinning 
was described by a twofold rotation about the reciprocal c*-axis. In the monoclinic crystal system, 
this is equivalent to a rotation about the a-axis in direct space. It can be seen that the twinning does 
not cause much disturbance of the packing. 

{[(TSMP)Cu]K}4 (8). [C182H166Cu4K4N26P4][C172H156Cu4K4N24P4]·6C5H5N, Fw=6820.07, yellow 

block, 0.290.190.17 mm3, triclinic, P 1  (no. 2), a=16.4610(6), b=20.7224(6), c=26.5518(7) Å, 

α=78.716(1), β=75.774(1), γ =88.674(1)°, V=8606.7(4) Å3, Z=1, Dx=1.316 g/cm3, =0.68 mm-1. 
The diffraction experiment was performed on a Bruker Kappa ApexII diffractometer with sealed 
tube and Triumph monochromator (=0.71073 Å) at a temperature of 150(2) K up to a resolution 
of (sin/)max=0.65 Å-1. Intensity integration was performed with the Eval15 software.45 A multi-
scan absorption correction and scaling was performed with SADABS51 (correction range 0.71-0.75). 
A total of 219470 reflections was measured, 39483 reflections were unique (Rint=0.045), 26012 re-
flections were observed [I>2(I)]. The structure was solved with Patterson superposition methods 
using SHELXT.47 Structure refinement was performed with SHELXL-201748 on F2 of all reflec-
tions. Non-hydrogen atoms were refined freely with anisotropic displacement parameters. Six of 
the coordinated and non-coordinated pyridine molecules were refined with a disorder model. All 
hydrogen atoms were introduced in calculated positions and refined with a riding model. 2490 Pa-
rameters were refined with 4113 restraints (distances, angles, displacement parameters and molec-
ular flatness of the pyridine molecules). R1/wR2 [I > 2(I)]: 0.0587/0.1538. R1/wR2 [all refl.]: 
0.0964/0.1749. S=1.019. Residual electron density between -0.64 and 0.86 e/Å3. Geometry calcu-
lations and checking for higher symmetry was performed with the PLATON program.50 
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Discussion: Selected X-ray crystallographic distances and angles in complexes 8 (Tables 2.1 and 2.2). 

Table 2.1. Selected distances (Å) and angles (o) in the X-ray crystal structure of complex 8. The unit 
cell of 8 contains two independent {[(TSMP)Cu]K}4 molecules. Symmetry codes i: -x, -y, -z; ii: 1-
x, 1-y, 1-z. 

molecule 1 molecule 2 

Parameter Value Parameter Value 

Cu1-N11  2.000(3) Cu3-N13  1.976(3) 
Cu1-N21 1.960(3) Cu3-N14ii 1.940(2) 
Cu1-N32 1.926(3) Cu3-N23 1.991(3) 
Cu2-N12 1.976(3) Cu4-N24 1.967(3) 
Cu2-N22 2.007(3) Cu4-N33 1.920(2) 
Cu2-N31i 1.933(3) Cu4-N34 2.004(3) 
N11^Cu1^N21 (intracyclic) 99.68(10) N13^Cu3^N23 (intracyclic) 100.62(10) 
N11^Cu1^N32 125.74(11) N13^Cu3^N14ii  132.32(10) 
N21^Cu1^N32 134.58(11) N14ii^Cu3^N23 126.60(11) 
N12^Cu2^N22 (intracyclic) 99.26(11) N24^Cu4^N34 (intracyclic) 99.02(11) 
N12^Cu2^N31i 136.95(12) N24^Cu4^N33  133.92(11) 
N22^Cu2^N31i 123.61(11) N33^Cu4^N34 126.85(11) 
sum of angles around 
copper: Cu(1) 360.00(18) 

sum of angles around 
copper: Cu(3) 359.54(18) 

Cu(2) 359.8(2) Cu(4) 359.79(19) 

Table 2.2. K…C distances indicating cation-π interactions in 8. 

molecule 1 molecule 2 

Parameter Value Parameter Value 

K1…C61  3.139(6) K3…C83  2.906(3) 
K1…C51 3.156(5) K3…C33 3.104(3) 
K1…C22 3.225(4) K3…C13 3.369(3) 
K1…C32 3.345(4) K3…C73 3.370(4) 
K2…C152 3.329(4) K3…C23 3.423(3) 
K2…C142 3.358(5) K4…C214 3.002(4) 
 

 K4…C264 3.018(4) 
 

 K4…C224  3.121(5) 
  K4…C254 3.182(4) 
  K4…C234 3.242(5) 
  K4…C244  3.271(5) 

[(TSMP)CuP(OEt)3][K(18-crown-6)·CH3CN] (9b). [C14H27KNO6][C34H39CuN3O3P2]·½C6H6· 
CH3CN, Fw=1087.73, colourless needle, 0.490.130.06 mm3, monoclinic, I2/a (no. 15), 
a=24.8978(5), b=13.9828(3), c=33.8978(7) Å, β=110.867(1)°, V=11027.2(4) Å3, Z=8, 
Dx=1.310 g/cm3, =0.59 mm-1. The diffraction experiment was performed on a Bruker Kappa 
ApexII diffractometer with sealed tube and Triumph monochromator (=0.71073 Å) at a tempera-
ture of 150(2) K up to a resolution of (sin/)max=0.65 Å-1. Intensity integration was performed with 
the Eval15 software.45 A multi-scan absorption correction and scaling was performed with SA-
DABS51 (correction range 0.63-0.75). A total of 108621 reflections was measured, 12649 reflections 



A Dianionic C3-Symmetric Scorpionate: Synthesis and Coordination Chemistry 

98 

were unique (Rint=0.049), 9315 reflections were observed [I>2(I)]. The structure was solved with 
Patterson superposition methods using SHELXT.47 Structure refinement was performed with 
SHELXL-201748 on F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. The non-coordinated acetonitrile molecule was refined with a disorder 
model. All hydrogen atoms were introduced in calculated positions and refined with a riding model. 
679 Parameters were refined with 111 restraints (distances, angles, displacement parameters and 
molecular flatness of the solvent molecules). R1/wR2 [I > 2(I)]: 0.0440/0.1222. R1/wR2 [all 
refl.]: 0.0658/0.1358. S=1.034. Residual electron density between -0.65 and 1.05 e/Å3. Geometry 
calculations and checking for higher symmetry was performed with the PLATON program.50 

Discussion: The crystal structure of 9b is characterized by a [K(18-crown-6)(CH3CN)] cation and a 
[(TSMP)CuP(OEt)3] anion. Further, there are non-coordinated benzene and acetonitrile molecules 
in the unit cell. Selected bond distances and angles are shown in Table 2.3. 

Table 2.3. Selected distances (Å), angles and torsion angles (o) in the X-ray crystal structure of com-
plex 9b. 

Parameter Value 

Cu1-N11 2.0759(19) 
Cu1-N21 2.0654(19) 
Cu2-N31 2.0622(19) 
Cu1-P21  2.1201(6) 
N11^Cu1^N21  95.06(7) 
N21^Cu1^N31 92.38(8) 
N11^Cu1^N31 94.54(7) 
P21^Cu1^N11 123.28(6) 
P21^Cu1^N21 121.85(6) 
P21^Cu1^N31 121.97(5) 
O11^P21^Cu1^N11 41.79(11) 
angle sum O^P^O 300.37(16) 

 
The packing of the molecules in the crystal leads to a layer structure with the layers stacked in c-
direction and intercalated with solvent molecules. As a consequence, there are strong pseudo-
translational effects (Figure 2.9) which are also visible in the X-ray diffraction pattern. Within the 
layers, intermolecular bonding is dominated by C-H…π interactions between the crown ether in the 
cation and the indolide groups of the anion (Figure 2.10). The co-crystallized benzene is located on 
a twofold rotation axis in proximity of the K+ center. 
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Figure 2.9. Packing of 9b in the crystal. Projection along the a-axis. Cations are drawn in red, anions 
in black, benzene in green, and acetonitrile in blue. Only the major form of the disordered acetoni-
trile is shown. Hydrogen atoms are omitted for clarity. The structure has significant pseudo-transla-
tional symmetry in c-direction. Consequently, reflections with h=odd are weak. 

 

Figure 2.10. Intermolecular C-H…π interactions in 9b viewed along the c-axis. The H-atoms of the 
crown ether act as donors, and the π-systems of the indolide groups as acceptors. C-H…π interac-
tions between the methyl group of the coordinated acetonitrile and indolide are omitted for clarity. 
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(TSMP)Fe(Py)3 (10). C43H39FeN6P  +  disordered solvent, Fw=726.62[*], yellow needle, 

0.380.070.03 mm3, monoclinic, P21/c (no. 14), a=24.456(3), b=18.0393(16), c=19.450(3) Å, 
=113.125(7)°, V=7891.4(17) Å3, Z=8, Dx=1.223 g/cm3[*], =0.46 mm-1[*]. The diffraction experi-
ment was performed on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph mon-
ochromator (=0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin/)max=0.61 Å-1. 
The Eval15 software45 was used for the intensity integration of this weakly diffracting crystal. A 
large anisotropic mosaicity52 of 2.5° about hkl=(0,1,0) was used for the prediction of the reflection 
profiles. A numerical absorption correction and scaling was performed with SADABS51 (correction 
range 0.65-1.00). A total of 55335 reflections was measured, 14669 reflections were unique 
(Rint=0.159), 6802 reflections were observed [I>2(I)]. The structure was solved with Patterson su-
perposition methods using SHELXT.47 Structure refinement was performed with SHELXL-201848 
on F2 of all reflections. The crystal structure contains large voids (1106 Å3/unit cell) filled with 
disordered solvent molecules. Their contribution to the structure factors was secured by back-Fou-
rier transformation with the SQUEEZE algorithm53 resulting in 305 electrons/unit cell. Non-hy-
drogen atoms were refined freely with anisotropic displacement parameters. All hydrogen atoms 
were introduced in calculated positions and refined with a riding model. 927 Parameters were re-
fined with no restraints. R1/wR2 [I>2(I)]: 0.0891/0.1954. R1/wR2 [all refl.]: 0.1942/0.2417. 
S=1.030. Residual electron density between -0.56 and 0.65 e/Å3. Geometry calculations and check-
ing for higher symmetry was performed with the PLATON program.50 

Discussion: see below in comparison with 11. 

(TSMP)Ni(Py)3 (11). C43H39N6NiP·0.3C6H14, Fw=755.33, green needle, 0.320.080.05 mm3, 
monoclinic, P21/c (no. 14), a=24.314(3), b=17.888(2), c=19.297(2) Å, =113.027(3)°, 

V=7724.1(15) Å3, Z=8, Dx=1.299 g/cm3, =0.58 mm-1. The diffraction experiment was performed 
on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph monochromator 
(=0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin/)max=0.56 Å-1. The Saint 
software54 was used for the intensity integration. A numerical absorption correction and scaling was 
performed with SADABS51 (correction range 0.82-1.00). A total of 66286 reflections was measured, 
11139 reflections were unique (Rint=0.221), 5916 reflections were observed [I>2(I)]. The structure 
was solved with Patterson superposition methods using SHELXT.47 Structure refinement was per-
formed with SHELXL-201848 on F2 of all reflections. Non-hydrogen atoms were refined freely with 
anisotropic displacement parameters. The n-hexane solvent molecule was refined with partial oc-
cupancy. All hydrogen atoms were introduced in calculated positions and refined with a riding 
model. The crystal appeared to be twinned by pseudo-merohedry (pseudo-orthorhombic C-centered 
twin cell). The twin operation is a twofold rotation about hkl=(1,0,0) and the corresponding twin 
matrix (-1,0,-1/0,-1,0/0,0,1) was included in the refinement. 982 Parameters were refined with 1829 
restraints (distances, angles and displacement parameters for all atoms except Ni and P). R1/wR2 
[I>2(I)]: 0.0877/0.1806. R1/wR2 [all refl.]: 0.1954/0.2320. S=1.034. Twin fraction 
BASF=0.2361(18). Residual electron density between -0.86 and 1.27 e/Å3. Geometry calculations 
and checking for higher symmetry was performed with the PLATON program.50 

Discussion: X-ray crystal structure determinations of 10 and 11 reveal that the two compounds are 
isostructural in the solid state. The asymmetric unit contains two independent metal complex 

 
[*] Derived values do not contain the contribution of the disordered solvent molecules. 
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molecules. They are related by a non-crystallographic twofold rotation approximately about 
uvw=[0,0,1]. This operation is not compatible with the monoclinic crystal system but might be the 
structural basis for twinning. Twinning was indeed found in the crystal of 11 (see Experimental 
Section) and was described by a twofold rotation about hkl=(1,0,0). In the monoclinic case this 
equivalent to a rotation about uvw=[0,0,1]. 

The large standard uncertainties make a discussion of the geometric parameters difficult (Table 2.4). 
The longest M-N distances are found for M1-N34 (molecule 1) and M2-N38 (molecule 2). The Ni-
NTSMP distances are 0.05 Å shorter than Fe-NTSMP, and Ni-Npyridine are 0.11 Å shorter than Fe-
Npyridine.  

Table 2.4. Selected XRD distances (Å) and angles (o) for complexes 10 and 11. 

molecule 1 molecule 2 

Parameter 
Value 

Parameter 
Value 

M=Fe (10) M=Ni (11) M=Fe (10) M=Ni (11) 

M1-N11L 2.175(6) 2.127(7) M2-N15L 2.176(6) 2.123(7) 
M1-N12L 2.173(6) 2.115(7) M2-N16L 2.158(6) 2.102(7) 
M1-N13L 2.168(6) 2.138(7) M2-N17L 2.201(6) 2.148(7) 
M1-N14Py 2.272(7) 2.168(7) M2-N18Py 2.261(7) 2.163(8) 
M1-N24Py 2.294(6) 2.178(7) M2-N28Py 2.284(6) 2.164(7) 
M1-N34Py 2.351(6) 2.241(8) M2-N38Py 2.342(6) 2.234(7) 
N11L^M1^N12L 89.5(2) 88.7(3) N15L^M2^N16L 89.7(2) 89.3(3) 
N12L^M1^N13L 91.3(2) 90.4(3) N16L^M2^N17L 91.6(2) 89.9(3) 
N11L^M1^N13L 89.9(2) 89.8(3) N15L^M2^N17L 89.8(2) 89.2(3) 
N14Py^M1^N24Py 90.5(3) 91.2(3) N18Py^M2^N28Py 89.4(2) 90.1(3) 
N24Py^M1^N34Py 89.7(2) 91.4(3) N28Py^M2^N38Py 91.1(2) 92.5(3) 
N14Py^M1^N34Py 88.9(2) 89.8(3) N18Py^M2^N38Py 90.7(2) 91.9(3) 
N11L^M1^N24Py 
(trans) 175.1(2) 174.8(3) 

N15L^M2^N28Py 
(trans) 175.2(2) 176.3(3) 

N12L^M1^N14Py 
(trans) 177.7(2) 177.0(4) 

N16L^M2^N18Py 
(trans) 176.1(2) 176.0(3) 

N13L^M1^N34Py 
(trans) 174.4(2) 174.6(3) 

N17L^M2^N38Py 
(trans) 173.5(2) 174.1(3) 

 

[(TSMP)2Fe][K(benzo-15-crown-5)2]2 (12b). [C28H40KO10]2[C56H48FeN6P2]·½C7H8·½C4H10O· 

CH3CN, Fw=2198.37, yellow block, 0.370.100.03 mm3, triclinic, P 1  (no. 2), a=17.8742(12), 

b=18.1808(12), c=19.8655(13) Å, α=109.771(3), β=108.424(2), γ=95.566(1)°, V=5611.4(7) Å3, 
Z=2, Dx=1.301 g/cm3, =0.31 mm-1. The diffraction experiment was performed on a Bruker Kappa 
ApexII diffractometer with sealed tube and Triumph monochromator (=0.71073 Å) at a tempera-
ture of 150(2) K up to a resolution of (sin/)max=0.61 Å-1. Intensity integration was performed with 
the Eval15 software.45 A multi-scan absorption correction and scaling was performed with SA-
DABS51 (correction range 0.65-0.75). A total of 83986 reflections was measured, 20904 reflections 
were unique (Rint=0.088), 11765 reflections were observed [I>2(I)]. The structure was solved with 
Patterson superposition methods using SHELXT.47 Structure refinement was performed with 
SHELXL-201648 on F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. The toluene and diethyl ether molecules were disordered on inversion 
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centers, respectively. All hydrogen atoms were introduced in calculated positions and refined with 
a riding model. 1426 Parameters were refined with 168 restraints (concerning the disordered solvent 
molecules). R1/wR2 [I>2(I)]: 0.0641/0.1423. R1/wR2 [all refl.]: 0.1356/0.1715. S=1.017. Resid-
ual electron density between -0.44 and 1.26 e/Å3. Geometry calculations and checking for higher 
symmetry was performed with the PLATON program.50 

Discussion: Selected X-ray crystallographic details for complex 12b (Table 2.5). 

Table 2.5. Selected distances (Å) and angles (o) in the X-ray crystal structure of complex 12b. 

Parameter Value 

Fe1-N11 2.017(3) 
Fe1-N12 2.028(3) 
Fe1-N21 2.019(3) 
Fe1-N22 2.028(3) 
N11^Fe1^N21 (endocy-
clic) 96.78(13) 
N12^Fe1^N22 (endocy-
clic) 96.35(13) 
N11^Fe1^N12 (exocyclic) 118.90(13) 
N21^Fe1^N22 (exocyclic) 119.68(13) 
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Abstract 

High-valent iron species have been implicated as key intermediates in catalytic oxidation re-
actions, both in biological and synthetic systems. Many heteroleptic Fe(IV) complexes have 
now been prepared and characterized, especially using strongly π-donating oxo, imido, or ni-
trido ligands. On the other hand, homoleptic examples are scarce. Herein, we investigate the 
redox chemistry of iron complexes of the dianonic tris-skatylmethylphosphonium (TSMP2–) 
scorpionate ligand. One-electron oxidation of the tetrahedral, bis-ligated [(TSMP)2FeII]2– leads 
to the octahedral [(TSMP)2FeIII]–. The latter undergoes thermal spin-crossover both in the sol-
id state and solution, which we characterize using SQUID, Evans method and paramagnetic 
NMR spectroscopy. Further, [(TSMP)2FeIII]– can be reversibly oxidized to the stable high-
valent [(TSMP)2FeIV]0 complex. We use a variety of electrochemical, spectroscopic and com-
putational techniques as well as SQUID magnetometry to establish a triplet (S = 1) ground 
state with a metal-centered oxidation and little spin delocalization on the ligand. The com-
plex also has a fairly isotropic g-tensor (giso = 1.97) combined with a positive ZFS parameter D 
(+19.1 cm-1) and very low rhombicity, in agreement with quantum chemical calculations. 
This thorough spectroscopic characterization contributes to a general understanding of octa-
hedral Fe(IV) complexes.  

 
a This chapter is based on: Tretiakov, S.; Lutz, M.; Titus, C. J.; de Groot, F.; Nehrkorn, J.; 
Lohmiller, T.; Holldack, K.; Schnegg, A.; Tarrago, M. F. X.; Zhang P.; Ye, S.; Aleshin, D.; Pav-
lov, A.; Novikov, V.; Moret, M.-E. Homoleptic Fe(III) and Fe(IV) Complexes of a Dianionic C3-
Symmetric Scorpionate. To	be	accepted	after	minor	revisions to Inorg. Chem., 2023. 
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3.1 Introduction 

Fe(IV) compounds, both heme- and non-heme-based,1–4 are crucial intermediates in 
many biological transformations. As such, they provide inspiration for the develop-
ment of small-molecule catalysts for green oxidation processes.4–6 Due to their gener-
ally highly-oxidizing nature, their isolation and spectroscopic characterization have 
been challenging. Perhaps the most studied members of this family involve heterolep-
tic Fe(IV) complexes stabilized by strong π-donating ligands7 (oxo-,3,5,8,9 imido-,10–12 
nitrido-,13–16 isocyanide17 and ketimide18). In contrast, homoleptic Fe(IV) complexes 
are relatively scarce. Among these, a [FeF4] species was cryogenically trapped in neon 
or argon matrices19,20 and, according to DFT calculations, is expected to have a quin-
tet ground state (S = 2). Due to high ionicity of the Fe–F bond, the existence of [FeF4] 
as a bulk material under normal conditions is thought unlikely. Next, a family of tet-
rahedral singlet (S = 0) Fe(IV) tetraalkyl complexes is known (A in Chart 3.1),21–23 
which decompose at room temperature in a matter of days. Similar instability has 
been reported in a distorted square planar singlet complex B,18,22 an extremely rare 
example of a non-tetrahedral FeX4 compound. The triplet (S = 1) dicationic decame-

thylferrocenium compound C was prepared by oxidation of decamethylferrocene in 
liquid sulfur dioxide24 and is sufficiently stable for spectroscopic characterization and 
X-ray crystal structure determination. The latter reveals that the Cp* rings can tilt 
with respect to one another depending on the counterion, namely the tilt angle is 0° 
for the [Sb2F11]– anion but 16.56° for SbF6

–, which is caused by coordination of the an-
ion to the Fe(IV) center. Therefore, these complexes can be considered contingently 
homoleptic. A stable triplet dithiocarbamate complex D was synthesized in 197225,26 
and is one of the first reported homoleptic Fe(IV) complexes. Its electronic structure 
was revisited in great detail more recently27 using a combination of spectroscopic and 
computational techniques, proving its identity as a true Fe(IV) compound. An indefi-
nitely stable triplet hexahydrazide E that forms in water upon air oxidation28 was ex-
tensively characterized as having a triplet spin state and trigonal prismatic geometry. 
Finally, an NHC-based phenylborate complex F was synthesized recently,29 which 
has a triplet ground state and local D3d symmetry at the metal center.  

Due to the presence of weakly π-donating hard anionic N-donors, pyrrolide-based lig-
ands have a potential for stabilizing high-valent metal centers.30 As a matter of fact, 
porphyrin and corrole-based coordination compounds are ubiquitous in nature and 
often support oxidized reactive intermediates.31,32 Nonetheless, the majority of these 
systems feature 4-fold planar coordination geometry around the metal, raising the 
question of what alternative symmetries could provide in terms of interesting elec-
tronic properties and reactivity. Some examples of such geometries include unconju-
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gated dipyrrolylmethane33–37 and tris-pyrrolylethane38 metal complexes. However, in 
the case of these molecules, the absence of conjugation on the ligand leads to relative-
ly energetic aromatic π-orbitals which participate in molecular redox events.  

We have previously reported a formally dianionic C3-symmetric tris-
skatylmethylphosphonium (TSMP2–) ligand platform that is based on a π-extended 
pyrrole-based aromatic system, 3-methylindole (skatole).39–41 It also has a positively 
charged bridgehead phosphonium atom, which further lowers the energy of its 
HOMO. Herein, we show that these two aspects are sufficient to access a stable 
homoleptic, octahedral [(TSMP)2FeIV] species (4, Chart 3.1) by one electron oxidation 
of its isostructural Fe(III) analogue. We use a variety of electrochemical (cyclic volt-
ammetry), spectroscopic (XAS, THz-EPR, 57Fe Mössbauer, paramagnetic NMR and 
optical spectroscopy) and computational techniques (DFT, TD-DFT, 
CASSCF/NEVPT2), supported by SQUID magnetometry, to establish a primarily 
metal-centered oxidation and provide a detailed picture of the electronic structure of 4. 

 

Chart 3.1. Reported homoleptic Fe(IV) complexes.19,20,29,21–28 
 

3.2 Synthesis and characterization 

The high-spin Fe(II) complex [(TSMP)2FeII]K2 (2a) and its crystallizeable benzo-15-
crown-5 (B15C5) adduct [(TSMP)2FeII][(B15C5)2K]2 (2b) were synthesized as previ-
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ously described40 using iron dichloride and two equivalents of the TSMPK2 salt (1) in 
THF (Scheme 3.1), followed by addition of benzo-15-crown-5 if needed. Complex 2a is 
extremely air-sensitive and is immediately converted into the deep-blue Fe(III) com-
pound [(TSMP)2FeIII]K (3a) upon exposure to even trace amounts of oxygen. Com-
pound 3a can also be prepared from 2a by means of one-electron oxidation with fer-
rocenium or tritylium tetrafluoroborate in acetonitrile (Scheme 3.1). In contrast, re-

peated attempts to synthesize 3a directly from dipotassium salt 1 and Fe(III) chloride 
yielded complex mixtures of paramagnetic products with only small amounts of the 
target complex as indicated by 1H NMR spectroscopy, likely due to ligand oxidation 
and/or polymerization. The potassium cation in 3a can be easily exchanged for a 
tetraphenylphosphonium by treatment with PPh4I in dichloromethane (DCM), yield-
ing [(TSMP)2FeIII]PPh4 (3b). Furthermore, the potassium cation can also be com-
plexed with two equivalents of B15C5 to form the [(TSMP)2FeIII][(B15C5)2K] adduct 
(3c).  

 

Scheme 3.1. Synthesis of metal complexes 2a,b, 3a-c, and 4. Isolated yield is shown in parenthesis. 

The solid-state structure of 3a was established by single-crystal X-ray structure deter-
mination of crystals grown from acetonitrile/ether. The compound crystallizes as a 
one-dimensional coordination polymer with potassium atoms intercalated between 
aromatic rings of adjacent molecules of 3a (Section 3.8.3). There are two independent 
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iron centers in the structure, each located on a crystallographic inversion center. The 
first coordination sphere of the iron atom has approximate octahedral symmetry with 
N^Fe^N angles close to 90° and Fe–N bond lengths within 1.9552(12)-2.0020(12) Å 
(Figure 3.1) consistent with a low-spin (S = 1/2) state of the metal center.42,43 The solid-

state structure of 3b and 3c is similar to that of 3a (Section 3.8.3). Interestingly, the 

structure of 3c also has two independent iron centers, each possessing exact inversion 
symmetry and an approximate octahedral environment, but with distinctly different 
spin states as can be seen from two sets of the Fe–N bond lengths. More specifically, 
the low-spin (S = 1/2) molecule features bonds within 1.970(2)-2.008(2) Å, while the 
high-spin (S = 5/2) unit has bonds within 2.123(3)-2.155(2) Å, with these ranges being 
typical for the assigned spin states.42,43 This discrepancy hints at the possibility of a 
spin crossover, which is explored in more detail below. 

 

Figure 3.1. Molecular structure of complexes 3a and 4 derived from single crystal X-ray diffraction. 
Displacement ellipsoids are drawn at 30% probability level. Fused benzene rings are shown in a 
wireframe style for clarity. Counterions, solvent molecules and hydrogens are omitted for clarity. 
Selected bond distances (Å) and angles (degrees): 3a: two molecular fragments in an asymmetric 
unit, fragment 1: Fe1-N11 1.9885(12), Fe1-N21 2.0019(12), Fe1-N31 1.9805(12), N11^Fe1^N21 
91.11(5), N21^Fe1^N31 90.70(5), N31^Fe1^N11 90.73(5); fragment 2: Fe2-N12 1.9889(12), Fe2-
N22 1.9885(12), Fe2-N32 1.9552(12), N12^Fe2^N22 91.56(5), N22^Fe2^N32 90.44(5), 
N32^Fe2^N12 91.16(5); 4: molecule has Ci symmetry, Fe1-N1 1.966(5), Fe1-N2 1.975(6), Fe1-N3 
1.966(6), N1^Fe1^N2 91.6(2), N2^Fe1^N3 91.0(2), N3^Fe1^N1 90.7(2).  

1H NMR spectra of 3a in acetonitrile-d3 solution within 233-348 K show only five 
paramagnetically shifted and broadened signals (Figure 3.2) whereas six signals would 
be expected based on D3d symmetrical solution structure. The effective magnetic mo-
ment (μeff) in solution measured by Evans method in this temperature range varies 

from 3.50 to 4.84 𝜇 , indicating thermal spin crossover (SCO) (Section 3.4). It suggests 
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that the signal of the sixth proton, the closest one to the metal center as assigned in 
Appendix B15, is missing due to paramagnetic line broadening, which is often more 
pronounced at an increased μeff of the system. This is confirmed by the 1H NMR spec-

trum of [(TSMP)2FeIII]PPh4 (3b) in DCM-d2 at 173 K, at which temperature most of 
the complex is in the low-spin S = ½ state as indicated by the fitted effective solution 

magnetic moment of 1.89 𝜇  (Appendix B2). There, one can observe the sixth signal 
spanning over the range of >10 ppm (Figure B15.2 in Appendix B15). The rest of the 
signals in Figure 3.2 can be assigned based on the integral intensity, linewidth (Appen-
dices B13-B15) and by comparing with the deuterated (2H3)methylphosphonium ana-

logue, 3a-d6, which was synthesized independently. 

 

Figure 3.2. Stacked 1H (400 MHz) and 2H (61 MHz) NMR spectra of 3a and its deuterated ana-
logue 3a-d6 in acetonitrile at 298 K. Only paramagnetic signals are assigned. The integrals are giv-
en in blue and were rounded to the nearest integer. 

Complex [(TSMP)2FeIV] (4), for which the Fe(IV) oxidation state is demonstrated be-
low, can be obtained as a bottle-green powder by one-electron oxidation of 
[(TSMP)2FeIII]PPh4 (3b) using elemental iodine in acetonitrile. It is stable both in the 
solid state and solution for at least six months. Single crystals for X-ray crystal struc-
ture determination were grown from pyridine/butyronitrile/ether and contain the 
electroneutral and roughly octahedral complex with Fe–N distances of 1.966(6)-
1.975(5) Å (Figure 3.1). This is similar but still somewhat shorter on average than the 

distances in the isostructural anionic unit of 3a (1.9552(12)-2.0020(12) Å). Solution 
1H NMR spectra of [(TSMP)2FeIV] (4) in DCM-d2 feature six paramagnetically shifted 
and broadened signals as expected for the D3d symmetrical solution structure (detailed 
discussion in Section 3.5.8). Very moderate solubility of 4 in all conventional NMR 
solvents precluded us from determining its effective solution magnetic moment by 
Evans method. The results of magnetometry in the solid state are discussed below. 
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3.3 Electrochemical behavior 

A cyclic voltammogram (CV) of [(TSMP)2FeII][(B15C5)2K]2 (2b), reveals two couples 
of redox events: A/D and B/C (Figure 3.3, top left panel). The full CV scan can be re-
peated at least a hundred times at rates within 50–250 mV/s with no visible changes, 
which demonstrates chemical reversibility of the redox cycle it represents. Controlled 
electrolysis at the points A and B of the CV using an optically transparent thin-layer 
electrochemical (OTTLE) cell44 (Figure 3.3, top right panel) allows the assignment of 

event A as the one-electron oxidation of [(TSMP)2FeII]2– (2) to [(TSMP)2FeIII]– (3), 
whereas event B corresponds to the oxidation of [(TSMP)2FeIII]– (3) to [(TSMP)2FeIV] 
(4). Correspondingly, their reductive counterparts D and C can be assigned to the 
same respective processes but in reverse. Importantly, the independently measured 
CV of [(TSMP)2FeIII]K (3a) is very similar to that of 2b (Appendix B1), which confirms 
our assignments.  

The pair of redox events A/D is characterized by a large peak separation (ΔEp of 1030 

mV at 100 mV/s) and a large full width at half maximum (FWHM) of feature D 
(>500 mV). These are clear indications of an irreversible electron transfer, suggesting 
that a substantial reorganization energy for the [(TSMP)2FeII]2– (2) / [(TSMP)2FeIII]– 

(3) redox couple arises from the different geometries of tetrahedral39,40 2 and octahe-

dral 3. 

The pair of events B/C can be isolated by means of partial CV scans not involving 

feature D (Figure 3.3, top left panel). During the first cycle, all [(TSMP)2FeII]2– (2) com-

plex in the electrode diffusion layer is consumed to form [(TSMP)2FeIII]– (3) (event 

A), followed by oxidation to [(TSMP)2FeIV] (4; event B) with its subsequent reduction 

back to [(TSMP)2FeIII]– (3) (event C). Since the potential scan window does not in-

volve feature D, corresponding to regeneration of the initial [(TSMP)2FeII]2– (2) ions, 
by the start of the second cycle the electrode diffusion layer is depleted of the latter, as 
indicated by the reduced intensity of feature A in Figure 3.3, top left panel. The residual 

intensity is likely due to diffusion of ions of 2 from the outer pool of the 
[(TSMP)2FeII][(B15C5)2K]2 (2b) complex. This interpretation is confirmed by varying 
the potential scanning rate (Figure 3.3, bottom panel): slower scans result in increased 

intensity of A, while the faster ones lead to its complete disappearance. 
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Figure 3.3. Cyclic voltammograms of compound 2b (ca. 8 mM solution) in 0.1 M nBu4NPF6 ace-
tonitrile electrolyte. Potentials are referenced with respect to the Fc/Fc+ redox couple. Top left 
panel: overview scans at the rate of 100 mV/s; the full scan starts from an open-circuit potential of 
–2.12 V). Top right panel: UV-Vis of independently synthesized compounds 2b, 3a (in MeCN) and 
4 (in DCM) and time-dependent UV-Vis spectra of controlled electrolysis at points A (–0.64 V) 
and B (–0.37 V) indicated on the CV on the left panel. Absorption in spectrum B was truncated 
due to detector saturation. The asterisks indicate isosbestic points that support a clean conversion 
between 3a and 4. Bottom panel: a quasi-reversible redox pair A-C centered at E1/2 = –0.41 V; the 
insert shows linear dependence of the peak current vs. square root of the scan rate. 

As for the pair of events B/C itself, it represents a redox process centered at E1/2= 
−0.41 V with respect to the Fc/Fc+ couple, which lies within the typical range be-
tween −1.24 and −0.03 V for other published Fe(III)/Fe(IV) couples.11,18,28,45,46 Its ΔEp 
varies with potential scan rate from 110 mV at 50 mV/s to 152 mV at 250 mV/s, 
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while the peak current changes linearly with the square root of the scan rate. These 
are diagnostic criteria for a quasi-reversible electron transfer,47 implying that the reor-
ganization energy of a transition between [(TSMP)2FeIII]– (3) and [(TSMP)2FeIV] (4) 
states is rather small, consistently with the similar solid-state geometries of the com-
plexes [(TSMP)2FeIII]K (3a) and [(TSMP)2FeIV] (4) (Figure 3.1). 
 

3.4 Spin crossover in the [(TSMP)2FeIII]– complex (3) 

To probe the electronic structure of [(TSMP)2FeIII]K (3a), we measured the effective 
magnetic moment (μeff) of a powder sample over a temperature range of 2–400 K with 
a superconducting quantum inference device (SQUID). As shown in Figure 3.4, left 
panel, from 10 to 180 K, the μeff is nearly constant at 2.02±0.01 μB. This value is con-
siderably higher than the spin only value of 1.73 μB that is expected for S = 1/2 com-

plexes, which reflects 3 having appreciable unquenched orbital angular momentum, 
typical of low spin ferric complexes.48 Starting from 180 K, the μeff increases with 
temperature and does not get saturated even at 400 K. These experimental findings 
show that over the course of the SQUID measurement 3a undergoes a thermally acti-
vated spin crossover (SCO) from the S = 1/2 ground state to an S = 5/2 state. Of note, 
because the unsaturated μeff value at 400 K of 3.98 μB exceeds the spin only value of 
the quartet S = 3/2 state (3.87 μB), the spin state the system tends to cannot be 3/2 but 

is rather 5/2, anticipated for the distorted octahedral coordination geometry of 3. The 
variation of μeff was fitted with the domain model of Sorai and Seki,49 and the satisfac-

tory simulations yielded Tc = 450±5 K and nΔH = 15.4±0.2 kJ/mol. Here, Tc repre-

sents the critical transition temperature of the SCO, ΔH = HHS – HLS — the enthalpy 
difference between the high spin state and low spin state, and n — the number of 
molecules per domain. Below 10 K, the precipitous drop of μeff cannot be simply in-
terpreted as field saturation, but primarily arises from weak intermolecular interac-
tions, for which a mean field model50 was invoked to fit the SQUID data and gave zJ 
= –6±1 cm–1.  

The zero-field Mössbauer spectrum (Figure 3.4, right panel,) of complex 3a recorded at 

77 K displays a well-resolved quadrupole doublet at isotope shift δ = 0.25 mm/s and 
quadrupole splitting ΔEQ = 1.63 mm/s. Both values are characteristic for low spin fer-
ric centers coordinated by six hard nitrogen donors. DFT calculations performed on 
both independent anions in the crystal structure of 3a predict isomer shifts (δ = 0.29 
and 0.26 mm/s) and quadrupole splittings (|ΔEQ| = 2.19 and 2.18 mm/s) in reasona-
ble agreement with experiment (Appendix B3). Furthermore, no other iron species was  
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Figure 3.4. Left panel: SQUID measurement of 3a under an applied magnetic field of 1 T. The dots 
represent experimental data, and the solid red line the fits with the following parameters: S = 1/2, 
giso = 2.30, zJ = –6 cm–1; S = 5/2, D = E = 0, giso = 2.00, and TIP = 0. Right panel: zero-field Möss-
bauer spectrum of 3a measured on a powder sample at 77 K. The fitted parameters are δ = 0.25 
mm/s and ΔEQ = 1.63 mm/s. 

identified in the spectrum, consistent with the high SCO critical temperature Tc of 
450±5 K.  

Interestingly, SQUID magnetometry of the benzo-15-crown-5 adduct 
[(TSMP)2FeIII][(B15C5)2K] (3c) reveals that at low temperatures the system has a 
magnetic moment μeff of 3.61 μB, in between the low- and high-spin states, similarly to 
3.88 μB for the case of an intermediate-spin (S = 3/2). The system crosses over towards 
the high-spin state at only ca. 140 K (Appendix B4). However, an S = 3/2 electronic 

configuration is unlikely for a [(TSMP)2FeIII]– (3) ion since it would imply significant 
distortion of the FeN6 environment, leading to strain in the TSMP scaffold, which is 
expected to be more energetic than the energy gap between the S = 3/2 and other spin 

states. Indeed, X-ray diffraction on a single crystal of 3c grown from pyridine/n-
hexane (Section 3.8.3) shows that at 100 K it exists as a 1:1 mixture of the low-spin and 
high-spin components with two distinct sets of Fe–N bonds typical for the assigned 
spin states:43,51,52 1.970(2)-2.008(2) and 2.123(3)-2.155(2) Å, respectively. Although ra-
re for iron(III) coordination compounds, such behaviour is not unprecedented and 
was observed for some tris(dithiocarbamato)51 complexes.  

The solution behavior of 3 parallels our observations in the solid-state. The SCO be-
tween the S = 1/2 and 5/2 states is evident from the strongly temperature-dependent μeff 
as measured by Evans method.53–55 The results of such measurements are shown in 
Figure 3.5 for potassium salt 3a in acetonitrile-d3 and pyridine-d5, and for tetra-

phenylphosphonium salt 3b in DCM-d2 as 3a is insoluble in this solvent.  
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Figure 3.5. SCO curve for the [(TSMP)2FeIII]– (3) complex as obtained by Evans method in differ-
ent solvents. Data points represent experimental measurements, whereas smooth curves are fits 
based on the regressive model in Eq. 3.1. Explored temperature ranges are limited by the freezing 
and boiling points of the respective solvents or precipitation of the compound at low temperature. 

The solution SCO behavior can be fitted using Eq. 3.1 (Appendix B2), which allows to 

extract the enthalpy (ΔH) and entropy (ΔS) of the crossover as well as the limiting 

magnetic moments for both low- and high-spin states, μLS and μHS, respectively. 

 𝜇 𝜇
𝜇 𝜇

1 𝑒𝑥𝑝 ∆𝐻
𝑅𝑇

∆𝑆
𝑅

, Eq. 3.1 

where T is temperature and R is the universal gas constant. 

The crossover curve for 3b in DCM-d2 is the most informative since it spans through 

both low- and high-μeff regions. A regressive thermodynamic analysis (Appendix B2) 

provides the following parameters: ΔH and ΔS of 18.1±1.4 kJ/mol and 72.6±5.8 

J/(mol*K), respectively, with the critical temperature ΔH/ΔS = Tc of 249±1 K. The 

limiting magnetic moments μLS and μHS are 1.81±0.07 and 5.35±0.10 μB, respectively, 
which is close to the spin-only expectation values for the low-spin S = 1/2 (1.73 μB) 

and high-spin S = 5/2 (5.92 μB) states. A similar analysis for the SCO of 3a in acetoni-

trile-d3 leads to slightly different values with higher standard errors ΔH of 14.4±2.4 

kJ/mol, ΔS of 59.6±8.0 J/(mol·K) and Tc of 240±9 K. Because the SCO curve does 

not cover the low-μeff range, a significant standard error is also associated with the 
lower limiting value μLS of 2.35±0.45 μB, while the higher one of 5.23±0.08 μB has 
smaller uncertainty and is similar to that for 3b. Lastly, since 3a in pyridine-d5 has al-
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most completely undergone SCO at the lowest accessible temperature (Figure 3.5), the 
corresponding thermodynamic parameters cannot be reliably extracted.  

The change of the effective solution magnetic moment with temperature is also ap-
parent from the paramagnetic 1H NMR shifts and line broadening (see Appendix B16 

for more detail). In short, the hyperfine part of the observed shifts (HF), obtained by 

subtracting the diamagnetic contribution (dia) approximated by an isostructural 

Ga(III) analogue [(TSMP)2GaIII]K (5a), shows very strong deviation from the Curie 

behavior (HFT ≠ const, Figure 3.6), indicative of the SCO (see the reasons in Appendix 
B13). Note that the temperature-dependent trends parallel those observed in the Evans 
method measurements for different solvents (Figure 3.5). 

 

Figure 3.6. Variable-temperature 1H NMR (400 MHz) hyperfine shift times temperature products 
of complex [(TSMP)2FeIII]– (3) in different solvents. Due to solubility considerations, the 
[(TSMP)2FeIII]K (3a) salt was used for experiments in acetonitrile-d3 and pyridine-d5, and the 
[(TSMP)2FeIII]PPh4 (3b) salt was measured in dichloromethane-d2. 

Overall, these data indicate that the SCO thermodynamics of 3 is sensitive to solvent 
and/or counterion, possibly indicating a role of ion pairing in solution. While the dif-
ference of ~200 K in SCO critical temperatures (Tc) in the solid state and in solution 
is very high, in some cases the crystal packing is known to lock some SCO molecules 
in a fixed spin state,56 slow down the spin transition by anticooperative effects57,58 or 
even prevent SCO from happening at all.59 

To the best of our knowledge, 3 is the first synthetic complex with an FeIIIN6 core that 
undergoes thermal SCO. This behavior is likely due to TSMP2– being a relatively 
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weak-field ligand with poor π-accepting properties caused by the presence of low-
lying π-orbitals in the extended aromatic systems. Gradual transitions as observed for 
3 in solid state and in solution are commonly observed for SCO in Fe(III) com-
pounds.42 A broad range of critical temperatures Tc (20 K to ca. 400 K) have been ob-
served for Fe(III) compounds with different ligand sets.43 The pronounced difference 
between 3a and 3c and between solid-state and solution suggests that SCO in anion 3 
is strongly sensitive to its environment. 
 

3.5 Electronic structure of [(TSMP)2FeIV] (4) 

The presence of 10-electron conjugated π-systems on the ligand raises the question of 
the actual electronic structure and metal oxidation state in 4. In principle, two ex-
tremes are possible: a genuine Fe(IV) compound or an Fe(III) compound with a radi-
cal on the TSMP2– scaffold. In addition, these two states could mix, forming a multi-
reference system. Below, we use three key techniques to show that oxidation bears an 
exclusive metal-centered character: cyclic voltammetry (CV), Mössbauer and X-ray 
absorption (XAS) spectroscopies. We further delve into the magnetic properties of 4 
by means of Superconducting Quantum Interference Device (SQUID) magnetometry, 
Frequency-Domain Fourier-Transform THz-EPR spectroscopy and paramagnetic 1H 
NMR studies. We then verify and refine our conclusions by means of DFT and 
CASSCF calculations, which seals the assignment of the ground-state electronic 
structure of 4. Finally, we briefly touch upon the excited electronic states of 4 by 
means of assigning its absorption spectra in the optical region with the help of TD-
DFT calculations and Natural Transition Orbital (NTO) analysis. 

 

3.5.1 Cyclic voltammetry 

A first insight is provided by comparing cyclic voltammograms of [(TSMP)2FeIII]K 
(3a) and its isostructural Ga analogue [(TSMP)2GaIII]K (5a) (Figure 3.7) synthesized 

using TSMPK2 salt (1) and GaCl3 in acetonitrile (Section 3.8.2.1; X-ray crystallograph-

ic details in Section 3.8.3). If the oxidation event leading from 3a to 4 was mostly lig-

and centered, one would expect a small first oxidation potential difference with 5a. In 
contrast, the observed significant difference of 450 mV argues in favor of at least par-
tially metal-centered oxidation of the iron in 4. 
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Figure 3.7. Overlay of CVs measured for 3a and 5a. The measurements were performed in ca. 8 mM 
solution in 0.1 M nBu4NPF6 acetonitrile electrolyte. Potentials are referenced with respect to the 
Fc+/Fc redox couple. The onsets of oxidation of 3a and 5a (EB and EB’, respectively) are defined as 
the points of intersection between extrapolated baseline and a tangent to the oxidation feature B/B’. 

 

 

Figure 3.8. Zero-field Mössbauer spectrum of 4 measured on a powder sample at 80 K. The fitted 

parameters are  = 0.04 mm/s and |ΔEQ| = 1.96 mm/s.  
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3.5.2 57Fe Mössbauer spectroscopy 

The electronic structure of the [(TSMP)2FeIV] (4) complex was further probed by zero-
field 57Fe Mössbauer spectroscopy at 80 K. The spectrum (Figure 3.8) shows a very 

clear quadrupole doublet. The isomer shift (𝛿) of 0.04 mm/s is substantially lower 
than 0.25 mm/s measured for the parent Fe(III) compound 3a and falls within the 
expected range for a Fe(IV) metal centre,60 clearly indicating metal-centred oxidation. 
The quadrupole splitting |ΔEQ| of 1.96 mm/s suggests a significant deviation of the 
electronic configuration from cubic symmetry. The measured isomer shift is similar to 
that of E28 (0.045 mm/s) in Chart 3.1 but different from that of F29 (–0.23 mm/s), as 
expected for their distinct respective donors (N– vs. C). At the same time, the meas-

ured quadrupole splitting is lower than 2.51 mm/s in E and 3.04 mm/s in F, likely 
reflecting slightly different local Fe coordination environments. 

 

3.5.3 XAS spectroscopy  

Our Fe 2p (L2,3) X-ray absorption (XAS) measurements generally agree with the con-
clusions drawn from the cyclic voltammetry above. In XAS, a 2p core electron is ex-
cited into an empty 3d state, which for a 3d5 iron center in [(TSMP)2FeIII]– (3) leads to 

a 2p53d6 configuration. The experimental XAS spectra of the potassium salt 3a agree 

with simulations for anion 3 based on ligand field multiplet theory (Figure 3.9).61 Giv-

en the average excitation lifetime of <1 fs, the spectrum of 3a at 300 K is adequately 
simulated as a sum of low- and high-spin components in a ratio of 80:20, which is 
consistent with the solid-state SCO behavior discussed above. 

The experimental XAS spectrum of [(TSMP)2FeIV] (4) is similar but shifted to higher 

energies by 0.9-1.1 eV compared to 3a (Figure 3.9, top panel), indicating the metal-
centered oxidation. This spectrum can be simulated (Figure 3.9, bottom panel) consider-

ing D3d symmetry of 4 with 1a1-1e-2e orbital splitting (Section 3.5.6), 2-2-0 occupancies 
and a 3A2 ground state.61 In the simulation, the two biggest peaks can be approximat-
ed as transitions into the 1e and 2e orbitals. However, due to strong 2p3d multiplet 
effects, this assignment is not completely accurate as significant mixing occurs in the 
final 2p53d5 state. The shoulder at 710 eV in the experimental spectrum is due to 
charge transfer, which was not included explicitly in the calculations to limit the 
number of parameters. These charge transfer excitations were omitted due to the use 
of the nephelauxetic effect along with reduced electron-electron interactions (factor of 
0.85).62 An overview of the exact parameters used in the calculation is given Section 
3.8.4.  
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Figure 3.9. Experimental (top panel) and simulated (bottom panel) L2,3 edge XAS spectra of the 
Fe(III) (3a/3) and Fe(IV) (4) complexes.  

Taken together, the 2p XAS spectra confirm the nature of the [(TSMP)2FeIII]– (3) and 

[(TSMP)2FeIV] (4) systems. At 300 K, 3a has predominantly a low-spin configuration, 

while 4 has an 3A2 triplet ground state with a doubly-occupied 𝑑  orbital and a half-
filled first e(D3d) state (vide infra, Figure 3.12). 
 

3.5.4 SQUID magnetometry 

SQUID magnetometry was performed on a microcrystalline sample of 4 in order to 
determine its spin state and assess its zero-field splitting (ZFS). The fit of the VT 
measurement (Figure 3.10, right panel) gives a μeff value of 2.50 μB at room temperature, 
which is lower but still close to the spin-only expectation value for an intermediate-
spin state (S = 1) Fe(IV) center (2.83 μB). The corresponding giso-value is 1.76. The 
magnetic susceptibility from the VTVH measurement (Figure 3.10, left panel) could be 
fitted consistently with an axial ZFS parameter D of +15 cm-1. The rhombicity E/D 
was taken as zero due to the C3 axis of symmetry in the molecule. However, these pa-
rameters gave a subpar fit for the measurement at 1 T. We attribute this to small anti-
ferromagnetic intermolecular interactions which compete with the Zeeman effect un-
der low external field (1 T) and become negligible under higher fields (4 and 7 T). 
These interactions could be caused by the presence of small amounts of paramagnetic 
impurities or interactions of the sample molecules with one another. 
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Figure 3.10. VT μeff at 0.1 T (right panel) and VTVH magnetization at 1, 4 and 7 T (left panel) 
SQUID measurements of 4, fitted using the following spin Hamiltonian parameters: giso = 1.76, D 
= +15 cm-1, E/D = 0. 

Overall, the abnormally low effective magnetic moment (corresponding to the un-
physically small giso) and small intermolecular interactions suggest that the measured 

sample of 4 contains some admixtures, be it paramagnetic impurities or residual sol-

vent. The latter is likely due to the zwitterionic nature of 4, which makes complete 
solvent removal very difficult even after prolonged drying in vacuo. However, the 
SQUID measurements still allow to get a qualitative estimate of the zero-field split-
ting (D ≈ +15 cm-1), as well as a clear determination of the S = 1 spin state (3A2 
ground state). 
 

3.5.5 THz-EPR spectroscopy 

A more direct way to quantify g-values and ZFS parameters of 4, which does not re-
quire the mass of the sample to be precisely known, is through EPR spectroscopy. 
However, as 4 is an integer-spin (S = 1) system with low rhombicity and a moderate, 
positive D-value, the transitions between its non-Kramers doublets are too energetic 
to be observed using conventional EPR spectrometers.63 Indeed, X-band measure-
ments on the microcrystalline samples gave no interpretable signal; featureless spectra 
were also obtained in parallel mode. Therefore, we resorted to high-energy (THz 
range) frequency domain EPR spectroscopy.64 

Variable-field THz-EPR spectra of 4 in Figure 3.11 are shown in a relative absorbance 

mode as log , where Iref is a reference transmittance spectrum measured at 31 K 

and 0 T, and I(B0) is a transmittance spectrum measured at 4.8 K and magnetic field 

𝐵  (Appendix B5). For B0 = 0, a clear absorption (I) can be observed at 19.1 cm-1. This 
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feature broadens and splits with increasing external magnetic field. The field depend-
ence allows for assignment of the peak at 19.1 cm-1 to the EPR transition from mS = 0 
to the mS = ±1 sublevels of the S = 1 system (Appendix B6). Thus, the zero-field spec-
trum corresponds to an axial ZFS of D = 19.1 cm-1 with vanishing rhombicity (E ≈ 0) 
due to the lack of a visible splitting in the zero-field spectrum. From the linewidth of 
the signal, E  0.3 cm-1 can be estimated. Simulations using D = 19.1 cm-1, E = 0 and 
an isotropic g-value of 1.97 reproduce the zero-field transition energy as well as the 
field dependence very well (Figure 3.11). We note that the spectra feature a lowering 
of the relative absorbance around 18.4 cm-1, directly below the ZFS energy, which is 
discussed in Appendix B7. Further details of the THz-EPR measurement protocol and 
simulations, including demonstration of the unfeasibility of alternative EPR parame-
ter sets, are discussed in Section 3.8.1 and Appendix B8. 

 

Figure 3.11. THz-EPR spectra of 4. Relative absorbance spectra (black lines) are offset for the 
magnetic field B0 at which they were measured. Simulations using D = +19.1 cm-1, E = 0 and an 
isotropic g-value of 1.97 are shown in red. Calculated transition energies for magnetic fields ap-
plied parallel and perpendicular to the main anisotropy axis (z) are shown as solid green and 
dashed blue lines, respectively. Branch II corresponds to the formally forbidden transitions be-
tween the excited mS = ±1 sublevels.  
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3.5.6 DFT calculations 

Geometries of the alternative spin states of 4 (S = 0, 1, 2) optimized at the BP86-
D3BJ/def2-TZVP level of theory show that the S = 1 state is the most energetically 
favoured, followed by the S = 0 and S = 2 states (Table 3.1). Calculated Mössbauer 
spectral parameters at the B3LYP-D3BJ/def2-TZVP (CP(PPP) basis set for Fe) allow 
unambiguous assignment of the S = 1 spin state (Table 3.1), consistent with the value 
derived from the SQUID and THz-EPR measurements. The calculated isomer shift 

() is –0.05 mm/s is within the uncertainty of computations,65 close to the experi-

mental value of +0.04 mm/s. The calculated quadrupole splitting (ΔEQ) of –2.01 
mm/s is also very close to the absolute experimental absolute value of 1.96 mm/s, 
while the sign of the splitting could not be inferred from the zero-field measurement. 

Table 3.1. Relative SCF energies and 57Fe Mössbauer spectral parameters calculated for alternative spin 
states of 4 (S = 0, 1, 2), compared to the experimental parameters. The structures were optimized at the 
BP86-D3BJ/def2-TZVP level of theory. Energies and Mössbauer spectral parameters were calculated 
using the B3LYP-D3BJ/def2-TZVP level of theory with the CP(PPP) basis set for Fe.  

Spin 

state 

Relative energy, 

kcal/mol 

, 

mm/s 

ΔEQ, 

mm/s 

S = 0 17.8 0.04 +2.75 
S = 1 0 -0.05 -2.01 
S = 2 25.0 0.10 +1.49 
Exp. - 0.04 ±1.96 

Given that the experimental Mössbauer parameters are well reproduced by the calcu-
lations for the S = 1 state, the computed electron density can be used for closer exam-

ination of the electronic structure of 4. Despite the optimized geometry featuring a 

locally octahedral FeN6 center, the molecule of 4 itself has D3d symmetry with a three-
fold rotation axis passing through the P–Fe–P atoms. This leads to orbital splitting 
typical for this kind of symmetry (Figure 3.12). The doubly occupied 1a1 orbital has 

almost entirely 𝑑  character, which can be rationalized based on the irreducible 

representations of 𝑑-orbitals in a D3d point group. More specifically, the 𝑑   belongs 

to the representation 𝐴 , and therefore cannot mix with the four remaining 𝑑-orbitals, 
(𝑑 ,𝑑 ) and (𝑑 ,𝑑 ), belonging to the double representation 𝐸. At the same 

time, these four orbitals mix together, forming two degenerate pairs: 1e and 2e (Figure 
3.12). Both these pairs bear an anti-bonding character: 1e along the 𝜋-manifold and 2e 
along the 𝜎-manifold, leaving 1a1 to be the only non-bonding 𝑑-orbital. The fact that 
the 1e pair of SOMOs is primarily localized on the metal center implies that this is al-
so where most of the spin density can be found (Appendix B9). 
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Figure 3.12. Quasi-restricted frontier orbitals (isocontour=0.05) of the ground state of 4 calculated 
at the B3LYP-D3BJ/def2-TZVP (CP(PPP) for Fe) level of theory using a geometry optimized at 
the BP86-D3BJ/def2-TZVP level. Orbital energies are given in parentheses. 

Considering the discussed orbital manifold, the negative sign of the calculated Möss-
bauer quadrupole splitting (∆𝐸  –2.01 mm/s) is dominated by the strongly negative 

valence contribution of the 1a1 orbital. Note that while the 1e SOMOs influence the 

quadrupole splitting as well, the positive contribution from 𝑑  and 𝑑  orbitals is 

counterbalanced by the negative one from 𝑑  and 𝑑 . A detailed analysis of the 

origin of the quadrupole splitting is given in Appendix B10. 

It is important to note that the doubly occupied 1a1 orbital in Figure 3.12 points direct-
ly at the positively charged phosphonium atoms, which is expected to lower its ener-
gy by providing additional electrostatic stabilization. Indeed, comparison of the quasi-
restricted orbital energies of 4 and its isoelectronic Si-tethered analogue (A in Chart 
3.2) calculated at the same level of theory reveals that, while the 1e-2e gap is the same 

in both molecules, the 1a1 orbital in 4 is stabilized by an additional 0.2 eV. Given the 

close similarity of the molecular geometries of 4 and A (Appendix B11), this difference 
is most likely due to the electrostatic effects. Although, subtle influence of the bridge-
head atom on π-donating ability of a ligand cannot be excluded. 
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Chart 3.2. Comparison of the quasi-restricted orbital (QRO) energies of 4 and its Si-tethered ana-
logue A calculated at the B3LYP-D3BJ/def2-TZVP (CP(PPP) for Fe) level of theory for a geome-
try optimized at the BP86-D3BJ/def2-TZVP level. 
 

3.5.7 CASSCF calculations 

To gain more insight into the magnetic properties of 4, its excited states were calcu-
lated using CASSCF. Because only the d-d excitations are significantly relevant for 
the zero-field splitting and g-tensor calculations, the active space CAS(4,5) was re-
stricted to only the metal-based d-orbitals. The energies were corrected with strongly-
contracted NEVPT2 to recover dynamical correlation. 

The results are consistent with the orbital picture given by DFT (Figure 3.12). They 
show the large splitting between the doubly- and singly occupied 1a1 (–11.2 eV) and 
1e (–9.5 eV) orbitals and the unoccupied orbital pair 2e (–0.9 eV). The first and second 
excited states correspond to a single d-d excitation from the doubly-occupied non-

bonding orbital 1a1 to the 𝜋-antibonding pair 1𝑒, and lie at ca. 10 850 cm-1 above the 

ground state. The excitation from the 1a1 orbital to the highly 𝜎-antibonding orbital 
pair 2e is 19 000 cm-1 higher than the ground state (Appendix B12).  

The zero-field splitting and the g-tensor were calculated by the effective Hamiltonian 
theory (for technical details, see Appendix B12). The principal axes of the g- and D-
tensor coincides with the P–Fe–P C3-axis of rotation. The calculated D-value is +15.3 
cm-1, while the rhombicity is zero, consistently with the axial symmetry of the system. 
The calculated g-tensor exhibits only small anisotropy (g∥ = 2.00, g⊥ = 2.04, giso = 
2.03). These parameters are in a good agreement with the data obtained from the 
SQUID and THz-EPR measurements (vide supra): D = +19.1 cm-1, E ≤ 0.3 cm-1 and 
giso of 1.97. The moderate zero-field splitting and fairly isotropic g-value are not sur-
prising since the lowest-energy d-d excited state, which is also spin-conserving, lies  
10 800 cm-1 above the ground state, which is more than 20 times larger than effective 
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the spin-orbit coupling constant of the Fe(IV) ion (515 cm-1).66 Hence the ground state 
is fairly isolated and the spin-orbit coupling effect represents a moderate perturbation. 
 

3.5.8 Paramagnetic 1H NMR spectroscopy 

Despite the moderate solubility of 4 in conventional solvents, we were able to acquire 
its 1H NMR spectra in DCM-d2 (Figure 3.13). The complex shows six paramagnetical-
ly shifted and broadened signals, as expected for the D3d topology in solution. The 
signals were assigned based on their integral intensity, linewidth and by comparing 
the spectrum with that of a deuterated (2H3)methylphosphonium analogue, 4-d6 (Ap-
pendices B13, B14 and B17), which was synthesized independently. 

 

Figure 3.13. 1H (400 MHz) and 2H (61 MHz) NMR spectra of 4 and its deuterated analogue 4-d6 in 
DCM at 298 K. Only paramagnetic signals are assigned. The integrals are given in blue and were 
rounded to the nearest integer. 

The 1H NMR spectra of 4 are strongly temperature-dependent (Appendix B18), as ex-

pected for a paramagnetic compound. Isolation of the hyperfine shifts (HF) from the 

observed ones (obs) by subtracting the diamagnetic contribution (dia, Appendix B18) 

approximated by an isostructural Ga(III) analogue, [(TSMP)2GaIII]PPh4 (5b), reveals 

that HF does not deviate from the Curie behavior (HFT = const, Figure 3.14, left panel). 
This implies the dominance of the Fermi contact shifts (see the reasons in Appendix 
B13), which is in line with a moderate axial ZFS parameter of +19.1 cm-1 and low 
rhombicity, that are not able to induce a significant pseudocontact contribution, as 
derived from the SQUID and THz-EPR studies as well as DFT and CASSCF calcula-
tions (vide supra). 
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The observed 1H chemical shifts can be computationally modelled using a molecular 
geometry optimized at the PBE-D3BJ/def2-TZVPP level of theory followed by prop-
erties calculation at the PBE0-D3BJ/def2-TZVPP level (Appendix B19). By using the 
calculated isotropic proton hyperfine constants (Aiso), experimental giso of 1.97 ob-

tained from the THz-EPR studies (vide supra), diamagnetic shifts (dia) approximated 

using 5b, and by substituting them into Eq. 3.2, which only takes into account the 

Fermi contact contribution (FC), one can arrive to the chemical shifts that are >95% 
accurate with respect to the experiment (Figure 3.14, right panel). This reinforces our 
prior conclusions as for very strong dominance of the contact shifts, moderate anisot-
ropy and insignificant spin delocalization in the system. 

𝛿 𝛿 𝛿 𝛿
𝑆 𝑆 1 𝜇
3𝑘𝑇𝑔 𝜇

𝑔 ∙ 𝐴 , Eq. 3.2 

where, dia –diamagnetic shift; FC – Fermi contact shift; S – electronic spin quantum 

number of the complex; μB – Bohr magneton; giso – nuclear g-value; μN – nuclear mag-
neton; k – Boltzmann constant; T – temperature; giso – isotropic electronic g-value of 
the system; Aiso – isotropic hyperfine coupling constant. 

 

Figure 3.14. Left panel: variable-temperature 1H NMR (400 MHz) HFT products of 4 in dichloro-
methane-d2. Dots show experimental values, straight lines show linear fits (Appendix B18). Right 
panel: correlation plots of experimental vs. calculated observed chemical shifts for 4 (Appendix 
B19). 

 



Chapter 3 

133 

3.5.9 Optical spectroscopy and TDDFT 

Optical spectra of [(TSMP)2FeII][(B15C5)2K]2 (2b), [(TSMP)2FeIII]PPh4 (3b) and 
[(TSMP)2FeIV] (4) complexes in solution are shown in Figure 3.15, right panel. All three 

compounds display a set of very intense (ε = 3-13·104 cm-1M-1) absorptions below 375 
nm, which we assign to π → π* transitions in aromatic ligands and counterions. Fur-
thermore, both 3b and 4 display a cluster of fairly weak (ε = 2-4·103 cm-1M-1) absorp-
tions within 480-375 nm (denoted as I), tentatively assigned to higher-lying ligand-to-
metal charge transfers (LMCT). Compound 3b also shows a rather strong (ε = 1·104 
cm-1M-1) absorption II at 618 nm, likely being another LMCT due to its intensity and 
position. Considering that in DCM solution, where the spectrum was measured, 3b 
exists in a spin-state equilibrium (80.8% of HS component at 298 K, vide supra), we 
undertook variable-temperature UV-Vis studies to ascertain the exact origin of feature 
II. Cooling to 180 K, where the compound almost entirely exists in a LS state (3.4% 
of the HS component based on Evans method, vide supra), results in a feature of 
roughly the same intensity but shifted to 596 nm (Appendix B20). This leads us to con-

clude that both the LS and HS states of 3b show LMCT within the same optical re-

gion. Interestingly, compound 4 displays an intense (ε = 1.8·104 cm-1M-1) absorption 

III that, rather unusually, peaks in the near-IR region (λmax = 1234 nm). We interpret 

it as a higher-oxidation-state counterpart of the LMCT feature II, in line with our as-

signment of 4 as a true Fe(IV) compound. 

 

Figure 3.15. Right panel: UV-Vis-NIR spectra of complexes 2b, 3b and 4 in solution at 298 K. 
Compound 2b was measured in acetonitrile,40 3b and 4 were measured in DCM. Left panel: exper-
imental and TDDFT-calculated (first 50 excitations) optical spectra of 4. Calculations were per-
formed at the TPSSh-D3BJ/def2-SVP (with def2-TZVP for Fe) level of theory in DCM. Gaussian 
broadening with FWHM of 170 nm was applied. 
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In order to reinforce our assignments of the optical spectra of 4, we performed time-
dependent density functional theory (TDDFT) calculations (for details, see Appendix 
B21). Calculated transitions roughly group in two clusters, which correspond to exper-

imental features I and III (Figure 3.15, left panel). A detailed analysis of these transi-
tions was done using the Natural Transition Orbital (NTO) theory, which performs 
separate unitary transformations of the occupied and virtual transition molecular or-
bitals so that only one or very few NTO donor-hole pairs are left, while having the 
predominant contribution to the transition.67 According to NTO analysis, transitions 
in a lower-energy cluster III occur into the metal based d1e orbitals (Figure 3.12), while 
the donor NTOs are combinations of 3-methylindole HOMO or HOMO-1-like orbit-
als of individual indolide units with different weight for every inversion-related pair 
(Appendix B21). The higher-energy cluster I is comprised of similar transitions into the 
metal-based d2e orbitals or HOMO-LUMO intra-ligand charge transfer (ICT). In other 

words, cluster III is mostly π → d1e LMCT, and cluster I is a mixture of π → d2e 

LMCT and π → π* ICT. As a matter of fact, similar albeit more energetic transitions 
were observed for a structurally similar octahedral NHC-derived Fe(IV) phenylborate 
(F in Chart 3.1).29 There, the counterpart of the feature III in F is 0.74 eV higher in en-
ergy, peaking at 715 nm. This observation correlates with the stronger π-accepting 
properties of the NHC-based borate ligand in F, compared to the indolides in TSMP2–. 
 

3.6 Conclusions 

In conclusion, we have shown that the tris-skatylmethylphosphonium (TSMP2–) lig-
and is capable of supporting both Fe(III) and Fe(IV) oxidation states in the respective 
isostructural complexes: [(TSMP)2FeIII]– (3) and [(TSMP)2FeIV] (4). Both compounds 
are electrochemically connected and can be reversibly converted into one another as 
well as into the parent [(TSMP)2FeII]2– (2) by a series of one-electron redox reactions.  

Complex 3 undergoes thermal 𝑆 = 1/2 → 5/2 spin-crossover both in solution and in the 
solid state and, to the best of our knowledge, is the only known synthetic system with 
an FeIIIN6 core capable of doing so. The exact dynamics of this process is highly de-
pendent on the aggregation state, solvent and a counterion. The crossover is likely 
possible due to TSMP2– being a relatively weak-field ligand with poor π-accepting 
properties caused by the absence of low-lying π*-orbitals in the extended aromatic 
systems.  

Compound 4 features an Fe(IV) center with metal-centered oxidation and little spin 
delocalization on the ligand as shown by a series of electrochemical, spectroscopic 
and computational studies. It possesses a triplet (S = 1) ground state, similarly to the 
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related trigonal antiprismatic Fe(IV) hexahydrazide clathrochelate (E in Chart 3.1)28 

and octahedral Fe(IV) tris(NHC)phenylborate (F in Chart 3.1)29 that were recently re-
ported. All three compounds are C3-symmetrical, possessing an axial ZFS parameter 
D within the range of 19.1-23.1 cm-1 along with very low rhombicity. Having said 

that, while 4 features a fairly isotropic g-tensor (giso = 1.97), as indicated by THz-EPR, 

CASSCF calculations and NMR spectroscopy, F has significant anisotropy with  
g∥ = 1.88 and g⊥ = 2.40.29 Remarkably, both compounds have a green coloration due 

to an LCMT transition, which is 0.74 eV less energetic in 4, peaking in near-IR at 
1234 nm. This observation correlates with the lower π-accepting strength of indolides 
compared to the NHC-based borate ligand in F. 

Overall, the findings presented in this paper demonstrate the utility of the dianionic 
TSMP2– scorpionate ligand to access the high valent Fe(IV) state in an octahedral N6 
coordination environment. The self-consistent and detailed spectroscopic and compu-
tational characterization of the electronic structure of 4 will provide a valuable refer-
ence for identification of related systems. 
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3.8 Experimental and computational methods 

3.8.1 General remarks 

All reactions involving air-sensitive compounds were conducted under a N2 atmosphere by using 
standard glovebox or Schlenk techniques.  

Acetonitrile, diethyl ether and n-hexane were dried with an MBRAUN MB SPS-79 system. Ace-
tonitrile was additionally dried by passing through a column of activated neutral alumina after 
being kept over ca. 5 vol.% of 3Å molecular sieves over 48 h. THF was distilled from benzophe-
none/Na. Pyridine, DCM and butyronitrile were distilled from CaH2. Other solvents were used as 
supplied. Dried solvents were degassed by sparging with dry nitrogen for 30 min. and stored in a 
glovebox under nitrogen atmosphere and over molecular sieves, except for acetonitrile which was 
stored without the sieves. Deuterated solvents were acquired from Cambridge Isotope Laborato-
ries, Inc. Chloroform-d and methylene chloride-d2 were used as supplied, all other deuterated sol-
vents were dried as indicated above for their proteo-analogues. Dried deuterated solvents were 
degassed by four freeze-pump-thaw cycles and stored in a glovebox over molecular sieves, except 
for acetonitrile-d3 which was stored without the sieves. Phosphorus trichloride, trifluoroacetic ac-
id, methyl iodide and methyl iodide-d3 (>99 atom%) were purchased from Acros. All other chem-
icals were purchased from Sigma-Aldrich. Potassium hydride was supplied as a 30 wt.% suspen-
sion in mineral oil and was washed with dry and degassed n-hexane prior to use. FeCl2 and GaCl3 
were purchased in an anhydrous form. Benzo-15-crown-5 was recrystallized from heptane. All 
other commercially obtained chemicals were used as received. 

Unless stated otherwise, all NMR measurements were performed at 298 K on a Varian 
VNMRS400 or Varian MRF400 spectrometer, chemicals shifts are reported relative to TMS with 
the residual solvent signal as internal standard.68 All NMR experiments involving air-sensitive 
compounds were conducted in J. Young NMR tubes under an N2 atmosphere. Peak multiplicity 
was quoted as s (singlet), d (doublet), t (triplet) and so on. In cases of unresolved couplings that 
strongly affect the line shape of individual components of an otherwise well-defined multiplet, the 
apparent multiplicity was quoted as ‘s’ (‘singlet’), ‘d’ (‘doublet’), ‘t’ (‘triplet’) and so on. In case of 
an overlap with solvent or impurity signals, where possible, integral intensities were extracted us-
ing MNova69 peak deconvolution tool. ASAPHMQC experiments were conducted using the cor-
responding pulse sequence70 as implemented in the VnmrJ 4.2 software.71 

Effective solution magnetic moments in solution were obtained by the Evans method53–55 using J. 
Young NMR tubes with a coaxial capillary insert as a reference. The latter was filled with a deu-
terated solvent with ~1% of TMS (or, alternatively, the same amount of a proteo-analogue of the 
deuterated solvent). The outer space contained a solution of the paramagnetic complex (5-10 
mg/ml) in a deuterated solvent with the same concentration of TMS (alternatively, proteo-
solvent). The absence of precipitation in the low-temperature measurements was controlled by 
comparing the effective magnetic moments measured at 25 °C before and after the cycle of cool-
ing. 

Molar magnetic susceptibility was calculated from the difference between the chemical shifts of 
TMS (or proteo-solvent) signals in the capillary and the outer solution (∆δ in Hz) using the follow-
ing equation: 
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 𝜒
𝛿𝑀
𝜈 𝑆 𝑐

𝜒 , Eq. 3.3 

where M – molecular weight of the studied compound (g/mol); ν0 – frequency of the spectrometer 
(Hz); Sf – shape factor of the magnet (4π/3); c – concentration of the paramagnetic complex 

(mg/ml); 𝜒  – molar diamagnetic contribution to the paramagnetic susceptibility calculated us-
ing Pascal’s constants.72 For variable-temperature measurements, the concentration c was adjusted 
so to take into account volumetric solvent expansion/contraction. 

The effective magnetic moment was calculated as follows: 

 𝜇 8𝜒 𝑇, Eq. 3.4 

where T is temperature. 

IR spectra were recorded on a Perkin-Elmer Spectrum Two FT-IR spectrometer. The bands were 
classified by an absorption intensity as: very weak (VW; 0-10% of the most intense absorption in 
the spectrum), weak (W; 10-30%), medium (M; 30-60%), strong (S; 60-90%), very strong (VS; 90-
100%). 

UV-Vis spectra were measured on a PerkinElmer Lambda 35 spectrometer. UV-Vis-NIR spectra 
were recorded using double-beam Perkin Elmer Lambda 950 UV/Vis spectrophotometer. ESI-MS 
measurements were performed on a Waters LCT Premier XE KE317 spectrometer or, alternative-
ly, Adrion Expression CMS spectrometer. Elemental analysis was conducted by Medac Ltd.  

Cyclic voltammetry (CV) was performed using an IVIUM Technologies Vertex Potenti-
ostat/Galvanostat. All measurements were performed in 0.1 M nBu4NPF6 acetonitrile electrolyte 
in a glovebox under dinitrogen atmosphere with strict exclusion of air and moisture. 

Solid-state magnetic susceptibility data were measured from powder samples in the temperature 
range of 2 to 300 K by using a SQUID susceptometer with a field of 0.1 T (MPMS-7, Quantum 
Design, calibrated with standard palladium reference sample, error <2%). Multiple-field variable-
temperature magnetization (VTVH) measurements were done at 1, 4 and 7 T also in the range of 
2 to 300 K with the magnetization equidistantly sampled on a 1/T temperature scale. The exper-
imental data were corrected for underlying diamagnetism by use of tabulated Pascal’s constants. 
An additional correction was done for temperature-independent paramagnetism. The susceptibil-
ity and magnetization data were simulated with the package julX written by E. Bill (Max-Planck 
Institute for Chemical Energy Conversion, Mülheim, Germany). 

The XAS spectra were measured with electron yield (EY) detection at 300 K on the 10-1 beamline 
at SSRL, Stanford.73 . Samples were mounted to an aluminum sample holder using conductive 
carbon tape, placed in the measurement chamber, and pumped to 1e-8 Torr vacuum. The iron 
edge for each sample was scanned using monochromatic X-rays from a 1200 line/mm spherical 
grating monochromator, with a fixed exit slit of 25 microns, yielding a resolution of 0.2 eV. The 
total electron yield signal was collected by measuring the drain current from the sample holder, 
which was held at 37 degrees with respect to the incident beam. To avoid X-ray damage, a large 
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beam of 1 x 1 mm was used, and the sample spot was changed every two scans. No change in the 
signal was observed from scan to scan. 

Mössbauer spectra were recorded on conventional spectrometers with alternating constant accel-
eration of the g-source. The minimum experimental line width was 0.24 mm/s (full width at half-
height). The sample temperature was maintained constant using an Oxford Instruments Variox 
cryostat. The detector was an Ar/10%CH4-filled end-window type proportional counter. Isomer 
shifts are quoted relative to iron metal at 300 K. The spectra were simulated as Lorentzian dou-
blets with the program mf.SL written by E. Bill (Max-Planck Institute for Chemical Energy Con-
version, Mülheim, Germany). 

Frequency-Domain Fourier-Transform THz-EPR, or THz-EPR in short, was performed at the 
THz beamline at BESSY II, Helmholtz-Zentrum Berlin. The experiment is described in detail 
elsewhere.74–76 Coherent synchrotron radiation provided through the low- operation mode was 
used. Experiments were performed in Voigt geometry (radiation propagation direction 𝒌 perpen-
dicular to the external magnetic field 𝐵 ) and perpendicular mode (𝐵  component of radiation 
perpendicular to the external magnetic field 𝐵 ). As detector, a liquid He-cooled Si bolometer (In-
frared Laboratories) was used. The FTIR settings were: scanner velocity of 20 kHz, resolution of 1 
cm-1, and phase resolution of 2. Spectra were measured on a pressed pellet, prepared by homoge-
nizing in a mortar 79 mg polycrystalline 4 and 101 mg polyethylene powder. All preparations 
were done under N2 atmosphere. The spectra were measured at magnetic fields 𝐵  varying from 
7.5 to 0 T and at a temperature of 4.8 K. A reference spectrum was measured at 31 K and 0 T. All 
spectra, including the reference, were averaged over 96 scans. Unless stated otherwise, the spectra 

in the discussion are shown in (relative) absorbance as 𝐴 𝐵  log , with 𝐼  and 𝐼 𝐵  

corresponding to the reference transmittance spectrum and a transmittance spectrum measured at 
magnetic field 𝐵 , respectively. Raw transmittance spectra are shown in Appendix B5. Simulations 
were performed with EasySpin77–79 using the spin Hamiltonian in Eq. B6.1, Appendix B6. 

 

3.8.2 Synthesis and basic characterization 

3.8.2.1 Metal complexes 

[(TSMP)2FeIII]K (3a). Complex 3a was prepared by in situ 
oxidation of the precursor [(TSMP)2FeII]K2 (2a), formed from 
FeCl2 and TSMPK2 salt (1) and characterized by us elsewhere.40 
The oxidizing agents, ferrocenium tetrafluoroborate and tritilium 
tetrafluoroborate, are interchangeable in terms of the procedure 
below. 

Dry THF (100 ml) was added to a mixture of TSMPK2 salt (1) 
(contains 28.6 wt% of THF, 2.00 g, 2.79 mmol, 2.00 equiv.) and 
anhydrous FeCl2 (0.177 g, 1.40 mmol, 1.00 equiv.) under dinitro-
gen atmosphere, followed by stirring overnight at room tempera-
ture. The stirring was stopped, and the fine bright-yellow suspen-

sion was allowed to separate in order to facilitate the subsequent filtration. The reaction was then 
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filtered through a fine sintered glass funnel. The potassium chloride filter cake was washed with 
three small portions of THF (3 x 3.0 ml), which were combined with the filtrate. The solvent from 
the latter was removed in vacuo to form a viscous dark-yellow oil, which was then redissolved in 
anhydrous acetonitrile (50 ml). This was followed by dropwise addition of a solution of an oxidiz-
ing agent (ferrocenium or tritylium tetrafluoroborate, 0.95 equiv.) in acetonitrile (30 ml), immedi-
ately accompanied by the change of coloration from yellow to green and, finally, navy blue. The 
mixture was stirred for 30 min. followed by filtration through a fine sintered glass funnel. The po-
tassium tetrafluoroborate filter cake was washed with three small portions of acetonitrile (3 x 3.0 
ml), which were combined with the filtrate. The latter was dried in vacuo to form a distinctly mi-
crocrystalline deep-blue, almost black, solid. The solid was washed with multiple small portions 
of THF (5 x 15.0 ml) until the washings became pale-blue with no changes in hue between the 
subsequent washes. The solid was then dried in vacuo to afford a black-blue microcrystalline pow-
der of 3a with 64.6% yield (0.626 g). Crystals suitable for X-ray diffraction analysis were grown by 
vapor diffusion of diethyl ether into an acetonitrile solution of 3a at room temperature. 

Anion [(TSMP)2FeIII]– (3) and, by extension, compound 3a undergo thermal spin-crossover (SCO) 
both in the solid state and solution (see Section 3.4 in the main text as well as Appendices B2 and 
B4). Moreover, the SCO dynamics in solution depends on the specific solvent, on top of tempera-
ture dependence of the hyperfine NMR chemical shifts (Appendix B15). Solvent- and temperature 
dependence are also true for the effective molecular magnetic moment in solution as determined 
by the Evans method.53–55 Importantly, the variable-temperature Evans method measurements 
performed using TMS and a residual underdeuterated NMR solvent signal as a reference are iden-
tical within the accuracy of the method (5-10%80). This implies that the solvent chemical shifts 
have no observable hyperfine component which, otherwise, would be a result of a specific interac-
tion such as coordination. Furthermore, the hyperfine 1H NMR shifts of 3 show the same shape of 
the trend regardless of solvent (with correction for the SCO critical temperature; Figure 3.6). These 
two observations indicate that dissociation of the ligand arms in 3 followed by the solvent coordi-
nation is very unlikely. As will be shown below, this is in contrast with the solution behavior of 
the [(TSMP)2GaIII]– (5) analogue. 

All measurements described below were performed at 298 K. The assignments of 1H NMR signals 
are discussed in detail in Appendix B15. In case of overlap with solvent or impurity signals, where 
possible, integral intensities were extracted using the MNova69 peak deconvolution tool. 1H NMR 
(400 MHz, acetonitrile-d3) δ 70.1 (br. s., 3H, Ar-CH3), 29.9 (br. s., 1H, H4), 11.8 (s, 1H, P+-CH3), -
4.5 (s, 1H, H6), -7.0 (br. s., 1H, H5). 1H NMR (400 MHz, pyridine-d5) δ 76.6 (br. s., 3H, CH3

Ar), 
34.8 (br. s., 1H, H4), 10.8 (br. s., 1H, P+-CH3), -4.2 (br. s., 1H, H6), -7.4 (br. s., 1H, H5). 31P NMR 
(162 MHz, acetonitrile-d3) δ -236.2 (br. s.). 31P NMR (162 MHz, pyridine-d5) δ -295.7 (br. s.). Ef-

fective magnetic moment in solution determined in acetonitrile-d3 is 4.64 μB, which indicates a 
mid-spin-crossover situation (S = 1/2 → 5/2; see detailed discussion in Appendix B2). Effective mag-
netic moment of 5.14 μB determined in pyridine-d5 supports this conclusion. UV-Vis (acetonitrile): 
λmax (ε)= 211 (8.91·104), 238 (8.87·104), 318 (5.46·104), 392 (2.17·103), 422 (1.84·103), 447 
(1.80·103), 609 nm (7.71·103 cm-1M-1). ATR-FTIR (neat) ṽ (cm-1): 440 (M), 465 (M), 530 (W), 540 
(W), 567 (W), 623 (M), 661 (S), 738 (S), 813 (M), 838 (M), 889 (S), 912 (W), 1004 (W), 1042 (M), 
1100 (M), 1130 (M), 1198 (S), 1209 (S), 1248 (VS), 1291 (M), 1339 (M), 1362 (M), 1421 (M), 
1450 (W), 1499 (M), 1597 (W), 2245 (W), 2249 (VW), 2865 (M), 2928 (M), 2989 (M), 2998 (M), 
3040 (M). ESI-TOF-MS in CH3CN: 922.2214 [M]– (calcd. 922.2767 [M]–). No satisfactory ele-
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mental analysis could be obtained due to the high reactivity of 3a and its ability to retain variable 
amounts of solvent. 
 

[(TSMP)2FeIII]PPh4 (3b). Complex 3b was prepared by ion 
exchange of [(TSMP)2FeIII]K (3a) and tetraphenylphosphonium 
iodide (PPh4I) in DCM. The procedure is as follows. 

Dry DCM (25 ml) was added to a mixture of PPh4I (0.230 g, 
0.494 mmol, 0.950 equiv.) and 3a (0.500 g, 0.520 mmol, 1.00 
equiv.), which is otherwise insoluble in DCM. Immediately, 
formation of a navy blue solution ensued, and the reaction was 
stirred for 30 min. followed by solvent removal in vacuo (to 
completely precipitate KI), resuspension in DCM, filtration and 
another vacuum solvent removal. The above manipulations 
yielded 0.623 g of a dark-blue, almost black, solid in quantitative 

yield yield with respect to PPh4I. In principle, this material is sufficiently pure for further 
spectroscopic characterization and synthetic use. An additional purification step can be 
undertaken by recrystallization from DCM solution layered with n-hexane (crytallization yield: 
88.5%), which is how the crystals for X-ray diffraction analysis were grown. 

As discussed in the synthesis of [(TSMP)2FeIII]K (3a) (vide supra), anion [(TSMP)2FeIII]– (3) under-
goes thermal spin-crossover, which also, by extension, applies to 3b. Therefore, it is important to 
note that all characterization described below was performed at 298 K. The measurements were 
performed on the recrystallized material. The assignments of the 1H NMR signals are discussed in 
detail in Appendix B15. While the 1H NMR spectra show an increased intensity of the [PPh4]+ sig-
nals with respect to what is needed to match the stoichiometry of 3b, the 31P spectra display the 
expected 1:2 intensity ratio. We connect the mismatch with problematic base line correction in 1H 
spectra due to the presence of an intense dichloromethane signal. 1H NMR (400 MHz, dichloro-
methane-d2) δ 67.7 (br. s., 3H, Ar-CH3), 27.5 (br. s., 1H, H4), 12.2 (br. s., 1H, P+-CH3), 8.14 – 6.89 
(m, intensity unreliable/see above, [PPh4]+), -4.5 (br. s., 1H, H6), -6.7 (br. s., 1H, H5). 31P NMR 
(162 MHz, dichloromethane-d2) δ 23.1 (s, carbon satellites: JP,C = 89.5 Hz, 1P, [PPh4]+), -213.5 
(br. s., 2P, P+-CH3). Effective magnetic moment in solution determined in dichloromethane-d2 at 
298K is 4.68 μB, which indicates a mid-spin-crossover situation (S = 1/2 → 5/2; see detailed discus-
sion in Appendix B2). UV-Vis (dichloromethane): λmax (ε)= 236 (1.31·105), 276 (3.61·104), 320 
(6.65·104), 394 (3.62·103), 423 (2.86·103), 444 (2.71·103), 618 nm (9.58·103 cm-1M-1). No satisfacto-
ry elemental analysis could be obtained due to high reactivity of 3b and its ability to retain varia-
ble amounts of solvent. 
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[(TSMP)2FeIII][(B15C5)2K] (3c). Complex 3c was 
prepared by chelating the potassium cation in 
[(TSMP)2FeIII]K (3a) with an excess of benzo-15-
crown-5. The procedure is as follows.  

Dry acetonitrile (40 ml) was added to a mixture of 3a 
(0.500 g, 0.520 mmol, 1.00 equiv.) and benzo-15-
crown-5 (0.286 g, 1.07 mmol, 2.05 equiv.), and the 
mixture was stirred for 1 h, upon which the solvent 
was removed in vacuo. The resulting blue solid was 
thorougly washed with small portions of n-hexane (5 x 
10.0 ml) and dried in vacuo to yield 0.779 g of fine blue 

powder in a quantitative yield. In principle, this material is sufficiently pure for furter 
spectroscopic characterization. An additional purification step can be undertaken by 
recrystallization from pyridine solution layered with n-pentane (crytallisation yield: 93.7%), which 
is how the crystals for X-ray diffraction analysis were grown. 

As discussed in the synthesis of [(TSMP)2FeIII]K (3a) (vide supra), anion [(TSMP)2FeIII]– (3) under-
goes thermal spin-crossover, which also, by extension, applies to 3c. Therefore, it is important to 
note that all characterization described below was performed at 298 K. The measurements were 
performed on the recrystallized material. The assignments of the 1H NMR signals are discussed in 
detail in Appendix B15. The 1H NMR spectra show an increased intensity of the bis(benzo-15-
crown-5)potassium signals with respect to what in needed to match the stoichiometry of 3c. A 
similar situation was observed for [(TSMP)2FeIII]PPh4 (3b) salt (vide supra), which we connect with 
problematic base line correction due to the presence of intense solvent signals. 1H NMR (400 
MHz, acetonitrile-d3) δ 70.2 (br. s., 3H, Ar-CH3), 30.0 (br. s., 1H, H4), 11.8 (br. s., 1H, P+-CH3), 
7.01 – 6.76 (m, intensity unreliable/see above, Ar of benzo-15-crown-5), 4.12 – 3.41 (m, intensity 
unreliable/see above, CH2 of benzo-15-crown-5), -4.5 (br. s., 1H, H6), -7.1 (br. s., 1H, H5). 31P 

NMR (162 MHz, acetonitrile-d3) δ -236.9 (br. s.). No satisfactory elemental analysis could be ob-
tained due to the high reactivity of 3c and its ability to retain variable amounts of solvent. 
 

[(TSMP)2FeIV] (4). Complex 4 was prepared by oxidation of 
[(TSMP)2FeIII]PPh4 (3b) with elemental iodine. The advantage of using 
a PPh4

+ salt 3b is that the reaction product PPh4I is more soluble in 
dichloromethane than the target complex 4, which allows to isolate the 
latter by washing with the solvent.   

A solution of elemental iodine (0.046 g, 0.180 mmol, 0.475 equiv.) in 
dichloromethane (4.0 ml) was added dropwise over a minute to a stirred 
dichloromethane solution of 3b (0.480 g, 0.380 mmol, 1.00 equiv. in 
10.0 ml). The dark suspension was stirred over 40 min, after which it 
was filtered, and the dark-green filter cake was washed with DCM (3 x 
2.0 ml) followed by drying in vacuo. The above manipulations yielded a 
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fine bottle green powder with 90.1% yield (0.318 g). Crystals suitable for X-ray diffraction analysis 
were grown by vapor diffusion of diethyl ether into a solution of 4 in pyridine-butyronitrile 2:1 
(v/v) mixture at –40 °C. 

All measurements described below were performed at 298 K. The assignments of 1H NMR signals 
are discussed in detail in Appendix B17. 31P signals could not be detected within the probed range 
(±400 ppm). 1H NMR (400 MHz, dichloromethane-d2) δ 145.4 (br. s., 3H, Ar-CH3), 7.2 (br. s., 
1H, P+-CH3), -12.8 (s, 1H, H5), -22.2 (s, 1H, H6), -27.4 (br. s., 1H, H7), -32.0 (br. s., 1H, H4). UV-

Vis-NIR (dichloromethane): λmax (ε)= 239 (9.77·104), 309 (5.99·104), 429 (3.15·103), 702 
(2.00·103), 1234 nm (1.75·104 cm-1M-1). ATR-FTIR (neat) ṽ (cm-1): 441 (W), 539 (W), 574 (VW), 
591 (W), 627 (W), 651 (W), 736 (M), 771 (W), 814 (W), 842 (M), 913 (M), 1061 (M), 1141 (S), 
1194 (M), 1238 (VS), 1271 (M), 1323 (M), 1330 (M), 1380 (M), 1413 (M), 1425 (M), 1500 (M), 
1559 (VW), 1595 (VW), 2251 (VW), 2901 (S), 2972 (VS), 2988 (VS), 3662 (W), 3675 (M), 3685 
(W). ESI-TOF-MS spectra in CH3CN recorded in a negative mode show a product of one-
electron reduction of 4: 922.2103 [M]– (calcd. 922.2767 [M]–). No satisfactory elemental analysis 
could be obtained because of 4 retaining an unknown amount of solvent due to the presence of 
cationic charges. 
 

[(TSMP)2GaIII]K (5a). Complex [(TSMP)2Ga]– (5) was used to 
approximate the orbital component of the chemical shifts of 
[(TSMP)2FeIII]– (3) and [(TSMP)2FeIV] (4). The potassium salt 5a 
was prepared by reaction of GaCl3 with two equivalents of the 
TSMPK2 (1). The procedure is as follows. 

A solution of GaCl3 (0.068 g, 0.38 mmol, 1.0 equiv.) in acetonitrile 
(3.0 ml) was added dropwise over a minute to a solution of 
TSMPK2 salt (1) (contains 21.5 wt% of THF, 0.500 g, 0.768 mmol, 
2.00 equiv.) in acetonitrile (7.0 ml). The reaction mixture was 
allowed to stir for 16 h, after which it was filtered and the filter 
cake was washed with acetonitrile (3 x 2.0 ml). The filtrate was 

concentrated in vacuo to ca. 2 ml, and the precipitated solid was collected and combined with the 
filter cake while the yellow liquor was discarded. Combined solids were extracted with 
acetonitrile (100 ml in total), which was then evaporated in vacuo to afford a white powder (102 
mg, yield: 27.5%). Crystals suitable for X-ray diffraction analysis were grown by vapor diffusion 
of diethyl ether into an acetonitrile solution of 5a at room temperature. 

The procedure yields a highly pure material as evidenced by the NMR spectra in acetonitrile-d3. 
The fact that 5a retains the assigned geometry on the 1H measurement time scale in acetonitrile-d3 
solution is evident from only six signals present in the spectrum, which can only correspond to the 
C3-symmetric heterobicyclo[2.2.2]octane topology of the TSMP scaffold. Furthermore, some of 
the aromatic signals appear at unusually low chemical shifts with the lowest one corresponding to 
the H7 proton at 5.16 ppm followed by H6 at 5.46 ppm, H5 at 6.15 ppm and H4 at 7.12 ppm, the 
latter being a normal value for an aromatic proton. Such a progression can only be the case if two 
TSMP ligands “interlock” around a GaIII center forming an D3d-symmetric system, within which 
the protons with a higher assigned index are shielded due to magnetic anisotropy of the aromatic 
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rings. Interestingly, in pyridine-d5 solution, one can still observe the D3d-symmetric configuration 
of 5a but accompanied by half the molar amount of a highly-fluxional species with 2:1 symmetry 
as evidenced by the aromatic methyl group signals. This is in contrast with the analogous 
[(TSMP)2FeIII]K (3a) complex, which retains its D3d-geometry in pyridine-d5 solution as indicated 
by variable-temperature measurements of the effective molecular magnetic moment by Evans 
method and variable-temperature hyperfine 1H NMR chemical shifts (see the synthesis of 
[(TSMP)2FeIII]K (3a) above for more detail). 

1H NMR spectral assignments of 5a in pyridine-d5 below only feature the signals that correspond 
to the S6-symmetric configuration. In case of an overlap with solvent or impurity signals, where 
possible, integral intensities were extracted using MNova69 peak deconvolution tool. 1H NMR 
(400 MHz, acetonitrile-d3) δ 7.12 (d, JH,H = 7.9 Hz, 1H, H4), 6.15 (t, JH,H = 7.3 Hz, 1H, H5), 5.46 
(t, JH,H = 7.5 Hz, 1H, H6), 5.16 (d, JH,H = 8.6 Hz, 1H, H7), 3.57 (d, JH,P = 15.2 Hz, 1H, P+-CH3), 
2.79 (d, JH,P = 1.1 Hz, 3H, Ar-CH3). 1H NMR (400 MHz, pyridine-d5) δ 7.40 (d, JH,H = 7.8 Hz, 
1H, H4), 6.34 (t, JH,H = 7.3 Hz, 1H, H5), 6.25 (d, JH,H = 8.6 Hz, 1H, H6), 5.90 (t, JH,H = 7.6 Hz, 1H, 
H7), 3.74 (d, JH,P = 15.1 Hz, 1H, P+-CH3), 2.85 (s, 3H, Ar-CH3). 13C NMR (101 MHz, acetonitrile-
d3) δ 148.1 (d, JC,P = 15.2 Hz, indole-C8), 129.4 (d, JC,P = 14.4 Hz, indole-C9 or C3), 125.7 (d, JC,P 
= 112.1 Hz, indole-C2), 119.8 (s, indole-C6), 118.0 (d, JC,P = 1.6 Hz, indole-C4), 117.4 (d, JC,P = 
1.8 Hz, indole-C7), 116.5 (d, JC,P = 1.3 Hz, indole-C5), 115.4 (d, JC,P = 20.0 Hz, indole-C3 or C9), 
10.7 (s, Ar-CH3), 5.6 (d, JC,P = 57.8 Hz, P+-CH3). 31P NMR (162 MHz, acetonitrile-d3) δ -14.9 (br. 
s.). 31P NMR (162 MHz, pyridine-d5) δ -12.8 (br.s.). UV-Vis (acetonitrile): λmax (ε)= 227 
(1.21·105), 238 (1.17·105), 318 nm (8.13·104 cm-1M-1). ESI-TOF-MS in CH3CN: 935.2298 [M]– 
(calcd. 935.2672 [M]–). No satisfactory elemental analysis could be obtained due to high reactivity 
of 5a and its ability to retain variable amounts of solvent. 
 

Generation of [(TSMP)2GaIII]PPh4 (5b). Complex 
[(TSMP)2Ga]– (5) was used to approximate the orbital 
component of the chemical shifts of [(TSMP)2FeIII]– (3) and 
[(TSMP)2FeIV] (4). An attempt to solubilize the synthesized 
above [(TSMP)2GaIII]K (5a) (10 mg, 0.010 mmol, 1.0 equiv.) in 
dichloromethane-d2 (0.6 ml) in the presence of PPh4I (3.5 mg, 
0.0076 mmol, 0.75 equiv.), led to a homogenous solution. The 
1H NMR spectrum indicates the presence of two species in a 
ratio of 1.6 to 1, the minor of which can be identified by the 
unusually low aromatic chemical shifts (vide supra) as an D3d-
symmetric configuration of [(TSMP)2GaIII]– (5). The major 
species is higly fluxional (broad aromatic signals) and shows 1:2 

symmetry breaking as indicated by the aromatic methyl group signals. Since the ion exchange 
clearly happens as evidenced by solubilization of [(TSMP)2GaIII]K (5a), yet no KI precipitation 
occurs, we speculate that the major species forms due to coordination of an iodide anion to the 
GaIII center in 5. 1H NOE spectra indicate that the major and the minor species are in dynamic 
exchange with one another. Similar spectra are observed if ion exchange is undertaken with an 
equal amount of PPh4Cl instead of PPh4I. 
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Since the speciation in solution is complicated and a subequivalent amount of PPh4I was used, the 
NMR integral intensities of the [PPh4]+ cation are devoid of the straightforward chemical meaning 
and, therefore, are not provided in the assignment below. 1H NMR (400 MHz, dichloromethane-
d2) δ 7.83 (t, J = 7.4 Hz, intensity uninformative/see above, [PPh4]+: H4), 7.65 (td, J = 7.8, 3.6 Hz, 
intensity uninformative/see above, [PPh4]+: H3), 7.51 (dd, J = 13.0, 7.8 Hz, intensity uninforma-
tive/see above, [PPh4]+: H2), 7.11 (d, JH,H = 7.9 Hz, 1H, H4), 6.15 (t, JH,H = 7.2 Hz, 1H, H5), 5.55 
(t, JH,H = 7.5 Hz, 1H, H6), 5.21 (d, JH,H = 8.6 Hz, 1H, H7), 3.47 (d, JH,P = 15.2 Hz, 1H, P+-CH3), 
2.78 (s, 3H, Ar-CH3). 31P NMR (162 MHz, dichloromethane-d2) δ 23.2 (s, carbon satellites: JP,C = 
89.5, 12.9, 10.2 Hz, intensity uninformative/see above), -14.7 (br.s.). 
 

3.8.2.2 Deuterium-labeled ligand 

Deuterium-labeled (TSMP-d3)K2 (1-d3) salt was prepared following the synthetic pathway for the 
corresponding proteo-analogue published by us elsewhere,40 with the exception that we used CD3I 
as a methylating agent at the stage of the synthesis of 9-d3 (Scheme 3.2). 
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Scheme 3.2. Synthesis of a deuterium labeled dipotassium salt, (TSMP-d3)K2 (1-d3). 
 

tris-(N-Boc-3-methylindol-2-yl)(2H3)methylphosphonium iodide 

(9-d3). Salt 9-d3 was synthesized following a synthetic procedure 
for the analogous proteo-compound published by us elsewhere.40 
Yield: 1.54 g (83.2%). 

NMR spectroscopic assignments are based on those for the proteo-
analogue. In dichloromethane-d2 solution, the compound exists as a ~1:0.15 mixture of rotamers. 
1H NMR signals from the major rotamer are labeled with an asterisk. NMR signal intensities of 
the minor rotamer were rounded up to be divisible by 0.15 with no remainder for the sake of sim-
plicity. 1H NMR (400 MHz, dichloromethane-d2) δ 8.18 (d, JH,H = 8.6 Hz, 0.05H, Ar-H), 8.12* (d, 



Homoleptic FeIII and FeIV Complexes of a Dianionic C3-Symmetric Scorpionate   

146 

JH,H = 8.6 Hz, 1H, Ar-H), 8.05 (d, JH,H = 8.5 Hz, 0.05H, Ar-H), 7.86 (d, JH,H = 8.4 Hz, 0.05H, Ar-
H), 7.69* (d, JH,H = 8.0 Hz, 1H, Ar-H), 7.63* (t, JH,H = 7.9 Hz, 1H, Ar-H), 7.44* (t, JH,H = 7.5 Hz, 
1H, Ar-H), 2.38 (s, 0.15 H, Ar-CH3), 2.15 (s, 0.15H, Ar-CH3), 2.05 (s, 0.15H, Ar-CH3), 1.97* (d, 
JH,P = 2.1 Hz, 3H, Ar-CH3), 1.67 (s, 0.45H, tBu), 1.55* (s, 9H, tBu), 1.48 (s, 0.45H, tBu), 1.15 (s, 
0.45H, tBu). 2H NMR (61 MHz, dichloromethane-h2) δ 2.73 (br. s, 1H, P+-CD3). 13C NMR (101 
MHz, dichloromethane-d2) δ 150.9 (s, C=OBoc), 137.0 (d, JC,P = 5.6 Hz, indole-C9 or C8, or C3), 
136.4 (d, JC,P = 12.2 Hz, indole-C8 or C9, or C3), 131.0 (d, JC,P = 14.4 Hz, indole-C3 or C8, or 
C9), 129.6 (s, CAr-H), 124.6 (s, CAr-H), 120.9 (s, CAr-H), 116.5 (s, CAr-H), 116.3 (d, JC,P = 128.7 
Hz, indole-C2), 87.8 (s, qCt-Bu), 27.9 (s, CH3

t-Bu), 24.2 (br. s, P+-CD3), 10.1 (s, Ar-CH3). 31P NMR 
(162 MHz, dichloromethane-d2) δ -2.5 (s, carbon satellites: JP,C = 128.9, 79.9 Hz, 1P), -4.2 (br.s., 
0.15P). ATR-FTIR (neat) ṽ (cm-1): 422 (VW), 461 (VW), 602 (VW), 658 (VW), 701 (W), 722 
(W), 741 (W), 760 (M), 822 (W), 846 (W), 886 (W), 1001 (W), 1026 (W), 1043 (VW), 1117 (S), 
1151 (M), 1204 (W), 1240 (S), 1314 (S), 1367 (S), 1445 (W), 1478 (W), 1531 (W), 1586 (VW), 
1721 (VS), 1737 (M), 2931 (VW), 2966 (W). ESI-TOF-MS in CH3CN: found 739.4 [M]+ (calcd. 
739.4 [M]+). 
 

tris-(1H-3-methylindol-2-yl)(2H3)methylphosphonium chloride 

(11-d3). Salt 11-d3 was synthesized following a synthetic procedure 
for the analogous proteo-compound published by us elsewhere.40 
Yield: 1.12 g (82.3%). 

NMR spectroscopic assignments are based on the assignments for 
the proteo-analogue. 1H NMR (400 MHz, DMSO-d6) δ 12.51 (s, 1H, NH), 7.73 (d, JH,H = 8.1 Hz, 
1H, Ar-H), 7.60 (d, JH,H = 8.4 Hz, 1H, Ar-H), 7.40 (t, JH,H = 7.6 Hz, 1H, Ar-H), 7.19 (t, J = 7.6 
Hz, 1H, Ar-H), 1.90 (s, 3H, Ar-CH3). 2H NMR (61 MHz, DMSO-h6) δ 3.23 (s, 1H, P+-CD3). 13C 

NMR (101 MHz, DMSO-d6) δ 139.8 (d, JC,P = 11.4 Hz, indole-C8), 128.0 (d, JC,P = 13.0 Hz, in-
dole C9 or C3), 126.9 (d, JC,P = 15.8 Hz, indole C3 or C9), 126.1 (s, CAr-H), 120.34 (s, CAr-H), 
120.25 (s, CAr-H), 112.7 (s, CAr-H), 108.6 (d, JC,P = 120.2 Hz, indole-C2), 12.1 (br.s., P+-CD3), 8.2 
(s, Ar-CH3). 31P NMR (162 MHz, DMSO-d6) δ -14.2 (s, carbon satellites: JP,C = 120,1, 58.2 Hz, 
1H). ATR-FTIR (neat) ṽ (cm-1): 425 (S), 453 (W), 515 (W), 557 (W), 607 (W), 703 (S), 741 (VS), 
812 (S), 892 (W), 942 (W), 1024 (M), 1042 (M), 1130 (M), 1151 (M), 1203 (S), 1238 (M), 1295 
(W), 1331 (S), 1383 (W), 1430 (M), 1513 (S), 1578 (W), 1616 (W), 2118 (W), 2220 (W), 2847 (S), 
2914 (S), 2973 (S), 3019 (S), 3058 (S), 3444 (W). ESI-TOF-MS in CH3CN: found 439.2 [M]+ 
(calcd. 439.2 [M]+). 
 

(TSMP-d3)K2 (1-d3). Salt 1-d3 was synthesized following a synthetic 
procedure for the analogous proteo-compound using KH as a base 
and published by us elsewhere.40 Deprotonation occurs quantita-
tively with the yield of 1.45 g. Due to the presence of the K+ cati-
ons, 1-d3 always retains a certain of THF, which, in this particular 

batch, was identified to be 16.8%, using quantitative 1H NMR experiments.  

NMR spectroscopic assignments are based on the assignments for the proteo-analogue. 1H NMR 
(400 MHz, acetonitrile-d3) δ 7.42 (d, JH,H = 8.0 Hz, 1H, Ar-H), 7.31 (d, JH,H = 8.3 Hz, 1H, Ar-H), 
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6.85 (t, JH,H = 7.2 Hz, 1H, Ar-H), 6.75 (t, JH,H = 7.1 Hz, 1H, Ar-H), 2.08 (d, JH,P = 1.2 Hz, 3H, Ar-
CH3). 2H NMR (61 MHz, acetonitrile-h3) δ 2.57 (s, 1H, P+-CD3). 13C NMR (101 MHz, acetoni-
trile-d3) δ 149.6 (d, JC,P = 24.2 Hz, indole-C8), 132.2 (d, JC,P = 10.9 Hz, indole-C9 or C3), 128.5 (d, 
JC,P = 117.6 Hz, indole-C2), 119.3 (s, CAr-H), 119.0 (d, J = 0.9 Hz, CAr-H), 118.6 (d, J = 1.0 Hz, 
CAr-H), 117.2 (d, JC,P = 26.4 Hz, indole-C3 or C9), 115.9 (d, J = 1.3 Hz, CAr-H), 14.0 (m, J = 32.0, 
63.5 Hz, P+-CD3), 10.3 (s, Ar-CH3). 31P NMR (162 MHz, acetonitrile-d3) δ -8.2 (s). 
 

3.8.2.3 Deuterium-labeled complexes 

Deuterium-labeled complexes [(TSMP-d3)2FeIII]K (3a-d6), [(TSMP-d3)2FeIII]PPh4 (3b-d6) and 
[(TSMP-d3)2FeIV] (4-d6), were prepared following the procedures for the respective proteo-
analogues 3a, 3b and 4 (see Section 3.8.2.1). Even though compound 3a-d6 was synthesized by in 
situ oxidation of the [(TSMP-d3)2FeII]K2 (2a-d6) intermediate, the tretrakis(benzo-15-crown-
5)adduct of the latter, [(TSMP-d3)2FeII][(B15C5)2K]2 (2b-d6), was still isolated for the sake of 
completeness. It can be compared with the corresponding proteo-analogue published by us 
elsewhere.40 
 

[(TSMP-d3)2FeII][(B15C5)2K]2 (2b-d6). Salt 2b-d6 was 
synthesized following a synthetic procedure for the 
analogous proteo-compound published by us else-
where.40 Yield: 0.315 g (42.5%). 

Our previous studies suggest that the proteo-analogue 
2b exists in solution in more than one form,40 therefore 
the assignment of paramagnetic 1H NMR signals is ex-
pected to be highly non-trivial. Hence, we did not ex-
pend effort for establishing the signal identities.  

1H NMR (400 MHz, Acetonitrile-d3) δ 66.3 (br. s.), 
21.6 (br. s.), 14.5 (br. s.), 6.88 (br. s., Ar-H of benzo-15-
crown-5), 6.72 (br. s., Ar-H of benzo-15-crown-5), 6.1 
(br. s.), 4.42 – 2.97 (m, aliphatic C-H of benzo-15-

crown-5), -0.6 (br. s.), -0.9 (br. s.), -6.1 (br. s., P+-CHxD3-x, due to 1H isotopic impurities in the 
starting CD3I). 2H NMR (61 MHz, Acetonitrile-h3) δ -6.0 (br. s., P+-CD3). 31P NMR (162 MHz, 
Acetonitrile-d3) δ 104.8 (br. s.). ATR-FTIR (neat) ṽ (cm-1): 431 (M), 563 (W), 612 (W), 708 (M), 
740 (S), 813 (M), 853 (W), 937 (M), 1044 (S), 1076 (M), 1098 (S), 1122 (VS), 1216 (S), 1252 (VS), 
1296 (M), 1336 (M), 1362 (M), 1454 (M), 1504 (S), 1597 (W), 2863 (M), 2904 (M), 3041 (W). 
ESI-TOF-MS spectra in CH3CN recorded in a negative mode show a product of one-electron ox-
idation of 2b-d6, which is in line with its high air-sensitivity: 928.3 [M]– (calcd. 928.3 [M]–). 
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[(TSMP-d3)2FeIII]K (3a-d6). Salt 3a-d6 was synthesized following a 
synthetic procedure for the analogous proteo-compound 3a (see 
Section 3.8.2.1). Yield: 0.215 g (58.3%). 

All measurements described below were performed at 298K. The 
assignments of 1H NMR signals are discussed in detail in Appendix 
B15. 1H NMR (400 MHz, acetonitrile-d3) δ 70.3 (br. s., 3H, Ar-
CH3), 30.1 (br. s., 1H, H4), 11.8 (br. s., 0.09H, P+-CHxD3-x, due to 
1H isotopic impurities in the starting CD3I), -4.5 (br. s., 1H, H6), -
7.1 (br. s., 1H, H5). 2H NMR (61 MHz, acetonitrile-h3) δ 11.6 (br. 
s., 1H, P+-CD3). 31P NMR (162 MHz, acetonitrile-d3) δ -237.5 (br. 

s.). ESI-TOF-MS spectra in CH3CN: 928.3 [M]– (calcd. 928.3 [M]–). 
 

[(TSMP-d3)2FeIII]PPh4 (3b-d6). Salt 3b-d6 was synthesized fol-
lowing a synthetic procedure for the analogous proteo-
compound 3b (see Section 3.8.2.1). Yield: 0.083 g (quantitative 
yield).  

All measurements described below were performed at 298K. The 
assignments of the 1H NMR signals are discussed in detail in Ap-
pendix B15. While the 1H NMR spectra show the increased inten-
sity of the [PPh4]+ signals with respect to what in needed to 
match the stoichiometry of 3b-d6, the 31P spectra display the 
expected 1:2 intensity ratio. A similar situation was observed for 
the proteo-analogue 3b (see Section 3.8.2.1), which we connect 

with problematic base line correction due to the presence of an intense dichloromethane signal. 1H 

NMR (400 MHz, dichloromethane-d2) δ 68.6 (br. s., 3H, Ar-CH3), 27.7 (br. s., 1H, H4), 8.55 – 
6.51 (m, intensity unreliable/see above, [PPh4]+), -4.5 (br. s., 1H, H6), -6.8 (br. s., 1H, H5). 2H 

NMR (61 MHz, dichloromethane-h2) δ 12.2 (br. s., 1H, P+-CH3). 31P NMR (162 MHz, dichloro-
methane-d2) δ 23.1 (s, 1P, [PPh4]+), -216.7 (br. s., 2P, P+-CD3).  
 

[(TSMP-d3)2FeIV] (4-d6). Complex 4-d6 was synthesized following a syn-
thetic procedure for the analogous proteo-compound 4 (see Section 
3.8.2.1). Yield: 0.040 g (92.4%). 

All measurements described below were performed at 298 K. The assign-
ments of 1H NMR signals are discussed in detail in Appendix B17. 31P NMR 
signals were not observed in the probed spectral range (-500 to +500 ppm). 
1H NMR (400 MHz, dichloromethane-d2) δ 145.9 (br. s., 3H, Ar-CH3), -
12.8 (s, 1H, H5), -22.2 (s, 1H, H6), -27.5 (br. s., 1H, H7), -32.0 (br. s., 1H, 
H4). 2H NMR (61 MHz, dichloromethane-h2) δ 6.98 (br. s., 1H, P+-CH3). 
ESI-TOF-MS spectra in CH3CN recorded in a negative mode show a 
product of one-electron reduction of 4: 928.3 [M]– (calcd. 928.3 [M]–). 
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3.8.2.4 Additional experiments 

Attempted synthesis of [(TSMP)2FeIII]K (3a) using FeCl3. A solution of FeCl3 (0.0055 g, 0.035 
mmol, 1.0 equiv.) in acetonitrile (4.0 ml) was added dropwise over a minute to a solution of 
TSMPK2 salt (1) (contains 28.6 wt% of THF, 0.050 g, 0.070 mmol, 2.1 equiv.) in acetonitrile (8.0 
ml), which resulted in deep-blue coloration of the mixture. The reaction was allowed to stir for 4h, 
upon which it was filtered, and the solvent was evaporated in vacuo. 1H NMR spectrum in 
acetonitrile-d3 shows the presence of multiple paramagnetic species, one which is target complex 
3a, although in rather low relative abundance. 

3.8.3 X-ray crystal structure determinations 

CCDC 2245041-2245045 contain the supplementary crystallographic data for this paper. These 
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

[(TSMP)2FeIII]K (3a). C60H54FeKN8P2 · 2C2H3N, Fw = 1126.11, black block, 0.44  0.23  0.17 

mm3, triclinic, P 1  (no. 2), a = 10.9377(4), b = 14.5055(5), c = 18.1385(5) Å, α = 96.885(2), β = 

97.281(2), γ = 101.149(1) °,  V = 2769.74(15) Å3, Z = 2, Dx = 1.350 g/cm3,  = 0.46 mm-1. The 
diffraction experiment was performed on a Bruker Kappa ApexII diffractometer with sealed tube 
and Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of 
(sin /)max = 0.65 Å-1. The crystal appeared to be twinned with a twofold rotation about 
uvw=[1,0,0] as twin operation. Consequently, two orientation matrices were used for the intensity 
integration with the Eval15 software.81 The integration results were written in HKLF5 format.82 A 
multi-scan absorption correction and scaling was performed with TWINABS83,84 (correction range 
0.63-0.75). A total of 106370 reflections was measured, 12737 reflections were unique (Rint = 
0.026), 11548 reflections were observed [I>2(I)]. The structure was solved with Patterson super-
position methods using SHELXT.85 Structure refinement was performed with SHELXL-201886 on 
F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement pa-
rameters. All hydrogen atoms were located in difference Fourier maps and refined with a riding 
model. 719 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0322 / 0.0902. 
R1/wR2 [all refl.]: 0.0360 / 0.0927. S = 1.044. Twin fraction BASF=0.1631(7). Residual electron 
density between -0.41 and 0.44 e/Å3. Geometry calculations and checking for higher symmetry 
was performed with the PLATON program.87 
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Figure 3.16. Asymmetric unit in the crystal of [(TSMP)2FeIII]K (3a). Iron atoms are on special posi-
tions, therefore only half of the coordination environment is shown. Displacement ellipsoids are 
drawn at the 30% probability level. Hydrogen atoms, potassium cation and acetonitrile solvent 
molecules are omitted for clarity. Symmetry code i: 1-x, 1-y, -z. Selected bond distances (Å) and 
angles (o): Fe1-N11 1.9885(11), Fe1-N21 2.0020(12), Fe1-N31 1.9805(12), N11-Fe1-N21 91.11(5), 
N21-Fe1-N31 90.70(5), N31-Fe1-N11 90.73(5); Fe2-N12 1.9889(12), Fe2-N22 1.9885(12), Fe2-
N32 1.9552(12), N12-Fe2-N22 91.56(5), N22-Fe2-N32 90.44(5), N32-Fe2-N12 91.16(5). 

 

Figure 3.17. Coordination polymer in the [0,1,-1] direction in the crystal structure of 
[(TSMP)2FeIII]K (3a). Displacement ellipsoids are drawn at the 30% probability level. Hydrogen 
atoms and non-coordinated acetonitrile molecules are omitted for clarity. Symmetry codes i: 1-x, -
y, 1-z; ii: 1-x, 1-y, -z. 
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[(TSMP)2FeIII]PPh4 (3b). [C56H48FeN6P2](C24H20P) + disordered solvent, Fw = 1262.16,a black 

plate, 0.36  0.16  0.05 mm3, triclinic, P 1  (no. 2), a = 14.1299(3), b = 15.4113(4), c = 

17.9403(3) Å, α = 85.134(1), β = 83.361(1), γ = 85.674(1) °,  V = 3857.99(13) Å3, Z = 2, Dx = 
1.087 g/cm3,a  = 0.30 mm-1.a The diffraction experiment was performed on a Bruker Kappa 
ApexII diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) at a tem-
perature of 150(2) K up to a resolution of (sin /)max = 0.65 Å-1. The Eval15 software81 was used 
for the intensity integration. A multi-scan absorption correction and scaling was performed with 
SADABS83,84 (correction range 0.67-0.75). A total of 85393 reflections was measured, 17698 re-
flections were unique (Rint = 0.068), 12087 reflections were observed [I>2(I)]. The structure was 
solved with Patterson superposition methods using SHELXT.85 Structure refinement was per-
formed with SHELXL-201886 on F2 of all reflections. The crystal structure contains voids (957 Å3 
/ unit cell) filled with disordered solvent molecules. Their contribution to the structure factors was 
secured by back-Fourier transformation using the SQUEEZE algorithm88 resulting in 285 elec-
trons / unit cell. Non-hydrogen atoms were refined freely with anisotropic displacement parame-
ters. One phenyl ring in the PPh4 ion was refined with a disorder model. All hydrogen atoms were 
introduced in calculated positions and refined with a riding model. 877 Parameters were refined 
with 280 restraints (distances, angles, displacement parameters and ring flatness in PPh4). 
R1/wR2 [I > 2(I)]: 0.0483 / 0.1174. R1/wR2 [all refl.]: 0.0787 / 0.1291. S = 1.033. Residual 
electron density between -0.41 and 0.76 e/Å3. Geometry calculations and checking for higher 
symmetry was performed with the PLATON program.87 

 

Figure 3.18. Asymmetric unit in the crystal of [(TSMP)2FeIII]PPh4 (3b). Iron atoms are on special 
positions, therefore only half of the coordination environment is shown. Displacement ellipsoids 

 
a Derived values do not contain the contribution of the disordered solvent molecules. 
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are drawn at the 30% probability level. Hydrogen atoms, PPh4 cation and severely disordered sol-
vent molecules are omitted for clarity. Symmetry code i: -x, 1-y, 1-z. Selected bond distances (Å) 
and angles (o): Fe1-N11 1.9717(16), Fe1-N21 2.0025(17), Fe1-N31 1.9802(17), N11-Fe1-N21 
90.52(7), N21-Fe1-N31 90.76(7), N31-Fe1-N11 91.24(7); Fe2-N12 2.0369(17), Fe2-N22 
2.0313(18), Fe2-N32 2.0343(17), N12-Fe2-N22 89.64(7), N22-Fe2-N32 90.17(7), N32-Fe2-N12 
90.06(7). 
 

[(TSMP)2FeIII][(B15C5)2K] (3c). [C56H48FeN6P2](C28H40KO10) · 1.5(C5H5N), Fw = 1617.14, dark-

blue needle, 0.34  0.07  0.05 mm3, triclinic, P 1  (no. 2), a = 15.1846(9), b = 17.2956(8), c = 

17.6868(7) Å, α = 111.250(2), β = 101.333(2), γ = 105.495(2) °,  V = 3943.1(3) Å3, Z = 2, Dx = 
1.362 g/cm3,  = 0.35 mm-1. The diffraction experiment was performed on a Bruker Kappa 
ApexII diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) at a tem-

perature of 100(2) K up to a resolution of (sin /)max = 0.61 Å-1. The Eval15 software81 was used 
for the intensity integration. A numerical absorption correction and scaling was performed with 
SADABS83,84 (correction range 0.73-1.00). A total of 61310 reflections was measured, 14678 re-
flections were unique (Rint = 0.092), 9168 reflections were observed [I>2(I)]. The structure was 
solved with Patterson superposition methods using SHELXT.85 Structure refinement was per-
formed with SHELXL-201886 on F2 of all reflections. Non-hydrogen atoms were refined freely 
with anisotropic displacement parameters. One pyridine molecule was disordered on an inversion 
center. All hydrogen atoms were introduced in calculated positions and refined with a riding 
model. 1056 Parameters were refined with 205 restraints (distances, angles, displacement parame-
ters and ring flatness in the pyridine molecules). R1/wR2 [I > 2(I)]: 0.0516 / 0.1067. R1/wR2 
[all refl.]: 0.1058 / 0.1267. S = 1.010. Residual electron density between -0.50 and 0.47 e/Å3. Ge-
ometry calculations and checking for higher symmetry was performed with the PLATON pro-
gram.87 

 

Figure 3.19. Asymmetric unit in the crystal of [(TSMP)2FeIII][(B15C5)2K] (3c). Iron atoms are on 
special positions, therefore only half of the coordination environment is shown. Displacement el-
lipsoids are drawn at the 30% probability level. Hydrogen atoms, K[benzo-15-crown-5] cation and 
pyridine solvent molecules are omitted for clarity. Symmetry code i: -x, 1-y, -z. Selected bond dis-
tances (Å) and angles (o): Fe1-N11 1.970(2), Fe1-N21 1.976(2), Fe1-N31 2.008(2), N11-Fe1-N21 
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90.67(10), N21-Fe1-N31 91.00(10), N31-Fe1-N11 90.94(10); Fe2-N12 2.136(2), Fe2-N22 2.136(2), 
Fe2-N32 2.123(3), N12-Fe2-N22 87.56(9), N22-Fe-N32 87.51(9), N32-Fe2-N12 87.69(9). 

[(TSMP)2FeIV] (4). C56H48FeN6P2 · 6(C5H5N), Fw = 1397.39, black plate, 0.23  0.20  0.05 mm3, 

triclinic, P 1  (no. 2), a = 11.5781(6), b = 12.1341(10), c = 14.4610(10) Å, α = 106.027(3), β = 

94.678(3), γ = 114.093(2) °, V = 1738.3(2) Å3, Z = 1, Dx = 1.335 g/cm3,  = 0.32 mm-1. The dif-
fraction experiment was performed on a Bruker Kappa ApexII diffractometer with sealed tube 
and Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of 
(sin /)max = 0.53 Å-1. The Eval15 software81 was used for the intensity integration. A multi-scan 
absorption correction and scaling was performed with SADABS83,84 (correction range 0.58-0.74). 
A total of 22469 reflections was measured, 4263 reflections were unique (Rint = 0.104), 2766 re-
flections were observed [I>2(I)]. The structure was solved with Patterson superposition methods 
using SHELXT.85 Structure refinement was performed with SHELXL-201886 on F2 of all reflec-
tions. Non-hydrogen atoms were refined freely with anisotropic displacement parameters. All hy-
drogen atoms were introduced in calculated positions and refined with a riding model. 461 Pa-
rameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0745 / 0.2036. R1/wR2 [all refl.]: 
0.1229 / 0.2310. S = 1.167. Residual electron density between -0.32 and 0.57 e/Å3. Geometry 
calculations and checking for higher symmetry was performed with the PLATON program.87 

Figure 3.20. Asymmetric unit in the crystal of [(TSMP)2FeIV] (4). Iron atom is on a special posi-
tion, therefore only half of the coordination environment is shown. Displacement ellipsoids are 
drawn at the 30% probability level. Hydrogen atoms and pyridine solvent molecules are omitted 
for clarity. Symmetry code i: 1-x, 1-y, 1-z. Selected bond distances (Å) and angles (o): Fe1-N1 
1.966(6), Fe1-N2 1.975(5), Fe1-N3 1.966(6), N1-Fe1-N2 91.6(2), N2-Fe1-N3 91.0(2), N3-Fe1-N1 
90.7(2). 

[(TSMP)2GaIII]K (5a). C58H51GaKN7P2 · C4H10O · C2H3N, Fw = 1131.99, colourless plate, 0.45  

0.25  0.11 mm3, triclinic, P 1  (no. 2), a = 11.0948(4), b = 14.7420(5), c = 17.6613(9) Å, α = 

98.145(2), β = 99.810(3), γ = 100.918(2) °, V = 2749.36(19) Å3, Z = 2, Dx = 1.367 g/cm3,  = 0.69 
mm-1. The diffraction experiment was performed on a Bruker Kappa ApexII diffractometer with
sealed tube and Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a

resolution of (sin /)max = 0.65 Å-1. The crystal appeared to be broken in several fragments. The
three major fragments were integrated using three orientation matrices with the Eval15 software.81



Homoleptic FeIII and FeIV Complexes of a Dianionic C3-Symmetric Scorpionate  

154 

The integration results were written in HKLF5 format.82 A multi-scan absorption correction and 
scaling was performed with TWINABS83,84 (correction range 0.66-0.75). A total of 85413 reflec-
tions was measured, 14706 reflections were unique (Rint = 0.038), 12207 reflections were observed 
[I>2(I)]. The structure was solved with Patterson superposition methods using SHELXT.85 
Structure refinement was performed with SHELXL-201886 on F2 of all reflections. Non-hydrogen 
atoms were refined freely with anisotropic displacement parameters. The diethyl ether solvent 
molecule was refined with a disorder model. All hydrogen atoms were introduced in calculated 
positions and refined with a riding model. 722 Parameters were refined with 68 restraints (dis-
tances, angles and displacement parameters in the disordered diethyl ether). R1/wR2 [I > 2(I)]: 
0.0433 / 0.1191. R1/wR2 [all refl.]: 0.0541 / 0.1275. S = 1.039. Scale factors of additional frag-
ments, BASF=0.193(4) and 0.074(3). Residual electron density between -1.41 and 1.05 e/Å3. Ge-
ometry calculations and checking for higher symmetry was performed with the PLATON pro-
gram.87 

Figure 3.21. Asymmetric unit in the crystal of [(TSMP)2GaIII]K (5a). Gallium atoms are on special 
positions, therefore only half of the coordination environment is shown. Displacement ellipsoids 
are drawn at the 30% probability level. Hydrogen atoms, potassium cation and solvent molecules 
are omitted for clarity. Symmetry code i: 1-x, 1-y, -z. Selected bond distances (Å) and angles (o): 
N31-Ga1 2.0470(18), N11-Ga1 2.075(2), N21-Ga1 2.0845(19), N31-Ga1-N11 89.11(7), N31-Ga1-
N21 88.93(7), N21-Ga1-N11 89.17(8); Ga2-N22 2.0783(18), Ga2-N32 2.0636(19), Ga2-N12 
2.0691(19), N12-Ga2-N22 89.89(7), N12-Ga2-N32 88.78(8), N32-Ga2-N22 88.69(7). 
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Figure 3.22. Coordination polymer in the [0,1,-1] direction in the crystal structure of 
[(TSMP)2GaIII]K (5a). Displacement ellipsoids are drawn at the 30% probability level. Hydrogen 
atoms and non-coordinated acetonitrile and diethyl ether molecules are omitted for clarity. Sym-
metry codes i: 1-x, -y, 1-z; ii: 1-x, 1-y, -z. 

 

3.8.4 Computational details 

All calculations were performed using ORCA 4.2.89,90 The absence of imaginary frequencies was 
confirmed for all structures. Ground-state electronic structure calculations and Mössbauer param-
eter predictions were performed at the B3LYP-D3BJ/def2-TZVP (CP(PPP) for Fe) level of theory 
using a geometry optimized at the BP86-D3BJ/def2-TZVP level. The BP86 functional generally 
provides accurate geometries at affordable computational cost, and no relevant discrepancy with 
the crystallographic geometry was observed. The hybrid B3LYP functional generally reproduces 
Mössbauer parameters well with appropriate calibration.65 Hyperfine coupling constants were cal-
culated using B3LYP, TPSSH and PBE0 functionals with D3BJ dispersion correction and def2-
TZVPP basis set. The respective geometries were optimized with the same functionals (PBE was 
used instead of PBE0 to save computational time), same dispersion correction and def2-TZVP 
basis set. The hyperfine coupling constant calculated using PBE0 showed the best agreement with 
the experiment and, therefore, were chosen for further discussion. TD-DFT spectra were calculat-
ed using B3LYP, TPSSH and PBE functionals along with D3BJ dispersion correction and 6-
31G(d,p) basis set due to limitations of the computational infrastructure. TPSSH showed the best 
agreement with the experiment and, therefore, was chosen for further discussion. TD-DFT spectra 
and the corresponding Natural Transition Orbitals (NTOs) were calculated for the first 50 excita-
tions. 

For XAS spectroscopy, the ligand field multiplet calculations have been performed with the 
CTM4XAS software.61 The Fe(III) calculation used a 3d5 ground state with atomic parameters for 
the electron-electron interactions and the 2p and 3d spin-orbit coupling. The ligand field parame-
ter 10Dq was set equal to 3.0 eV, which makes the high-spin S = 5/2 and low-spin S = 1/2 states 
almost degenerate. The spectra of the S = 5/2 and S = 1/2 states have been calculated and added as 



Homoleptic FeIII and FeIV Complexes of a Dianionic C3-Symmetric Scorpionate  

156 

described in the text. The Fe(IV) spectrum has been calculated using DFT-derived ordering of the 
3d orbitals, which relates to a 10Dq value of 4.0 eV and a Ds value of 1.0 eV. 
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Chapter 4 
Strain-Modulated Reactivity: an Acidic Silanea 

Abstract 

Compounds of main-group elements such as silicon are attractive candidates for green and 
inexpensive catalysts. For them to compete with state-of-the-art transition metal complexes, 
new reactivity modes must be unlocked and controlled, which can be achieved through 
strain. Using a tris(2-skatyl)methylphosphonium ([TSMPH3]+) scaffold, we prepared the 
strained cationic silane [TSMPSiH]+. In stark contrast with the generally hydridic Si–H 
bond character, it is acidic with an experimental pKa

DMSO within 4.7-8.1, lower than in 
phenol, benzoic acid and the few hydrosilanes with reported pKa’s. We show that ring strain 
significantly contributes to this unusual acidity along with inductive and electrostatic effects. 
The conjugate base, TSMPSi, activates a THF molecule in the presence of CH-acids to 
generate a highly fluxional alkoxysilane via trace amounts of [TSMPSiH]+ functioning as a 
strain-release Lewis acid. This reaction involves a formal oxidation state change from Si(II) 
to Si(IV), presenting intriguing similarities with transition metal-mediated processes. 

a This chapter is based on: Tretiakov, S.; Witteman, L.; Lutz, M.; Moret, M. Strain-Modulated 
Reactivity: An Acidic Silane. Angew. Chemie Int. Ed. 2021, 60 (17), 9618–9626. DOI: 
10.1002/anie.202015960. 
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4.1 Introduction 

The main-group elements, sometimes also named s- and p-block elements, are a 
diverse part of the periodic table. They are the most prevalent components of the 
Earth’s crust and have enormous economic, industrial and environmental 
significance. Despite all that, their catalytic applications are still scarce compared to 
those of transition metals,1–12 although strategies aiming to bridge this gap have 
recently emerged. In particular, incorporating a main-group element into a strained 
ring system can unlock unusual reactivity. For example, forcing non-trigonal 
geometries at a phosphorus(III) center can give it an electrophilic character in 
addition to the natural nucleophilicity arising from the lone pair.13 Such biphilic 
compounds have been shown to engage in unusual bond activation pathways such 
as (reversible) oxidative addition of E–H bonds (E=OR, NR2, Ru). A prominent 
example of this is the catalytic reduction of azobenzene facilitated by a T-shaped 
P(III) compound A (Scheme 4.1).14

Scheme 4.1. Catalytic reduction of azobenzene.14  

Both Lewis15 and Brønsted16,17 acid-base properties can also be manipulated using 
strain. In particular, Denmark’s “strain-release Lewis acidity”15 is based on the fact 
that the angle strain is partially relieved upon binding of a nucleophile (Figure 4.1A). 
It has been most extensively studied for silicon18–22 resulting in a number of highly-
enantioselective synthetic protocols (most often C–C bond forming) that employ 
strained silanes as directing groups,23,24 but also extends to other elements such as 
germanium15 and aluminium.25–28

Because of the generally hydridic character of Si–H bonds, Brønsted SiH-acids are 
rare in general. Recent examples by Krempner and co-workers29 and Beckmann and 
co-workers,30 shown in Figure 4.1B, mostly rely on electronic effects. In this chapter, 
we show that ring strain can significantly contribute to the acidic character of a 
Si–H bond.  

Herein, we report the silanide-silane acid-base pair TSMPSi (1)/[TSMPSiH]+ (2), 
with an unusually low solution pKa

DMSO (Figure 4.1B). It is experimentally shown to 
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Figure 4.1. A) An example of strain-release Lewis acidity for siletanes.4 B) Selected acidic silanes 
and the silane discussed in this work (acidic protons are shown in bold). Experimental pKa 
values are given as projected onto the DMSO scale.  

lie between 4.7 and 8.1, which is more acidic than phenol, benzoic acid (pKa
DMSO of 

18.031 and 11.1,32 respectively), and other silanes of which the pKa
DMSO was reported. 

We analyze the physicochemical origins of this unusual acidity in terms of inductive 
and electrostatic effects and confirm its link to ring strain. In addition, the reactivity 
of both TSMPSi (1) and [TSMPSiH]+ (2) is investigated. The increase in strain that 
generally accompanies quaternization of the silicon atom in 1, together with charge 
separation effects, render it a weaker nucleophile than typical silicon anions. 
Moreover, we provide evidence that, under the influence of strain, quaternized 1 
can transfer a methyl group thus engaging into “strain-release methyl transfer”. 
Finally, 2 shows strain-release Lewis acidity that manifests itself in the coordination 
and activation of a THF molecule towards attack by weak nucleophiles, such as 
highly-delocalized aromatic anions. The product of THF ring-opening exhibits a 
high degree of fluxionality, which is analyzed using a combination of spectroscopic 
and computational tools.  
 

4.2 Synthesis and characterization of the acid-base pair 

Zwitterionic Si(II) silanide TSMPSi (1) was isolated from the reaction of the tris-
indolide salt TSMPK2 (3)33,34 with Idipp→SiCl2 used as a Si(II) source (Scheme 4.2).35 

The corresponding cationic Si(IV) silane, [TSMPSiH]+BArF
4

- (2BARF), was 
synthesized by protonation with an equimolar amount of Brookhart’s acid 
(HBArF

4·2Et2O). Attempted protonation with HCl led to an intractable mixture of 
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insoluble products, highlighting the importance of a non-coordinating anion in this 
reaction (see Appendix C1). 

 

Scheme 4.2. Synthesis of zwitterion 1 and its protonated salt 2BARF. 

The 1H NMR spectra of TSMPSi (1) in THF-d8 and [TSMPSiH]+BArF4
- (2BARF) in 

DCM-d2 each show a single set of four aromatic signals indicating C3 symmetry that 

corresponds to a heterobicyclo[2.2.2]octane topology. The 29Si NMR spectrum of 1 
shows a doublet at –48.0 ppm with 3JSi,P=4.3 Hz, which is consistent with the DFT-
calculated values of –56.2 ppm and 7.9 Hz, respectively (see Appendix C2). Upon 

protonation of 1 into 2BARF, the 29Si NMR signal becomes a doublet of doublets at  
–46.4 ppm with 1JSi,H=318.4 Hz and 3JSi,P=8.0 Hz, consistent with a tetrahedral 
tertiary silane. The respective DFT-calculated NMR parameters, –59.0 ppm, –342.3 
and –7.5 Hz (see Appendix C2), are in a good agreement with the experiment. Even 

though the Si–H signal in 1H NMR of 2BARF is obscured by aromatic multiplets, its 
position at 7.52 ppm can be clearly determined from 1H-29Si ASAP-HMQC spectra.  

The structures of both 1 and 2BARF were determined by X-ray crystallography (Figure 
4.2) using crystals grown from benzene/n-hexane and DCM/1,4-dioxane, 

respectively. The asymmetric unit of 1 contains two independent molecules, each 
featuring a tricoordinate anionic silicon center. A sum of the N^Si^N angles close 
to 270o, namely 277.43(13)/277.51(14)o, indicates a high s-character of the anionic 
lone pair. 
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Figure 4.2. A) Molecular structure of a cationic unit of 2BARF from X-ray crystal structure 
determination. Displacement ellipsoids are drawn at 30% probability level. The BArF

4
- 

counterion and hydrogen atoms, except for Si–H, are omitted for clarity. B) Structural changes 
in the bicyclic cage before and after protonation according to X-ray crystallography. Only one 
independent molecule of TSMPSi (1) is shown. Selected bond distances and angles are given in 
Section 4.10.3. 

The structure of 2BARF features a tetrahedral Si center; the Si-bound H atom could be 
located from the difference Fourier maps. Interestingly, every cationic unit of 2BARF 
is surrounded by three 1,4-dioxane molecules a  with Si–O distances within 
2.7807(13)-3.2260(16) Å, which is shorter than the sum of van der Waals radii  
(3.62 Å),36 suggesting weak Si···O interactions. The latter are best described as 
interactions between the O-centered lone pairs and the σ-hole opposite the polar Si–
N bonds.37,38 The silane hydrogen atom shows rather short contacts to the dioxane 
oxygens, but the Si^H^O angles of 82.7(10)-92.0(10)o are unfavorable for hydrogen 
bonding. The above suggests that the silicon center has a Lewis acidic character, 
while the Si–H bond remains polarized towards the hydrogen and is hence not prone 
to engage in hydrogen bonding. 

It is worth pointing out that protonation causes marked geometrical changes around 
Si (Figure 4.2B), wherein the Si–N distances shorten from 1.840(2)-1.864(2) Å in 1 

to 1.752(1)-1.762(2) Å in 2BARF. Concomitantly, the sum of N^Si^N angles increases 
from 277.43(13)/277.51(14)o in 1 to 301.41(10)o in 2BARF, while the intracyclic 
Si^N^C angles decrease from 125.05(13)-126.36(14)o in 1 to 119.11(10)-119.32(9)o 
in 2BARF. No other bond in the molecule changes by >0.02 Å, and no flat angle 
deforms by >2.9o. In other words, structural perturbations due to proton addition 
are mostly confined to the SiN3 fragment. The observed changes are consistent with 

 
a At least one of the dioxane positions is partly occupied by n-hexane molecules (Section 4.10.3), 
which indicates rather weak Si···O interactions. 
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an increased s-character of the Si–N bonding orbitals as the Si-centered electron pair 

in 1 acquires higher p-character upon protonation, which is in line with Bent’s rule.39 

 

4.3 Experimental solution pKa determination 

Examining the solid-state structure of TSMPSi (1) as well as κ3 complexes of Fe(II), 
Ni(II) and Cu(I) with the TMSP scaffold,40 it becomes apparent that the latter favors 
N^E^N angles that are close to 90o. Hence, the N^Si^N angles of about 100o in 
[TSMPSiH]+ (2) are expected to generate strain within the cage structure. In 
addition, the 1JSi,H coupling constant in 2BARF (318.4 Hz) is significantly larger than 
that in the electronically similar yet unstrained tris-N-pyrrolylsilane (284.5 Hz).41 
Similar increased 1JC,H coupling constants in strained hydrocarbons17 have been 
correlated to a high acidity of the corresponding C–H bonds. These considerations, 
combined with the overall positive charge of [TSMPSiH]+ (2), led us to anticipate 
its high SiH-acidity. 

To test this, we undertook experimental pKa measurements. Of the several existing 
ways to measure pKa in non-aqueous media,42 we chose a bracketing approach: the 

basic form 1 was dissolved together with acids of known pKa, and proton transfer 

was monitored using NMR. CH-acidic fluorenes 4 and 5 as well as 2,6-lutidinium-

BArF
4 salt 6 were used as reference acids (Figure 4.3). Fluorenes have previously been 

used to measure the acidity of silanes,29,43 and their conjugate bases are strongly 
delocalized anions which are not expected to coordinate to the protonated silicon 
center. 2,6-Lutidine is also unlikely to coordinate due to steric bulk. Because of the 
intrinsically low kinetic acidity of most CH-acids, we chose dioxane-d8 as a solvent, 
reasoning that a hydrogen bond acceptor could promote fast and efficient proton 
transfer. It was given preference over the much more common THF-d8 due to its 
lesser sensitivity to strong acids and lower susceptibility to (catalytic) ring-opening 
(see Section 4.6). To ensure that an acid-base equilibrium is reached, the 

measurements were repeated starting from 2BARF and the conjugate bases of the 
reference acids. 

 

Figure 4.3. Acids used in experimental studies.44,45 
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While the acidity of the reference acids that we used is known only in DMSO, 
cationic silane 2 cannot exist in this solvent and immediately degrades. However, 
given a linear correlation between acidities in different solvents (i.e. the relative 
acidity does not change from one solvent to another),46 one can still perform an acid-
base reaction in dioxane-d8 and project the result onto the DMSO acidity scale.a 
Even though the projected pKa does not reflect solvent-specific effects (viz. 
degradation), it allows for comparison with pKa of other acids most of which are 
only known in DMSO.46,47 

Silanide 1 is not protonated by fluoradene (4) which has a pKa
DMSO of 10.5. With the 

stronger CH-acid 5 (pKa
DMSO = 8.1), the protonation is also not observed directly. 

However, 5 undergoes base-catalysed isomerization in the presence of TSMPSi (1) 
(Scheme 4.3; see Appendix C3), suggesting comparable acidities. Additionally, the 
solution becomes pale blue, indicating the presence of a small concentration of the 
delocalized anion obtained by deprotonating 5. Finally, protonation of 1 with 2,6-
lutidinium-BArF

4 (6) in dioxane-d8 is complete with release of free 2,6-lutidine. Thus, 

one can conclude that the projected pKa of silane 2 in DMSO lies between 4.7 and 
8.1. 

 

Scheme 4.3. Tautomerization of fluorene 5.44,48 

The high acidity of cationic silane 2 is remarkable in view of the general hydridic 
character of silicon-bound hydrogen atoms. In fact, it is more acidic than phenol 
and benzoic acid (pKa

DMSO of 18.031 and 11.1,32 respectively). It is also considerably 
more acidic than the few hydrosilanes whose pKa has been measured: 
triphenylsilane (pKa

THF ≈ 35.1),49 tris(trimethylsilyl)silane (pKa
ether ≈ 29.4),43 as well 

as the cationic alkali metal-silane complexes shown in Figure 4.1B.29 In the latter 
series, the introduction of a cationic center into the molecule decreases the pKa in 

benzene by six to eleven orders of magnitude, suggesting that [TSMPSiH]+ (2) owes 

 
a There are indications that there may be separate linear correlations between pKa’s in DMSO 
and THF for cationic and neutral acids. At least, this is the case for metal hydrides.116 It is 
unclear, however, how to treat cationic acids whose conjugate bases are zwitterions. In the only 
paper that deals with experimental pKa of zwitterionic silanes,29 the values are derived under an 
assumption that there is no difference between cationic and neutral pKa correlations. For the 
sake of comparison, we derived experimental pKa of the cationic silane 2 under the same 
assumption. 
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at least a part of its acidity to the presence of a positive charge in the molecule. It is 
additionally worth mentioning that trichlorosilane,50 tris(pentafluoroethyl)silane,51 
and tris(trichlorosilyl)silane30 display acidic reactivity in solution, but no 
experimental pKa has been reported to our knowledge. 

 

4.4 Computational analysis of acidity of [TSMPSiH]+ (2) 

4.4.1 Factors contributing to the acidity 

The high acidity of cationic silane [TSMPSiH]+ (2) can be ascribed to three 
cumulative effects: the strong electron-withdrawing effect of indolyl nitrogens, ring 
strain, and the overall positive charge. The respective contributions of these effects 
can, in principle, be roughly estimated by comparing solution acidity of a series of 
silanes: SiH4, tris-N-skatylsilane (A in Figure 4.4), the neutral isoelectronic  

Si-tethered analogue of 2 (B in Figure 4.4; see also Appendix C4), and 2 itself. More 

specifically, the acidity difference between SiH4 and A would reflect the electron 
withdrawal, the difference between A and B would be reflective of strain, and the 
difference between B and 2 would give information about the influence of charge.  

 
Figure 4.4. Comparison of MP2-calculated gas-phase acidities for neutral silanes, including 
tris(trichlorosilyl)silane, HSi(SiCl3)3, from Beckmann and co-workers30 The pKa

MP2 of cationic 
silane 2 (177.7) is not shown on the scale along with neutral silanes since it cannot be directly 
compared (see text).  

Unfortunately, the solution acidities of SiH4, A and B are experimentally unknown. 
Furthermore, the lack of reference experimental data hampers the development of 
reliable procedures for calculating these. This problem can be partly circumvented 
by taking a detour via gas-phase pKa values, which can be calculated with high 
precision by modern quantum chemical methods.52 There is an empirical linear 
dependence between gas-phase and solution pKa’s within the same class of 
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acids,a,53,54 which is possible due to the fact that the free energy difference between 
an acid and a base is attenuated by differential solvation effects that are specific for 
the acid class, electric charge and solvent. Such correlations have been documented 
for phenols,55 alcohols,54,56 amines,57 thiols,57 and CH-acids.58,59  

 

 

Figure 4.5. Comparison of MP2-calculated gas-phase acidities for cationic silanes. 

In this way, the gas-phase pKa of 177.7 calculated for 2 can be compared to the gas-

phase pKa of other cationic silanes described by Krempner and co-workers (A and 

B in Figure 4.5),29 which we calculate as being 202.5 for A and 197.8 for B (see 
Appendix C5). Knowing that the pKa

DMSO values for the latter two silanes are 22.3 and 
19.8, respectively,29 and assuming a linear correlation, one arrives to a projected 
pKa

DMSO of 7.3 for 2, which falls within the experimental interval of 4.7-8.1. This 
gives us confidence in the ability of the computed gas-phase pKa’s to accurately 
reflect trends in solution for silanes as well. 

Now, comparing calculated gas-phase pKa
MP2 of SiH4 (271.6) to that of tris-N-skatyl 

silane A (241.6) shows that inductive effects reduce the pKa
MP2 by roughly 30.0 units. 

Constraining N-skatyl moieties into the cage structure B (pKa
MP2=234.5) decreases 

the sum of N^Si^N angles (N^Si^N) from 324.7o in A to 311.6o B, while reducing the 
pKa

MP2 by an additional 7.1 units, which is about one fourth of the electron 
withdrawal contribution. This trend is continued by the more constrained C-
tethered analogue C, which has not been observed experimentally, but its conjugate 

 
a Projecting gas-phase acidities onto solution is only valid within one class of acids. Otherwise, 
differences in solvation effects make such a comparison highly unreliable. To exemplify, toluene 
and water have very similar gas-phase acidities (381.1 and 372.1 kcal/mol, respectively),117 
whereas in aqueous solution the benzyl anion is a much stronger base than the hydroxyl anion. 
Additionally, solvation effects strongly depend on molecular charge and only cancel out when 
two acids of the same charge are compared. 
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base has been isolated.a,35 With a N^Si^N of 300.5o, its gas-phase pKa
MP2 equals 229.6. 

The increased acidity of B and C is also in line with a build-up of strain (9.0 and 
16.5 kcal/mol, respectively) with reference to corresponding conjugate bases as 
analyzed by a series of homodesmotic equations (see Appendix C6). In other words, 
deprotonation is accompanied by strain release, which significantly contributes to 
the acidity of B, C, and, by extension, compound 2. 

As for the influence of charge, the calculated gas-phase pKa
MP2 of 2 (177.7) is, as 

expected, much lower than that of B (234.5) due to electrostatic effects. Because of 
a difference in solvation of neutral and charged species,52 these effects are expected 
to remain significant but be strongly attenuated in solution relative to electron 
withdrawal and strain. Therefore, the influence of the positive charge on the solution 
acidity of 2 is difficult to quantify.  

To qualitatively assess the role of the positive charge in the acidity of 2, we 
performed Natural Bonding Orbital (NBO) analysis of the deprotonated form 1. It 
showed that the anionic lone pair on silicon is hosted in an orbital with predominant 
s-character (sp0.41 hybridization). The corresponding Natural Localized Molecular 
Orbital (NLMO) is composed of Si atomic orbitals by 98.1%, with only minor 
delocalization into σ*(C–N) orbitals due to hyperconjugation (Figure 4.6).  

 
 

Figure 4.6. NLMO plot of anionic lone pair in TSMPSi (1) (isocontour=0.02). Calculations were 
performed in vacuum at the B3LYP-GD3BJ/6-311++G** level of theory. 

In other words, the Lewis structure 1 used to denote the zwitterionic silanide is a 
good description of its electronic structure. Therefore, the high acidity of 2 does not 
originate from increased delocalization of the negative charge in its conjugate base 
1, and the interaction between the zwitterionic charges is almost entirely 
electrostatic. It is also fair to say that, despite 2 being a formally cationic acid, the 
influence of charge on the acidity, while significant, should not be overwhelming 
and is likely comparable to that of the electron withdrawal. This can be deduced 

 
a All attempts to generate the conjugate acid to C in Figure 4.4 following the same procedure as 
for 2BARF led to intractable mixtures of products accompanied by fluoride abstraction from BArF

4
- 

anion, as evidenced by 1H and 19F NMR spectra. 
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from the fact that, aside from more common cationic acids like oxonium ions or 
ammonium salts, deprotonation of 2 into 1 does not quench the positive charge in 
the molecule but rather affects the overall charge balance. Still, despite 1 being 
formally a neutral species, its zwitterionic character makes it more energetic than a 
truly neutral molecule, thus reducing the free energy gain upon deprotonation of 2 
and, consequently, the acidity. 
 

4.4.2 On the role of strain 

More insight into the influence of strain on the acidity of silanes A-C (Figure 4.4) 

and 2 can be obtained by decomposing the deprotonation reaction into two formal 
stages (Table 4.1).60 In the first stage, a proton is abstracted from the silane with all 

other atomic coordinates frozen. The energy of this process (ΔE1) gauges the penalty 
of charge separation in the course of heterolytic Si–H bond dissociation followed by 
electronic relaxation. In the second stage, the deprotonated silane is allowed to relax 
to the geometry of the corresponding anion, which is described by the respective 
energy difference (ΔE2). In essence, ΔE2 characterizes how strongly the geometry of 
the silane resembles that of the corresponding silanide. The larger the discrepancy 
between geometries, the more energy is gained during relaxation, leading to a more 
negative total energy balance and therefore higher acidity. It is important to note 
that upon relaxation of deprotonated B, C and 2, the N^C^X and C^X^C angles 
barely change while most of the relaxation occurs within the SiN3 fragment, which 
is analogous to the differences between the X-ray crystal structures of 2BARF and 1 
(Figure 4.2B).  

The ΔE1 energies become progressively more negative from A to C (total difference 
of –20.7 kcal/mol), which correlates with decreasing N^Si^N valence angles in the 
respective silanes. Consequently, acute angles around silicon imposed by the ligand 
destabilize the silane allowing for easier proton abstraction, and thus higher acidity. 
Because of the different molecular charge, comparing ΔE1 of cationic silane 2 with 
that of neutral silanes A-C would be meaningless.  

During the second stage, relaxation, ΔE2 energies become progressively less negative 
from A to C (total difference of +4.0 kcal/mol), which means that constraint makes 
the geometry of a silane closer to that of the corresponding anion, hence reducing 
the acidity. While there is a similarity in valence angles between 2 and its 
isoelectronic analogue B, relaxation for the former is 3.4 kcal/mol less negative. We 
connect this to the fact that the distance between positive phosphonium and negative 
silanide atoms increases upon relaxation. This should reduce electrostatic 
stabilization, hence slightly increasing ΔE2 and lowering the acidity.  
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Table 4.1. Deprotonation energy decomposition scheme at the B3LYP-GD3BJ/6-311++G** 
level of theory. ΔE reflects changes in SCF energy. 

Even though ΔE1 and ΔE2 contribute to the gas-phase acidity in an opposite way, 
changes associated with ΔE1 have larger magnitude, which leads to higher acidity 
with acuter N^Si^N angles. The progression of ΔE1 in Table 4.1 is related to subtle 
differences in electronic structure as shown by a Natural Bonding Orbital (NBO) 
analysis of the respective silanes (see Appendix C7). The composition of the Si-based 

hybrid in the Si–H NBO of tris-N-skatyl silane (A) is sp2.04d0.02. The s-character 

significantly increases in the cage compounds B (sp2.01d0.02), C (sp1.90d0.02), and in the 

cationic silane 2 (sp1.82d0.02). This translates into a subtle shift in bond polarization: 
the Si–H bond remains overall polarized towards hydrogen, as was inferred from 
the interaction of 2 with dioxane in the solid state (vide supra), but the Si contribution 

to the Si–H bonding NBO increases from 41.3% in A to 41.8% in B, 42.5% in C, 

and 43.5% in 2. This relative shift reduces ΔE1 and makes strained silanes more 
electronically similar to their respective anions with the silicon lone pair in the latter 
ranging in hybridization from sp0.47 in B to sp0.41 in TSMPSi (1). Overall, this makes 
heterolytic Si–H bond dissociation in strained silanes more favorable than in 
unstrained ones.  

In simpler terms, there is a difference between the static properties of a molecule and 
its reactivity. While the silicon-bound hydrogen has a hydridic character, to estimate 
the acidity, one has to consider the relative stability of both the acid and the 
conjugate base, and not only the charge distribution in the acid. As shown above, 
deprotonation is accompanied by substantial electronic and structural changes that 
stabilize the anion, resulting in the acidity of the Si–H bond. In general, the lesser 
are the electronic changes and the more the acid resembles its conjugate base, the 
higher the acidity. In this respect, the Si–H bond in 2 is polarized towards hydrogen, 
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but less so than those of the other discussed silanes. This makes 2 more electronically 
similar to its deprotonated form 1 than other silanes are to their respective anions, 
which yields the lower pKa of 2.  

4.5 Reactivity of the zwitterionic silanide TSMPSi (1) 

The high acidity of [TSMPSiH]+ (2) suggests that the stabilized Si anion in TSMPSi 
(1) should behave as a relatively weak nucleophile, which was assessed by a series
of reactions (Scheme 4.4). Treatment with FeBr2 in THF afforded the insoluble stable

complex (TSMPSi)FeBr2(THF) (7), which was identified crystallographically. This
reaction is likely solubility-driven, since no complexation was observed with
Fe(OTf)2 and Fe(acac)2, suggesting only a weak interaction with the Fe(II) centers.
Reaction of 1 with Fe2(CO)9 afforded (TSMPSi)Fe(CO)4 (8) as a stable complex,
suggesting that the softer (in the HSAB sense) Fe(CO)4 fragment is a better match
for the soft Si– center in 1.a Finally, reaction of 1 with 1 equiv. of MeOTf resulted in
methylation at silicon to form the cationic cage compound [TSMPSiMe]+OTf– (9).
Quaternization of the silicon atom is evidenced by a change of the 29Si NMR
chemical shift from –48.0 ppm in 1 to 34.4 and –22.5 ppm in 8 and 9, respectively.

Additionally, the 29Si NMR signal in 9 shows as a pentet (JSi,HJSi,P=8.1 Hz)

consistent with the assigned structure.

The relatively low donicity of the silicon center in TSMPSi (1) is also apparent from 
analysis of the CO-stretching frequencies of its complexes with metal carbonyls (see 
Appendix C9), which places 1 in the vicinity of silylenes and P(NMe2)3 rather than 
other silicon anions. An obvious explanation for this is the presence of a positive 
charge in the molecule, which electrostatically stabilizes the negative charge on 
silicon rendering it less available for bonding. The second factor that contributes to 
weak nucleophilicity is a build-up of strain that occurs upon quaternization. The 
strain penalty can be separated from electrostatic effects and approximated by 
analyzing a series of homodesmotic equations involving a Si-tethered analogue of 1 
(see Appendix C6). There, complexation with an FeBr2(THF) center leads to a 
4.5 kcal/mol increase in strain, whereas methylation and protonation provide 8.3 
and 9.0 kcal/mol of an increase, respectively, confirming a likely contribution of 
ring strain to the weakened nucleophilicity of 1. 

a  Considering the potential of TSMPSi (1) as a ligand for transition metal centers, we 
characterized its steric properties both in terms of Tolman cone angle118 and percent buried 
volume (%Vbur).119 Tolman cone angle for 1 derived from DFT-optimized geometries of 
LNi(CO)3 complexes is 200.1o, which is close to that of tris(o-tolyl)phosphine, 194±6o.120 The 
calculations based on %Vbur agree with this conclusion (see Appendix C8 for more detail).  
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Scheme 4.4. Reactivity of zwitterionic TSMPSi (1). 

The isolated zwitterion 1 is kinetically stable in solution despite the presence of a 
nucleophilic Si– site and an electrophilic P+–Me unit in the same molecule. For 
reference, the charge-neutral isomer iso-TSMPSi (10 in Scheme 4.4; >98% by 1H 

NMR) could be quantitatively prepared by stirring zwitterion TSMPSi (1) with 0.25 
equiv. of potassium graphite in benzene. Whereas the reaction mechanism is 
unclear in this case, this method was used to prepare clean samples of 10 for full 

characterization. Interestingly, exposing 1 to a catalytic amount (0.1 equiv.) of 
MeOTf also resulted in nearly complete isomerization of 1 to iso-TSMPSi (10). This 
suggests that the cation [TSMPSiMe]+ in 9 is subject to nucleophilic attack at the 
phosphonium methyl group by a molecule of 1, forming 10 and generating a new 
molecule of [TSMPSiMe]+. The enhanced electrophilicity of the P-bound methyl 
group in [TSMPSiMe]+ likely originates from a combination of its overall positive 
charge and increased ring strain. As a matter of fact, isomerization also occurs in 
the presence of 0.25 equiv. of HBArF

4·2Et2O and CH-acids (vide infra) to form 2BARF 
in situ. This leads one to conclude that this process is catalytic in nature and is linked 

to partial quaternization of anionic silicon in zwitterion 1 (Scheme 4.5). The loss of 

the P-bound methyl group from either [TSMPSiH]+ (2) or [TSMPSiMe]+ (9) reduces 
the strain of the cage structure, which, along with charge cancellation, provides an 
additional driving force for this “strain-release methyl transfer” reaction. 
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Initiation: 

Catalysis: 

Scheme 4.5. Suggested mechanism for isomerization of TSMPSi (1). The path of an individual 
molecule, 1→A→10, is coded in colour. 

4.6 Reactivity of the cationic silane [TSMPSiH]+ (2) 

Interestingly, recording NMR spectra of [TSMPSiH]+BArF4
- (2BARF) in THF-d8 

instead of DCM-d2 results in dramatic changes in the 29Si signal. The doublet of 
doublets shifts to –91.0 ppm (vs. –46.4 ppm in DCM-d2) with 1JSi,H=368.4 Hz (vs. 
318.4 Hz) and 3JSi,P=6.7 Hz (vs. 8.0 Hz). We propose that this is due to coordination 

of a THF molecule resulting in a pentacoordinate silicon center (2·THF in Scheme 

4.6). NMR parameters calculated for 2·THF using DFT reproduce the experiment 
reasonably well, being –104.9 ppm, –392.7 and –7.3 Hz respectively (see Appendix 
C2). Importantly, the 31P NMR signal of 2BARF only shifts from –7.6 ppm in DCM-d2 
to –7.0 ppm in THF-d8, ruling out THF interaction with the phosphonium center. 

Another point of note is that 1H and 13C spectra of 2BARF in THF-d8 remain in line 
with C3 symmetry, in contrast with the expected breaking of symmetry upon 
coordination of THF. This suggests a fluxional process such as Berry-like 
pseudorotation or reversible dissociation. 
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Scheme 4.6. THF ring-opening with fluoradene (4). The suggested reaction mechanism is shown 
with dashed arrows. 

Figure 4.7. 1H NMR (400 MHz) spectrum of the reaction between TSMPSi (1), fluoradene (4) 
and THF-h8, recorded in THF-d8 at 25 oC. Even though 11a is in thermal equilibrium with the 
cage-opening product 11b, only the structure of 11a is shown for simplicity. 
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THF coordination to silicon in [TSMPSiH]+ (2) is key to the observed reactivity of 
TSMPSi (1) with the CH-acidic fluoradene (4, pKa

DMSO=10.5) in THF-h8 (Scheme 4.6). 

Next to a moderate amount of the isomerization product iso-TSMPSi (10; vide supra), 
the main product was spectroscopically identified as the THF ring-opening product 
11a, which exists in a dynamic equilibrium with the open form 11b. 1H NMR spectra 
of the mixture (11a/b) in THF-d8 at 25 oC (Figure 4.7) display a number of broadened 
peaks corresponding to protons of the Si–H, methyl phosphonium, and aromatic 
groups as well as four methylene signals between 0.75 and 3.25 ppm. The latter 
disappear if the reaction is conducted in THF-d8 instead of THF-h8, which indicates 
that they belong to a –(CH2)4– fragment from a THF ring-opening reaction. Moreover, 
1H COSY spectrum shows that they form an isolated spin system (Figure 4.8), while 
the NOE spectra (Figure 4.9) indicate that the termini of the –(CH2)4– fragment are 
located in spatial proximity to one aromatic doublet each, with the oxygen-bound 
terminus also being close to a Si–H proton. Interestingly, a correlation is also observed 
with an aromatic methyl group, CH3

G, which cannot happen for the closed structure 
11a due to a large distance between the resonating protons. It can only be the case if 
one of indolyl arms dissociates from silicon and engages into free rotation around  
C–P bond, giving an open form 11b. The occurrence of this dynamic process is also 
consistent with observed line-broadening in the 1H NMR spectrum (Figure 4.7). On a 
related note, despite breaking of equivalence of the aromatic methyl groups, they still 
show as one signal in the 1H spectrum. This apparent contradiction can be resolved if 
there is an additional dynamic process in 11a that exchanges these positions (vide infra).  

The formation of 11a/b can be explained by the generation of a small amount of the 
Si(IV) cation [TMSPSiH]+ (2) as the fluoradenide salt 2Fl in an acid/base equilibrium 

with Si(II) compound TSMPSi (1) and 4. The cation then acts as a strain-release 
Lewis acid for THF, generating the complex 2·THF characterized above (Scheme 4.6), 
which undergoes ring opening upon nucleophilic attack by the deprotonated 
fluoradene (4). These last steps can also be interpreted as the activation of THF by the 
transient frustrated Lewis pair 2Fl.61 Interestingly, products similar to 11a/b form with 
other tested fluorenes of pKa

DMSO within 8.1-11.6 (Appendix C10), while less acidic 

fluorenes exclusively lead to isomerisation into iso-TSMPSi (10). This can be 
understood from the fact that stronger acids will generate higher equilibrium 
concentration of the fluorenide anion, thus opening a kinetic pathway for the THF 
ring opening. This reaction sequence involves the insertion of both the Si center and 
a neutral molecule (THF) into a C–H bond coupled with a formal oxidation state 
change from Si(II) in TSMPSi (1) to Si(IV) in [TMSPSiH]+ (2), which presents 
intriguing similarities with transition metal-mediated processes. In the overall 
reaction, the silicon center sequentially acts as a nucleophile (base) and an electrophile 
(Lewis acid), demonstrating biphilic character that can be traced back to ring strain in 
[TSMPSiH]+ (2).  
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Figure 4.8. 1H gCOSY spectrum (400 MHz) of the reaction between TSMPSi (1), fluoradene (4) 
and THF-h8, recorded in THF-d8 at 25 oC. Even though 11a is in thermal equilibrium with the 
cage-opening product 11b, only the structure of 11a is shown for simplicity. 

 

Figure 4.9. Left panel: 1H NMR (400 MHz) and 1D NOE spectra of the reaction between TSMPSi 
(1), fluoradene (4) and THF-h8, recorded in THF-d8 at 25 oC. Assignments are shown only for 
the solvent and THF ring-opening product 11a/b. Yellow rectangles show saturation windows. 
Right panel: NOE correlations mapped on the structural formulae of isomeric forms. 
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4.7 Fluxionality of the THF ring-opening product 11a/b 

As discussed in the previous section, the NOE spectra (Figure 4.9) show that the 

closed and open forms 11a and 11b, respectively, exist in a dynamic equilibrium. 
Furthermore, as mentioned above, there appears to be another dynamic process that 
equalizes the axial and equatorial indolide arms in 11a so that they are 
indistinguishable in the 1H NMR spectra. This intriguing flexibility of the TSMP 
scaffold invites further investigation, which we conduct by means of a combination 
of variable-temperature NMR and computational studies below. 
 

4.7.1 Cage opening 

The THF ring-opening product 11a/b displays rich dynamic behavior in solution, 
which could be further elucidated by using variable-temperature 1H and 31P NMR 
spectroscopy (Figure 4.10). Both nuclei show notable and simultaneous changes with 
temperature. More specifically, at 60 oC, all peaks assigned to the THF ring-opening 
product 11a/b are sharp. As temperature decreases, these peaks move around and 
broaden, almost coalescing with the baseline between 0 and –20 oC. At lower 
temperature, they reappear (albeit broadened) at different chemical shifts which 
barely change between –60 and –89 oC.  

This behaviour is diagnostic of a dynamic equilibrium between two chemical 
entities in solution, which is consistent with the NOE spectra in Figure 4.9. The fact 
that, in 31P NMR spectra, there is only one quaternary phosphonium peak visible 

per measurement implies that equilibrium between the two forms 11a/b is fast, and 
the observable chemical shift is a population-weighted average of the shifts of two 
individual forms. In this case, it is possible to regressively find thermodynamic 
parameters of the interconversion via temperature-dependent equilibrium constant 
using Eq. 4.1 (see Appendix C11). 

𝛿
𝛿 𝛿  exp ∆ 𝑆

𝑅
∆ 𝐻
𝑅𝑇

1 exp ∆ 𝑆
𝑅

∆ 𝐻
𝑅𝑇

 , 

 

Eq. 4.1 

where δA and δB are the 31P shifts of pure 11a and 11b, respectively; rH and rS are 
enthalpy and entropy of the interconversion; T is temperature, R is a universal gas 
constant. 
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Figure 4.10. Variable-temperature 1H (400 MHz) and 31P (162 MHz) NMR spectra of the reaction 

between TSMPSi (1), fluoradene (5) and THF-h8, measured in THF-d8. All labeled peaks belong 

to ring-opening product 11a/b. In 31P spectra, the signal of isomer iso-TSMPSi (10) at ca. –125 
ppm is not shown.  

A regressive thermodynamic analysis shows that the transition starts above –60 oC 

and is 78.5% complete at 25 oC with rH = 10.4 kcal/mol and rS = 37.5 cal·mol-1·K-1 
(see Appendix C11). These thermodynamic parameters are consistent with a ring-

opening equilibrium between 11a and 11b involving breaking of a Si–N bond 
(Scheme 4.6). Confirming this interpretation, the 29Si NMR signal of 11a, –120.2 ppm 
at –89 oC indicative of a penta- or hexacoordinate silane,62 shifts to –74.9 ppm at 25 oC 
(Figure 4.11). Unfortunately, no 29Si resonance was observed at a higher temperature 
(60 oC), likely due to reduced signal intensity because of the smaller population 
difference between nuclear magnetic energy levels. However, with consideration of 
the 78.5% complete transition at 25 oC, one can arrive to an extrapolated value of –
62.5 ppm for pure 11b, which is typical for tetrahedral silanes.62  

As for 1JSi,H spin-spin coupling constants, both the 1H (Figure 4.10) and 29Si spectra 

(Figure 4.11) of 11a at –89 oC show the Si–H peaks that are too broad for the coupling 

effects to be detected. However, the 1JSi,H coupling constant for 11b was extracted by 
superimposing 1H{13C} and 1H{29Si} spectra at 60 oC (Figure 4.12), which gave 310.1 
Hz. 



Strain-Modulated Reactivity: an Acidic Silane   

184 

 

Figure 4.11. Variable-temperature 29Si NMR (79.5 MHz) spectra of the reaction between 
TSMPSi (1), fluoradene (4) and THF-h8, recorded in THF-d8. 

 

 

Figure 4.12. 1H{13C} NMR (400 MHz) spectrum of the reaction between TSMPSi (1), fluoradene 
(4) and THF-h8, recorded in THF-d8 at 60 oC. An insert in the upper-left corner shows an overlay 
of 1H{13C} (grey) and 1H{29Si} (maroon) spectra, thus allowing to identify 1JSi,H. 

In order to reinforce our assignments of temperature-dependent speciation in 
solution, we calculated 29Si NMR chemical shifts and 1JSi,H coupling constants for 
possible geometries on silicon using truncated molecular models (Table 4.2). The 
fluoradene moiety and four methylenes were reduced to a methyl group as it was 
not expected to significantly influence the values of interest and greatly reduced com- 
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Table 4.2. Comparison of calculated and experimental assigned chemical shifts (δ) and spin-spin 
coupling constants (J) for different geometries on silicon. Experimental spin-spin coupling 
constant 1JSi,H is given as an absolute value. Geometry optimizations were performed in vacuum 
at B3LYP-GD3BJ/6-311++G** level of theory, while the NMR parameters were calculated in 
THF (PCM solvation) using B3LYP-GD3BJ/IGLO-III for C, H, P, Si, O atoms and 6-
311++G** for Fe atoms. 

 

Geometry on 
silicon 

NMR parameters 

R = Me 
(calculated, truncated model) 

 
(experimental, assigned) 

A: Trigonal 
bipyramidal  
(closed form) 

δ(29Si) = –124.9 ppm 
1JSi,H = –372.0 Hz 

 
 
 
 
 
 
 
 
 
 
 
 

11a: 
 
 
 
 

δ(29Si) = –120.2 ppma 

B: Tetrahedral  
(open form) 

(values for E/Z geometry) 
δ(29Si) = –56.9/–57.5 ppm 
1JSi,H = –309.1/–333.2 Hz 

 
 
 
 
 
 
 
 

11b: δ(29Si) = –62.5 ppmb 
1JSi,H = 310.1 Hz 

C: Octahedral 
(closed form·THF) 

δ(29Si) = –171.33 ppm 
1JSi,H = –357.8 Hz 

- 

D: Trigonal 
bipyramidal  
(open form·THF) 

(values for E/Z geometry) 
δ(29Si) = –62.5/–57.8 ppm 
1JSi,H = –349.0/–358.7 Hz 

- 

putational time. Optimization of pentacoordinate geometries for 11a always led to 
a minimum with an alkoxy group in an axial position of a trigonal bipyramid due 
to the high apicophilicity of oxygen.  

As can be seen, the observed 29Si chemical shift for 11a corresponds well to the 
calculated value for the closed trigonal bipyramidal geometry A. The situation with 
11b is somewhat more complicated: while the observed 1JSi,H coupling constant is 
consistent with the calculated value for the tetrahedral open form B, 29Si chemical 

 
a The signal is too broad for any 1JSi,H-coupling to be observed. 
b Extrapolated (see explanation in the text). 



Strain-Modulated Reactivity: an Acidic Silane   

186 

shifts do not allow to formally exclude the trigonal bipyramidal THF-coordinated 
open form D. Yet, the reaction entropy for a hypothetical transition from A into D 
would be less than zero due to an overwhelming negative contribution of THF 
coordination. This contradicts the experimental rS of 37.5 cal/(mol∙K) based on 
variable-temperature 31P NMR chemical shifts (vide supra). Therefore, we assign the 
species observed in solution to geometries A and B. 

 
4.7.2 Positional exchange 

An NOE correlation between the oxygen-bound methylene and the aromatic methyl 
groups (Figure 4.9) indicates that 11b at least partially exists as the Z-stereoisomer 
with the free indolide and the alkoxy substituent on the same side of the central six-
membered ring (11b-Z in Figure 4.13). Only in this case can the methylene and the 
methyl groups approach one another by 3.3Å sufficient for NOE, as shown by our 
DFT calculations. Otherwise, for any energetically-affordable rotamer of the E-form 

(11b-E in Figure 4.13), this distance is larger than 5Å, which is a general NOE cut-
off. This situation may appear surprising at first sight, considering that the ring-
opening should proceed from the lowest-energy configuration of 11a, which, 
according to DFT, has a trigonal bipyramidal silicon center with an axial alkoxy 
group. There, dissociation of the most labile apical Si–N bond should lead to the 
11b-E isomer. Consequently, 11b-Z likely forms via another mechanism that 

involves a certain degree of geometric fluxionality around silicon in 11a, sampling 
geometries leading to 11b-Z upon reversible dissociation. Supporting the presence 

of an additional dynamic process in the system, 1H spectra of 11a/b (Figure 4.7) 

show only one aromatic methyl signal, whereas both the closed (11a) and the open 
(11b) isomers should display two signals in a ratio of 2:1 as a result of breaking of 
the C3 symmetry.  

 

Figure 4.13. Discussed open configurations 11b-Z and E.  
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Figure 4.14. Computational analysis of positional exchange in a truncated model of 11a (Heq1 
in the scheme) in a vacuum at the B3LYP-GD3BJ/6-31+G* level of theory. Top panel: two 
different representations of the positional exchange; pivots for Berry-type deformations65 are 
labelled in blue; TBP = trigonal bipyramid, SP = square pyramid. Bottom-left panel: structural 
formula of the truncated model. Bottom-right panel: potential energy as a function of N1^Si^OMe 
in the course of the stereomutation.  

In order to explore the possibility of a positional exchange around the silicon atom, 
we undertook a relaxed potential energy surface (PES) scan in a truncated model of 
11a (A in Figure 4.14; ΔESCF taken as 0.0 kcal/mol for a reference), which avoids 
complications associated with local conformational energy minima of the 
tetramethylene chain. During the scan, the N1^Si^OMe angle was gradually varied 
from 165.9o to 88.2o with all other coordinates optimized at each point. The resulting 
cyclic interchange of one axial and two equatorial nitrogen atoms gave the 
degenerate structure C. Due to its complexity, this transformation can be 
represented in two different ways (Figure 4.14). Most obviously, it can be viewed as 
a threefold cyclic permutation – one of the five possible general permutation types 
derived by Muetterties63,64 based on topological analysis (type 4 stereomutation in 
his own classification, or M2 stereomutation according to Lammertsma and co-
workers65). Alternatively, it can be represented as two consecutive Berry-type 
deformations,65 each having its own pivot (a substituent that does not move in the 
course of permutation). In the course of this permutation, the potential energy curve 
exhibits two maxima. A smaller maximum (92.9o, 0.2 kcal/mol) labelled with an 
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asterisk is likely an artifact of the PES algorithm.a Point B (130.6o, 1.0 kcal/mol) 
corresponds to an apicophilic methoxy group in an equatorial position and can be 
regarded as an approximation of a transition state for the cyclic interchange. 
Optimization of the said transitions state using the Berny algorithm (‘opt=ts’ option 
in the Gaussian 16 program66) gives ΔESCF of 1.0 kcal/mol and ΔG‡ of 2.2 kcal/mol, 
which is an extremely low barrier. Overall, this analysis shows that the TSMP ligand 
scaffold is flexible enough to allow for low-energy positional exchange on silicon. 
Unfortunately, we were not able to connect the optimized transition state with the 
degenerate minimal geometries A and C using the intrinsic reaction coordinate 
(IRC).67 This is presumably due to the overall flatness of the potential energy 
hypersurface and, thus, the IRC algorithm failing to find a gradient.  

Still, the above analysis does not ascertain the origins of 11b-Z as the only geometry 

that could lead to its formation is B, which is also a transition state and therefore is 
not capable of such dissociation. This situation may indicate the presence of a 
bifurcation on the potential energy surface,68,69 which was explored by a two-
dimensional potential energy surface scan. In order to save computational time, the 
system was further truncated by replacing the 3-methylindole rings with pyrroles 
(Scheme 4.7). One-dimensional angular scan (Figure 4.15, bottom panel) reveals a 
similar shape as in Figure 4.14 before truncation, thereby confirming our assumption 
that truncation does not dramatically affect the dynamic properties of the system. 

The two-dimensional scan (Figure 4.15, top panel) was built on top of the one-
dimensional one, where, for every angle, the distance between the silicon atom and 
the N3 nitrogen atom, dissociation of which leads to the Z-isomer, was incrementally 
increased. The scan reveals several stationary points that correspond to either 
minimum energy geometries (Heq1, Heq2 and Z-form) or transition states (TS1 and 

TS2). These were optimized separately, and their energies are given in Scheme 4.7.  

Making use of the principle of microscopic reversibility and changing the 
perspective, let us now consider the reverse reaction – closure of the Z-form. It 

appears that the corresponding TS2 is directly followed by TS1 with no energy 
minimum in-between. Such a disposition is known68,69 to give rise to a post-
transition-state bifurcation where a reaction path splits into two branches leading to 
the alternative products, Heq1 and Heq2 in this case. The branching occurs at the 
valley-ridge inflection point (VRI) where the PES valley changes into a dynamically-
unstable ridge.70 This reaction type cannot be described as stepwise or concerted and 
is instead referred to as a two-step-no-intermediate mechanism.71  

 
a Note on the relaxed PES scans: the scanning algorithm in the Gaussian 16 is not a full pointwise 
optimization of the potential energy surface, but it gives a feeling where maxima may exist. 
Various discontinuities observed during the relaxed scans are known artifacts and may arise 
from sudden reorientations of atomic groups in the course of optimization. 
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Scheme 4.7. Interpretation of the points and paths in relaxed PES scans in Figure 4.15 in terms of 
molecular geometry at B3LYP-GD3BJ/6-31+G* level of theory in vacuum. Where applicable, 
symmetry point group and ΔG are indicated in parenthesis.   
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Figure 4.15. Two- (top plot) and one-dimensional (bottom plot) relaxed PES scans at the 
B3LYP-GD3BJ/6-31+G* level of theory in vacuum. Stationary points as well as the 
hypothetical VRI region are indicated explicitly. Reaction paths are shown in white. Solid line 
was used for the paths derived by the IRC with the separate IRC steps marked along. Dashed 
line was used for the hypothetical paths. In the two-dimensional PES scan, contour lines are 
shown for every 5.68 kcal/mol increment, except for the lowest ten, which are shown for every 
0.568 kcal/mol.  
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Figure 4.16. IRC path that connects Z-form and Heq2 via TS2. Geometry optimization at the 
end of each branch leads directly to the respective forms. Level of theory: 
B3LYP-GD3BJ/6-31+G*. 

In order to confirm the connection between the transition states and the 
corresponding PES minima, as well as to visualize the reaction path, we resorted to 
IRC (intrinsic reaction coordinate) calculations.67 We could not connect Heq1 and 
Heq2 via TS1. Presumably, due to the flatness of PES between these points, and, 
therefore, the IRC algorithm failing to find a gradient. While we were able to easily 
find a path between TS2 and Z-form, an IRC calculation from TS2 led to Heq2 only 
(Figure 4.16). It is not surprising since, mathematically, the IRC path is a unique 
solution of an autonomous system of differential equations and, therefore, no 
branching can occur before reaching the next stationary point.72,73 Oftentimes, in 
such situations, IRC simply connects TS1 and TS2 giving a dynamically unstable 
reaction path.69 This is not the case for our system because of another fundamental 
property of IRC: while on the intrinsic reaction path, a molecular system can never 
loose symmetry. Whereas TS2 and Heq2 are asymmetric (C1 group), TS1 possesses 
a mirror plane (Cs group), therefore, the path connects the former two. Precisely 
locating the point where the branching towards Heq1 occurs, i.e. VRI, is a 
challenging problem:68,69 the position of a valley-ridge inflection point, in general, 
depends on the chosen coordinate system.74 For the purpose of our discussion, the 
exact location of VRI plays a minor role, therefore we did not expend effort for 
finding it. Instead, we make an educated guess about the region where it should 
occur based on the shape of the PES. As mentioned above, a VRI appears when two 
transition states follow one another with no energy minima in-between. Along the 
reaction path from TS2 to TS1, the curvature of the PES changes from negative to 
positive. Since TS2 is much more energetic than TS1 (ΔESCF of 14.8 vs. 1.0 kcal/mol), 
the contribution of its curvature along the path is also larger, shifting the inflection 
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point (VRI) closer to TS1. Indeed, a visual inspection of the two-dimensional PES 
scan in Figure 4.15 reveals a flat region next to TS1. This is where the intrinsic 

reaction path between TS2 and Heq2 should split off towards Heq1. Hence, we draw 
an approximate subpath that connects the VRI region and Heq1. 

Now, let us look at interpretation of the points and paths on PES in terms of 
molecular geometry (Scheme 4.7). With decreasing the N1^Si^OMe angle, roughly 

trigonal bipyramidal Heq1 (ΔG of 0.0 kcal/mol taken as a reference) can undergo a 

three-fold cyclic permutation. The same in reverse applies for Heq2. The transition 
state for this process is very low-lying (TS1; ΔG‡ of 2.2 kcal/mol). However, shortly 
before reaching TS1, the system can take another path where the Si-N3 bond starts 
dissociating. At the initial stages of this process, the molecular geometry closely 
resembles that of TS1. Whether the reaction path starts at Heq1 or Heq2, it anyway 
ends up at VRI, which is the point of convergence of the two branches. There, the 
molecular system has a rough mirror symmetry with the O–Si–H, N3 and P atoms 
approximately in the same plane. From there, via further elongation of the Si-N3 

bond, the system proceeds to the asymmetric TS2 (ΔG‡ of 12.8 kcal/mol) and to the 
final product, Z-form (ΔG of 3.1 kcal/mol). For comparison, a transition barrier 

from Heq1 to an E-form (not shown in Scheme 4.7) has ΔG‡ of 9.6 kcal/mol,a 

whereas the form itself has ΔG of 4.5 kcal/mol. Overall, this implies that both 
geometric isomers of the open form are thermally accessible at room temperature. 
Projecting these conclusions onto the experimental system can explain our 
observations.  

To conclude the study of fluxionality in compound 11, while the NOE spectra 
(Figure 4.9) indicate the presence of 11b-Z, the comparable free energy of the isomer 

11b-E and low computed barriers for interconversion of the truncated model suggest 

that both stereoisomers likely coexist with 11a in a thermal equilibrium. 
Interestingly, the formation of 11b-Z from the closed form 11a proceeds via an 
unusual “two step no intermediate” mechanism consisting of a Berry-like 
stereomutation followed by Si–N bond dissociation. These observations 
demonstrate that, besides its ability to support facile interconversion of Si(II) and 
Si(IV) species, the strained TSMP platform confers much conformational flexibility 
to the latter, as it allows virtually all thermodynamically accessible 4-coordinate and 
5-coordinate geometries to be sampled at room temperature or below. 
 

 
a The corresponding transition state was located using QST3 algorithm in Gaussian 16.66 Due 
to the high curvature and overall flatness of the corresponding PES, IRC algorithm fails to 
connect the transition state with Heq1 and E-form. Still, minor manual displacement of the 
transition state along the imaginary normal mode followed by the geometry optimization yields 
both Heq1 and E-form. This indirectly confirms that the transition state in question lies on the 
minimal energy path between the two geometries.  
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4.8 Conclusions and outlook 

The constrained valence angles around the silicon atom at the bridgehead position 
of the bicyclic cationic silane [TSMPSiH]+ (2) have a profound effect on its reactivity.  

First, at odds with the general hydridic character of silicon-bound hydrogen atoms, 
[TSMPSiH]+ (2) exhibits an exceptionally low pKa

DMSO within 4.7-8.1, which makes 
it more acidic than phenol, benzoic acid (pKa

DMSO of 18.031 and 11.1,32 respectively) 
and the few silanes of which pKa

DMSO was reported.43,49 While this high acidity 
originates in part from the electron-withdrawing effect of the substituents on silicon 
and overall positive charge of 2, it is significantly enhanced by the unusually acute 
N^Si^N angles imposed by the heterobicyclo[2.2.2]octane scaffold. Namely, DFT 
calculations suggest that strain increases the s-character of the Si–H bonding pair, 
polarizing the bond towards silicon and facilitating its heterolytic dissociation.  

Then, protonation (or methylation) of the anionic Si atom in TSMPSi (1) increases 
the reactivity of the opposing methylphosphonium unit, which can transfer a methyl 
group with release of strain. This opens up a charge neutralization pathway to form 
the phosphine/methylsilane isomer iso-TSMPSi (10) by intermolecular methyl 
transfer.  

Finally, next to its high Brønsted acidity, [TSMPSiH]+ (2) also behaves as a strain-
release Lewis acid, coordinating a THF molecule so that the silicon atom assumes 
a trigonal bipyramidal geometry. This is accompanied by activation of α-carbons of 
the THF ring, which makes it susceptible to such weak nucleophiles as highly-
stabilized aromatic anions. In particular, the conjugate base TSMPSi (1) reacts with 
fluoradene (4) in THF to afford the linear product 11a/b, which forms by 
nucleophilic ring opening of a THF molecule coordinated to [TSMPSiH]+ (2). In 
this process, the Si center sequentially acts as a nucleophile (base) and then as an 
electrophile (Lewis acid) to facilitate the activation of two relatively unreactive 
molecules, suggesting the potential of such cage compounds as biphilic main-group 
centers. This reaction sequence also illustrates the ability of the TSMP scaffold to 
support both the Si(II) and Si(IV) states along with the processes that interconvert 
them under mild conditions. Furthermore, the trigonal bipyramidal silicon center in 
the addition product 11a undergoes several facile fluxional processes (positional 
exchange and reversible Si–N bond dissociation), illustrating the flexibility of the 
TSMPSi (1) platform in terms of accessible geometries. 

These observations collectively illustrate how a combination of charge, inductive 
effects and strain can significantly manipulate the properties of a silicon atom 
leading to unusual reactivity. The various reactive pathways accessible to the 
strained cage structure [TSMPSiH]+ (2) suggest that this or a related platform may 
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serve as an entry point into novel bond activation strategies based on the 
Si(II)/Si(IV) couple. Such research is presently ongoing in our laboratories. 
 

4.9 Author contributions and acknowledgements 

Serhii Tretiakov and Dr. Marc-Etienne Moret concieved the project. Serhii 
Tretiakov performed all synthetic work as well as spectral measurements followed 
by interpretation thereof, except for ESI-TOF-MS spectrometry carried out by Dr. 
Thomas Ran, for which he is greatly acknowledged. Dr. Martin Lutz conducted 
single crystal X-ray diffraction experiments along with solving the structures. The 
major bulk of computational work was performed by Serhii Tretiakov with initial 
support from Dr. Léon Witteman for NMR chemical shifts and relaxed PES scan 
calculations. The authors thank E. C. Monkcom for the TOC artwork, and Dr G. 
van Koten, Dr. R. J. M. Klein Gebbink , Dr. D. L. J. Broere and Dr. Léon Witteman 
for insightful discussions. Serhii Tretiakov wrote this chapter based on the 
corresponding publication34 and with input from Dr. Marc-Etienne Moret. All 
authours read and approved the final version. 

  



Chapter 4 

195 

4.10 Experimental and computational methods 

4.10.1 General remarks 

All reactions were conducted under a nitrogen atmosphere with strict exclusion of moisture by 
using standard glovebox or Schlenk techniques.  

Acetonitrile, diethyl ether, toluene and n-hexane were dried with an MBRAUN MB SPS-79 
system. Acetonitrile was additionally dried by passing through a column of activated alumina 
after being kept over ca. 5 wt.% of 3Å molecular sieves over 48 h. THF and dioxane were 
distilled from benzophenone/Na. DCM and aniline were distilled from CaH2. Benzene was 
dried over ca. 5 wt.% of 3Å molecular sieves over 48h. Dried solvents were degassed by sparging 
with dry nitrogen for 30 min and stored over molecular sieves in a glovebox, except for 
acetonitrile which was stored without the sieves. THF-d8, pyridine-d5 and dioxane-d8 were 
purchased from ABCR, other deuterated solvents were acquired from Cambridge Isotope 
Laboratories, Inc. Deuterated solvents were dried as indicated above for their proteo-analogues, 
except for dioxane-d8 which was dried by passing through a column of activated alumina. 
Pyridine-d5 was dried by distillation over CaH2. Dried deuterated solvents were degassed by four 
freeze-pump-thaw cycles and stored in a glovebox over molecular sieves, except for acetonitrile-
d3 which was stored without the sieves. 

Fe(OTf)2 was purchased from ABCR and 9-cyano-9H-fluorene (17) was acquired from Enamine 
Ltd. All other chemicals were purchased from Sigma-Aldrich. FeBr2 was acquired in anhydrous 
form. Potassium hydride was supplied as a 30 wt.% suspension in mineral oil, which was 
washed away with several portions of n-hexane before further use. 2,6-Lutidine was dried by 
distillation over CaH2 and degassed by bubbling dry dinitrogen for 30 min, after which it was 
stored in a glovebox over 4Å molecular sieves. All other commercially obtained chemicals were 
used as received. The FeCl2·1.5THF adduct was prepared by extraction of FeCl2 with anhydrous 
THF using a Soxhlet extractor. Potassium graphite (KC8) and Idipp·SiCl2 were synthesized 
according to literature procedures.75,76 After purification, according to 1H NMR, Idipp·SiCl2 was 
still contaminated with ∼10 wt.% of unidentified Idipp-containing impurities. NaBArF

4 was 
prepared following a reported procedure.77 Before drying, an additional recrystallization step 
from fluorobenzene was required in order to achieve higher purity. HBArF

4·2Et2O was prepared 
from NaBArF

4 according to the literature procedure.78 The TSMPK2 salt (3) was synthesized 
following the published procedure.40 

Unless otherwise stated, the NMR measurements were performed at 298 K on a Varian 
VNMRS400 or Varian MRF400 spectrometer, chemicals shifts are reported relative to TMS 
with the residual solvent signal as internal standard.79 All NMR experiments involving air-
sensitive compounds were conducted in J. Young NMR tubes under nitrogen atmosphere. Peak 
multiplicity was quoted as s (singlet), d (doublet), t (triplet) and so on. In cases of unresolved 
couplings that strongly affected the line shape of individual components of an otherwise well-
defined multiplet, the effective multiplicity was quoted as ‘s’, ‘d’, ‘t’ and so on. ASAPHMQC 
NMR experiments were conducted using the corresponding pulse sequence80 as implemented in 
the VnmrJ 4.2 software.81 IR spectra were recorded on a Perkin-Elmer Spectrum Two FT-IR 
spectrometer. The bands were classified by an absorption intensity as: very weak (VW; 0-10% 
of the most intense absorption in the spectrum), weak (W; 10-30%), medium (M; 30-60%), 
strong (S; 60-90%), very strong (VS; 90-100%). UV-Vis spectra were measured on a PerkinElmer 
Lambda 35 spectrometer. ESI-MS measurements were performed on a Waters LCT Premier 
XE KE317 spectrometer. Elemental analysis was conducted by Medac Ltd.  
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For the sake of brevity, the NMR, IR and UV-Vis spectra of isolated compounds are not shown 
in this chapter. These can be found in the respective publication.34 

 

4.10.2 Synthesis and characterization 

4.10.2.1 Silicon and germaniuma compounds 

TSMPSi (1). A solution of Idipp·SiCl2 (90 wt.% purity, 3.055 g, 5.630 
mmol, 1.050 equiv.) in THF (20.0 ml) was added dropwise to 
dipotassium salt 3 (contains 21.5 wt.% of THF, 3.494 g, 5.360 mmol, 
1.000 equiv.) in THF (140 ml) at -78 oC. The mixture was stirred at low 
temperature for 4h and then allowed to warm up to room temperature 
overnight. Next day, the reaction was filtered, and the solid was washed 
with THF (3 x 10.0 ml). The solvent from combined organic fractions 

was removed in vacuo. The solid was dissolved in a minimal amount of PhMe/CH3CN 1:1 (v/v) 
solvent mixture, carefully topped up with an equal volume of Et2O and placed into a freezer 
overnight at -36 oC. The precipitate was filtered off the next day and, in order to remove the 
traces of other solvents, was thrice resuspended in THF (10.0 ml) followed by drying in vacuo. 
The procedure yielded fine light-beige powder. The residual THF content of 19.0 wt.% was 
determined using quantitative 1H NMR measurements in 4:1 benzene-d6/acetonitrile-d3 solvent 
mixture. With the product mass of 2.017 g, this gives 66.0% yield. Crystals suitable for X-ray 
diffraction analysis were grown by vapor diffusion of n-hexane into a solution of 1 in benzene 
at room temperature.  

The 1H and 13C NMR spectra of 1 show a single set of signals in aromatic region indicating C3 
symmetry that corresponds to heterobicyclo[2.2.2]octane topology. Moreover, both 1H and 29Si 
spectra show a good agreement with the DFT-calculated NMR parameters (see Appendix C2). 
Some NMR spectra are contaminated with small amounts of isomer 10, which has better 
solubility than 1 in most solvents. In case of an overlap with a solvent signal, where possible, 
integral intensities in 1H NMR spectra were extracted using MNova82 peak deconvolution tool. 
1H NMR (400 MHz, Pyridine-d5) δ 8.54 (d, JH,H = 8.4 Hz, 1H, Ar-H), 7.61 (d, JH,H = 8.0 Hz, 
1H, Ar-H), 7.41 (t, JH,H = 7.6 Hz, 1H, Ar-H), 7.20 (t, JH,H = 7.3 Hz, 1H, Ar-H), 4.07 (d, JH,P = 
16.2 Hz, 1H, P+-CH3), 2.52 (d, JH,P = 1.8 Hz, 3H, Ar-CH3). 1H NMR (400 MHz, THF-d8) δ 8.11 
(d, JH,H = 8.5 Hz, 1H, Ar-H), 7.46 (d, JH,H = 8.0, 1.0 Hz, 1H, Ar-H), 7.18 (t, JH,H = 7.6 Hz, 1H, 
Ar-H), 6.97 (t, JH,H = 7.4 Hz, 1H, Ar-H), 3.67 – 3.56 (m, obscured by the overlap with the THF-
h8 peak, P+-CH3), 2.59 (d, JH,P = 1.8 Hz, 3H, Ar-CH3). 1H NMR (400 MHz, Methylene Chloride-
d2) δ 8.14 (d, JH,H = 8.5 Hz, 1H, Ar-H), 7.52 (d, JH,H = 8.0 Hz, 1H, Ar-H), 7.27 (t, JH,H = 7.7 Hz, 
1H, Ar-H), 7.06 (t, JH,H = 7.4 Hz, 1H, Ar-H), 3.28 (d, JH,P = 15.8 Hz, 1H, P+-CH3), 2.59 (d, JH,P 
= 1.9 Hz, 3H, Ar-CH3). 1H NMR (400 MHz, 1,4-Dioxane-d8) δ 8.14 (d, JH,H = 8.5 Hz, 1H, Ar-
H), 7.46 (d, JH,H = 7.9 Hz, 1H, Ar-H), 7.23 (t, JH,H = 7.7 Hz, 1H, Ar-H), 7.00 (t, JH,H = 7.5 Hz, 
1H, Ar-H), 3.40 (d, JH,P = 16.3 Hz, 1H, P+-CH3), 2.58 (d, JH,P = 1.8 Hz, 3H, Ar-CH3). 1H NMR 
(400 MHz, Benzene-d6) δ 8.55 (‘d’, JH,H = 8.5 Hz, 1H, Ar-H), 7.48 (‘d’, JH,H = 8.0 Hz, 1H, Ar-
H), 7.23 (‘t’, JH,H = 7.6 Hz, 1H, Ar-H), 7.13 (‘t’, JH,H = 7.6 Hz, 1H, Ar-H), 2.08 – 1.98 (m, 4H, 
P+-CH3, Ar-CH3). 1H NMR (400 MHz, Acetonitrile-d3/Benzene-d6 1:4 (v/v); referenced against 
the residual benzene peak at 7.16 ppm) δ 8.21 (‘d’, JH,H = 8.5 Hz, 1H, Ar-H), 7.43 (‘d’, JH,H = 

 
a Germanium compounds 12 and 14 are not mentioned in the main text, yet they are still 
discussed in Appendix C1. For the sake of simplicity, their synthesis and characterization are 
described in the current section. 
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8.1 Hz, 1H, Ar-H), 7.14 (‘t’, J = 7.8 Hz, overlaps with residual benzene peak, Ar-H), 6.99 (‘t’, 
JH,H = 7.3 Hz, 1H, Ar-H), 3.02 (d, JH,P = 16.0 Hz, 1H, P+-CH3), 2.40 (d, JH,P = 1.9 Hz, 3H, Ar-
CH3). 13C NMR (101 MHz, Pyridine-d5) δ 147.7 (d, JC,P = 10.9 Hz, indole-C8), 130.9 (d, JC,P = 
14.2 Hz, indole-C9 or C3), 126.2 (CAr-H), 123.2 (d, JC,P = 17.5 Hz, indole-C3 or C9), 121.8 (d, 
JC,P = 115.7 Hz, indole-C2), 121.7 (d, JC,P = 1.6 Hz, CAr-H), 121.4 (CAr-H), 115.3 (d, JC,P = 2.0 
Hz, CAr-H), 11.0 (Ar-CH3), 2.3 (d, JC,P = 56.2 Hz, P+-CH3). 31P NMR (162 MHz, Pyridine-d5) δ 
-7.7 (q, JP,H = 16.1 Hz, carbon satellites: JP,C = 115.6, 55.9, 17.0, 13.8, 10.5 Hz). 31P NMR (162 
MHz, THF-d8) δ -7.3 (q, JP,H = 16.2 Hz, carbon satellites: JP,C = 116.1 Hz). 31P NMR (162 MHz, 
Methylene Chloride-d2) δ -10.2 (q, JP,H = 16.0 Hz, additional couplings resulting into carbon 
satellites: JP,C = 117.3 Hz). 31P NMR (162 MHz, Dioxane-h8) δ -9.5. 31P NMR (162 MHz, 
Benzene-d6) δ -10.9 (q, JP,H = 16.0 Hz). 31P NMR (162 MHz, Acetonitrile-d3/Benzene-d6 1:4 
(v/v)) δ -9.70 (q, JP,H = 16.1 Hz). 29Si NMR (79 MHz, Pyridine-d5) δ -47.5 (d, JSi,P = 4.4 Hz). 
29Si NMR (79 MHz, THF-d8) δ -48.0 (d, JSi,P = 4.3 Hz). No satisfactory elemental analysis could 
be obtained due to the high reactivity of 1. 

 
[TSMPSiH]+BArF

4
- (2BARF). Depending on the solvent, 

compound 2BARF shows two different sets of NMR signals 
consistent with different coordination environment of the 
silicon. Namely, in DCM-d2, 29Si shifts are consistent with a 
tetrahedral silicon atom, whereas in THF-d8 29Si spectra 
indicate pentacoordination. Below, we provide two 
alternative procedures that can be used in order to synthesize 
2BARF: one which is THF-free (Procedure A) and another in 

THF as a reaction solvent (Procedure B). While the former, according to NMR, yields some 
amount of unidentified side-products and, thus, only qualifies as “generation”, the latter 
provides clean 2BARF and can be considered preparative. 

Procedure A (THF-free generation). All manipulations were performed in a J. Young NMR tube. 
Silanide 1 (contains 19.0 wt.% of THF, 0.035 g, 0.061 mmol, 1.0 equiv.) was suspended in 2.0 
ml of dioxane. The suspension was cooled in a freezer until it solidified. This was followed by 
drying in vacuo to a constant mass, resuspending in dioxane, cooling and another cycle of drying. 
Solid HBArF

4·2Et2O (0.062 g, 0.061 mmol, 1.0 equiv.) suspended in 1.0 ml of dioxane was then 
added. The suspension was quickly stirred, upon which the mixture almost cleared up and then 
immediately turned into a gelatinous white mass. It was, again, cooled in a freezer and dried in 
vacuo to a constant mass. The white solid was completely redissolved in ~0.5 ml of DCM-d2 for 
the NMR measurements. Crystals suitable for X-ray diffraction analysis were grown by layering 
a DCM solution of 2BARF with dioxane in a J. Young NMR tube and leaving it standing for 3 
days. 

Both 1H and 13C NMR spectra in DCM-d2 are consistent with a heterobicyclo[2.2.2]octane 
topology of the cationic silane 2. Even though the signal of the Si–H hydrogen atom is obscured 
by aromatic multiplets, its position can be clearly determined from 1H-29Si ASAPHMQC spectra. 
The NMR spectra are sufficiently clean in order to make conclusions about atomic connectivity. 
Yet, there is a number of unidentified trace impurities. Furthermore, NMR data suggest the 
presence of a small amount (ca. 15%) of a contaminating BArF

4
- salt, possibly NaBArF

4 or 
HBArF

4. In order to assign BArF
4
--derived signals, we used the spectra of NaBArF

4 in THF-d8 as 
a reference (see Procedure B). While the chemical shifts slightly differ from those in DCM-d2, the 
number of signals and their multiplicity still hold and, therefore, can be used for the assignment. 
Experimental NMR parameters show a good agreement with the DFT-calculated values (see 



Strain-Modulated Reactivity: an Acidic Silane   

198 

Appendix C2). 1H NMR (400 MHz, Methylene Chloride-d2) δ 7.78 – 7.70 (m, 11H of which 8H: 
C(2)Ar-H of BArF

4
- + 3H: Ar-H of cationic silane), 7.68 (d, JH,H = 8.2 Hz, 3H of cationic silane), 

7.58 – 7.51 (m, 8H of which 1H: Si-H of cationic silane + 4H: C(4)Ar-H of BArF
4

- + 3H: Ar-H of 
cationic silane), 7.33 (t, JH,H = 7.5 Hz, 3H, Ar-H of cationic silane), 3.54 (d, JH,P = 16.0 Hz, 3H, 
P+-CH3 of cationic silane), 2.65 (d, JH,P = 2.0 Hz, 9H, Ar-CH3 of cationic silane). 13C NMR (101 
MHz, Methylene Chloride-d2) δ 162.3 (q, JC,B = 49.8 Hz, CAr-11B of BArF

4
-), 143.1 (d, JC,P = 8.7 

Hz, indole-C8 of cationic silane), 135.4 (br.s., C(2)Ar-H of BArF
4

-), 130.2 (d, JC,P = 14.7 Hz, 
indole-C9 or C3 of cationic silane), 129.7 (d, JC,P = 13.8 Hz, indole-C3 or C9 of cationic silane), 
129.4 (qq, JC,F = 31.4, 2.9 Hz, C(3)Ar-CF3 of BArF

4
-), 128.8 (CAr-H of cationic silane), 123.7 (CAr-

H of cationic silane), 125.2 (q, JC,F = 272.4 Hz, CF3 of BArF
4

-), 122.0 (d, JC,P = 1.4 Hz, CAr-H of 
cationic silane), 118.1 (hept, JC,F = 4.0 Hz, C(4)Ar-H of BArF

4
-), 117.4 (d, JC,P = 111.3 Hz, indole-

C2 of cationic silane), 113.1 (d, JC,P = 1.7 Hz, CAr-H of cationic silane), 10.8 (Ar-CH3 of cationic 
silane), 2.3 (d, JC,P = 57.8 Hz, P+-CH3 of cationic silane). 31P NMR (162 MHz, Methylene 
Chloride-d2) δ -7.6 (q, JP,H = 16.0 Hz, carbon satellites: JP,C = 111.0, 14.4, 8.4 Hz). 29Si NMR 
(79 MHz, Methylene Chloride-d2) δ -46.4 (dd, JSi,H = 318.4 Hz, JSi,P = 8.0 Hz). 11B NMR (128 
MHz, Methylene Chloride-d2) δ -6.61, 13C-satellites at -6.62 (d, JB,C = 49.9 Hz). 19F NMR (376 
MHz, Methylene Chloride-d2) δ -62.83, 13C-satellites at -62.84 (d, JF,C = 30.9 Hz) and -62.96 (d, 
JF,C = 272.4 Hz). 

Procedure B (preparative procedure in THF). Silanide 1 (contains 19.0 wt.% of THF, 0.067 g, 0.12 
mmol, 1.1 equiv.) was dissolved in THF (18.0 ml) and cooled to -78 oC. Under vigorous stirring, 
a freshly prepared solution of HBArF

4·2Et2O (0.107 g, 0.106 mmol, 1.00 equiv.) in THF (12.0 
ml) was added dropwise. The reaction mixture was stirred for 10 min and then allowed to warm 
to room temperature. After removal of THF under vacuum, the solid residue was extracted with 
ether, which was removed in vacuo giving 0.150 g of amorphous white powder. 

According to NMR data, protonation is quantitative. The solid contains an undetermined 
amount of solvating THF that precludes an accurate determination of the reaction yield. 
Additionally, NMR data suggest the presence of a small amount (ca. 10%) of a contaminating 
BArF

4
- salt, possibly NaBArF

4 or HBArF
4. In order to assign BArF

4
--derived signals, we used the 

spectra of NaBArF
4 for a reference. Compared to the measurements in DCM-d2 (see Procedure A), 

the NMR spectra of 2BARF in THF-d8 undergo a dramatic change. While 1H and 13C signals 
remain in line with C3 symmetry, 29Si spectra indicate a pentacoordinate silicon center with THF 
molecule as the fifth ligand, which is also in agreement with the DFT-calculated NMR 
parameters (see Appendix C2). The retention of C3 symmetry in both 1H and 13C spectra, despite 
breaking of such symmetry upon coordination of THF, hints at a fluxional process, which may 
be either positional exchange or reversible dissociation. 1H NMR (400 MHz, THF-d8) δ 7.90 – 
7.82 (m, 8H, C(2)Ar-H of BArF

4
-), 7.77 (d, JH,H = 8.5 Hz, 3H, Ar-H of cationic silane), 7.69 (d, 

JH,H = 8.1 Hz, 3H, Ar-H of cationic silane), 7.63 (s, 4H, C(4)Ar-H of BArF
4
-), 7.51 (s, 1H, Si-H of 

cationic silane), 7.42 (t, JH,H = 7.7 Hz, 3H, Ar-H of cationic silane), 7.22 (t, JH,H = 7.5 Hz, 3H, 
Ar-H of cationic silane), 3.94 (d, JH,P = 16.6 Hz, 3H, P+-CH3 of cationic silane), 2.70 (d, JH,P = 
2.0 Hz, 9H, Ar-CH3 of cationic silane). 13C NMR (101 MHz, THF-d8) δ 162.9 (hept, JC,B = 16.8 
Hz, CAr-10B of BArF

4
-), 162.9 (q, JC,B = 49.8 Hz, CAr-11B of BArF

4
-), 144.0 (d, JC,P = 9.3 Hz, indole-

C8 of cationic silane), 135.7 (br.s., C(2)Ar-H of BArF
4
-), 130.22 (d, JC,P = 14.0 Hz, indole-C9 or 

C3 of cationic silane), 130.15 (qq, JC,F = 31.6, 2.9 Hz, C(3)Ar-CF3 of BArF
4
-), 127.2 (CAr-H of 

cationic silane), 126.7 (d, JC,P = 15.5 Hz, indole-C3 or C9 of cationic silane), 125.6 (q, JC,F = 
272.3 Hz, CF3 of BArF

4
-), 122.4 (CAr-H of cationic silane), 121.7 (d, JC,P = 1.5 Hz, CAr-H of 

cationic silane), 120.3 (d, JC,P = 110.5 Hz, indole-C2 of cationic silane), 118.3 (hept, JC,F = 3.6 
Hz, C(4)Ar-H of BArF

4
-), 114.0 (d, JC,P = 1.9 Hz, CAr-H of cationic silane), 9.6 (Ar-CH3 of cationic 
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silane), 0.6 (d, JC,P = 55.5 Hz, P+-CH3 of cationic silane). 31P NMR (162 MHz, THF-d8) δ -7.0 
(q, JP,H = 16.7 Hz, carbon satellites: JP,C = 110.3, 14.7, 8.5 Hz). 29Si NMR (79 MHz, THF-d8) δ 
-91.0 (dd, JSi,H = 368.4 Hz, JSi,P = 6.7 Hz). 11B NMR (128 MHz, THF-d8) δ -4.61, 13C-satellites 
at -4.62 (d, JB,C = 49.8 Hz). 19F NMR (376 MHz, THF-d8) δ -61.55, 13C-satellites at -61.56 (d, 
JF,C = 31.2 Hz) and -61.68 (d, JF,C = 272.3 Hz). No satisfactory elemental analysis could be 
obtained due to high reactivity of 2BARF. 

 
TSMPGe (12). Dipotassium salt 3 (contains 21.5 wt.% of THF, 0.385 g, 
0.590 mmol, 1.00 equiv.) was suspended in THF (6.0 ml) and cooled 
down to -78 oC. With vigorous stirring, a solution of GeCl2·dioxane 
adduct (0.274 g, 1.18 mmol, 2.00 equiv.) in THF (2.0 ml) was added 
dropwise over a minute. The reaction was stirred at -78 oC over 4h and 
then allowed to warm up to room temperature overnight. Next morning, 
the grey-yellow suspension was filtered to yield a bright-yellow solution. 

The solvent was removed in vacuo, the solid was dissolved in DCM, filtered and the solvent was, 
again, removed in vacuo to yield a fine white powder (0.243 g, 81.4%). Crystals suitable for X-
ray diffraction analysis were grown by vapor diffusion of n-hexane into a solution of 12 in THF 
at room temperature.  

The 1H and 13C NMR spectra of 12 show a single set of signals in aromatic region indicating C3 
symmetry that corresponds to heterobicyclo[2.2.2]octane topology. 1H NMR (400 MHz, 
Pyridine-d5) δ 8.15 (d, JH,H = 8.4 Hz, 1H, Ar-H), 7.65 (d, JH,H = 8.0 Hz, 1H, Ar-H), 7.38 (t, JH,H 
= 7.6 Hz, 1H, Ar-H), 7.20 (t, JH,H = 7.4 Hz, 1H, Ar-H), 3.94 (d, JH,P = 15.8 Hz, 1H, P+-CH3), 
2.57 (d, JH,P = 1.8 Hz, 3H, Ar-CH3). 13C NMR (101 MHz, Pyridine-d5) δ 146.7 (d, JC,P = 12.0 
Hz, indole-C8), 130.0 (d, JC,P = 13.8 Hz, indole-C9 or C3), 125.0 (CAr-H), 121.1 (d, JC,P = 18.7 
Hz, indole-C3 or C9), 120.9 (d, JC,P = 1.5 Hz, CAr-H), 120.6 (d, JC,P = 117.1 Hz, indole-C2), 
120.2 (CAr-H), 114.2 (d, JC,P = 2.2 Hz, CAr-H), 10.3 (Ar-CH3), 2.5 (d, JC,P = 56.4 Hz, P+-CH3). 
31P NMR (162 MHz, Pyridine-d5) δ -8.5 (q, JP,H = 15.9 Hz, carbon satellites: JP,C = 116.9, 56.6, 
18.5, 12.5 Hz). ESI-TOF-MS in THF with KCl: found 508.1019 [M+H]+, 582.0355 
[M+H+KCl]+ (calcd. 508.1004 [M+H]+, 582.0325 [M+H+KCl]+). No satisfactory elemental 
analysis could be obtained due to high reactivity of 12. 

 
(TSMPSi)FeBr2(THF) (7). Crystals suitable for X-ray diffraction 
analysis were grown in a J. Young NMR tube by layering saturated 
THF solution of silanide 1 over a saturated THF solution of FeBr2 and 
PPh3. The thin plates that form in the course of slow diffusion are 
insoluble in all conventional solvents, both polar and non-polar, i.e. n-
hexane, toluene, diethyl ether, DCM, dioxane, THF and acetonitrile. 
No satisfactory elemental analysis could be obtained due to high 
reactivity of 7. 
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N
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(TSMPSi)Fe(CO)4 (8). Solid diiron nonacarbonyl (0.044 g, 0.12 mmol, 
1.0 equiv.) and silanide 1 (contains 19.0 wt.% of THF, 0.068 g, 0.12 
mmol, 1.0 equiv.) were mixed in a vial equipped with a stirring bar. THF 
(8.0 ml) was added and the reaction was stirred overnight. As the 
reaction progressed, the orange color of the mixture shifted into red. 
Afterwards, the solvent was removed in vacuo, the beige powder was 
washed with DCM (2.0 ml) and THF (1.0 ml). Drying in vacuo afforded 
iron tetracarbonyl silanide complex 8 with 79% yield (0.060 g). 

Both 1H and 13C NMR spectra of 8 are consistent with C3 symmetry that 
corresponds to heterobicyclo[2.2.2]octane topology. Experimental NMR parameters show a 
moderate agreement with the DFT-calculated values (see Appendix C2). The 13C resonances 
corresponding to the carbonyls come as two distinct singlets, which indicates slow axial-
equatorial exchange at room temperature, analogously to the related phosphine complexes.83 
Solution IR spectrum of 8 in THF shows three strong absorptions at around 2000 cm-1 consistent 
with trigonal bipyramidal geometry of the carbonyl complex.83,84 1H NMR (400 MHz, Pyridine-
d5) δ 9.37 (d, JH,H = 9.0 Hz, 1H, Ar-H), 7.65 – 7.52 (m, 2H+solvent peak, Ar-H), 7.29 (t, JH,H = 
7.5 Hz, 1H, Ar-H), 4.21 (d, JH,P = 16.1 Hz, 1H, P+-CH3), 2.54 (d, JH,P = 1.9 Hz, 3H, Ar-CH3). 
13C NMR (101 MHz, Pyridine-d5) δ 223.2 (Fe-CO, axial), 212.8 (Fe-CO, equatorial), 145.5 (d, 
JC,P = 10.0 Hz, indole-C8), 130.7 (d, JC,P = 14.2 Hz, indole-C9 or C3), 126.6 (CAr-H), 125.5 (d, 
JC,P = 15.9 Hz, indole-C3 or C9), 121.8 (CAr-H), 120.87 (CAr-H), 119.3 (d, JC,P = 111.3 Hz, 
indole-C2), 117.0 (CAr-H), 9.7 (d, JC,P = 7.7 Hz, Ar-CH3), 1.6 (d, JC,P = 56.7 Hz, P+-CH3). 31P 

NMR (162 MHz, Pyridine-d5) δ -9.5 (q, JP,H = 16.1 Hz, carbon satellites: JP,C = 111.6, 14.8, 9.9 
Hz). 29Si NMR (79 MHz, Pyridine-d5) δ 34.4 (d, J = 4.6 Hz). IR (THF solution) ṽ (cm-1): 1926, 
1961, 2038. ESI-TOF-MS in acetonitrile: found 628.0607 [M-H]- (calcd. 628.0546 [M-H]-). No 
satisfactory elemental analysis could be obtained due to the high reactivity of 8. 

 
(TSMPGe)Fe(CO)4 (14). Solid diiron nonacarbonyl (0.044 g, 0.12 mmol, 
1.0 equiv.) and germanide 12 (0.061 g, 0.12 mmol, 1.0 equiv.) were 
mixed in a vial equipped with a stirring bar. Dry THF (8.0 ml) was added, 
and the reaction was stirred overnight. As the reaction progressed, the 
orange color of the mixture became deeper. Afterwards, the solvent was 
removed in vacuo, and the resulting beige powder was washed with DCM 
(2.0 ml) and THF (1.0 ml). Drying in vacuo afforded iron tetracarbonyl 
germanide complex 14 with 85% yield (0.069 g). 

Both 1H and 13C NMR spectra of 14 are consistent with C3 symmetry 
that corresponds to heterobicyclo[2.2.2]octane topology. The 13C resonances corresponding to 
the carbonyls come as a broad signal, which indicates slow axial-equatorial exchange at room 
temperature, analogously to the related phosphine complexes.83 Solution IR spectrum of 14 in 
THF shows three strong absorptions at around 2000 cm-1 consistent with trigonal bipyramidal 
geometry of the carbonyl complex.83,84 1H NMR (400 MHz, Pyridine-d5) δ 9.04 (d, JH,H = 8.6 
Hz, 1H, Ar-H), 7.63 (d, JH,H = 8.0 Hz, 1H, Ar-H), 7.59 (t, JH,H = 7.8 Hz, 1H, Ar-H), 7.26 (t, JH,H 
= 7.4 Hz, 1H, Ar-H), 4.12 (d, JH,P = 16.0 Hz, 1H, P+-CH3), 2.56 (d, JH,P = 1.9 Hz, 3H, Ar-CH3). 
13C NMR (101 MHz, Pyridine-d5) δ 212.6 (br.s, Fe-(CO)4), 146.9 (d, JC,P = 10.5 Hz, indole-C8), 
131.1 (d, JC,P = 14.0 Hz, indole-C9 or C3), 127.2 (CAr-H), 122.1 (CAr-H), 122.0 (CAr-H), 120.0 
(d, JC,P = 112.9 Hz, indole-C2), 116.0 (CAr-H), 10.8 (d, JC,P = 6.0 Hz, Ar-CH3), 3.2 (d, JC,P = 57.2 
Hz, P+-CH3). One signal is missing: according to 31P satellites, there should be another doublet 
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with JP,C = 16.3 Hz. It likely overlaps with a solvent peak. 31P NMR (162 MHz, Pyridine-d5) δ -
9.1 (q, JP,H = 16.0 Hz, carbon satellites: JP,C = 113.1, 16.3, 14.1, 10.5 Hz). IR (THF solution) ṽ 
(cm-1): 1941, 1970, 2047. ESI-TOF-MS in THF: found 692.0002 [M+OH]- (calcd. 692.0102 
[M+OH]-). No satisfactory elemental analysis could be obtained due to the high reactivity of 14. 

 
[TSMPSiMe]+OTf– (9). Silanide 1 (contains 19.0 wt.% of THF, 
0.040 g, 0.070 mmol, 1.0 equiv.) was dissolved in DCM (15.0 
ml), and the solvent was evaporated in vacuo. This operation 
was repeated two extra times to remove the majority of THF 
trapped in 1. The resulting solid was dissolved in DCM (15.0 
ml) for the fourth time, and the solution was cooled down to -
78 oC. Methyl triflate (8μl, 0.01 g, 0.07 mmol, 1 equiv.) in 
DCM (0.2 ml) was added dropwise over 0.5 min with vigorous 

stirring. The reaction was allowed to warm up to room temperature, and the solvent was 
removed in vacuo to give white powder (99%, 0.044 g). Without further purification, the solid 
was analysed by NMR, which showed >95% purity.  

The 1H and 13C NMR spectra of 9 show a single set of signals in aromatic region indicating C3 
symmetry that corresponds to heterobicyclo[2.2.2]octane topology. Experimental NMR 
parameters show a good agreement with the DFT-calculated values (see Appendix C2). 1H NMR 
(400 MHz, Methylene Chloride-d2) δ 7.62 – 7.53 (m, 2H, Ar-H), 7.46 (t, JH,H = 7.7 Hz, 1H, Ar-
H), 7.25 (t, JH,H = 7.5 Hz, 1H, Ar-H), 3.82 (d, JH,P = 15.8 Hz, 1H, P+-CH3), 2.68 (d, JH,P = 2.0 
Hz, 3H, Ar-CH3), 2.47 (s, 1H, Si-CH3). 13C NMR (101 MHz, Methylene Chloride-d2) δ 143.2 
(d, J = 9.0 Hz, indole-C8), 130.0 (d, J = 14.0 Hz, indole-C9 or C3), 129.6 (d, J = 15.0 Hz, indole-
C3 or C9), 128.1 (CAr-H), 122.9 (d, J = 1.3 Hz, CAr-H), 121.9 (d, J = 1.3 Hz, CAr-H), 118.0 (d, J 
= 110.1 Hz, indole-C2), 112.9 (d, J = 1.7 Hz, CAr-H), 10.5 (d, J = 1.0 Hz, Ar-CH3), 1.9 (d, J = 
56.1 Hz, P+-CH3), -3.5 (Si-CH3). 31P NMR (162 MHz, Methylene Chloride-d2) δ -8.25 (q, JP,H = 
16.0 Hz, carbon satellites: JP,C = 110.1, 55.7, 14.3, 8.4 Hz). 29Si NMR (79 MHz, Methylene 
Chloride-d2) δ -22.5 (p, JSi,H = JSi,P =8.1 Hz). 19F NMR (376 MHz, Methylene Chloride-d2) δ -
78.8. No satisfactory elemental analysis could be obtained due to high reactivity of 9. 

 
iso-TSMPSi (10). Silanide 1 (contains 19.0 wt.% of THF, 0.020 g, 0.035 
mmol, 1.0 equiv.) was dissolved in benzene (16.0 ml), and a suspension 
of KC8 (1.2 mg, 0.0088 mmol, 0.25 equiv.) in benzene (5.0 ml) was 
added with vigorous stirring at room temperature. After 5 min of stirring, 
the bronze coloration of KC8 disappeared and yellow-grey suspension 
was stirred for 16h. Afterwards, the reaction was filtered, and the filtrate 
was freed from solvent in vacuo to yield an amorphous yellow solid in a 

quantitative yield with respect to 1 (99%, 0.016 g). Crystals suitable for X-ray diffraction analysis 
were grown by vapor diffusion of n-hexane into a solution of 10 in pyridine at room temperature.  

The 1H and 13C NMR spectra of 10 show a single set of signals in aromatic region indicating C3 
symmetry that corresponds to heterobicyclo[2.2.2]octane topology. Experimental NMR 
parameters show a good agreement with the DFT-calculated values (see Appendix C2). 1H NMR 
(400 MHz, THF-d8) δ 7.56 (d, JH,H = 8.3 Hz, 1H, H7), 7.45 (d, JH,H = 7.8 Hz, 1H, H4), 7.18 (ddd, 
JH,H = 8.3, 7.0, 1.3 Hz, 1H, H6), 7.03 (t, JH,H = 7.4 Hz, 1H, H5), 2.51 (d, JH,P = 1.1 Hz, 3H, Ar-
CH3), 2.34 (s, 1H, Si-CH3). 1H NMR (400 MHz, Benzene-d6) δ 7.43 (dd, JH,H = 6.7, 1.2 Hz, 1H, 
Ar-H), 7.23 – 7.15 (m, overlaps with a solvent peak, Ar-H), 7.14 – 7.10 (m, 1H, Ar-H), 2.46 (d, 
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JH,P = 1.1 Hz, 3H, Ar-CH3), 1.22 (s, 1H, Si-CH3). 13C NMR (101 MHz, THF-d8) δ 142.6 (indole-
C8), 133.6 (d, JC,P = 9.9 Hz, indole-C3 or C9), 131.5 (d, JC,P = 7.5 Hz, indole-C9 or C3), 124.6 
(indole-C6), 124.2 (d, JC,P = 29.8 Hz, indole-C2), 121.0 (indole-C5), 120.5 (d, JC,P = 1.9 Hz, 
indole-C4), 113.0 (indole-C7), 10.1 (d, JC,P = 10.4 Hz, Ar-CH3), -4.3 (Si-CH3). 13C NMR (101 
MHz, Benzene-d6) δ 142.0 (indole-C8), 133.1 (d, JC,P = 10.2 Hz, indole-C9 or C3), 131.3 (d, JC,P 
= 7.3 Hz, indole-C3 or C9), 124.3 (d, JC,P = 29.9 Hz, indole-C2), 124.2 (CAr-H), 120.8 (CAr-H), 
120.7 (d, JC,P = 1.9 Hz, CAr-H), 112.4 (CAr-H), 10.2 (d, JC,P = 10.0 Hz, Ar-CH3), -4.8 (Si-CH3). 
31P NMR (162 MHz, THF-d8) δ -124.8. 31P NMR (162 MHz, Benzene-d6) δ -124.1. 29Si NMR 
(79 MHz, THF-d8) δ -25.7 (qd, JSi,H = 8.4 Hz; JSi,P = 2.9 Hz). 29Si NMR (79 MHz, Benzene-d6) 
δ -26.8 (qd, JSi,H = 8.2 Hz; JSi,P = 2.7 Hz). No satisfactory elemental analysis could be obtained 
due to high reactivity of 10. 

 
4.10.2.2 Fluorenesa 

Fluoradene (4). Compound 4 was synthesized following the synthetic route in Scheme 4.8. 
Intermediates 4a and 4b as well as the final product 4 were prepared using reported 
procedures.85–87  

 

Scheme 4.8. Synthesis of fluoradene (4). 

To the best of our knowledge, there are no published characterization data on 4 beyond 
elemental analysis and electronic spectra.87 Below, we provide NMR and ESI-MS data that are 
fully consistent with the structure of 4. 1H NMR (400 MHz, Chloroform-d) δ 7.85 (dd, JH,H = 
7.4, 0.9 Hz, 2H, Ar-H), 7.75 (d, JH,H = 7.6 Hz, 2H, Ar-H), 7.52 – 7.43 (m, 3H, Ar-H), 7.40 (‘t’, 
JH,H = 7.5 Hz, 2H, Ar-H), 7.31 (dd, JH,H = 7.5, 1.3 Hz, 2H, Ar-H), 5.21 (s, 1H, C(sp3)-H). 1H 
NMR (400 MHz, THF-d8) δ 7.89 (‘d’, JH,H = 7.5 Hz, 1H, Ar-H), 7.74 (‘d’, JH,H = 7.6 Hz, 1H, 
Ar-H), 7.48 (‘d’, JH,H = 7.4 Hz, 1H, Ar-H), 7.39 (ddd, JH,H = 8.0, 6.6, 0.9 Hz, 1H, Ar-H), 7.34 
(‘t’, JH,H = 7.6 Hz, 1H, Ar-H), 7.26 (ddd, JH,H = 7.5, 1.2 Hz, 1H, Ar-H), 5.21 (s, 1H, C(sp3)-H). 
1H 1D zTOCSY spectra show two aromatic spin systems in 8:3 ratio. 13C NMR (101 MHz, 
Chloroform-d) δ 161.3, 147.4, 144.91, 139.9, 130.2, 127.5, 126.4, 125.5, 122.0, 119.1, 55.3 
(C(sp3)-H). 13C NMR (101 MHz, THF-d8) δ 162.4, 148.5, 145.9, 140.9, 131.0, 128.3, 127.2, 
126.4, 122.70, 119.8, 56.3 (C(sp3)-H). 13C and 1H-13C ASAPHMQC spectra show four 

 
a Fluorenes 15-18 are not mentioned in the main text, yet they are still discussed in Appendix 
C10. For the sake of simplicity, their synthesis and characterization are described in the current 
section. 
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quaternary carbon atoms. ESI-TOF-MS in THF with NEt3: found 239.0848 [M-H]- (calcd. 
239.0861 [M-H]-). 

 
1,3-di(9H-fluoren-9-ylidene)propane (5). Compound 5 was prepared following the synthetic 
route outlined in Scheme 4.9. Only intermediates 5a, 5c and well as the final product 5 were 
isolated and characterized. Intermediates 5b and 5d were used without purification.  

 

Scheme 4.9. Synthesis of 1,3-di(9H-fluoren-9-ylidene)propane (5). 

9-(2-Propynyl)-9H-fluoren-9-ol (5a). An oven-dried Schlenk tube was charged with HgCl2 (0.014 g, 
0.052 mmol, 2.9·10-4 equiv.), magnesium turnings (3.37 g, 139 mmol, 5.00 equiv.) and dry ether 
(30.0 ml) under nitrogen. The mixture was sonicated for 5 min., and a solution of propargyl 
bromide in toluene (80 wt.% solution, 6.0 ml, 55 mmol, 2.0 equiv.) was added in two parts. The 
first part (0.20 ml) was added in one portion, upon which the reaction started warming up as 
was indicated by gentle boiling of ether. The rest of the propargyl bromide solution was added 
dropwise at -20 oC over an hour. After stirring at -20 oC for another hour, a solution of 
fluorenone (5.00 g, 27.8 mmol, 1.00 equiv.) in THF (40.0 ml) was added dropwise at -10 oC over 
an hour. The reaction was allowed to warm up to room temperature, stirred for another hour, 
after which it was quenched with saturated aqueous solution of NH4Cl (~100 ml) until all 
magnesium dissolved. The organic layer was separated, and the aqueous layer was extracted 
with ether (3 x 50.0 ml). The combined organic layers were dried over anhydrous Na2SO4. The 
solvents were removed in vacuo to yield a light-yellow oil that, upon trituration with hexane, 
crystallized into an off-white powder. The yield is 85.1% (5.20 g) with respect to fluorenone, 
>95% purity according to NMR spectroscopy.  

1H NMR (400 MHz, Chloroform-d) δ 7.68 (d, JH,H = 7.3 Hz, 2H, Ar-H), 7.62 (d, JH,H = 7.4 Hz, 
2H, Ar-H), 7.39 (ddd, JH,H = 7.5, 7.5, 1.2 Hz, 2H, Ar-H), 7.32 (ddd, JH,H = 7.4, 7.4, 1.1 Hz, 2H, 
Ar-H), 2.88 (d, JH,H = 2.6 Hz, 2H, CH2), 2.53 (s, 1H, OH), 2.05 (t, J = 2.6 Hz, 1H, C(sp)-H). 13C 

NMR (101 MHz, Chloroform-d) δ 147.6, 139.4, 129.5, 128.1, 123.8, 120.1, 80.0 (C(sp)), 79.7 
(C(sp)), 71.1 (qC(sp3)), 30.6 (CH2). ESI-TOF-MS in THF with HCOOH: found 203.0801 [M-
OH]+ (calcd. 203.0861 [M-OH]+).  
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1,3-di(9H-fluoren-9-yl)propane (5c). An oven-dried Schlenk tube under nitrogen was charged with 
9-(2-propynyl)-9H-fluoren-9-ol (5a, 5.20 g, 23.6 mmol, 1.00 equiv.) in THF (50.0 ml). Slowly 
and under stirring, solid KH (2.84 g, 70.8 mmol, 3.00 equiv.) was added. The reaction was left 
to stir overnight to yield a dark-red solution. Solid fluorenone (4.25 g, 23.6 mmol, 1.00 equiv.) 
was added to the mixture, and stirring continued for another night. The resulting brown reaction 
mixture was then carefully poured into brine (~50 ml) followed by extraction with toluene (3 x 
50 ml). The combined organic layers were dried over anhydrous Na2SO4, and the solvents were 
removed in vacuo to yield a yellow oil (crude 5b). Without any further purification, the oil was 
added to a suspension of Raney nickel (27.7 g) in ethanol (~300 ml) and stirred under H2 (1 
atm.) gas overnight. In the morning, an abundant white flaky precipitate had appeared. The 
suspension was filtered through a celite pad; the solid residue was extracted with DCM until 
white flakes had completely dissolved. (Caution: Raney nickel must be never left dry, otherwise it self-
ignites in air!) After filtration, the solid residue was immediately suspended in water, and Raney 
nickel was dissolved by careful addition of concentrated sulfuric acid and disposed of. The 
combined organic filtrate and washings were dried in vacuo, which yielded a colourless oil. Upon 
recrystallization from hexane, white needles were obtained with 71.2% yield (3.13 g) and >95% 
purity according to NMR spectroscopy. 

1H NMR (400 MHz, Chloroform-d) δ 7.80 (d, JH,H = 7.5 Hz, 4H, Ar-H), 7.47 – 7.37 (m, 8H, Ar-
H), 7.32 (td, JH,H = 7.4, 7.4, 1.2 Hz, 4H, Ar-H), 3.95 (t, JH,H = 6.1 Hz, 2H, C(sp3)-H), 2.09 – 1.90 
(m, 4H, 1,3-CH2), 1.48 – 1.27 (m, 2H, 2-CH2). 13C NMR (101 MHz, Chloroform-d) δ 147.6, 
141.1, 127.0, 126.9, 124.5, 119.9, 47.3 (C(sp3)-H), 33.4 (1,3-CH2), 22.9 (2-CH2). ESI-TOF-MS 
in THF with AgNO3: found 479.0768 [M+Ag]+ (calcd. 479.0929 [M+Ag]+). 

 
1,3-di(9H-fluoren-9-ylidene)propane (5). Oxidation step was adapted from Gannon and Krause,88 
dehydration was adapted from Kuhn et al.89 To 1,3-di(9H-fluoren-9-yl)propane (5c, 0.40 g, 1.1 mmol, 
1.0 equiv.) in DCM (5.0 ml) was added a solution of KMnO4 (0.255 g, 1.61 mmol, 1.50 equiv.), 
KOH (0.060 g, 1.1 mmol, 1.0 equiv.) and tetrabutylammonium chloride (0.060 g, 0.22 mmol, 
0.20 equiv.) in water (5.0 ml). The mixture was stirred for 16h, after which it was acidified with 
HOAc (0.5 ml), and solid NaHSO3 was added until the brown coloration disappeared. The 
organic layer was separated, and the mixture was extracted with DCM (3 x 5.0 ml). The 
combined organic layers were dried over anhydrous Na2SO4 followed by removal of DCM on 
a rotary evaporator to yield a yellow oil (crude 5d). Without any further purification, the oil was 
dissolved in boiling HOAc (10.0 ml) and 1 drop of concentrated H2SO4 was added. Immediately 
after, the reaction was cooled down to room temperature and diluted with water, resulting into 
grey precipitate. The latter was washed with water, dried and recrystallized from 
toluene/ethanol to furnish fibrous yellowish needles with 69.8% yield (0.275 g) and >95% purity 
according to NMR spectroscopy.  

To the best of our knowledge, there are no published characterization data on 5 beyond 
elemental analysis and electronic spectra.89 Below, we provide NMR and ESI-MS data that are 
fully consistent with the structure of 5, as well as electronic spectra that are identical to the 
published ones. 1H NMR (400 MHz, Chloroform-d) δ 7.91 (d, JH,H = 7.6 Hz, 2H, Ar-H), 7.80 
(d, JH,H = 7.5 Hz, 2H, Ar-H), 7.73 (d, JH,H = 7.5 Hz, 2H, Ar-H), 7.69 (d, JH,H = 7.5 Hz, 2H, Ar-
H), 7.45 – 7.26 (m, 8H, Ar-H), 6.94 (t, JH,H = 7.3 Hz, 2H, =CH), 4.36 (t, JH,H = 7.3 Hz, 2H, 
CH2). 1H NMR (400 MHz, THF-d8) δ 8.01 (d, J = 7.6 Hz, 2H, Ar-H), 7.82 (d, J = 7.3 Hz, 2H, 
Ar-H), 7.75 (d, J = 7.7 Hz, 4H, Ar-H), 7.45 – 7.20 (m, 8H, Ar-H), 7.05 (t, J = 7.3 Hz, 2H, =CH), 
4.42 (t, J = 7.3 Hz, 2H, CH2). 1H NMR (400 MHz, 1,4-Dioxane-h8) δ 8.00 (d, JH,H = 7.5 Hz, 2H, 
Ar-H), 7.83 (d, JH,H = 7.1 Hz, 2H, Ar-H), 7.80 – 7.72 (m, 4H, Ar-H), 7.48 – 7.20 (m, 8H, Ar-H), 
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7.03 (t, JH,H = 7.3 Hz, 2H, =CH), 4.41 (t, JH,H = 7.3 Hz, 2H, CH2). 1H 1D zTOCSY spectra in 
chloroform-d show two aromatic and one mixed spin system in a ratio of 4:4:2. 13C NMR (101 
MHz, Chloroform-d) δ 141.3, 139.3, 139.0, 137.3, 137.2, 128.4, 128.0, 127.4, 127.2, 126.9 
(=CH), 125.3, 120.2, 120.1, 119.7, 29.59 (CH2). 13C NMR (101 MHz, THF-d8) δ 142.2, 140.3, 
139.9, 138.1, 138.0, 129.0, 128.6, 128.0, 128.0, 127.8, 126.1, 120.9, 120.7, 120.3, 30.30 (CH2). 
13C and 1H-13C ASAPHMQC spectra in chloroform-d shows 5 quaternary carbon signals. UV-

Vis (diethyl ether): λmax (ε)=316 (3.6·104), 303 (2.6·104), 286 (2.8·104), 257 (8.1·104), 248 nm 
(6.4·104 cm-1M-1). ESI-TOF-MS in THF with KCl: found 407.2058 [M+K]+ (calcd. 407.1202 
[M+K]+). 

 
9-Phenyl-9H-fluorene (15). Compound 15 was synthesized following a 
literature procedure.90 1H and 13C NMR spectra in chloroform-d match the 
reported ones. As a reference for THF ring-opening studies, below we provide 
the list of 1H NMR signals of 15 in THF-d8. 

1H NMR (400 MHz, THF-d8) δ 7.82 (d, J = 7.6 Hz, 2H, Ar-H), 7.34 (t, J = 7.4 Hz, 2H, Ar-H), 
7.30 – 7.14 (m, 7H, Ar-H), 7.06 (d, J = 7.1 Hz, 2H, Ar-H), 5.08 (s, 1H, C(sp3)-H). 

 
9-Pentafluorophenyl-9H-fluorene (16). Compound 16 was synthesized 
following a literature procedure.91 1H and 13C NMR spectra in chloroform-d 
match the reported ones. As a reference for THF ring-opening studies, below 
we provide the list of 1H NMR signals of 16 in THF-d8. 

1H NMR (400 MHz, THF-d8) δ 7.87 (d, J = 7.7 Hz, 2H, Ar-H), 7.41 (t, J = 7.5 Hz, 2H, Ar-H), 
7.33 (d, J = 7.5 Hz, 2H, Ar-H), 7.27 (t, J = 7.4 Hz, 2H, Ar-H), 5.53 (s, 1H, C(sp3)-H). 

 
9-Phenylsulfonyl-9H-fluorene (17). Compound 17 was synthesized following the synthetic 
route shown in Scheme 4.10. Intermediate 17a as well as the final product 17 were prepared 
following reported procedures.92,93 

 

Scheme 4.10. Synthesis of 9-phenylsulfonyl-9H-fluorene (17). 

1H and 13C NMR spectra in chloroform-d match the reported ones.93 As a reference for THF 
ring-opening studies, below we provide the list of 1H NMR signals of 17 in THF-d8. 

1H NMR (400 MHz, THF-d8) δ 8.01 – 7.91 (m, 2H, Ar-H), 7.55 – 7.47 (m, 2H, Ar-H), 7.40 – 
7.32 (m, 4H, Ar-H), 7.32 – 7.25 (m, 1H, Ar-H), 7.11 – 6.99 (m, 4H, Ar-H), 5.63 (s, 1H, C(sp3)-
H). 
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9-Cyano-9H-fluorene (18). Compound 18 was purchased commercially from 
Enamine Ltd. As a reference for THF ring-opening studies, below we provide 
the list of 1H NMR signals of 17 in THF-d8. 

1H NMR (400 MHz, THF-d8) δ 7.86 (d, J = 7.5 Hz, 2H, Ar-H), 7.72 (d, J = 
7.5 Hz, 2H, Ar-H), 7.47 (t, J = 7.4 Hz, 2H, Ar-H), 7.40 (t, J = 7.4 Hz, 2H, Ar-H), 5.23 (s, 1H, 
C(sp3)-H). 

 

4.10.2.3 Additional experiments 

Reaction of TSMPSi (1) and TSMPGe (12) with HCl. Silanide 1 or 
germanide 12 (0.052 mmol, 1.0 equiv.) was dissolved in THF (10.0 ml), 
and the solution was cooled down to -78 oC. Ethereal HCl was added 
dropwise (0.10 N, 0.52 ml, 0.052 mmol, 1.0 equiv.). The reaction was 
left to warm to room temperature overnight. In the morning, the clear 
colourless solution was divided in two parts. The first part was placed 
into a vapor diffusion chamber vs. n-hexane. For silanide 1, this yielded 
a light-beige amorphous powder. For germanide 12, this yielded 
colourless blocky crystals identified as 13 by X-ray diffraction. The 
other part of the reaction mixture was freed of solvent in vacuo in order 

to be redissolved in THF-d8 for NMR analysis. However, for both 1 and 12, removal of solvent 
yielded powders that are completely insoluble in all conventional solvents (benzene, DCM, 
THF, acetonitrile, pyridine). No satisfactory elemental analysis could be obtained due to the 
high reactivity of 13. 

pKa bracketing experiments in dioxane-d8. As discussed in the main text, in order to make sure 
that protonation experiments reflected a thermodynamic equilibrium, they were performed in 
two configurations. Procedure A employed zwitterion 1 as a base and 4, 5 or 6 as an acid. 
Procedure B used the cationic silane 2BARF (conjugate acid to 1) as well as a conjugate base to 4, 
5 or 6. The zwitterionic silanide 1 used for the experiments contained THF, which stood a risk 
of undergoing cationic polymerization in the presence of acids, thus, complicating the 
experiments. In order to exclude THF, 1 (contains 19.0 wt.% of THF, 0.010 g, 0.017 mmol, 1.0 
equiv.) was twice dissolved in dioxane-h8 (3.0 ml) followed by evaporation in vacuo. This amount 
of 1 was used for both Procedures A and B, and is referred to as “pre-treated zwitterionic silanide 
1” below. 

Procedure A. All manipulations were performed in a J. Young NMR tube. Florene 4 or 5 (0.017 
mmol, 1.0 equiv.) was dissolved in ca. 0.3 ml of dioxane-d8. Alternatively, in order to generate 
2,6-lutidinium salt 6 in situ, to a suspension of HBArF

4·2Et2O (0.018 g, 0.017 mmol, 1.0 equiv.) 
in ca. 0.3 ml of dioxane-d8 was added 2,6-lutidine (2.0 μl, 0.017 mmol, 1.0 equiv.). This was 
followed by the addition of a solution of pre-treated zwitterionic silanide 1 (1.0 equiv.) in ca. 0.3 
ml of dioxane-d8. The NMR tube was then sealed, shaken for 2 min., and NMR spectra were 
measured.  

Procedure B. In order to prepare conjugated bases of fluorenes 4 and 5, the fluorenes (0.017 mmol, 
1.0 equiv.) were mixed with solid KHMDS (0.004 g, 0.02 mmol, 1 equiv.) and dissolved in 
dioxane-h8 (2.0 ml). The solvent was then evaporated in vacuo, and the solid what washed with 
n-hexane (3 x 2.0 ml) followed by additional drying. Cationic silane 2BARF was generated in a J. 
Young NMR tube by mixing solutions of pre-treated zwitterionic silanide 1 (1.0 equiv.) and 
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HBArF
4·2Et2O (0.018 g, 0.017 mmol, 1.0 equiv.) in dioxane-d8 (ca. 0.3 ml for each). A solution 

of a previously generated conjugate base to 4 or 5 in dioxane-d8 (ca. 0.6 ml) was then added. 
Alternatively, a solution of 2,6-lutidine (2.0 μl, 0.017 mmol, 1.0 equiv.) in dioxane-d8 (ca. 0.6 
ml) was added. The NMR tube was then sealed, shaken for 2 min., and NMR spectra were 
measured. The spectra were identical to those obtained in Procedure A, provided the related 
starting materials were used. 

Attempted complexation of TSMPSi (1) with Fe(OTf)2 and Fe(acac)2. Solid Fe(OTf)2 or 
Fe(acac)2 (0.02 mmol, 1 equiv.) and silanide 1 (0.009 g, 0.02 mmol, 1 equiv.) were mixed in a 
vial equipped with a stirring bar. Dry THF (10.0 ml) was added, and the clear solution was 
stirred overnight. The solvent was evaporated in vacuo and ~5 mg of the resulting solid was 
dissolved in THF-d8 to be analysed by NMR spectroscopy. Except for some degree of line-
broadening, the spectra were identical to those of free 1.  

Reactivity of TSMPSi (1) with CH-acids in THF. Reaction of 1 with fluoradene (4) was 
conducted in both THF-h8 and THF-d8, whereas the reactions with other CH-acids (5, 14-17) 
were only undertaken in THF-d8. Hence, two procedures. 

Procedure A (with fluoradene (4) in THF-h8). THF-h8 (3.0 ml) was added to a mixture of solid 
silanide 1 (contains 19.0 wt.% of THF, 0.010 g, 0.017 mmol, 1.0 equiv.) and fluoradene (4; 0.004 
g, 0.02 mmol, 1 equiv.). The mixture was stirred for the next 4h, upon which the solvent was 
evaporated in vacuo. The yellow oily residue was redissolved in THF-d8 (ca. 0.6 ml) and 
transferred into a J. Young NMR tube. From that point on, if the sample is kept at room 
temperature, the spectra do not change within at least the next 72h. 

Procedure B (with all CH-acids in THF-d8). THF-d8 (ca. 0.6 ml) was added to a mixture of solid 
silanide 1 (contains 19.0 wt.% of THF, 0.010 g, 0.017 mmol, 1.0 equiv.) and CH-acid 4, 5, 14-
17 (1.0 equiv.). The mixture was stirred until dissolution of all solids and transferred into a J. 
Young NMR tube. Within the next 72h, the reaction was periodically monitored using NMR 
spectroscopy. The final 1H and 31P NMR spectra with CH-acids 4, 5, 14-17 are shown in Figure 
C10.1 and Figure C10.2.  

 

4.10.3 X-ray crystal structure determinations 

CCDC 2046873-2046878 contain the supplementary crystallographic data for this chapter. 
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 
via https://www.ccdc.cam.ac.uk/data_request/cif. 

TSMPSi (1). C28H24N3PSi · 0.75C6H6, Fw = 520.14, colourless block, 0.34  0.25  0.17 mm3, 

triclinic, P 1  (no. 2), a = 13.2558(8), b = 13.7172(7), c = 15.3872(9) Å, α = 83.192(2), β = 

72.330(3), γ = 88.256(3)°, V = 2647.0(3) Å3, Z = 4, Dx = 1.305 g/cm3,  = 0.18 mm-1. The 
diffraction experiment was performed on a Bruker Kappa ApexII diffractometer with sealed 
tube and Triumph monochromator ( = 0.71073 Å) at a temperature of 100(2) K up to a 

resolution of (sin /)max = 0.65 Å-1. The crystal appeared to be cracked with an angle of 2.42° 
between the two fragments. Consequently, two orientation matrices were used for the 
integration with the Eval15 software.94 A multi-scan absorption correction and scaling was 
performed with TWINABS95,96 (correction range 0.60-0.75). A total of 93259 reflections was 
measured, 12185 reflections were unique (Rint = 0.053), 8995 reflections were observed [I>2(I)]. 
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The structure was solved with Patterson superposition methods using SHELXT.97 Structure 
refinement was performed with SHELXL-201698 on F2 of all reflections based on an HKLF-5 
file.99 Non-hydrogen atoms were refined freely with anisotropic displacement parameters. 
Hydrogen atoms were introduced in calculated positions and refined with a riding model. 685 
Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0492 / 0.1151. R1/wR2 [all 
refl.]: 0.0756 / 0.1284. S = 1.029. Batch scale factor for the two crystal fragments BASF = 
0.5383(17). Residual electron density between -0.36 and 0.66 e/Å3. Geometry calculations and 
checking for higher symmetry was performed with the PLATON program.100 

Discussion: The derived molecular structure is shown in Figure 4.17. The asymmetric unit of 
TSMPSi (1) has two independent molecules, however, despite the approximate molecular C3v 
symmetry, they are located on general positions without symmetry. The molecules feature 
“naked” anionic centers with the sum of the surrounding N^Si^N angles close to 270o, i.e. 
277.43(13)/277.51(14)o. This indicates a high s-character of the anionic lone pairs. In some of 
the rings, the P and Si deviate significantly from the aromatic indole plane (Table 3). 

 

Figure 4.17. Molecular structure of zwitterionic TSMPSi (1) in the crystal. Displacement 
ellipsoids are drawn at the 50% probability level. Benzene solvent molecules and hydrogen 
atoms are omitted for clarity. Selected bond distances (Å) and angles (o): two molecules in the 
asymmetric unit, molecule 1: Si1-N11 1.8404(18), Si1-N21 1.8581(17), Si1-N31 1.8465(17), 
N11^Si^N21 92.13(8), N21^Si^N31 93.34(7), N31^Si^N11 91.96(8); C11^P1^C101 104.51(9), 
C11^P1^C191 105.15(9), C101^P1^C191 101.40(10). molecule 2: N12-Si2 1.8552(18), N22-Si2 
1.8441(18), N32-Si2 1.8639(18), N12^Si2^N22 91.87(8), N22^Si2^N32 92.74(8), N32^Si2^N12 
92.90(8); C12^P2^C102 104.10(9), C12^P2^C192 104.03(10), C102^P2^C192 103.33(9). 

Table 3. Crystallographic dihedral angles between least-squares planes in 1 as calculated with 
the PLATON software.100  

Plane 1 Plane 2 Angle, o 
N11,C11,C21,C31,C41,C51,C61,C71,C81 P1,Si1,N11,C11 10.84(8) 
N21,C101,C111,C121,C131,C141,C151,C161,C171 P1,Si1,N21,C101 15.40(8) 
N31,C191,C201,C211,C221,C231,C241,C251,C261 P1,Si1,N31,C191 5.24(7) 
N12,C12,C22,C32,C42,C52,C62,C72,C82 P2,Si2,N12,C12 2.35(7) 
N22,C102,C112,C122,C132,C142,C152,C162,C172 P2,Si2,N22,C102 0.59(7) 
N32,C192,C202,C212,C222,C232,C242,C252,C262 P2,Si2,N32,C192 3.56(7) 
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[TSMPSiH]+BArF
4

- (2BARF). [C28H25N3PSi](C32H12BF24) · 2C4H8O2 + disordered solvent, Fw = 

1502.00[a], colourless block, 0.67  0.45  0.22 mm3, triclinic, P 1  (no. 2), a = 13.38545(16), b 

= 15.8323(2), c = 18.8391(2) Å, α = 76.347(1), β = 72.440(1), γ = 70.700(1)°, V = 3551.01(8) 

Å3, Z = 2, Dx = 1.405 g/cm3[a],  = 0.17 mm-1[a]. The diffraction experiment was performed on 
a Bruker Kappa ApexII diffractometer with sealed tube and Triumph monochromator ( = 
0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin /)max = 0.72 Å-1. The crystal 
appeared to be cracked into two fragments. Consequently, two orientation matrices were used 
for the integration with the Eval15 software.94 A multi-scan absorption correction and scaling 
was performed with TWINABS95,96 (correction range 0.67-0.75). A total of 187169 reflections 
was measured, 21735 reflections were unique (Rint = 0.040), 17594 reflections were observed 
[I>2(I)]. The structure was solved with Patterson superposition methods using SHELXT.97 
Structure refinement was performed with SHELXL-201898 on F2 of all reflections based on an 
HKLF-5 file.99 The crystal structure contains large voids (265 Å3/unit cell) filled with severely 
disordered CH2Cl2 solvent molecules. Their contribution to the structure factors was secured by 
the SQUEEZE algorithm101 resulting in 84 electrons / unit cell. Non-hydrogen atoms were 
refined freely with anisotropic displacement parameters. The Si–H hydrogen atom was located 
in difference Fourier maps and refined freely with an isotropic displacement parameter. C–H 
hydrogen atoms were introduced in calculated positions and refined with a riding model. Six of 
the eight CF3 groups were refined with a disorder model. Slight disorder in the co-crystallized 
dioxane molecules was not resolved. Minor presence of n-hexane on the dioxane locations 
cannot be ruled out. 1096 Parameters were refined with 3483 restraints (distances, angles and 
displacement parameters in the CF3 groups). R1/wR2 [I > 2(I)]: 0.0542 / 0.1531. R1/wR2 [all 
refl.]: 0.0660 / 0.1620. S = 1.050. Fraction of the second crystal fragment BASF = 0.0780(15). 
Residual electron density between -0.69 and 2.34 e/Å3 (positive peak in proximity of dioxane). 
Geometry calculations and checking for higher symmetry was performed with the PLATON 

program.100  

Discussion: The derived molecular structure is shown in Figure 4.18. The cation of 
[TSMPSiH]+BArF4

- (2BARF) is located on a general position without symmetry. However, there 
is an approximate, non-crystallographic C3 symmetry in the cation with an r.m.s. deviation of 
0.1231 Å. The silicon-bound hydrogen can be located from the difference Fourier maps. In some 
of the rings, the P and Si deviate significantly from the aromatic indole plane (Table 4.4). 

Table 4.4. Crystallographic dihedral angles between least-squares planes in 2BARF as calculated 
with the PLATON software.100 

Plane 1 Plane 2 Angle, o 
N11,C11,C21,C31,C41,C51,C61,C71,C81 P11,Si11,N11,C11 3.35(6) 
N21,C101,C111,C121,C131,C141,C151,C161,C171 P11,Si11,N21,C101 3.00(6) 
N31,C191,C201,C211,C221,C231,C241,C251,C261 P11,Si11,N31,C191 5.14(7) 

Upon protonation of TSMPSi (1) into [TSMPSiH]+ (2), the structural changes are mostly 
confined to the SiN3 fragment. No other bond in the molecule changes by >0.02 Å, and no flat 
angle deforms by >2.9o, which is illustrated in Figure 4.19 and Table 4.5. 

 

 
a Derived values do not contain the contribution of the disordered solvent. 
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Figure 4.18. Molecular structure of cationic silane 2 in the crystal of [TSMPSiH]+BArF4
- (2BARF). 

Displacement ellipsoids are drawn at the 30% probability level. The BArF
4

- counterion, severely 
disordered CH2Cl2, and hydrogen atoms, except for Si–H, are omitted for clarity. The dioxane 
molecules involving O14 and O15, respectively, are located on inversion centers. Selected bond 
distances (Å) and angles (o): Si11-H11 1.319(19), Si11-N11 1.7621(13), Si11-N21 1.7565(12), 
Si11-N31 1.7525(12), Si11-O13 3.2260(16), Si11-O14 2.7807(13), Si11-O15 3.067(3), H11-O13 
2.90(2), H11-O14 2.62(2), H11-O15 2.73(2), N11^Si11^N21 99.42(6), N11^Si11^N31 100.33(6), 
N21^Si11^N31 101.66(6), N11^Si11^H11 115.1(8), N21^Si11^H11 117.1(8), N31^Si11^H11 
119.9(8), C11^P11^C101 102.58(7), C101^P11^C191 104.28(7), C11^P11^C191 102.66(7), 
Si11^H11^O13 92.0(10), Si11^H11^O14 82.7(10), Si11^H11^O15 91.8(10). 

 

 

Figure 4.19. Structural changes within the bicyclic cage upon protonation according to the X-ray 
crystal structure. Only one independent molecular fragment of TSMPSi (1) is shown. 
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Table 4.5. Structural changes within the bicyclic fragment upon protonation according to the X-
ray crystal structure. Since a crystal of TSMPSi (1) has two independent molecules in the unit 
cell, both sets of geometric parameters are given separated by a slash. 

Geometric 

parameter 

Value, Å or o 

TSMPSi (1) [TSMPSiH]+BArF
4

- (2BARF) 

Si–N 1.8404(18)-1.8639(18) 1.7525(12)-1.7621(13) 

N–CAr 1.400(3)-1.408(2) 1.4174(18)-1.4195(18) 

CAr–P 1.768(2)-1.7782(19) 1.7751(15)-1.7753(15) 

P+–CH3 1.780(2)/1.782(2) 1.7756(16) 

NˆSiˆN 91.87(8)-93.34(7) 99.42(6)-101.66(6) 

N^Si^N 277.43(13)/277.51(14) 301.41(10) 

SiˆNˆC 125.05(13)-126.36(14) 119.11(10)-119.32(9) 

NˆCˆP 111.00(14)-112.14(14) 113.15(10)-113.40(10) 

CArˆPˆCAr 101.40(10)-105.15(9) 102.58(7)-104.28(7) 
 

TSMPGe (12). C28H24GeN3P + disordered solvent, Fw = 506.06[a], colourless block, 0.35  0.31 

 0.13 mm3, monoclinic, P21/c (no. 14), a = 14.9354(10), b = 8.8055(5), c = 22.7168(15) Å, β = 

108.505(4)°, V = 2833.1(3) Å3, Z = 4, Dx = 1.186 g/cm3[a],  = 1.16 mm-1[a]. The diffraction 
experiment was performed on a Bruker Kappa ApexII diffractometer with sealed tube and 
Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of 
(sin /)max = 0.65 Å-1. The Eval15 software94 was used for the intensity integration. For the 
prediction of the reflection profiles a large isotropic mosaicity of 1.8° was used. Additional weak 
crystal fragments and diffuse scattering were ignored during the integration. A multi-scan 
absorption correction and scaling was performed with SADABS95,96 (correction range 0.58-0.75). 
A total of 58172 reflections was measured, 6527 reflections were unique (Rint = 0.045), 5379 
reflections were observed [I>2(I)]. The structure was solved with Patterson superposition 
methods using SHELXT.97 Structure refinement was performed with SHELXL-201698 on F2 of 
all reflections. The crystal structure contains large voids (654 Å3/unit cell) filled with severely 
disordered n-hexane solvent molecules. Their contribution to the structure factors was secured 
by the SQUEEZE algorithm101 resulting in 200 electrons / unit cell. Non-hydrogen atoms were 
refined freely with anisotropic displacement parameters. Hydrogen atoms were introduced in 
calculated positions and refined with a riding model. 302 Parameters were refined with no 
restraints. R1/wR2 [I > 2(I)]: 0.0540 / 0.1336. R1/wR2 [all refl.]: 0.0663 / 0.1389. S = 1.190. 
Residual electron density between -0.41 and 2.90 e/Å3. Geometry calculations and checking for 
higher symmetry was performed with the PLATON program.100  

Discussion: The derived molecular structure is shown in Figure 4.20. Despite the approximate 
molecular C3v symmetry, the molecule is located on a general position without symmetry in the 
crystal packing. The system features a “naked” anionic center with the sum of the surrounding 
N^Ge^N angles close to 270o, i.e. 270.04(19)o. This indicates a high s-character of the anionic 
lone pair. In some of the rings, the P and Si deviate significantly from the aromatic indole plane 
(Table 4.6). 

 
a Derived values do not contain the contribution of the disordered solvent. 
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Figure 4.20. Molecular structure of 12 in the crystal. Displacement ellipsoids are drawn at the 
50% probability level. Solvent molecules and hydrogen atoms are omitted for clarity. Selected 
bond distances (Å) and angles (o): Ge1-N1 1.967(3), Ge1-N2 1.976(3), Ge1-N3 1.972(3), 
N1^Ge1^N2 89.73(11), N2^Ge1^N3 90.25(11), N3^Ge1^N1 90.06(11); C11^P1^C12 
106.65(15), C12^P1^C13 103.52(15), C11^P1^C13 103.69(15).  

Table 4.6. Crystallographic dihedral angles between least-squares planes in 12 as calculated with 
the PLATON software.100  

Plane 1 Plane 2 Angle, o 
N1,C11,C21,C31,C41,C51,C61,C71,C81 P1,Ge1,N1,C11 12.51(11) 
N2,C12,C22,C32,C42,C52,C62,C72,C82 P1,Ge1,N2,C12 11.29(11) 
N3,C13,C23,C33,C43,C53,C63,C73,C83 P1,Ge1,N3,C13 0.71(12) 

 

(TSMPSi)FeBr2(THF) (7). C32H32Br2FeN3OPSi · 3C4H8O, Fw = 965.64, yellow block, 0.46  

0.20  0.10 mm3, monoclinic, P21/c (no. 14), a = 16.5476(8), b = 12.1769(5), c = 21.8288(9) Å, 
β = 94.147(2)°, V = 4387.0(3) Å3, Z = 4, Dx = 1.462 g/cm3,  = 2.27 mm-1. The diffraction 
experiment was performed on a Bruker Kappa ApexII diffractometer with sealed tube and 
Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of 

(sin /)max = 0.65 Å-1. The Eval15 software94 was used for the intensity integration. A numerical 
absorption correction and scaling was performed with SADABS95,96 (correction range 0.48-0.84). 
A total of 60843 reflections was measured, 10071 reflections were unique (Rint = 0.046), 7928 
reflections were observed [I>2(I)]. The structure was solved with Patterson superposition 
methods using SHELXT.97 Structure refinement was performed with SHELXL-201698 on F2 of 
all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 
parameters. Hydrogen atoms were introduced in calculated positions and refined with a riding 
model. One non-coordinated THF solvent molecule was refined with a disorder model. 519 
Parameters were refined with 245 restraints (distances, angles and displacement parameters in 
the non-coordinated THF molecules). R1/wR2 [I > 2(I)]: 0.0372 / 0.0886. R1/wR2 [all refl.]: 
0.0548 / 0.0973. S = 1.015. Residual electron density between -0.60 and 1.00 e/Å3. Geometry 
calculations and checking for higher symmetry was performed with the PLATON program.100  

Discussion: The derived molecular structure is shown in Figure 4.21. The Fe(II) center has a 
tetrahedral configuration typical for an S = 2 spin state. Fe–Br bond lengths of 2.3857(5) and 
2.3976(5)Å are also rather typical for a high-spin iron(II) center.102–109 The Fe–Si bond distance 
of 2.4711(7) Å is somewhat longer than that in an analogous complex of FeCl2(THF) and C-
tethered analogue of 1, 2.4482(12)/2.4589(12).35 This indicates a slightly weaker bonding in the 
case of 7. As expected, the geometry around silicon is sensitive to coordination. Thus, the sum 
of crystallographic N^Si^N angles changes from 277.43(13)/277.51(14)o in free TSMPSi (1) to 
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289.42(17)o in complex (TSMPSi)FeBr2(THF) (7). This change is consistent with Bent’s rule.39 
In some of the rings, the P and Si deviate significantly from the aromatic indole plane (Table 
4.7). 

 

Figure 4.21. Molecular structure of (TSMPSi)FeBr2(THF) (7) in the crystal. Displacement 
ellipsoids are drawn at the 50% probability level. Hydrogens and non-coordinated THF 
molecules are omitted for clarity. Selected bond (Å) and angles (o): Si1-N1 1.798(2), Si1-N2 
1.812(2), Si1-N3 1.806(2), Fe1-Si1 2.4711(7), Fe1-Br1 2.3976(5), Fe1-Br2 2.3857(5), Fe1-O1 
2.0727(19), N1^Si1^N2 96.55(10), N2^Si1^N3 96.37(10), N3^Si1^N1 96.50(10), C1^P1^C10 
102.62(12), C1^P1^C19 104.07(11), C10^P1^C19 103.70(12).  

Table 4.7. Crystallographic dihedral angles between least-squares planes in 7 as calculated with 
the PLATON software.100  

Plane 1 Plane 2 Angle, o 
N1,C1,C2,C3,C4,C5,C6,C7,C8 P1,Si1,N1,C1 2.93(9) 
N2,C10,C11,C12,C13,C14,C15,C16,C17 P1,Si1,N2,C10 2.10(9) 
N3,C19,C20,C21,C22,C23,C24,C25,C26 P1,Si1,N3,C19 2.67(9) 

 
iso-TSMPSi (10). C28H24N3PSi · C6H6, Fw = 547.73, colourless block, 0.45  0.25  0.06 mm3, 

triclinic, P 1  (no. 2), a = 8.8398(4), b = 12.4251(6), c = 14.7566(7) Å, α = 71.073(3), β = 

89.907(2), γ = 71.483(2)°, V = 1444.48(12) Å3, Z = 2, Dx = 1.259 g/cm3,  = 0.17 mm-1. The 
diffraction experiment was performed on a Bruker Kappa ApexII diffractometer with sealed 
tube and Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a 
resolution of (sin /)max = 0.65 Å-1. The Eval15 software94 was used for the intensity integration. 
A multi-scan absorption correction and scaling was performed with SADABS95,96 (correction 
range 0.69-0.75). A total of 33226 reflections was measured, 6648 reflections were unique (Rint 
= 0.026), 5760 reflections were observed [I>2(I)]. The structure was solved with Patterson 
superposition methods using SHELXT.97 Structure refinement was performed with SHELXL-
201898 on F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. Hydrogen atoms of the Si compound were located in difference 
Fourier maps. Hydrogen atoms of the hexane were introduced in calculated positions. All 
hydrogen atoms were refined with a riding model. The n-hexane solvent molecule was refined 
with a disorder model. The solvent disorder could not be fully resolved. 411 Parameters were 
refined with 144 restraints (distances, angles and displacement parameters in the hexane 
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molecule). R1/wR2 [I > 2(I)]: 0.0389 / 0.1073. R1/wR2 [all refl.]: 0.0451 / 0.1114. S = 1.062. 
Residual electron density between -0.37 and 0.44 e/Å3. Geometry calculations and checking for 
higher symmetry was performed with the PLATON program.100  

Discussion: The derived molecular structure is shown in Figure 4.22. It features a tetrahedral 
methylated silicon atom and a tricoordinate phosphorus atom. Due to the absence of the methyl 
group, the phosphorus atom in iso-TSMPSi (10) is more pyramidalized as compared to that in 
the parent zwitterion TSMPSi (1) (C^P^C of 290.67(12)° vs. 311.06(16)/311.46(16)°, respectively). 

The opposite applies to the silicon atom, which now features wider N^Si^N angles (N^Si^N of 
306.97(10)° vs. 277.43(13)/277.51(14)o in 1). All these changes comply with Bent’s rule.39 In 
some of the rings, the P and Si deviate significantly from the aromatic indole plane (Table 4.8). 

 

Figure 4.22. Molecular structure of iso-TSMPSi (10) in the crystal. Displacement ellipsoids are 
drawn at the 30% probability level. Hydrogens and n-hexane solvent molecules are omitted for 
clarity. Selected bond lengths (Å) and angles (o): Si1-N1 1.7473(13), Si1-N2 1.7379(13), Si1-N3 
1.7416(13), C1-Si1 1.8284(14), N1^Si1^N2 101.67(6), N2^Si1^N3 101.87(6), N3^Si1^N1 
103.43(6), C11^P1^C12 97.91(6), C12^P1^C13 98.57(7), C11^P1^C13 94.19(7).  

Table 4.8. Crystallographic dihedral angles between least-squares planes in 10 as calculated with 
the PLATON software.100  

Plane 1 Plane 2 Angle, o 
N1,C11,C21,C31,C41,C51,C61,C71,C81 P1,Si1,N1,C11 9.28(5) 
N2,C12,C22,C32,C42,C52,C62,C72,C82 P1,Si1,N2,C12 0.97(5) 
N3,C13,C23,C33,C43,C53,C63,C73,C83 P1,Si1,N3,C13 11.44(6) 

(TSMP–H)GeCl (13).a C28H25ClGeN3P · C4H8O, Fw = 614.62, colourless block, 0.39  0.23  
0.07 mm3, monoclinic, P21/n (no. 14), a = 9.4061(3), b = 26.6171(13), c = 12.4032(6) Å, β = 
111.723(3)°, V = 2884.8(2) Å3, Z = 4, Dx = 1.415 g/cm3,  = 1.24 mm-1. The diffraction 
experiment was performed on a Bruker Kappa ApexII diffractometer with sealed tube and 
Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of 

(sin /)max = 0.65 Å-1. The Eval15 software94 was used for the intensity integration. A multi-
scan absorption correction and scaling was performed with SADABS95,96 (correction range 0.65-
0.75). A total of 66423 reflections was measured, 6640 reflections were unique (Rint = 0.025), 
6078 reflections were observed [I>2(I)]. The structure was solved with Patterson superposition 

 
a Compound 13 is not mentioned in the main text, yet it is still discussed in Appendix C1. For the 
sake of simplicity, its X-ray crystal structure determination is described in the current section. 
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methods using SHELXT.97 Structure refinement was performed with SHELXL-201698 on F2 of 
all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 
parameters. All hydrogen atoms were located in difference Fourier maps. The N–H hydrogen 
atoms was refined freely with an isotropic displacement parameter. The C–H hydrogen atoms 
were refined with a riding model. 360 Parameters were refined with no restraints. R1/wR2 [I > 
2(I)]: 0.0294 / 0.0769. R1/wR2 [all refl.]: 0.0331 / 0.0786. S = 1.071. Residual electron density 
between -0.33 and 0.56 e/Å3. Geometry calculations and checking for higher symmetry was 
performed with the PLATON program.100 

Discussion: The derived molecular structure is shown in Figure 4.23. The proton at N1 (H1N) is 
clearly visible in the difference Fourier map. It can be refined freely in the least-squares 
refinement of the structure. Additionally, the short N1…O14 distance indicates the presence of 
a hydrogen bond. 

 

Figure 4.23. Molecular structure of (TSMP–H)GeCl (13) in the crystal. Displacement ellipsoids 
are drawn at the 50% probability level. Hydrogens, except for H1N, are omitted for clarity. A 
THF molecule that forms a hydrogen bond with H1N is shown explicitly. Selected bond 
distances (Å) and angles (o): Ge1-Cl1 2.3549(5), Ge1-N2 1.9524(15), Ge1-N3 1.9569(14), N1-
H1N 0.88(3), H1N…O14 2.14(3), N1…O14 2.913(2), Cl1^Ge1^N2 94.01(4), N2^Ge1^N3 
90.96(6), N3^Ge1^Cl1 92.36(4), N1^H1N^O14 146(3). 
 

4.10.4 Computational studies 

All calculations were performed using Gaussian 16, Revision A.03.66 Routine geometry 
optimizations were carried out in vacuum at the B3LYP-GD3BJ/6-311++G** level of theory. 
The absence of imaginary frequencies was confirmed for all structures. In case of several possible 
conformers, the one with the lowest energy was chosen for further calculations. NMR 
parameters were calculated using GIAO method from stationary geometries at B3LYP-GD3BJ 
level of theory with IGLO-III basis set for C, H, P, Si, O atoms and 6-311++G** basis set for 
Fe atoms. Implicit solvation was treated within the Polarizable Continuum Model (PCM).  

Gas-phase acidities were derived using both B3LYP-GD3BJ and MP2 with 6-311++G(d,p) 
basis set. For MP2 calculations, thermal corrections for Gibbs free energy were taken from 
B3LYP-GD3BJ/6-311++G(d,p) level of theory. It has been shown52,110 that MP2-derived gas-
phase acidities tend to give a better agreement with the experiment than the B3LYP-derived 
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ones for a wide range of acids; nevertheless, both methods give identical trends. This was also 
true in our calculations. However, due to the higher precision, we chose MP2-calculated values 
for a further discussion. 

Even though deprotonation decomposition schemes are closely related to the gas-phase acidities, 
given that B3LYP-GD3BJ and MP2 show identical trends, deprotonation decomposition was 
treated at B3LYP-GD3BJ/6-311++G** level of theory in order to save computational time. 

Carbonyl stretching frequencies in IrCp(CO)L model complexes were calculated as described 
by Gusev.111 Namely, geometry optimizations and frequency calculations were performed using 
MPW1PW91 functional with SDD basis set (associated with ECP) for Ir and 6-311+G(d,p) for 
all other atoms. Tight geometry optimizations and ultrafine integration grid were employed. 
The absence of imaginary frequencies was confirmed for all structures. 

Relaxed potential energy surface (PES) scans were carried out in vacuum at B3LYP-GD3BJ/6-
31+G* level of theory. Related stationary points were optimized at the same level of theory. 
The absence of imaginary frequencies was confirmed for all structures, except for transition 
states: those had one negative vibrational mode, implying a negative force constant. 

NBO analysis was done using NBO 6.0 program.112 NLMOs were visualized using VMD 
1.9.3.113–115 

For the sake of brevity, the geometric coordinates along with correspinding energies are not 
given in this chapter. These can be found in the respective publication.34 
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5.1 Concluding remarks and perspective 

In the previous chapters, we presented the synthesis and reactivity of the first dianionic 
C3-symmetric scorpionate capable of metal exchange, TSMPK2, followed by detailed 
studies of its transition metal and main-group derivatives. This research was performed 
with the hope to observe charge separation effects that could ultimately be used for fine 
reactivity and properties control. Whereas the TSMP2– scaffold does feature rich 
coordination behavior as well as an ability to stabilize unusual oxidation states (FeIV 
and SiII), the charge separation effects are tightly intertwined with electronics and 
sterics, making it difficult to quantify the contribution of each actor. The situation is 
aggravated by the absence of a proper theoretical framework that would help to 
deconvolute these effects. We do, however, make qualitative conclusions based on the 
comparison with analogous computed and experimental systems that lack strongly 
separated charges.  

In future studies, a deeper understanding of the charge influence may be gained 
through expanding the scope of the comparison by using analogues of the TSMPK2 
salt with a different central atom (Chart 5.1A). While the systems with E = Al– and Si 
are truly isoelectronic to TSMPK2, the aluminum-containing species may be 
problematic in terms of kinetic stability, and E = B– might be a more functional 
alternative. Repeating some aspects of the chemistry described in Chapters 2-4 with 
these analogues is expected to help identify the properties and reactivity differences 
that emerge primarily due to charge separation. In particular, the solution pKa

DMSO 
determination of TSMSiSiH (Chart 5.1B), which is a Si-tethered analogue of 
[TSMPSiH]+ described in Chapter 4, would allow to cleanly isolate the contribution of 
a positive charge into the acidity of [TSMPSiH]+. Similarly, spectroscopic analysis of 
[(TSMSi)2FeIV]2– (Chart 5.1C), analogous to [(TSMP)2FeIV]0 from Chapter 3, would 
allow to detect subtle ligand field differences that may emerge due to electrostatic 
stabilization of a 𝑑   orbital. 

Charge separation aside, one may also follow up on other findings presented in this 
thesis. Chapter 3 showcases a strategy for stabilizing a high-valent late-transition metal 
center in the [(TSMP)2FeIV]0 complex. One may extend this approach to other first-row 
metals, such as Co, Ni and Mn. Despite being coordinatively saturated, and likely 
displaying outer sphere redox chemistry of limited use for catalysis, these compounds 
may be of fundamental interest for the broader coordination chemistry/inorganic 
spectroscopy community. More synthetically relevant are heteroleptic complexes with 
strongly π-donating oxo-, nitride- and imido-ligands, since such compounds have been 
identified or proposed as key intermediates in a range of important (catalytic) 
transformations.1–5 It is briefly discussed in Chapter 2 that chemical oxidation of the 
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TSMP-monoligated FeII and NiII complexes yields no tractable products. One common 
strategy is to kinetically stabilize an oxidized metal site by the sterically demanding 
substituents.6–13 Therefore, we suggest modifying the TSMP scaffold on the 7th position 
of the indolide moieties with bulky groups (R in Chart 5.1D) in order to shield the high-
valent metal center and inhibit possible decomposition pathways. 

 

Chart 5.1. Suggested miscellaneous research directions. 

Among the results that were not included in this thesis are deprotonation studies of the 
phosphonium methyl group in TSMPK2 and TSMPSi zwitterions. Treatment of 
TSMPK2 with an equivalent amount of nBuLi in THF at –78 °C yielded ample white 
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precipitation that, upon reaction with 4.2 equiv. of deuterohydrochloric acid, gave a 
tetradeuterated [TSMPD3-d]+Cl–, wherein one of the deuterated positions was on a 
phosphonium methyl group as evidenced by 1H, 2H, 31P NMR and mass-spectra. 
Similarly, treatment of TSMPSi with an equivalent amount of nBuLi in THF at –78 °C 
yielded a C3-symmetric species with a phosphorus-bound methylene group instead of 
a methyl, as indicated by 1H and 31P NMR. Such polytopic ylidic ligands (Chart 5.1E) 
possess two types of donor sites of different hardness/softness and ligand field strength, 
which may prove instrumental for the synthesis of bimetallic complexes or spin-
crossover/single-chain magnet coordination polymers.14,15 Another promising 
potential application lies in the field of low-valent metal-organic frameworks (MOFs), 
some of which require the presence of harder Lewis donors to form an actual MOF 
and softer Lewis-basic sites that ligate the low-valent metal centers.16 

One promising vein of research is the coordination chemistry of TSMPSi from Chapter 
4. As such, this zwitterion is a relatively weakly-coordinating ligand, suitable only for 
soft metal sites akin to [Fe(CO)4]. Repeated attempts to form coordination compounds 
with Fe(OTf)2, Fe(acac)2, FeMes2 and Fe(cot)2 in THF and/or toluene resulted only in 
mixtures of the starting materials, as indicated by 1H and 31P NMR. The only exception 
is complexation with FeBr2, although it is likely driven by insolubility of the resulting 
(TSMPSi)FeBr2(THF) adduct. We suggest another approach towards a soluble Fe(II) 
complex that involves protonation of FeMes2 with [TSMPSiH]+BArF

4
– silane 

synthesized in Chapter 4 (Chart 5.2A). Conducted in toluene, this reaction should 
liberate mesitylene, leaving a naked Fe2+ ion with no other available lone pair donors 
but TSMPSi in the vicinity. Depending on stoichiometry, this might result in formation 
of mono- or bis-ligated complexes. The linear bis-ligated Fe(II) complexes are 
particularly interesting because the low coordination number restricts the magnitude 
of the d-orbital ligand-field splitting, hindering the development of large anisotropies, 
which may ultimately result in single-molecule magnet behavior.17–22 

Next, Chapter 4 of this thesis illustrates how a combination of strain and charge 
separation can modulate redox properties of the main-group elements. The multitude 
of reaction pathways available for the TSMPSi scaffold, combined with its flexibility, 
may serve as an entry point into novel bond activation strategies based on the 
Si(II)/Si(IV) couple. One may envision a process where a silicon of TSMPSi inserts 
itself into an acidic E–H bond in, for instance, a thiol (Chart 5.2B). It is not 
unreasonable to expect this process to be reversible since a sulphur does not have as 
high an affinity to silicon as an oxygen. Whereas cleaving the RS–H bond in thiols is 
not very challenging and can be done by a reasonably strong base, upon addition to 
TSMPSi the H-atom would lose its acidic character to become a hydride. In other words,  
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Chart 5.2. Possible research directions with the TSMPSi system. 

TSMPSi insertion would lead to umpolung, where the emerging hydride could be used 
for further transformations. 

Expanding on bond activation and considering that TSMPSi has linker-separated 
Lewis-acidic and basic sites in the same molecule, and as such can be viewed as a 
frustrated Lewis pair (FLP), it would be interesting to probe dihydrogen activation. 
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Initial tests, not discussed in this thesis, involved pressurizing TSMPSi dissolved in 
THF with 2 bars of dihydrogen at room temperature and at 65 °C for 48 h. In both 
cases, 1H and 31P NMR spectra showed no reaction. Our preliminary DFT calculations 
suggest that the presence of hard Lewis bases, such as ammonia or DMSO (:B in Chart 
5.2C, reaction I), may coordinatively stabilize the strained Si–H moiety and allow to 
split dihydrogen over silicon and phosphorus with a moderately negative free energy 
balance. Alternatively, one may try to take advantage of the strain-release Lewis 
acidity of [TSMPSiMe]+ discussed in Chapter 4, pairing it with a common bulky Lewis 
base, such as PtBu3 (Chart 5.2C, reaction II). 

Finally, one might also venture into the chemistry of silicon cations, which have been 
a point of increased interest over the past years.23–25 Hydride abstraction from 
[TSMPSiH]+ may lead to a doubly-positive silylium ion (Chart 5.2D). It is expected to 
be pyramidal due to the constraints imposed by the cage structure. This inability to 
flatten so that an electron hole would occupy an orbital with the lowest s-contribution, 
combined with a double positive charge, is expected to lead to enhanced reactivity, 
which might be of interest for Lewis acid catalysis and small molecule activation. 
Furthermore, the silylium ion may serve as a starting point for the synthesis of 
pnictogen -ene compounds (Chart 5.2D). The double bond in those is likely to possess 
strong ylidic character, having potential applications for small molecule activation. 
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Summary 
 
 
Faced with new global challenges, mankind experiences an unprecedented pressure for 
developing more sustainable and waste-effective chemical processes, which requires a 
high degree of reactivity control. Aside from varying conditions, chemists have come 
up with a number of clever ways to steer reactivity in a preferred direction. Among 
these are the use of elements with an incomplete electron shell, such as transition metals 
or main-group compounds (often in unusual oxidation states), introducing strain or 
charge separation (CS). The latter approach remains largely underutilised and, 
therefore, was chosen to be the central point of this thesis.  

The current work introduces a ligand with built-in CS that allows to study its effects in 
the contexts of both transition metal and main-group chemistry. The novel 1,3-
zwitterionic scaffold tris-skatylmethylphosphonium (TSMP2–), isolated as a potassium 
salt TSMPK2 (1 in Figure 6.1), is also the first known C3-symmetric dianionic 
homoscorpionate capable of metal exchange. 

 

Figure 6.1. 1,3-Zwitterionic TSMPK2 salt (1). 

Chapter 1 of this thesis provides a general overview of the mechanisms through which 
CS may affect reactivty and physical properties. First of all, CS generates static electric 
fields, which may polarize neighbouring electrons, thereby influencing electronic 
structure and reactivity in both natural and synthetic systems. We specifically dwell on 
enzymatic catalysis as it illustrates in full an almost untapped potential of such 
electrostatic reactivity control. Secondly, CS in zwitterions stores energy, which can be 
used for chemical transformations or to achieve designer-made HOMO-LUMO gaps. 
Herein, we categorize zwitterions based on the distance between separated charges: we 
start with 1,1-zwitterions or elementenes (carbenes, nitrenes, silylenes etc.) that feature 
a negative electron lone pair and a positive vacant orbital on the same atom, and end 
with remote zwitterions with two and more neutral atoms between the charges. Finally, 
we consider catalytically-active coordination compounds, wherein the charge of the 
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second coordination sphere balances that on a metal, obviating the need for 
counterions. This greatly simplifies association behavior in solution, allowing for more 
systematic and straightforward catalyst design. Overall, this chapter provides a guide 
through the broad and somewhat abstract field of CS-induced reactivity and properties 
control, while also charting out possible directions in which this approach could 
develop. 

Chapter 2 describes the synthesis and coordination behavior of the TSMPK2 salt (1 in 
Figure 6.1). X-ray diffraction of its single crystals is consistent with the 1H, 13C and 31P 
NMR measurements, and shows an expected K:P ratio of 2:1. The existence of a 
trianionic monocationic phosphonium salt is, to our knowledge, unprecedented. 
Despite a possibility of recombination between negatively charged indolides and a 
positively charged phosphonium atom, compound 1 is stable both in the solid state and 
solution. 

 

Figure 6.2. Various binding modes of the TSMP2– ligand. 
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Complexation of 1 with Fe(II), Ni(II) and Cu(I) salts shows diverse coordination 
behavior depending on the metal, stoichiometry and the presence of co-ligands (Figure 
6.2). The expected scorpionate κ3 binding mode is observed in octahedral, high-spin 

complexes (TSMP)MII(Py)3 (2: M=Fe, S = 2; 3: M=Ni, S = 1) as well as in the 

tetrahedral [(TSMP)CuIP(OEt)3]– (4). The bridging μ2:κ2:κ1 mode is preferred with 
Cu(I) in the absence of a co-ligand, affording the tetrameric complex {[(TSMP)CuI]K}4 
(5). Finally, formal displacement of the pyridine ligands in 2 for a second equivalent of 
TSMP2– gives a high-spin (S = 2) pseudotetrahedral 2:1 complex [(TSMP)2FeII]2– (6) 

with the ligands in κ2 coordination mode. The reduction in coordination number is 
likely due to electrostatic repulsion of the negatively-charged indolides, as well as their 
weaker π-accepting character compared to pyridine. 

The redox properties of the above metal complexes were probed both electrochemically 
(cyclic voltammetry, CV) and chemically (oxidation with 1 equiv. of Fc+BF4

–). Ni(II) 
complex 3 and Cu(I) complexes 4 and 5 show no electrochemically (quasi-)reversible 
behaviour. Chemical oxidation leads to insoluble or ill-defined products. The CV of 
mono-TSMP Fe(II) complex 2 shows several redox events, two of which are a quasi-
reversible pair. Nevertheless, chemical oxidation leads, again, to an intractable mixture 
of products. Similarly, the CV of bis-TSMP Fe(II) complex 6 shows several events with 
a quasi-reversible pair. Gratifyingly, in this case chemical oxidation affords a well-
defined Fe(III) complex that is further discussed in the next chapter. 

Overall, the various observed coordination modes of the TSMP2– ligand demonstrate 
its versatility and potential for future applications. In particular, the accessibility of 
electrically neutral fragments in the +II oxidation state is attractive for solution phase 
application with first-row transition metals. 

Chapter 3 follows up on the oxidation of [(TSMP)2FeII]2– (6). Reaction of the 
dipotassium salt [(TSMP)2FeII]K2 (6a) with ferrocenium or tritylium tetrafluoroborate 
in acetonitrile furnishes a deep-blue complex [(TSMP)2FeIII]– (7; Figure 6.3) as a 

potassium salt 7a. To modify the solubility, the potassium ion can be exchanged for a 
tetraphenylphosphonium (7b) or encapsulated with two benzo-15-crown-5 ether 
molecules (7c). Furter oxidation of 7b with molecular iodine in DCM yields a 

moderately-soluble electroneutral complex [(TSMP)2FeIV] (8; Figure 6.3) as a bottle-

green solid. Cyclic voltammetry shows that 6-8 are electrochemically connected and 
can be reversibly converted into one another. 
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Figure 6.3. Metal complexes discussed in Chapter 3. Counterions are not shown for clarity. 

The solid-state structures of [(TSMP)2FeIII]– (7) and [(TSMP)2FeIV] (8) were elucidated 

by single-crystal X-ray diffraction. Both 7 and 8 feature hexacoordinate iron centers 

with approximate octahedral symmetry. Remarkably, depending on the counter-ion, 7 

can exist either in a low-spin state (S = 1/2; 7a and 7b) or as a 1:1 mixture of low- and 

high-spin (S = 5/2) components (7c), as evidenced by two different sets of Fe–N bond 

lengths ~0.1 Å apart. Solution 1H NMR spectra of both 7 and 8 were fully assigned and 
are consistent with the respective solid-state structures, wherein each compound 
features six paramagnetically shifted and broadened signals in accordance with D3d 
symmetry.  

The simultaneous existence of two spin states in the crystal of 7c hinted at the 
possibility of spin crossover. Indeed, SQUID magnetometry of microcrystalline 

powder of 7a reveals an S = 1/2 → 5/2 transition with Tc of 450 K and nΔH of 15.4 
kJ/mol as fitted by the domain model of Sorai and Seki. The effective solution 
magnetic moment of 7a measured by Evans method in DCM-d2 at variable temperature 

can be fitted to give ΔH of 18.1±1.4 kJ/mol, ΔS of 73±6 J/(mol*K) and Tc of 249±1 K. 
While the Tc difference of ~200 K between the solid state and solution is very high, it 
is known that in some cases crystal packing may lock molecules in a fixed spin state, 
slow down the spin transition by anticooperative effects or even prevent it from 
happening whatsoever. To the best of our knowledge, 7 is the first synthetic complex 
with an FeIIIN6 core that undergoes thermal spin crossover. This behavior is likely due 
to TSMP2– being a relatively weak-field ligand because of the absence of low-lying π*-
orbitals in the extended aromatic systems. 
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Oxidized iron compounds beyond 
Fe(III) are commonly invoked as 
intermediates in (biological) oxidation 
reactions. While there are now 
numerous examples of isolable Fe(IV) 
model compounds, only a few are 
devoid of strongly π-donating ligands, 
and homoleptic examples are 
exceedingly rare. This prompted us to 
conduct a detailed study of the 
electronic structure of [(TSMP)2FeIV] 
(8), pertaining to which two extremes 
are possible: a genuine Fe(IV) 
compound or an Fe(III) compound 
with a radical on the TSMP2– scaffold. 
In addition, these two states could 
mix, forming a multi-reference system. 
We use three key techniques to show 
that oxidation bears an exclusive 

metal-centered character: cyclic voltammetry, Mössbauer and X-ray absorption 
spectroscopies. Next, we delve into the magnetic properties of the established genuine 
Fe(IV) center using three other techniques: Superconducting Quantum Interference 
Device (SQUID) magnetometry, Frequency-Domain Fourier-Transform THz-EPR 
spectroscopy and paramagnetic 1H NMR studies. The former two allow to establish a 
clear intermediate-spin (S = 1) 3A2 ground state with giso = 1.98, positive axial ZFS 
parameter (D = +19.1 cm-1) and very low rhombicity (E ≤ 0.3 cm-1). Variable-

temperature 1H NMR studies verify that these parameters also hold for 8 in solution. 

Quantum chemical calculations support the above spectral assignments and add 
another level of detail to our characterization of the electronic structure of 8. More 
specifically, Mössbauer spectral parameters are well reproduced by the DFT 
calculations for the S = 1 state, which is also the least energetic one compared to the 
alternative singlet and quintet states. Due to molecular D3d symmetry, the d energy 
levels have the splitting typical for the trigonally distorted environment (Figure 6.4): a 

pure doubly occupied 𝑑  orbital is isolated from the rest of the d-manifold. At the same 
time, the mixing between the remaining d-orbitals gives rise to the π-antibonding 1e 
SOMO and σ-antibonding 2e LUMO levels.  

Of note, in (Figure 6.4) the 𝑑  orbital points at two positively-charged phosphonium 

atoms. DFT calculations for the isoelectronic Si-tethered analogue of 8 show that its 

 
Figure 6.4. DFT-calculated quasi-restricted frontier 
orbitals of the ground state of 8. Orbital energies are 
given in parentheses. 
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𝑑  orbital is 0.2 eV higher in energy than in 8, which may be due to the lack of 

electrostatic stabilization. Finally, CASSCF calculations for 8 yield a fairly isotropic g-

tensor (g∥ = 2.00, g⊥ = 2.04, giso = 2.03), a moderate axial ZFS parameter D of 15.3 cm-

1 and zero rhombicity, in strong agreement with SQUID and THz-EPR measurements. 
This, essentially, seals the assignment of the ground-state electronic structure of 8. 

At last, we briefly touch upon the excited electronic states of 4 by means optical 
absorption spectroscopy. Aside from multiple π → π* transitions in the UV region, the 
compound features a moderate absorption within 480-375 nm and another strong one 
that, rather unusually, peaks in the near-IR region (λmax = 1234 nm). TD-DFT 
calculations reproduce these features in good agreement with the experiment. Natural 
Transition Orbital (NTO) analysis shows that the former feature is mostly a mixture of 
π → d2e LMCT and π → π* ICT, while the latter is almost entirely π → d1e LMCT. 

Overall, this chapter outlines a successful strategy to stabilize an Fe(IV) center, relying 
on a tripodal ligand combining weakly π-donating indolide moieties with a remote 
positive charge. The extensive self-consistent spectroscopic and computational data 
presented therein give detailed insight into the electronic structure of Fe(IV) in a high 
symmetry environment and will serve as a reference for the identification and 
characterization of such centers. 
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Figure 6.5. Synthesis of silanide 9 and its reactivity. 

In Chapter 4, we investigate the ability of the TSMP2– ligand to stabilize a negatively 
charged silicon atom and influence its reactivity. We exchange the potassium cations 
of TSMPK2 (1) for a silicon from an NHC-stabilized Si(II) precursor (Figure 6.5). This 
reaction yields a kinetically stable, isolable, C3-symmetric, zwitterionic silanide, 
TSMPSi (9). The N^Si^N angles are close to 90°, which, according to Bent’s rule, 
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indicates a high s-character of the anionic lone pair. This is consistent with NBO 
analysis, that also shows that the lone pair is localized on the silicon atom by 98.1%. 

Intrigued by the possible effect of a positive phosphonium charge on acidity of 
protonated 9, we attempted this reaction with 1 equiv. of HBArF

4·2Et2O, which yielded 
the C3-symmetric cationic silane 10BARF (Figure 6.5). According to single crystal X-ray 
diffraction, structural perturbations due to proton addition are mostly confined to the 
SiN3 fragment: the Si−N distances shorten, while the N^Si^N angles widen. This 
indicates an increase in strain upon protonation. At odds with the general hydridic 
character of silicon-bound hydrogen atoms, [TSMPSiH]+ (10) exhibits an exceptionally 
low pKa

DMSO within 4.7-8.1, which was measured by a bracketing approach, making it 
more acidic than phenol, benzoic acid (pKa

DMSO of 18.0 and 11.1, respectively) and the 
few silanes for which a pKa was reported. While this high acidity originates in part from 
the electron-withdrawing effect of the substituents on silicon and overall positive charge 
of 10, it is significantly enhanced by the unusually acute N^Si^N angles imposed by the 
TSMP scaffold. DFT calculations suggest that strain enhances the s-character of the Si–
H bonding pair, polarizing the bond towards silicon and facilitating its heterolytic 
dissociation. Next to its low basicity, 9 is a relatively weak donor ligand for transition 
metals. This is apparent from analysis of the CO-stretching frequencies of its complexes 
with metal carbonyls, which places it in the vicinity of silylenes and P(NMe2)3 rather 
than other silicon anions, which we also connect with strain and the influence of a 
positive charge. 

Not only protonation of 9, but quaternization of its Si atom in general increases the 
strain. This opens up a charge neutralization pathway, wherein a methyl of the 
opposing methylphosphonium unit can be transferred to another molecule of 9, 

releasing strain and leading to phosphine/methylsilane isomer iso-TSMPSi (11) (Figure 
6.5).  

Next to its high Brønsted acidity, [TSMPSiH]+ (10) also behaves as a strain-release 
Lewis acid, coordinating a THF molecule so that the silicon atom assumes a trigonal 
bipyramidal geometry. This is accompanied by activation of α-carbons of the THF ring, 
which makes it susceptible to such weak nucleophiles as highly-stabilized aromatic 
anions. In particular, the conjugate base TSMPSi (9) reacts with fluoradene (12) in 
THF to afford the linear product 13a/b (Figure 6.6), which forms by nucleophilic ring 

opening of a THF molecule coordinated to 10.  
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Figure 6.6. THF ring-opening with fluoradene (12). The suggested reaction mechanism is shown 
with dashed arrows. 

In this process, the Si center sequentially acts as a nucleophile (base) and then as an 
electrophile (Lewis acid) to facilitate the activation of two relatively unreactive 
molecules, suggesting the potential of such cage compounds as biphilic main-group 
centers. This reaction sequence also illustrates the ability of the TSMP scaffold to 
support both the Si(II) and Si(IV) states along with the processes that interconvert them 
under mild conditions. Furthermore, the trigonal bipyramidal silicon center in the 

addition product 13a undergoes several facile fluxional processes (positional exchange 
and reversible Si–N bond dissociation), illustrating the flexibility of the TSMPSi (9) 
platform in terms of accessible geometries. 

These observations collectively illustrate how a combination of charge, inductive 
effects and strain can significantly manipulate the properties of a Si–H bond leading to 
unusual reactivity. The various reactive pathways accessible to the strained cage 
structure [TSMPSiH]+ (10) suggest that this or a related platform may serve as an entry 
point into novel bond activation strategies based on the Si(II)/Si(IV) couple. 

Chapter 5, the outlook, takes a bird’s-eye view on the work presented in this thesis, 
while also providing suggestions on the follow-up and possible improvements. 
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Samenvatting 
 
 
Geconfronteerd met nieuwe wereldwijde uitdagingen, ervaart de mensheid een 
ongekende druk om duurzamere en afval-efficiëntere chemische processen te 
ontwikkelen, wat een hoge mate van reactiviteitscontrole vereist. Afgezien van 
wisselende omstandigheden hebben chemici een aantal slimme manieren bedacht om 
de reactiviteit in een gewenste richting te sturen. Hiertoe behoren het gebruik van 
elementen met een onvolledig gevulde elektronenschil, zoals overgangsmetalen of 
hoofdgroepverbindingen (vaak in ongebruikelijke oxidatietoestanden), waarbij 
spanning of ladingsscheiding (LS) wordt geïntroduceerd. Deze laatste aanpak blijft 
grotendeels onderbenut en is daarom gekozen als hoofdonderwerp van dit proefschrift. 

Het huidige werk introduceert een ligand met ingebouwde LS die het mogelijk maakt 
om de effecten ervan te bestuderen in de context van zowel overgangsmetaal- als 
hoofdgroepchemie. Het nieuwe 1,3-zwitterionische synthon tris-
skatylmethylfosfonium (TSMP2–), geïsoleerd als het kaliumzout TSMPK2 (1 in Figuur 
7.1), is ook het eerste bekende C3-symmetrische, dianionische homoscorpionaat dat in 
staat is tot metaaluitwisseling. 

 

Figuur 7.1. Het 1,3-zwitterionische TSMPK2-zout (1). 

Hoofdstuk 1 van dit proefschrift geeft een algemeen overzicht van de mechanismen 
waardoor LS reactiviteit en fysische eigenschappen kan beïnvloeden. Allereerst 
genereert LS statische elektrische velden, die naburige elektronen kunnen polariseren, 
waardoor de elektronische structuur en reactiviteit in zowel natuurlijke als synthetische 
systemen wordt beïnvloed. We staan specifiek stil bij enzymatische katalyse, omdat het 
het bijna onbenutte potentieel van een dergelijke controle van elektrostatische 
reactiviteit volledig illustreert. Ten tweede slaat LS in zwitterionen energie op, die kan 
worden gebruikt voor chemische transformaties of om op maat gemaakte HOMO-
LUMO-gaten te realiseren. Hierin categoriseren we zwitterionen op basis van de 
afstand tussen gescheiden ladingen: we beginnen met 1,1-zwitterionen of elementenen 
(carbenen, nitrenen, silylenen enz.) die een negatief vrij elektronenpaar hebben en een 
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positief lege orbitaal op hetzelfde atoom, en eindigen met zwitterionen met twee en 
meer neutrale atomen tussen de ladingen. Ten slotte beschouwen we katalytisch actieve 
coördinatieverbindingen, waarbij de lading van de tweede ligandsfeer de lading van het 
metaal compenseert, waardoor de behoefte aan tegenionen overbodig wordt. Dit 
vereenvoudigt het associatiegedrag in oplossing aanzienlijk, waardoor een meer 
systematisch en voor de hand liggend katalysatorontwerp mogelijk is. In het algemeen 
biedt dit hoofdstuk een leidraad door het brede en enigszins abstracte veld van LS-
geïnduceerde reactiviteit en controle van eigenschappen, terwijl het ook mogelijke 
richtingen in kaart brengt waarin deze benadering zich zou kunnen ontwikkelen. 

Hoofdstuk 2 beschrijft de synthese en het coördinatiegedrag van TSMPK2-zout 1 (zie 
Figuur 7.1). Röntgendiffractie van de éénkristallen komt overeen met de 1H-, 13C- en 31P-
NMR-metingen en vertoont de verwachte K:P-verhouding van 2:1. Het bestaan van 
een trianionisch monokationisch fosfoniumzout is, voorzover ons bekend, ongekend. 
Ondanks de mogelijkheid van recombinatie tussen negatief geladen indoliden en een 
positief geladen fosfoniumatoom, is verbinding 1 zowel in vaste toestand als in 
oplossing stabiel.  

Complexatie van 1 met Fe(II), Ni(II) en Cu(I)-zouten vertoont divers 
coördinatiegedrag, afhankelijk van het metaal, de stoichiometrie en de aanwezigheid 
van co-liganden (Figuur 7.2). De verwachte κ3-bindingsmodus van het scorpionaat 
wordt waargenomen in octaëdrische, hoge-spin complexen (TSMP)MII(Py)3 (2: M=Fe, 
S = 2; 3: M=Ni, S = 1), evenals in het tetraëdrische complex [(TSMP)CuIP(OEt)3]– (4). 
De bruggende μ2:κ2:κ1-modus heeft de voorkeur met Cu(I) in afwezigheid van een co-
ligand, wat het tetramere complex {[(TSMP)CuI]K}4 (5) oplevert. Ten slotte geeft de 
formele vervanging van de pyridineliganden in 2 voor een tweede equivalent van 
TSMP2– een hoog-spin (S = 2) pseudotetraëdrisch 2:1-complex [(TSMP)2FeII]2– (6) met 
de liganden in κ2-coördinatiemodus. De afname van het coördinatiegetal is 
waarschijnlijk te wijten aan elektrostatische afstoting van de negatief geladen indoliden 
en hun zwakkere π-accepterende karakter in vergelijking met pyridine.  

De redox-eigenschappen van de bovenstaande metaalcomplexen werden zowel 
elektrochemisch (cyclische voltammetrie, CV) als chemisch (oxidatie met 1 equiv. 
Fc+BF4

–) onderzocht. Ni(II)-complex 3 en Cu(I)-complexen 4 en 5 vertonen geen 
elektrochemisch (quasi-)reversibel gedrag. Chemische oxidatie leidt tot onoplosbare of 
slecht gedefinieerde producten. Het CV van mono-TSMP Fe(II)-complex 2 toont 
verschillende redoxprocessen, waarvan er twee een quasi-reversibel paar zijn. Opnieuw 
leidt chemische oxidatie tot een hardnekkige mengelmoes van producten. Evenzo toont 
het CV van bis-TSMP Fe(II)-complex 6 verschillende redoxprocessen met een quasi-
reversibel paar. Gelukkig levert chemische oxidatie in dit geval een goed gedefinieerd 
Fe(III)-complex op dat in het volgende hoofdstuk verder wordt besproken. 
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Figuur 7.2. Verschillende bindingswijzen van het TSMP2– ligand. 

Over het algemeen tonen de verschillende waargenomen coördinatiemodi van het 
TSMP2–ligand diens veelzijdigheid en potentieel voor toekomstige toepassingen aan. 
Met name de toegankelijkheid van elektrisch neutrale fragmenten in de 
oxidatietoestand +II is aantrekkelijk voor toepassing in combinatie met eerste-rij-
overgangsmetalen in oplossing . 

Hoofdstuk 3 gaat in op de oxidatie van [(TSMP)2FeII]2– (6). Reactie van het 
dikaliumzout [(TSMP)2FeII]K2 (6a) met ferrocenium of trityliumtetrafluorboraat in 
acetonitril levert een diepblauw complex [(TSMP)2FeIII]– (7; Figuur 7.3) op als 
kaliumzout 7a. Om de oplosbaarheid te wijzigen, kan het kaliumion worden 
uitgewisseld voor een tetrafenylfosfonium-ion(7b) of worden ingekapseld met twee 
benzo-15-kroon-5-ethermoleculen (7c). Verdere oxidatie van 7b met moleculair jodium 
in dichloormethaan levert het matig oplosbare, elektroneutrale complex [(TSMP)2FeIV] 
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(8; Figuur 7.3) op als een flesgroene vaste stof. Cyclische voltammetrie laat zien dat 6-

8 elektrochemisch verbonden zijn en reversibel in elkaar kunnen worden omgezet. 

 

Figuur 7.3. Metaalcomplexen besproken in Hoofdstuk 3. Tegenionen zijn voor de duidelijkheid niet 
weergegeven. 

De vaste-stofstructuren van [(TSMP)2FeIII]– (7) en [(TSMP)2FeIV] (8) werden 
opgehelderd met behulp van röntgendiffractie aan één-kristallen. Zowel 7 als 8 hebben 
zes-gecoordineerde ijzercentra met een bijna octaëdrische symmetrie. Opmerkelijk 
genoeg kan 7, afhankelijk van het tegenion, bestaan in een toestand met lage spin (S = 
1/2; 7a en 7b) of als een 1:1-mengsel van lage en hoge spin (S = 5/2 ) componenten (7c), 
zoals blijkt uit twee verschillende sets van Fe–N-bindingslengtes ~ 0,1 Å uit elkaar. 1H 
NMR-spectra van zowel 7 als 8 in oplossing werden volledig toegewezen en zijn 
consistent met de respectievelijke vastestof structuren, waarbij elke verbinding zes 
paramagnetisch verschoven en verbrede signalen bevat in overeenstemming met D3d-
symmetrie. 

Het gelijktijdige bestaan van twee spintoestanden in het kristal van 7c wees op de 
mogelijkheid van spin-overgang. SQUID-magnetometrie van microkristallijn poeder 
van 7a onthult inderdaad een S = 1/2 → 5/2-overgang met Tc = 450 K en nΔH = 15,4 
kJ/mol, zoals gefit door het domeinmodel van Sorai en Seki. Het effectief magnetisch 
moment van 7a in oplossing en gemeten met de Evans-methode in DCM-d2 bij 
variabele temperatuur kan worden gefit om ΔH = 18,1 ± 1,4 kJ/mol, ΔS = 73 ± 6 
J/(mol * K) en Tc = 249 ± 1 K te geven. Hoewel het Tc-verschil van ~200 K tussen de 
vaste toestand en de oplossing erg hoog is, is het bekend dat in sommige gevallen 
kristalpakking moleculen in een vaste spintoestand kan vergrendelen, de spinovergang 
kan vertragen door anticoöperatieve effecten of zelfs kan voorkomen dat het überhaupt 
gebeurt. Voor zover ons bekend is 7 het eerste synthetische complex met een FeIIIN6-
kern die thermische spin crossover gedrag vertoont. Dit gedrag is waarschijnlijk te 
wijten aan het feit dat TSMP2– een relatief zwak-veld ligand is vanwege de afwezigheid 
van laaggelegen π*-orbitalen in de indolfragmenten. 
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Geoxideerde ijzerverbindingen met 
een hogere oxidatietoestand dan 
Fe(III) worden vaak voorgesteld als 
intermediair in (biologische) 
oxidatiereacties. Hoewel er nu talloze 
voorbeelden zijn van isoleerbare 
Fe(IV)-modelverbindingen, zijn er 
maar een paar zonder sterk π-
donerende liganden, en homoleptische 
voorbeelden zijn buitengewoon 
zeldzaam. Dit was voor ons aanleiding 
om een gedetailleerde studie te doen 
naar de elektronische structuur van 
[(TSMP)2FeIV] (8), waarbij twee 
uitersten mogelijk zijn: een echte 
Fe(IV)-verbinding of een Fe(III)-
verbinding met een radicaal op het 
TSMP2– raamwerk. Bovendien 
kunnen deze twee toestanden mengen 

en een multi-referentiesysteem vormen. De drie belangrijkste technieken die we 
gebruikt hebben om aan te tonen dat oxidatie  in 8 exclusief heeft op het metaal zijn 
cyclische voltammetrie, Mössbauer en röntgenabsorptiespectroscopie. Vervolgens 
hebben we de magnetische eigenschappen van het Fe(IV)-centrum bestudeerd met 
behulp van drie andere technieken: Supergeleidende Quantum Interferentie Apparaat 
(SQUID) magnetometrie, Frequentie-Domein Fourier-Transformatie THz-EPR 
spectroscopie en paramagnetische 1H NMR studies. De eerste twee maakten het 
mogelijk om een duidelijke intermediaire spin (S = 1) 3A2 grondtoestand met giso = 1.98, 
een positieve axiale nul-veldsplitsing parameter (D = +19,1 cm–1) en een zeer lage 
rhombiciteit (E ≤ 0,3 cm–1) vast te stellen. 1H NMR-metingen bij variabele temperatuur 
bevestigen dat deze parameters ook gelden voor 8 in oplossing. 

Kwantumchemische berekeningen ondersteunen bovenstaande spectrale toewijzingen 
en voegen een ander detailniveau toe aan onze karakterisering van de elektronische 
structuur van 8. Meer specifiek worden de spectrale Mössbauer parameters goed 
gereproduceerd door de DFT-berekeningen voor de S = 1-toestand, die ook de laagste 
in energie is vergeleken met de alternatieve singlet- en kwintetstaten. Vanwege de 
moleculaire D3d-symmetrie splitsen de d-energieniveaus op een wijze die typerend is 
voor de verstoorde trigonale omgeving (Figuur 7.4): een pure dubbelbezette 𝑑  orbitaal 
is geïsoleerd van de rest van de d-orbitalen. Tegelijkertijd geeft de vermenging tussen 
de resterende d-orbitalen aanleiding tot de π-antibindende 1e SOMO en σ-antibindende 
2e LUMO niveaus. 

 
Figuur 7.4. DFT-berekende quasi-beperkte 
grensorbitalen van de grondtoestand 8. Orbitale 
energieën staan tussen haakjes. 
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Figuur 7.4 laat tevens zien dat het 𝑑  orbitaal naar de tweevoudig positief geladen 
fosfoniumatomen wijst. DFT-berekeningen aan de iso-elektronische Si-verankerde 
analoog van 8 laten zien dat diens 𝑑  orbitaal 0,2 eV hoger is in energie dan die van 
8, wat mogelijk te wijten is aan het ontbreken van elektrostatische stabilisatie. Ten slotte 
leveren CASSCF-berekeningen voor 8 een redelijk isotrope g-tensor op (g∥ = 2,00, g⊥ = 
2,04, giso = 2,03), een gematigde axiale ZFS-parameter D van 15,3 cm–1 en nul 
rhombiciteit, in sterke overeenstemming met de SQUID en THz-EPR-metingen. Dit 
concludeert in wezen de toewijzing van de elektronische grondtoestandstructuur van 
8. 

Ten slotte gaan we kort in op de aangeslagen elektronische toestanden van 4 door 
middel van optische absorptiespectroscopie. Afgezien van meerdere π → π*-
overgangen in het UV-gebied, toont 4 een zwakke absorptie in de 480-375 nm regio en 
een sterke absorptie die, nogal ongebruikelijk, piekt in het nabij-IR-gebied (λmax = 1234 
nm). TD-DFT-berekeningen reproduceren deze kenmerken in goede overeenstemming 
met het experiment. Analyse van de Naturlijke Overgangs Orbitalen (NTO) laat zien 
dat de zwakke absorptie vooral een mengsel is van π → d2e LMCT en π → π* ICT, 
terwijl de intense overgang bijna volledig π → d1e LMCT is. 

Al met al schetst dit hoofdstuk een succesvolle strategie om een Fe(IV)-centrum te 
stabiliseren, waarbij gebruik gemaakt wordt van een tridentaat ligand dat zwak π-
donerende indolidegroepen combineert met een gedistantieerde positieve lading. De 
uitgebreide en consistente spectroscopische en computationele bevindingen in het 
hoofdstuk geven een gedetailleerd inzicht in de elektronische structuur van Fe(IV) in 
een omgeving met hoge symmetrie en kunnen dienen als referentie voor de identificatie 
en karakterisering van soortgelijke hoog-valente metaalcentra. 
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Figuur 7.5. Synthese van silanide 9 en zijn reactiviteit. 
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In Hoofdstuk 4 hebben we het vermogen van de TSMP2– ligand om een negatief 
geladen siliciumatoom te stabiliseren en zijn reactiviteit te beïnvloeden onderzocht. 
Uitwisseling van de kaliumkationen van TSMPK2 (1) voor een silicium-atoom van een 
NHC-gestabiliseerde Si(II)-precursorlevert het kinetisch stabiele en isoleerbare, C3-
symmetrisch en zwitterionisch silanide  TSMPSi (9) op (Figuur 7.5). De N^Si^N-
hoeken in 9 zijn bijna 90°, wat volgens de regel van Bent wijst op een hoog s-karakter 
van het anionische elektronenpaar. Dit komt overeen met NBO-analyse, die ook laat 
zien dat het elektronenpaar voor 98,1% op het siliciumatoom is gelokaliseerd. 

Geïntrigeerd door het mogelijke effect van een positieve fosfoniumlading op de 
zuurtegraad van geprotoneerd 9, hebben we het C3-symmetrische kationische silaan 
10BARF gesynthetiseerd door de reactie van 9 met 1 equiv. HBArF

4·2Et2O(Figuur 7.5). De 
kristalstructuur van 10 laat zien dat structurele verstoringen als gevolg van de 
protonering op silicium zich vooral beperken tot het SiN3-fragment: de Si−N-afstanden 
worden korter, terwijl de N^Si^N-hoeken groter worden. Dit laatste duidt op een 
toename van de ringspanning bij protonering. In strijd met het algemene hydridische 
karakter van aan silicium gebonden waterstofatomen, vertoont [TSMPSiH]+ (10) een 
uitzonderlijk lage pKa

DMSO tussen 4,7-8,1, die werd gemeten met een 
bracketingbenadering. Dit maakt 10 zuurder dan fenol, benzoëzuur (pKa

DMSO van 
respectievelijk 18,0 en 11,1) en de weinige silanen waarvoor een pKa is gerapporteerd. 
Hoewel deze hoge zuurtegraad gedeeltelijk afkomstig is van het elektronenontrekkend 
effect van de substituenten op silicium en de algehele positieve lading van 10, wordt 
deze aanzienlijk versterkt door de ongewoon kleine N^Si^N-hoeken die worden 
opgelegd door het TSMP-raamwerk. DFT-berekeningen suggereren dat ringspanning 
het s-karakter van het Si–H-bindingspaar verhoogt, de binding naar silicium polariseert 
en de heterolytische dissociatie ervan vergemakkelijkt. Naast zijn lage basiciteit is 9 een 
relatief zwak donorligand voor overgangsmetalen. Dit blijkt uit de analyse van de CO-
strekfrequenties van diens complexen met metaalcarbonylen, waardoor het in de buurt 
van silylenen en P(NMe2)3 komt te liggen in plaats van andere siliciumanionen, hetgeen 
we ook in verband brengen met de ringspanning en de invloed van een positieve lading. 

Niet alleen protonering van 9, maar quaternisering van het Si-atoom in het algemeen 
verhoogt de ringspanning. Dit opent een pad voor ladingsneutralisatie, waarbij een 
methyl van de tegengestelde methylfosfonium-eenheid kan worden verplaatst naar een 
ander molecuul van 9, waardoor ringspanning afneemt en wat leidt tot het 
fosfine/methylsilaan-isomeer iso-TSMPSi (11) (Figuur 7.5). 

Naast zijn hoge Brønsted-zuurtegraad, gedraagt [TSMPSiH]+ (10) zich ook als een 
Lewis-zuur, dat een THF-molecuul coördineert zodat het siliciumatoom een trigonale 
bipyramidale geometrie aanneemt wat de ringspanning verlaagt. De coordinatie gaat 
gepaard met activering van α-koolstoffen van de THF-ring, waardoor deze vatbaar 
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wordt voor zwakke nucleofielen zoals zeer gestabiliseerde aromatische anionen. In het 
bijzonder reageert de geconjugeerde base TSMPSi (9) met fluoradeen (12) in THF om 
het lineaire product 13a/b (Figuur 7.6) op te leveren, dat wordt gevormd door 
nucleofiele ringopening van een THF-molecuul gecoördineerd aan 10. 

 

Figuur 7.6. THF-ringopening met fluoradeen (12). Het voorgestelde reactiemechanisme wordt 
weergegeven met gestippelde pijlen. 

In dit proces fungeert het Si-centrum achtereenvolgens als een nucleofiel (base) en 
vervolgens als een elektrofiel (Lewis-zuur) om de activering van twee relatief niet-
reactieve moleculen te vergemakkelijken, wat het potentieel van dergelijke 
kooiverbindingen als bifiele hoofdgroepcentra suggereert. Deze reactievolgorde 
illustreert ook het vermogen van het TSMP-platform om zowel de Si(II)- als Si(IV)-
toestanden te ondersteunen, samen met de processen die deze onder milde 
omstandigheden in elkaar omzetten. Bovendien ondergaat het trigonale bipiramidale 
siliciumcentrum in het additieproduct 13a gemakkelijk verschillende fluxionele 
processen (positionele uitwisseling en reversibele Si–N-bindingsdissociatie), wat de 
flexibiliteit van het TSMPSi (9) platform illustreert in termen van toegankelijke 
geometrieën. 

Tezamen illustreren deze waarnemingen hoe een combinatie van lading, inductieve 
effecten en spanning de eigenschappen van een Si–H-binding aanzienlijk kan 
manipuleren, wat leidt tot ongebruikelijke reactiviteit. De verschillende reactiepaden 
die toegankelijk zijn voor de gespannen kooistructuur [TSMPSiH]+ (10) suggereren dat 
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deze, of een gerelateerd platform, kan dienen als uitgangspunt voor nieuwe 
bindingsactiveringsstrategieën op basis van het Si(II)/Si(IV)-koppel. 

Tenslotte geeft Hoofdstuk 5 een overzicht van het werk dat in dit proefschrift wordt 
gepresenteerd, en biedt het een perspectief op het vervolg van dit werk en mogelijke 
verdere ontwikkelingen hierop. 
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Appendix A1. 1H-31P ASAPHMQC spectrum of tris-2-(N-Boc-skatyl)methylphospho-

nium iodide (5) in DCM-d2 (Figure A1.1). Peaks labelled as A and B belong to tris-exo 

(5a) and bis-exo-mono-endo (5b) rotamers, correspondingly. 

 

Figure A1.1. 1H-31P ASAPHMQC spectrum of 5 in DCM-d2. 

Appendix A2. 1H NMR spectra (400 MHz) of complex 8 in acetonitrile-d3 (Figure A2.1) 
before and after addition of 4 equiv. of P(OEt)3. Note that the addition provides a spec-
trum with higher symmetry. 

 

Figure A2.1. 1H NMR spectrum of 8 in acetonitrile-d3 at 25 oC before and after addition of P(OEt)3. 
Integral intensities shown in blue were rounded to the nearest integer.   
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Appendix A3. 1H (400 MHz) 1D NOE spectra of [(TSMP)CuP(OEt)3]K complex (9a) 
in acetonitrile-d3 (Figure A3.1). 

 

Figure A3.1. Left panel: 1H NMR (400 MHz) and 1D NOE spectra of [(TSMP)CuP(OEt)3]K complex 
(9a) in acetonitrile-d3 at 25 oC. Yellow rectangles show saturation windows. Right panel: NOE cor-
relations mapped on the structural formula of 9a. Due to C3-symmetry of the molecule, only the 
unique ones are shown. Lilac arrows indicate detected NOE correlations, a pink arrow shows a 
correlation that cannot be observed due to large distance between resonating protons. Nevertheless, 
this correlation is present in the spectra of {[(TSMP)Cu]K}4 (8) due to its oligomeric nature. 

Appendix A4. Cyclic voltammograms (CVs) of compounds 8, 9b and 11. All CVs were 
measured under nitrogen atmosphere using ca. 8 mM solutions of the respective com-
plexes in 0.1 M nBu4NPF6 acetonitrile electrolyte. Scan rate was chosen to be 100 mV/s. 
Referencing was done with respect to the ferrocenium/ferrocene redox couple. The 
measurements always started from the open-circuit potential. After a full scan through 
a redox window on the electrolyte, the scan range was progressively narrowed in order 
to isolate all features or sets of overlapping features. Furthermore, all scans were per-
formed in two opposite directions. In cases when the same CV profiles were obtained 
regardless of the scan direction, only one of the two is shown. If, within one scan, CV 
profiles differ from one cycle to another, all cycles are shown. 

All CVs show a number of irreversible redox events (Figures A4.1-3) accompanied by 
precipitation of dense amorphous films on the working electrode. 
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Figure A4.1. CV of compound 8. The scans start at the open-circuit potential at –1.00 V. 

 

 

Figure A4.2. CV of compound 9b. The scans start at the open-circuit potential at –900 mV. 
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Figure A4.3. CV of compound 11. Measurements start at the open-circuit potential of –250 mV. 

Appendix A5. Variable-temperature NMR studies of compound 12b. 

Variable-temperature 1H NMR spectra in acetonitrile-d3 are shown in Figure A5.1. They 

feature a number of paramagnetic peaks four of which (A-D) are well-defined through-
out most of the covered temperature range. They obey Curie’s law (Figure A5.2), which 
excludes the possibility of spin-crossover. Note that, while paramagnetic signals gener-
ally tend to broaden at lower temperature, peaks A and B show an opposite trend. Such 
behaviour implies as additional source of line-broadening, which may be complex dy-
namics behaviour in solution. 

 

Figure A5.1. Variable-temperature 1H NMR (400 MHz) spectra of 12b in acetonitrile-d3. 
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Figure A5.2. Linear dependence of chemical shifts vs. inverse temperature demonstrating Curie be-
havior. Linear fitting parameters for: A: Intercept: –1.63±0.21, Slope: 20.23±0.06; Adj. R2: 0.99993; 
B: Intercept: 5.70±0.27; Slope: 4.72±0.08; Adj. R2: 0.99779; C: Intercept: –10.84±0.43; Slope: 
7.5±0.12; Adj. R2: 0.99845; D: Intercept: 11.61±0.08; Slope: –5.27±0.02; Adj. R2: 0.99985.
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Appendix B1. Cyclic voltammetry of [(TMSP)2FeIII]K (3a).  

Cyclic voltammograms (CVs) measured for the [(TSMP)2FeII][(B15C5)2K]2 (2b) and 
[(TSMP)2FeIII]K (3a) salts show common features but also a few differences (Figure 

B1.1). Specifically, events B and C, which correspond to the [(TSMP)2FeIII]– (3) / 

[(TSMP)2FeIV]0 (4) redox couple, are identical for both 2b and 3a, and are centered at 
E1/2= -0.41 V vs. Fc/Fc+. Similarly to 2b (see main text), B and C in 3a represent a 
quasi-reversible electron transfer1 as shown by the linear dependence of peak current 
(iP) vs. square root of the scan rate (v1/2; Figure B1.2, right panel) and strong dependence 
of the peak separation on the scan rate. 

 

Figure B1.1. Overlay of CVs measured for 2b and 3a. The measurements were performed in ca. 8 
mM solution in 0.1 M nBu4NPF6 acetonitrile electrolyte. Potentials are referenced with respect to 
Fc/Fc+ redox couple. The CV of 2b can be repeated at least a hundred times at the rates within 
25–250 mV/s with no visible changes, which implies chemical reversibility of the redox cycle it 
represents. 

At the same time, the events associated with the [(TSMP)2FeII]2– (2) species, coded as 

A’/A’’ and D’/D’’ in Figure B1.1, occur at slightly different potentials for 

[(TSMP)2FeIII]K (3a) and for [(TSMP)2FeII][(B15C5)2K]2 (2b). Moreover, the CV of 
3a exhibits an additional feature E, which can only be related to the oxidation of 2 as 
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shown by the reductive CV scan of 3a (Figure B1.2, left panel). Our previous studies 

and, in particular, variable-temperature 1H NMR spectroscopy,2 indicate that 2 exists 
in more than one form in solution, which may be due to oligomerization and/or an 
equilibrium between pseodotetrahedral and octahedral coordination modes. The 
reorganization energy between these forms and the octahedral solution structure of 
[(TSMP)2FeIII]– (3) (see Appendix B15) is expected to be rather large, which is 

consistent with the electrochemical irreversibility of events A, D and E. We 
hypothesize that this reorganization energy as well as speciation of 2 in solution are 
modified by ion pairing, yielding the observed potential shifts and the new feature E 
in Figure B1.1. 

  

Figure B1.2. Cyclic voltammogram of compound 3a (ca. 8 mM solution) in 0.1 M nBu4NPF6 ace-
tonitrile electrolyte. Potentials are referenced with respect to Fc+/Fc redox couple. Left panel: 
overview scans at the rate of 100 mV/s; the full scan starts from an open-circuit potential of -
0.75 V). Right panel: a quasi-reversible redox pair B-C centered at E1/2=-0.41 V; an insert shows 
linear dependence of the peak current vs. square root of the scan rate. 

 

Appendix B2. Solution spin-crossover fit for [(TSMP)2FeIII]– (3).  

Hexacoordinate [(TSMP)2FeIII]– (3) complex undergoes thermal spin-crossover (SCO) 
in solution. It is evident from strongly temperature-dependent effective solution 
magnetic moment (𝜇 ) as measured by Evans method.3–5 The results of such meas-

urements are shown in Figure B2.1 for potassium salt [(TSMP)2FeIII]K (3a) in acetoni-

trile-d3 and pyridine-d5, and for tetraphenylphosphonium salt [(TSMP)2FeIII]PPh4 (3b) 
in dichloromethane-d2. Different NMR solvents were chosen to cover broader tem-
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perature range; salt 3b was used for the experiments in dichloromethane-d2 because 

otherwise 3a is virtually insoluble in this solvent. 

 

Figure B2.1. SCO curve for the [(TSMP)2FeIII]– (3) complex as obtained by Evans method in differ-
ent solvents. Experimental datapoints are connected with straight segments for clarity. Explored 
temperature ranges are limited by the freezing and boiling points of the respective NMR solvents 
or precipitation of the compound at low temperature. Every curve is an average of four measure-
ments. 

Despite a relatively high error associated with the Evans method (5-10% depending 
on concentration),6 the curvature of the plots as well as the absolute 𝜇  values show 

that spin-crossover of [(TSMP)2FeIII]– (3) in solution is solvent- and, potentially, coun-
terion-dependent. Thus, the difference between 𝜇  in acetonitrile-d3 and pyridine-d5 

is larger at 233 K than at 348 K. SCO of [(TSMP)2FeIII]K (3a) in acetonitrile-d3 and 

pyridine-d5 cannot be compared with that of [(TSMP)2FeIII]PPh4 (3b) in dichloro-
methane-d2 due to a different cation and possibility of ion-pairing in low-polar di-

chloromethane. Nevertheless, the crossover curve for 3b is the most informative since 
it spans though both low- and high-𝜇  regions. It is possible to fit this transition and 

extract its thermodynamic parameters using regressive thermodynamic analysis.  

The effective magnetic moment 𝜇  of [(TSMP)2FeIII]PPh4 (3b) can be expressed via 

magnetic moments of pure low- and high-spin states, 𝜇  and 𝜇  respectively, using 
their molar fractions: 

𝑚𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛: 
𝐹𝑒 𝐼𝐼𝐼

1 𝑥
  ↔  

 
𝐹𝑒 𝐼𝐼𝐼

𝑥
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 𝜇 𝜇 𝜇 𝜇 𝑥 Eq. B2.1 

Molar fractions and 𝜇 , in turn, can be expressed via the crossover equilibrium con-

stant 𝐾: 

 𝐾
𝑥

1 𝑥
 Eq. B2.2 

 𝜇 𝜇 𝜇 𝜇
𝐾

1 𝐾
 Eq. B2.3 

And equilibrium constant 𝐾 can be related to thermodynamics of the SCO as shown 
below (assuming that ∆𝐻 and ∆𝑆 are temperature-independent within the probed range): 

 𝑅𝑇𝑙𝑛𝐾 ∆𝐻 𝑇∆𝑆 Eq. B2.4 

 𝐾 𝑒𝑥𝑝
∆𝑆
𝑅

∆𝐻
𝑅𝑇

  Eq. B2.5 

Rearranging the above equations gives the following regression model: 

 𝜇 𝜇
𝜇 𝜇

1 𝑒𝑥𝑝 ∆𝐻
𝑅𝑇

∆𝑆
𝑅

 Eq. B2.6 

Due to having twelve data points, in addition to crossover enthalpy and entropy, one 
can also fit the limiting magnetic moments 𝜇  and 𝜇 . The fitted curve is shown in a 
Figure B2.2. 

 

Figure B2.2. Fitted SCO of 3b in dichloromethane-d2 using regression model in Eq. B2.6. 
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Derived ∆𝐻 and ∆𝑆 are 18.1±1.4 kJ/mol and 72.6±5.8 J/(mol·K), respectively. This 
gives the critical temperature ∆𝐻/∆𝑆 𝑇  of 249±1 K. The limiting magnetic mo-
ments 𝜇  and 𝜇  of 1.81±0.07 and 5.35±0.10 μB, respectively, are close to the spin-
only expectation values for the low-spin S = 1/2 (1.73 μB) and high-spin S = 5/2 (5.92 
μB) states.  

A similar fit can be performed on the data for [(TSMP)2FeIII]K (3a) in acetonitrile-d3, 

although with higher uncertainty (Figure B2.3). Thus, while the limiting 𝜇  value is 

close to the that obtained for [(TSMP)2FeIII]PPh4 (3b) in dichloromethane-d2 (5.23 ± 

0.08 vs. 5.35±0.10 𝜇 ), there are rather big errors associated with the lower value 𝜇  

(2.35±0.45 vs. 1.81±0.07 𝜇 ). This is mainly due to the fact that the SCO in acetoni-

trile-d3 does not cover the low 𝜇  range, which leads to high uncertainty in that part 

of the curve if predicted from the experimental values. Hence, the ∆𝐻 of 14.4±2.4 
kJ/mol, ∆𝑆 of 59.6±8.0 J/(mol·K) and 𝑇  of 240±9 K, which are similar to those fit-

ted for 3b in dichloromethane-d2 but with a higher standard error. 

 

Figure B2.3. Fitted SCO of 3a in acetonitrile-d3 using regression model in Eq. B2.6. 

Attempted fit for the SCO of [(TSMP)2FeIII]K (3a) in pyridine-d5 leads to an unusable 
curve with large uncertainties for the crossover parameters. It is not surprising, con-
sidering that the system is very close to the top plateau of the SCO sigmoid with only 
3-4 data point in the low-temperature region containing information about the steep 
part of the curve.  
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Appendix B3. Electronic structure of [(TSMP)2FeIII]K (3a) in the crystal. 

The electronic structure of the ferric species within the crystal structure of 3a was 
computed. Its unit cell contains two independent molecular anions A and B: anion A 
has four shorter Fe–N bonds of ca. 1.988 Å and two longer Fe–N ones of ca. 2.002 Å, 
and anion B has four longer Fe–N bonds of ca. 1.988 Å and two shorter Fe–N ones of 
ca. 1.955 Å. Thus, the coordination geometry of both isomers is best described as an 
elongated (A) and a compressed (B) octahedron, respectively. Both isomers are nearly 
isoenergetic with a marginal energy difference of 0.6 kcal/mol. Despite these similari-
ties, A and B have distinct electron configurations, namely, (dxy)1(dxz)2(dyz)2 and 
(dxy)2(dxz)2(dyz)1, respectively (Figure B3.1). As such, the ground state in both A and B 
possesses orbital near-degeneracy and hence sizeable unquenched orbital angular 
momentum, consistent with the measured effective magnetic moment being larger 
than the spin-only value.  The computed Mössbauer parameters (Table B3.1) are in 
reasonable agreement with the experiment. Repeated attempts to measure EPR spec-
tra of 3a yielded poorly reproducible data with the observed spectral features being 
highly dependent on minute details of sample preparation. This may be a conse-
quence of the high dependency of the SCO process on microenvironmental factors as 
well as the presence of different electronic configurations as discussed above.  

 

Figure B3.1. Localized filled and half-filled molecular orbitals of anions A and B calculated on X-
ray crystallographic geometries at B3LYP/def2-TZVP level of theory with the CP(PPP) basis set 
for Fe. The orbitals heavily mix and were named after a dominant contributor. 
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Table B3.1. Relative SCF energies and 57Fe Mössbauer spectral parameters calculated at the 
B3LYP/def2-TZVP level of theory with the CP(PPP) basis set for Fe for the two independent mole-
cules of 3a, compared to the experimental parameters. 

Molecule 
, 

mm/s 

ΔEQ, 

mm/s 

Relative energy, 

kcal/mol 

A 0.29 2.19 0.6 
B 0.26 2.18 0.0 

Exp. 0.25 1.63 - 

 

Appendix B4. Solid state SQUID magnetometry of [(TSMP)2FeIII][(B15C5)2K] (3c).  

Interestingly, the bis-benzo-15-crown-5 adduct [(TSMP)2FeIII][(B15C5)2K] (3c) 
displays an apparent intermediate-spin (S=3/2) state at low temperatures (𝜇  of 3.61 

𝜇  compared to the spin-only expectation value of 3.88 𝜇 ) and starts crossing over 
towards the high-spin (S = 5/2) state upon heating to ca. 140 K. As discussed in the 
main text, this apparent intermediate-spin state is actually an average of the low-and 
high-spin components co-existing in the crystal, as shown by X-ray crystallographic 
studies (see Section 3.8.3). 

 

Figure B4.1. VT SQUID 𝜇  measurement of microcrystalline solid sample of 3c. The simulation 

with the domain model7 gave Tc = 500 K and nΔH = 10.9 kJ/mol. 
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Appendix B5. THz-EPR studies: raw experimental spectra.  

  

Figure B5.1. Transmittance THz-EPR spectra of 4. 
 

Appendix B6. THz-EPR studies: general energy diagram.  

Assuming that nothing is known about 4 aside from the fact that it is an 𝑆 = 1 system 
with a positive 𝐷-value, as shown by SQUID magnetometry (see the main text), its 
spin Hamiltonian can be written as follows: 

 𝐻 𝐷 𝑆 𝑺 𝐸 𝑆 𝑆 𝜇 𝑩 𝒈𝑺, Eq. B6.1 

where the first and second terms describe the axial and rhombic zero-field splitting 

(ZFS) with 𝑺  𝑆 ,𝑆 ,𝑆    being the vector spin operator. The third term describes 

the interaction of the spin with the external magnetic field 𝑩 , where 𝜇  is the Bohr 
magneton and 𝒈 is the g-tensor. 

The corresponding energy eigenvalues can be found by diagonalization of this 
Hamiltonian. Assuming for a general case the rhombic parameter 𝐸 0, the field-
dependent energy diagram depicted in Figure B6.1 is obtained.  
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Figure B6.1. Energy splitting in an 𝑆 = 1 system according to the spin Hamiltonian in Eq. B6.1. The 
left-hand side shows energy levels in the absence of an external magnetic field (𝐵  = 0). On the 
right-hand side are shown the energies for different external field orientations assuming the g-
tensor is isotropic and 𝐷 ≫ 𝜇 𝐵 .  

A positive 𝐷-value leads to a ground state singlet, while non-zero rhombicity (𝐸 0) 
lifts the degeneracy of the excited state, yielding two sublevels with an energy gap of 
2𝐸 (transition II). Respectively, transitions from the ground to the excited state, Ia 

and Ib, have energies of 𝐷 𝐸 and 𝐷 𝐸. Due to the presence of ZFS, the direction 
of an external magnetic field (𝐵 ) modulates the splitting of the energy levels. More 
specifically, for a field applied along the major anisotropy axis (z-axis), the splitting of 
the excited state changes linearly with the external magnetic field, while the energy of 
the ground-state remains constant. Contrarily, for directions perpendicular to the z-
axis, the energy of the ground state decreases at higher fields, and as for the excited 
state, the energy of one sublevel increases, while that of the other remains constant. 
 

Appendix B7. The negative relative absorbance feature at ~18.4 cm-1. 

Interestingly, the experimental zero-field spectrum has a feature with negative relative 
absorbance around 18.4 cm-1, directly below the ZFS energy, indicative of a higher 
absorption in the reference transmission spectrum measured at 31 K as opposed to the 
transmittance measured at 4.8 K (Figure B7.1). A similar situation was observed for 

another 𝑆 = 1 molecule.8 This feature does not react to increasing 𝐵 , and also 
manifests as a lowering of the relative absorbance at higher 𝐵 , which allows to assign 
it to a high-temperature effect in the zero-field reference spectrum. All potential 
reasons for this phenomenon are discussed elsewhere8 and go beyond the used spin 
Hamiltonian in Eq. B6.1. This explains why this feature is not reflected in our 
simulations, although the simulations at higher magnetic fields do show some 
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negative absorbance, albeit centered at 19.1 cm-1. A closer examination of the zero-
field reference transmittance at 31 K and the spectrum at 4.8 K (Figure B7.1) shows 

that the former is more intense at around 19.1 cm-1 (transition I), which is the cause of 
the positive absorbance in Figure 10 (see main text). As the 4.8 K signals broaden with 

increasing 𝐵 , while the same zero-field 31 K absorbance is used as reference 
throughout, the central signal intensity becomes lower at 4.8 K than in the reference 
(Figure B7.2), resulting in the calculated negative relative absorbance. 

 

Figure B7.1. Comparison of the zero-field transmittance spectrum of 4 at 4.8 K and the reference 
spectrum at 31 K. 

 

Figure B7.2. Simulated absorption spectra for 4 using the spin Hamiltonian in Eq. B6.1 with 𝐷 = 
19.1 cm-1, 𝐸 = 0 cm-1 and an isotropic g-value of 1.97.  
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Appendix B8. THz-EPR studies: alternative interpretations.  

It is worth to discuss the alternative interpretations of the experimental data. Firstly, 
since the THz-EPR experiments are incapable of distinguishing the sign of 𝐷, simula-
tions with a negative value (Figure B8.1), while differing slightly, still give acceptable 

fits. However, a negative 𝐷 would contradict the SQUID magnetometry results (see 
main text), therefore this possibility can be dismissed. Secondly, notwithstanding the 
estimated 𝐸 of  0.3 cm-1, it may be that 𝐸 is actually much larger so that some transi-
tions lie outside the experimentally probed spectral range. However, such simulations 
reveal that one would observe a field dependence that is unlike the experiment (Figure 
B8.1). Hence, this scenario can also be excluded. 

  

Figure B8.1. Dismissed alternative interpretations of THz-EPR spectra of 4. Relative absorbance 
spectra (black lines) are offset for the magnetic field 𝐵  at which they were measured. Simulations 
for the spin Hamiltonian in Eq. B6.1 are shown in red. The spectra were simulated with an axial g-
value of 1.97 and the ZFS parameters indicated separately at the top right corner of each set of 
spectra. Calculated transition energies for magnetic fields applied parallel to the x, y, and z-axes 
are shown as dashed and solid blue and green lines, respectively.  
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Figure B8.1. (continued). Dismissed alternative interpretations of THz-EPR spectra of 4. For the 
shown spectra, 𝐸 𝐷/3 leads to invariance with respect to the sign of 𝐷. Furthermore, transitions 
Ib and II have the same energy. Their field dependence is, however, not entirely identical, which 
is not shown in the respective spectra. More specifically, the field dependences of Ib and II are 
identical for 𝐵 ∥ 𝑥. The field dependence of Ib for 𝐵 ∥ 𝑦 is identical to the field dependence of II 
for 𝐵 ∥ 𝑧 and vice versa. 
 

While the relative absorbance spectra do not allow to precisely determine the 
transverse (⊥ 𝑧) components of the 𝑔-tensor, its axial component (∥ 𝑧) is clearly 
constrained as 1.97, since it defines the maximum and minimum transition energies 
and thus the total width of the signals. 
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Appendix B9. DFT calculations: spin density in [(TSMP)2FeIV]0 (4). 

 

Figure B9.1. Spin density distribution in 4 (isocontour=0.01). Calculations were performed at 
B3LYP-D3BJ/def2-TZVP (CP(PPP) for Fe) level of theory using a geometry optimized at BP86-
D3BJ/def2-TZVP level. 

Appendix B10. 57Fe Mössbauer spectroscopy: detailed analysis of the quadrupole 
splitting.  

The quadrupole splitting is related to the electric field gradient (EFG) tensor, which is 
a symmetric 3×3 matrix. This tensor possesses a set of proper axes in which it is diag-
onal. Additionally, it is traceless, meaning that only two parameters are sufficient to 
describe it: the axial component 𝑉  and the asymmetry parameter 𝜂, which can be 
expressed as follows:  

 𝜂
𝑉 𝑉

𝑉
 , Eq. B10.1 

where |𝑉 |≥|𝑉 |≥|𝑉 | by convention.  

The quadrupole splitting Δ𝐸  is related to these parameters via the following expres-

sion: 

 Δ𝐸
𝑒𝑄 𝑉

2
1

𝜂
3

 , Eq. B10.2 

where 𝑒𝑄 is the quadrupolar moment of a 57Fe nucleus. 
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Due to the high symmetry of the molecule of 4 (C3-axis), the asymmetry parameter is 
very close to zero (𝜂 = 0.05). Hence, 𝑉  is the only parameter determining the quad-
rupolar splitting.  

It is possible to partition 𝑉  into a set of atomic orbital contributions: 

 𝑉 𝑃 𝜙 𝑉 𝜙  , Eq. B10.3 

where 𝑃  ∑ 𝑐 ∗𝑐 , the 𝑐  are the coefficients of the atomic orbital |𝜙 ⟩ in the 

molecular orbital 𝑖. 

Differentiation of the atomic orbitals on iron and those on the ligand gives:  

 

𝑉 𝑃 𝜙 𝑉 𝜙 𝑃 𝜙 𝑉 𝜙 𝑃 𝜙 𝑉 𝜙  

 𝑃 𝜙 𝑉 𝜙 𝑃 𝜙 𝑉 𝜙  . 

Eq. B10.4 

The first term corresponds to the one-center contribution, the second one corresponds 
to the two-center bond contribution, the third one corresponds to the two-center point 
charge contribution, and the fourth term relates to the three-center contribution. 

The one-center contribution is normally a dominant term, and can be further expand-
ed into a core orbital and molecular orbital (or valence) contributions: 

 

𝑃 𝜙 𝑉 𝜙  

             𝑐∗ 𝑐 𝜙 𝑉 𝜙 𝑐∗ 𝑐 𝜙 𝑉 𝜙  

             𝑉 𝑉 . 

Eq. B10.5 

This gives a total of five terms: 

 𝑉 𝑉 𝑉 𝑉 𝑉 𝑉  , Eq. B10.6 

where 𝑉  – a one-center core orbital contribution; 𝑉  – a one-center va-

lence contribution; 𝑉  – a two-center bond contribution; 𝑉  – a two-center 

point charge contribution; 𝑉  – a three-center contribution. 
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The values of these contributions are given in Table B10.1. As emphasized in the main 

text, the valence contribution (𝑉 ) is dominant over all others. At the same 

time, the three-center contribution (𝑉 ) is so weak that it can be neglected. 

Table B10.1. Contributions to the axial component 𝑉  of the EFG tensor (expressed in a.u.-3). 

𝑽𝒛𝒛𝟏𝒄 𝒄𝒐𝒓𝒆 𝑽𝒛𝒛𝟏𝒄 𝒗𝒂𝒍𝒆𝒏𝒄𝒆 𝑽𝒛𝒛𝟐𝒄 𝒃𝒐𝒏𝒅 𝑽𝒛𝒛𝟐𝒄 𝑷𝑪 
Total 

(𝑽𝒛𝒛) 
+0.06 -0.92 -0.40 0.04 -1.22 

The valence contribution can be further partitioned between non-bonding 1𝑎 , 𝜋-
antibonding 1𝑒, 𝜎-bonding and 𝜋-bonding orbitals (Table B10.2). The analysis shows 

that the 1𝑎  contribution dominates over that of 1𝑒 orbitals. As specified in the main 
text, this is due to the mixing between the (𝑑 ,𝑑 ) and (𝑑 ,𝑑 ) orbital pairs, 

which have opposite contributions to the 1𝑒-related part of 𝑉 . Furthermore, 
the 1𝑒 orbitals are significantly 𝜋-antibonding, which reduces their one-center contri-
bution. However, the corresponding 𝜋-bonding orbitals have a significant 1e charac-
ter. Therefore, they have a non-negligible positive valence contribution, especially 
considering that these orbitals are doubly-occupied. 

Table B10.2. Orbital contributions to the valence axial component of 𝑉  of the EFG tensor 
(expressed in a.u.-3). 

𝟏𝒂𝟏 𝟏𝒆 𝝈-bonding 𝝅-bonding Total (𝑽𝒛𝒛𝟏𝒄 𝒗𝒂𝒍𝒆𝒏𝒄𝒆) 

-5.00 +2.04 +0.17 +2.05 -0.92 
 

  



Supporting Information to Chapter 3 

278 

Appendix B11. Computational geometries of [(TSMP)2FeIV] (4) and its Si-tethered 
analogue.  

Table B11.1. Comparison of selected parameters from computationally optimized geometries of 
[(TSMP)2FeIV] (4) and its Si-tethered analogue A. Level of theory: BP86-D3BJ/def2-TZVP. 

 

Geometric 

parameter 

X=P+ 

(4) 

X=Si 

(A) 

Fe-N 1.95 1.97 
N-CAr 1.39 1.40 
CAr-X 1.76 1.85 
X-Me 1.80 1.89 
Fe···X 3.16 3.25 

N^Fe^N 91.9 92.7 
Fe-N-CAr 124.1 124.8 
N-CAr-X 112.5 113.3 

CAr^X^Me 106.0 114.7 
 

Appendix B12. CASSCF calculations: ZFS parameters of [(TSMP)2FeIV]0 (4). 

The zero-field splitting arises from two physical effects, namely spin-spin coupling 
and spin-orbit coupling. The axial parameter of the zero-field splitting may be calcu-
lated by effective Hamiltonian theory. It is a sum of contributions arising from the 
ground state (spin-spin coupling) and each excited Born-Oppenheimer states (spin-
orbit coupling). Only the states with a spin quantum number S identical to or different 

from that of the ground state by 1 have a non-zero contribution to the zero-field 
splitting.  

A state contribution is proportional to , where 𝜁 is the spin-orbit coupling constant 

and Δ𝐸 the excitation energy of the state. The threshold of 24 000 cm-1 (48 𝜁) was 
chosen as the limit above which the states contributions can be neglected. The ener-
gies and individual contributions of each state are reported in Table B12.1.  

Table B12.1. Individual contributions of the excited states to the axial parameter D of the zero-field 
splitting. 

Energy 

[cm-1] 

Configuration Multiplicity Contribution 

to D [cm-1] 

0 98% (1a1)2(1ex)1(1ey)1 3 0 
10 827 97% (1a1)1(1ex)2(1ey)1 3 +2.111 
10 864 97% (1a1)1(1ex)1(1ey)2 3 +2.095 



Appendix B 

279 

Table B12.1 (continued). Individual contributions of the excited states to the axial parameter D of the ze-
ro-field splitting. 

Energy 

[cm-1] 

Configuration Multiplicity Contribution 

to D [cm-1] 

12 249 68 % (1a1)2(1ex)1(1ey)1 
10% (1a1)2(1ex)2 
10% (1a1)2(1ey)2 

1 -0.253 

12 257 34% (1a1)2(1ex)2 
34% (1a1)2(1ey)2 

21% (1a1)2(1ex)1(1ey)1 

1 -0.253 

19 054 (1a1)1(1ex)1(1ey)1(2ex)1 5 -0.810 
19 083 (1a1)1(1ex)1(1ey)1(2ey)1 5 -0.810 
20 478 31% (1ex)2(1ey)2 

29% (1a1)2(1ex)2 
29% (1a1)2(1ey)2 

1 +10.267 

24 142 89% (1a1)1(1ex)2(1ey)1 1 -0.864 
24 170 89% (1a1)1(1ex)1(1ey)2 1 -0.860 
37 787 43% (1ex)2(1ey)2 

11% (1a1)2(1ex)1(2ey)1 
11% (1a1)2(1ey)1(2ex)1 
8% (1ex)1(1ey)2(2ey)1 
8% (1ex)2(1ey)1(2ex)1 

6% % (1a1)2(1ex)2 

6% % (1a1)2(1ey)2 

1 
 

+3.763 

43 878 20% (1a1)1(1ex)1(1ey)1(2ex)1 
19% (1a1)2(1ey)1(2ex)1 

18% (1a1)2(1ex)1(2ey)1 
10% (1a1)1(1ex)2(2ey)1 

10% (1a1)1(1ey)2(2ey)1 
8% (1a1)1(1ex)1(1ey)1(2ey)1 

1 +0.943 

45 689 22% (1a1)2(1ex)1(2ex)1 

21% (1a1)2(1ey)1(2ey)1 

16% (1a1)1(1ex)1(1ey)1(2ey)1 

8% (1a1)1(1ex)2(2ex)1 

8% (1a1)1(1ey)2(2ex)1 
6% (1a1)1(1ex)1(1ey)1(2ex)1 

1 0 

 

Appendix B13. Paramagnetic NMR theory: on the origin of paramagnetic shifts. 

Despite the plethora of information that can be extracted from the NMR experiments 
on paramagnetic systems, their potential remains severely underused. There are sev-
eral literature sources that cover paramagnetic NMR at a rather introductory9,10 or a 
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more fundamental level.11–15 However, for the sake of further discussion, the origin of 
chemical shifts and linewidths in such systems will be briefly covered below.  

Consider a system of coupled nuclear (I = 1/2) and electronic (S = 1/2) spins in an ex-
ternal magnetic field (Figure B13.1). Nuclear Zeeman splitting leads to two states with 

separation of ∆𝐸 . Every nuclear state undergoes subsequent electron Zeeman split-
ting of ∆𝐸  yielding four states with different combinations of projected spin angular 
momenta, 𝑚  and 𝑚 , on the external field. These states are further modified by ±A/4, 
where 𝐴 is a hyperfine coupling constant between the corresponding nucleus and the 
unpaired electron, yielding states characterized by energies 𝐸  through 𝐸 , between 
which transitions take place.  

Depending on the quantum numbers that change, NMR (∆𝑚 1) or EPR (∆𝑚
1) transitions can occur. Yet, regardless of the kind of transition, they contain the 

same structural and electronic information that can often be extracted.9 

 

Figure B13.1. A system of nuclear and electronic spins that couple with a hyperfine constant 𝐴. 
The scale in the figure is distorted: electronic Zeeman splitting (∆𝐸 ) is four orders of magnitude 
larger than nuclear Zeeman splitting (∆𝐸 ). Relative line thickness denotes a difference in thermal 
population. 

An astute reader may have noticed that, despite two NMR transitions shown in Figure 
B13.1, one normally observes singlets in paramagnetic NMR spectra. This is due to 
the fact that nuclei relax on the timescale of seconds whereas the lifetime of electronic 
states is within 10-5 to 10-13 s.10,15 Therefore, a nucleus experiences an average oscillat-
ing field of an electron rapidly flipping between 𝑚 =−1/2 and +1/2 states. Normally, 
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the frequency of this field is many orders of magnitude higher than the nuclear Lar-
mor frequency, which yields a singlet that is an average of the exchanging states. In 
principle, this should cancel the hyperfine coupling leading to a chemical shift indis-
tinguishable from that in the absence of an unpaired electron (orbital or diamagnetic 

shift, 𝛿 ). However, due to the high gyromagnetic ratio of the electron, the Zeeman 
splitting (∆𝐸 ) is so large that thermal populations of 𝑚  = −1/2 and +1/2 states are not 
equal, therefore complete cancellation does not occur, giving a singlet shifted away 

from 𝛿  by a certain value called a hyperfine shift (𝛿 ). Thus, in effect, a paramag-
netic NMR signal is a weighted average of a hyperfine doublet where the weights are 
thermal populations of the 𝑚  = −1/2 and +1/2 electronic states.  

Summing up the above, the observed paramagnetic NMR chemical shift (𝛿 ) can be 

broken down in two parts: an orbital or diamagnetic term (𝛿 ) and a hyperfine term 

(𝛿 ). The former is a would-be chemical shift should an unpaired electron not be 
present. It is defined by the nuclear Zeeman splitting energy (∆𝐸 ) and, to a first ap-
proximation, is temperature-independent due to a small magnitude of ∆𝐸  (radiofre-

quency range). The hyperfine term, 𝛿 , originates from coupling between electronic 
and nuclear magnetic moments and is strongly temperature-dependent because of the 
different thermal populations of the 𝑚  electronic states. 

There are many possible contributors to the 𝛿 ,12 however Fermi contact (𝛿 ) and 

pseudocontact (𝛿 , also named dipolar) shifts are the most important. 

 𝛿 𝛿 𝛿 ≅ 𝛿 𝛿 𝛿 . Eq. B13.1 

Fermi contact shift (𝛿 ) originates from scalar electron-nuclear coupling through 
chemical bonds. More specifically, metal-centered unpaired electrons result into non-
zero spin density on other atoms in the molecule either via direct delocalization 

though σ- and π-bonds or indirectly through spin polarization.16 Spin density influ-
ences NMR chemical shifts if it resides in orbitals of s-character which have non-zero 
electron density on a nucleus. In a way, this mechanism is analogous to scalar or J-
coupling in solution NMR experiments on diamagnetic systems. Both effects also 
quickly vanish with the number of bonds separating coupled spins unless π-
conjugated systems are involved. Fermi-contact shift can be expressed via isotropic 

hyperfine coupling constant 𝐴  as shown below: 

 𝛿
𝑆 𝑆 1 𝜇
3𝑘𝑇𝑔 𝜇

𝑔 ∙ 𝐴  , Eq. B13.2 
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where 𝑆 – electronic spin quantum number of the complex; 𝜇  – Bohr magneton; 𝑔  
– nuclear g-value; 𝜇  – nuclear magneton; 𝑘 – Boltzmann constant; 𝑇 – temperature; 
𝑔  – isotropic electronic g-value of the system; 𝐴  – isotropic hyperfine coupling 
constant. 

Pseudocontact shift (𝛿 ) is a result of non-mediated through-space coupling between 
nuclear and electronic magnetic moments. It is analogous to dipolar coupling in the 

solid-state NMR experiments. In general, 𝛿  are more difficult to describe mathe-
matically since, due to spin delocalization, there may be several sources of the mag-
netic moment. In the simplest case, assuming a metal center to be a point magnetic 
dipole and the only source of the magnetic moment (the so-called point-dipole ap-

proximation), 𝛿  can be expressed as follows: 

 𝛿 =
1

12πr3 ∆𝜒 3𝑐𝑜𝑠 𝜃 1
3
2
∆𝜒 𝑠𝑖𝑛 𝜃𝑐𝑜𝑠2𝜑  , Eq. B13.3 

where 𝑟, 𝜃 and 𝜑 – spherical coordinates of a nucleus within the intrinsic frame of 
magnetic susceptibility tensor; ∆𝜒  and ∆𝜒  – temperature-dependent axial anisot-
ropy and rhombicity of the above tensor. The latter two are defined as: 

 ∆𝜒 𝜒
𝜒 𝜒

2
 , Eq. B13.4 

 ∆𝜒 𝜒 𝜒  , Eq. B13.5 

where 𝜒 , 𝜒  and 𝜒  are components of a diagonalized magnetic susceptibility ten-

sor. The origin of magnetic susceptibility tensor is at the position of the paramagnetic 
center. 

For system with more than one unpaired electron, ∆𝜒  and ∆𝜒  can be further ex-
pressed via other spectroscopic observables as:17–19  

 ∆𝜒 𝑊 ∙ 𝑔 𝐷
𝑔 𝐷 𝑔 𝐷

2
 , Eq. B13.6 

 ∆𝜒 𝑊 ∙ 𝑔 𝐷 𝑔 𝐷  , Eq. B13.7 

with 

 𝑊
𝜇 𝜇 𝑆 𝑆 1 2𝑆 1 2𝑆 3

30 𝑘 𝑇
 , Eq. B13.8 
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where 𝑔 , 𝑔 , 𝑔 , 𝐷 , 𝐷 , 𝐷  are diagonal components of g- and ZFS-tensors, re-

spectively; 𝜇  – vacuum permeability; 𝜇  – Bohr magneton; 𝑆 – spin quantum number 
of the system; 𝑘  – Boltzmann constant; 𝑇 – temperature. In turn, the diagonal com-
ponents of the ZFS-tensor are connected with (measurable) ZFS parameters 𝐷 and 𝐸 
as follows:  

 𝐷
3
2
𝐷  , Eq. B13.9 

 𝐸
1
2
𝐷 𝐷  . Eq. B13.10 

This, however, does not mean that systems with a single unpaired electron have no 
pseudocontact shifts due to having no ZFS. On the contrary, such systems may have 

sizeable 𝛿  that can be taken into account by departing from the ZFS formalism and 
directly considering the spin-orbit coupling. 

As can be seen from the Eq. B13.3, pseudocontact shifts are strongly orientation-
dependent and inversely scale with cubed distance r. Nevertheless, while contact 
shifts tend to vanish after several bonds, pseudocontact shifts can persist up to 50 Å. 
In most cases, the point-dipole approximation gives reasonable results, especially if 
M⋯H distances are >5Å, but sometimes more sophisticated models must be used.20,21 

By using observed and diamagnetic chemical shifts (𝛿  and 𝛿 , respectively) and 

by knowing the equations for hyperfine shift (𝛿 ), it is possible to extract structural 
and electronic information about a paramagnetic species.10 Several approximations 

are normally employed. First of all, diamagnetic shifts (𝛿 ) are taken from an 

isostructural closed-shell analogue, for instance 𝛿  for an Fe(III) metal complex can 
be taken from a Ga(III) one or even from a free ligand. As another approximation, 

very often only either a contact (𝛿 ) or a pseudocontact (𝛿 ) term is considered. 
The former is thought to dominate in organic radicals and covalent d-block com-
pounds22–25 with the latter being prominent for f-block compounds.13 A good diagnos-
tic criterion for a strong Fermi-contact contribution is a linear dependence of hyper-

fine shift on inverse temperature (𝑇 ), which follows from Eq. B13.2. In other words, 
a Fermi contact-dominated hyperfine shift can be regarded as local paramagnetic sus-
ceptibility and should follow Curie’s law: 𝛿 𝑇 𝑐𝑜𝑛𝑠𝑡. Should the pseudocontact 

shift contribution be significant, 𝑇  behavior is complemented by the 𝑇  depend-
ence9 with the weight of the latter being related to the zero-field splitting (ZFS) or 
spin-orbit coupling in the system (Eq. B13.3–Eq. B13.8).26 
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Discussed sources of hyperfine shift considered in time can lead to fast nuclear relaxa-
tion. Combined with Curie relaxation, which is analogous to chemical shift anisotro-
py relaxation in solution NMR on diamagnetic systems, they define the linewidth. To 
generalize, for any kind of nuclear relaxation to happen, a nucleus must experience a 
magnetic field oscillating at or close to its own Larmor frequency. In solution, it can 
be provided by electron Zeeman transitions, mutual rotation and tumbling of individ-
ual magnetic moments. Therefore, mechanics of nuclear relaxation is nuanced with 
strong dependence on spin density, temperature, molecular mass, viscosity of the so-
lution and availability of several relaxation channels that may act simultaneously. It is 
often the case, however, that dipolar relaxation dominates for small molecules. If so, 
for molecular motion that is much faster that nuclear Larmor frequency (the so-called 
fast motion limit), longitudinal (T1M) and transverse (T2M) relaxation constants be-
come equal and can be expressed as:16 

 
1
𝑇

1
𝑇

4
3

𝜇
4𝜋

𝛾 𝑔 𝜇 𝑆 𝑆 1
𝑟

𝜏  , Eq. B13.11 

where 𝜇  – vacuum magnetic permeability; 𝛾 – nuclear gyromagnetic ratio; 𝑔 – iso-
tropic g-value of the complex; 𝜇  – Bohr magneton; 𝑆 – spin number of the complex; 
𝑟 – distance between nuclear and electronic spins (for point dipole approximation, 
M⋯H distance); 𝜏  – correlation time for electron-nucleus interaction. 

An important consequence of the Eq. B13.11 is that the signal linewidth, which is in-

versely proportional to transverse relaxation time constant 𝑇 , is also inversely pro-

portional to 𝑟 , which allows to roughly assign paramagnetic NMR signals from their 
linewidth.13,14 However, the exact linear dependence may be disturbed by the ligand-
centered dipolar relaxation or intramolecular rotations. Another important conse-
quence is that linewidth grows quadratically with the number of unpaired electrons. 
In other words, out of two spin states with similar geometry, the state with higher 
multiplicity will give broader signals. 
 

Appendix B14. Paramagnetic NMR theory: signal assignment. 

In general, the strategies used for assigning NMR signals in diamagnetic molecules 
are not applicable for paramagnetic species. Mainly, due to a much larger range of 
chemical shifts and the absence of fine structure due to line broadening. Despite that, 
a number of additional strategies are available based on the understanding of the 
origin of paramagnetic chemical shifts (see Appendix B13). The most common of them 
are as follows:10 
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1. Signal widths. As stated in Appendix B13, if dipolar relaxation is predominant, 
which is usually the case, the peak full width at half maximum should be in-
versely proportional to the sixth power of the distance between the resonating 
proton and the paramagnetic center (∆𝜈 / ~𝑟 ). However, the exact linear 

dependence may be disturbed by the ligand-centered dipolar relaxation or in-
tramolecular rotations. Still, as a rule of thumb, the broader of the two signals 
can be assigned to the proton that is closer to a paramagnetic center. 

2. Signal areas. Despite unusual chemical shift range, the peak integral intensities 
are still proportional to the number of resonating protons. However, the inte-
gration may be complicated due to the extreme line broadening and residual 
“ringing” from the excitation pulse,13 which may distort the base line. 

3. (Isotopic) Substitution. Systematic substitution of certain protons in the mole-
cule (mostly, for methyl groups or deuteria) may allow to assign some signals. 

4. Signal shifts. Oftentimes, one can make an educated guess as for the mecha-
nism of spin delocalization, which may allow to deduce the sign of a hyperfine 
shift.10,13 High-level spin density calculations can be helpful in such situations. 

5. Temperature dependence. As discussed in Appendix B13, paramagnetic NMR 
shifts are extremely temperature-dependent. Given strong domination of the 

Fermi contact term (𝛿 ), which is normally the case for covalent d-block com-

pounds, observed shift 𝛿  should obey the following law: 𝛿 𝛿 𝛿

𝛿 . In other words, the dependence of 𝛿  from  should be linear. In 

such a case, extrapolation to 0 or 𝑇 → ∞ will eliminate the contact compo-

nent and reveal the diamagnetic contribution (𝛿 ). The latter can, in turn, be 
compared with the shifts of the diamagnetic analogue of the paramagnetic 
compound in question. 

6. Internuclear couplings. As mentioned above, paramagnetic relaxation is fast, 
which precludes JH,H coupling from evolving sufficiently long to be seen, with 
sporadic exceptions.27 Contrarily, signal assignment can often be aided using 
JC,H couplings discernable from the 13C NMR spectra. 

7. Nuclear Overhauser Effect (NOE), saturation transfer and correlation spectra 
in general. In some cases, for relatively narrow signals, one can obtain correla-
tion spectra that will aid the assignment. These techniques have been worked 
out in great detail for bioinorganic molecules.14,28,29 

8. Redox titration. If a paramagnetic species can be synthesized by oxida-
tion/reduction of the diamagnetic precursor, gradual oxidation/reduction of 
the said precursor may allow to match paramagnetic signals to the assigned 
signals in the precursor, provided the redox equilibrium is fast on the NMR 
measurement timescale.   
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Appendix B15. Paramagnetic NMR: 1H signal assignment in [(TSMP)2FeIII]– (3).  

In the assignment of the paramagnetic NMR signals in the [(TSMP)2FeIII]– complex 
(3), we use the line width argument, signal areas and isotopic substitution (see Appen-

dix B14). More specifically, in the 1H NMR spectrum of [(TSMP)2FeIII]K salt (3a) in 
acetonitrile-d3 at 298 K (Figure B15.1), one can see five out of six expected 
paramagnetically shifted signals. The missing sixth signal can be found in the 
spectrum of [(TSMP)2FeIII]PPh4 (3b) salt at 173 K in dichloromethane-d2 (Figure 

B15.2), where 3b is more soluble that 3a. The signal shows as a broad (FWHM >5 

ppm) singlet at -36.0 ppm, and is only visible because the [(TSMP)2FeIII]– (3) anion 
almost completely crosses over into the low-spin state (2.1% of the high-spin 
contribution as estimated from measurements according to Evans mehod, see Appen-
dix B2). Due to a smaller number of unpaired electrons, this leads to less efficient 
dipolar relaxation (see Eq. B13.11) and, thus, narrower line width. Being the broadest 
in the entire spectrum, this signal should belong to a proton that is by far the closest to 
the Fe center, assuming there is no significant spin delocalization to the ligand. 
Computationally optimized geometry of the low-spin (S = 1/2) state at the B3LYP-
D3BJ/def2-TZVP level of theory (Figure B15.3) shows that H7 at 3.27 Å is the likeliest 
source of the signal with the second closest protons, CH3

P, being 5.43 Å away from 
the metal. 

Next, among five paramagnetically shifted signals in the spectrum of [(TSMP)2FeIII]K 
(3a; Figure B15.1), only one at 67.8 ppm has triple integral intensity and can be 
unabiguously assigned to the aryl-bound methyl groups (CH3

Ar). Another signal at 
12.3 ppm is not present in the 1H spectrum of the deuterium-labelled analogue 3a-d6 
but shows in the corresponding 2H spectrum, and, thus, belongs to the phosphonium-
bound methyl group (CH3

P). The three remaining signals, one at 27.5 ppm and two 
between 0 and -10 ppm, belong to one proton each and have distinctly different 
width. Despite the spectrum reflecting a mid-spin-crossover situation (80.8% 
according to Evans method, see Appendix B2), the relative ordering of the Fe⋯H dis-
tances in the the calculated geometries of both spin states retains (Figure B15.3). 
Therefore, assuming there is no significant spin delocalization to the ligand in either 
of the spin states and that the rate of spin-crossover is much faster than any of the 
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Larmor frequencies,a we assign the remaining signals inversely to the respective 
Fe⋯H distances as H4, H6 and H5. 

 

Figure B15.1. Stacked 1H (400 MHz) and 2H (61 MHz) NMR spectra of 3a and its deuterated ana-
logue 3a-d6 in acetonitrile at 298 K. Only paramagnetic signals are assigned. The integrals are giv-
en in blue and were rounded to the nearest integer. 

 
a The assumption that the rate of the SCO is faster than nuclear Larmor frequencies is justified. 
Unless geometries of the involved spin states differ significantly,32 SCO occurs at picosecond time 
scale (THz frequencies). This is six orders of magnitude faster than 1H Larmor frequencies (MHz 
range) on modern NMR machines. 
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Figure B15.2. Stacked variable-temperature 1H (400 MHz) NMR spectra of 3b in dichloromethane-
d2. Only paramagnetic signals are assigned.  

 

Figure B15.3. Calculated Fe⋯H distances in low- and high-spin geometries of [(TSMP)2FeIII]– (3) 
optimized at B3LYP-D3BJ/def2-TZVP level of theory in vacuum. The average values for methyl 
protons were derived by arithmetic averaging. 
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Appendix B16. Paramagnetic NMR: variable-temperature 1H spectra of 
[(TSMP)2FeIII]– (3). 

Variable-temperature 1H NMR chemical shifts of the [(TSMP)2FeIII]– (3) complex in 
different solvents (Figure B15.2, Figure B16.1, Figure B16.2) are consistent with the on-

going SCO. To elaborate, the hyperfine parts (𝛿 ) of the observed shifts, obtained by 
subtraction of the diamagnetic contributions approximated using an isostructural 
[(TSMP)2GaIII]– (5a) analogue (Table B16.1, Table B16.2, Table B16.3), do not obey the 

Curie’s law (𝛿 𝑇 𝑐𝑜𝑛𝑠𝑡; Figure 3.6, main text). Moreover, temperature behavior of 

the 𝛿 𝑇 product closely follows the SCO curves obtained by Evans method (Figure 
B2.1), implying that the hyperfine shifts are heavily dominated by the Fermi contact 

term (𝛿 ), as expected for covalent d-block compounds.30 

The signals in the discussed 1H spectra become sharper in all three solvents at either 
end of the SCO curve. At high temperatures in acetonitrile-d3 (Figure B16.1) and, 
especially, pyridine-d5 (Figure B16.2), the system is close to completely crossing over to 
the high-spin state (Figure B2.1). In these circumstances, despite more efficient dipolar 
relaxation with a higher number of unpaired electrons (see Eq. B13.11), faster 
temperature-induced electronic relaxation leads to slower nuclear relaxation, causing 
somewhat sharper signals. Contrarily, at low temperatures in dichloromethane-d2 
(Figure B15.2), the system is close to completely crossing over to the low-spin state 
(Figure B2.1). Even though low temperatures should prolong electronic relaxation and 
broaden the signals, dipolar nuclear relaxation, which generally dominates such 
broadening, is less efficient with fewer unpaired electrons (see Eq. B13.11). As a result, 
the SCO influence prevails, leading to sharper signals at lower temperatures. 
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Figure B16.1. Stacked variable-temperature 1H (400 MHz) NMR spectra of 3a in acetonitrile-d3. 
Only paramagnetic signals are assigned. 

 

Figure B16.2. Stacked variable-temperature 1H (400 MHz) NMR spectra of 3a in pyridine-d5. Only 
paramagnetic signals are assigned. 
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Table B16.1. Variable-temperature 1H NMR (400 MHz) chemical shifts of [(TSMP)2FeIII]PPh4 (3b) 
salt in dichloromethane-d2. Diamagnetic shifts (assumed to be temperature-independent) were 
measured at 298 K on an isostructural [(TSMP)2GaIII]K (5a) complex solubilized in the same 
solvent in the presence of a subequivalent amount of PPh4I (see Section 3.8.2.1). 

T, K 
Chemical shift, ppm 

CH3
Ar H4 CH3

P H6 H5 H7 

308 67.6 28.6 11.5 -4.2 -6.5 - 
298 67.8 27.5 12.3 -4.5 -6.7 - 
288 67.6 26.0 13.2 -4.9 -6.9 - 
278 67.2 24.2 14.2 -5.3 -7.1 - 
268 66.4 21.9 15.4 -5.7 -7.3 - 
258 65.4 19.3 16.8 -6.2 -7.4 - 
248 64.1 16.3 18.3 -6.7 -7.6 - 
238 62.6 13.0 20.0 -7.3 -7.8 - 
228 61.3 9.6 21.8 -8.1 -8.1 - 
218 60.1 6.2 23.8 -8.4 -8.4 -18.3 
208 59.3 3.0 25.9 -9.3 -8.8 -22.3 
198 59.0 0.5 28.0 -10.1 -9.4 -26.0 
190 59.3 -2.1 29.8 -10.9 -9.9 -29.2 
183 60.0 -3.7 31.4 -11.6 -10.5 -32.0 
178 60.8 -4.7 32.7 -12.1 -10.9 -34.0 
173 61.8 -5.7 34.0 -12.7 -11.4 -36.0 

diamagnetic 2.78 7.11 3.47 5.55 6.15 5.21 

 

Table B16.2. Variable-temperature 1H NMR (400 MHz) chemical shifts of [(TSMP)2FeIII]K (3a) 
salt in acetonitrile-d3. Diamagnetic shifts (assumed to be temperature-independent) were measured 
at 298 K on an isostructural [(TSMP)2GaIII]K (5a) complex in the same solvent. 

T, K 
Chemical shift, ppm 

CH3
Ar H4 CH3

P H6 H5 

348 66.0 31.4 9.3 -3.0 -5.8 
338 66.9 31.3 9.7 -3.2 -6.0 
328 67.8 31.2 10.1 -3.5 -6.3 
318 68.6 31.0 10.6 -3.8 -6.5 
308 69.4 30.6 11.1 -4.1 -6.8 
298 70.1 29.9 11.8 -4.5 -7.0 
288 70.6 29.0 12.6 -4.9 -7.3 
278 70.8 27.7 13.5 -5.3 -7.6 
268 70.9 26.1 14.7 -5.8 -7.8 
258 70.6 24.0 16.0 -6.3 -8.1 
248 69.9 21.3 17.5 -6.9 -8.4 
238 68.8 18.0 19.4 -7.6 -8.7 
233 68.3 16.3 20.3 -8.0 -8.8 

diamagnetic 2.79 7.12 3.57 5.46 6.15 
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Table B16.3. Variable-temperature 1H NMR (400 MHz) chemical shifts of [(TSMP)2FeIII]K (3a) 
salt in pyridine-d5. Diamagnetic shifts (assumed to be temperature-independent) were measured at 
298 K on an isostructural [(TSMP)2GaIII]K (5a) complex in the same solvent. 

T, K 
Chemical shift, ppm 

CH3
Ar H4 CH3

P H6 H5 

373 65.8 31.4 - -2.1 -5.2 
368 66.3 31.7 - -2.2 -5.3 
358 67.6 32.2 - -2.5 -5.5 
348 69.0 32.7 - -2.7 -5.8 
338 70.4 33.1 9.4 -3.0 -6.1 
328 71.8 33.6 9.7 -3.2 -6.3 
318 73.3 34.0 10.0 -3.5 -6.6 
308 75.1 34.4 10.3 -3.9 -7.0 
298 76.6 34.8 10.8 -4.2 -7.4 
288 78.3 35.1 11.4 -4.6 -7.7 
278 80.0 35.1 12.0 -5.0 -8.1 
268 81.7 35.0 12.8 -5.5 -8.5 
258 83.2 34.5 13.7 -6.0 -9.0 
248 84.4 33.7 14.8 -6.6 -9.4 
238 85.4 32.4 16.3 -7.2 -9.9 
233 85.8 31.5 17.0 -7.7 -10.1 

diamagnetic 2.85 7.40 3.74 6.25 6.34 

 

Appendix B17. Paramagnetic NMR: 1H signal assignment in [(TSMP)2FeIV] (4).  

The 1H NMR spectrum of complex [(TMSP)2FeIV] (4) in DCM-d2 at 298K shows six 
paramagnetically shifted and broadened signals (Figure B17.1), as expected for C3-
symmetric heterobicyclo[2.2.2]octane topology of the TSMP scaffold. These signals 
can be assigned using the set of arguments outlined in Appendix B14. To elaborate, out 
of six signals, only the one at 145.4 ppm has triple integral intensity and, thus, can be 
unabiguously attributed to the aryl-bound methyl groups (CH3

Ar). Next, the peak at 
7.2 ppm is absent in the 1H spectrum of the deuterium-labelled analogue 4-d6 but 
shows in the corresponding 2H spectrum, which indicates that it belongs to a 
phosphonium-bound methyl group (CH3

P). A broad signal at -27.4 ppm clearly 
corresponds to a proton that is by far the closest to the source of the magnetic 
moment in the molecule. Considering that the spin density is mainly localized on the 
Fe atom (see the main text), this means that the signal belongs to the proton with the 
shortest Fe⋯H distance, i.e. H7 as can be deduced from the molecular geometry op-
timized at PBE-D3BJ/def2-TZVP level of theory (Figure B17.2). The spectral assign-
ment can be completed by inversely matching the full widths at half maximum 
(FWHM) of the remaining signals to the calculated Fe⋯H distances for unassigned 
protons. More specifically, the relatively sharp signals between -10 and -35 ppm have 
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the FWHM of 156.2, 251.0 and 228.7 Hz from left to right,a which allows to assign 
them as H5, H6 and H4.  

 

Figure B17.1. Stacked 1H (400 MHz) and 2H (61 MHz) NMR spectra of 4 and its deuterated ana-
logue 4-d6 in dichloromethane at 298 K. Only paramagnetic signals are assigned. The integrals are 
given in blue and were rounded to the nearest integer. 

 

Figure B17.2. Calculated Fe⋯H distances in [(TSMP)2FeIV] (4) optimized at PBE-D3BJ/def2-
TZVP level of theory in vacuum. The average values for methyl protons were derived by arithme-
tic averaging. 
 

  

 
a Signal linewidths were extracted using MNova peak deconvolution tool.33 
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Appendix B18. Paramagnetic NMR: variable-temperature 1H spectra of 
[(TSMP)2FeIV] (4).  

Variable-temperature 1H NMR chemical spectra of 4 are shown in Figure B18.1. The 
spread of chemical shifts becomes monotonously narrower at increased temperatures, 
which is typical for paramagnetic compounds. The temperature-dependent signal 
linewidths also evolve in the way one would expect for a paramagnetic system: lower 
temperatures result in broader signals due to slower electronic relaxation causing 
faster nuclear relaxation and vice versa. The hyperfine shifts (𝛿 ), obtained by sub-
traction of the diamagnetic contributions approximated using an isostructural 
[(TSMP)2GaIII]– (5) analogue (Table B18.1), follow Curie’s law. This is evident from 

the 𝛿 𝑇 product being nearly temperature-independent for most signals (Figure 
B18.2), ruling out the possibility of SCO. The small resudual slope for some signals 
can be attributed to incomplete subtraction of diamagnetic components since the 

[(TSMP)2GaIII]– (5) model only approximates 𝛿 , or to a very small pseudocontact 
contribution. The only exception is the CH3

Ar signal, whose slope is relatively notice-
able, likely due to incomplete rotational averaging of the chemical shifts of separate 

protons. Yet, overall, since the hyperfine shifts do not show a 1/𝑇  dependence, the 
pseudocontact contribution can be considered very low (see Appendix B13), being 

consistent with nearly isotropic 𝑔-tensor, moderate zero-field splitting of +19.1 cm-1 
and very low rhombicity as derived from SQUID magnetometry and THz-EPR 
studies as well as computational studies (see main text). 
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Figure B18.1. Stacked variable-temperature 1H (400 MHz) NMR spectra of 4 in dichloromethane-
d2. Only paramagnetic signals are assigned. 

 

Table B18.1. Variable-temperature 1H NMR (400 MHz) chemical shifts of [(TSMP)2FeIV] (4) in 
dichloromethane-d2. Some chemical shifts could not be reliably extracted due to extreme line 
broadening at low temperatures or the presence of an intense solvent signal in the vicinity. 
Diamagnetic shifts (assumed to be temperature-independent) were measured at 298 K on an 
isostructural [(TSMP)2GaIII]K (5a) complex solubilized in dichloromethane-d2 in the presence of a 
subequivalent amount of PPh4I (Section 3.8.2.1). 

T, K 
Chemical shift, ppm 

CH3
Ar CH3

P H5 H6 H7 H4 

308 141.0 7.1 -12.2 -21.3 -26.4 -30.8 
298 145.4 7.2 -12.8 -22.2 -27.4 -32.0 
288 151.0 7.2 -13.4 -23.3 -28.4 -33.3 
278 156.2 7.4 -14.1 -24.4 -29.6 -34.7 
268 162.0 7.6 -14.9 -25.6 -30.8 -36.3 
258 168.9 7.7 -15.7 -26.9 -32.2 -37.9 
248 176.1 7.8 -16.6 -28.3 -33.6 -39.8 
238 184.2 - -17.7 -30.0 -35.1 -42.0 
228 192.5 8.1 -18.7 -31.5 - -44.0 
218 201.4 - -19.9 -33.5 - -46.5 
208 211.7 - -21.2 -35.6 - -49.2 

diamagnetic 2.78 3.47 6.15 5.55 5.21 7.11 
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Figure B18.2. Variable-temperature 1H NMR (400 MHz) 𝛿 𝑇 products of complex [(TSMP)2FeIV] 
(4) in dichloromethane-d2 and its linear fits. Dots show experimental values, straight lines show 
the fits.  
 

Appendix B19. Paramagnetic NMR: partitioning of 1H hyperfine shifts in 

[(TSMP)2FeIV] (4).  

An additional confirmation as for the low magnitude of the pseudocontact shifts can 

be obtained by fitting observed chemical shifts (𝛿 ) of 4 within the framework of the 
point dipole approximation (see Appendix B13) combined with DFT calculations. The 

equation for 𝛿  can be written as follows: 

 𝛿 𝛿 𝛿 𝛿 𝛿 𝛿 , Eq. B19.1 

𝛿 𝛿
𝑆 𝑆 1 𝜇
3𝑘𝑇𝑔 𝜇

𝑔 ∙ 𝐴

1

12πr3 ∆𝜒 3𝑐𝑜𝑠 𝜃 1
3
2
∆𝜒 𝑠𝑖𝑛 𝜃𝑐𝑜𝑠2𝜑 , 

Eq. B19.2 

where, 𝛿  – diamagnetic shift; 𝛿 – hyperfine shift; 𝛿  – Fermi contact shift; 𝛿  – 
pseudo-contact shift; 𝑆 – electronic spin quantum number of the complex; 𝜇  – Bohr 
magneton; 𝑔  – nuclear 𝑔-value; 𝜇  – nuclear magneton; 𝑘 – Boltzmann constant; 𝑇 
– temperature; 𝑔  – isotropic electronic 𝑔-value of the system; 𝐴  – isotropic hyper-
fine coupling constant; 𝑟, 𝜃 and 𝜑 – spherical coordinates of a nucleus within the in-
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trinsic frame of magnetic susceptibility tensor; ∆𝜒  and ∆𝜒  – axial anisotropy and 
rhombicity of the above tensor. 

Since according to SQUID magnetometry and THz-EPR studies (see main text), the 
zero-field splitting parameter 𝐸 is close to zero, magnetic susceptibility rhombicity 
∆𝜒  also becomes vanishingly small (see Eq. B13.7 and Eq. B13.10), allowing to sim-
plify Eq. B19.2 as follows: 

 𝛿 𝛿
𝑆 𝑆 1 𝜇
3𝑘𝑇𝑔 𝜇

𝑔 ∙ 𝐴
1

12πr3 ∆𝜒 3𝑐𝑜𝑠 𝜃 1 . Eq. B19.3 

Out of all terms and coefficients in the equation, 𝛿  and 𝑆 are known experimental-
ly (the former are approximated using an isostructural [(TSMP)2GaIII]– (5) analogue, 
the latter equals one according to SQUID magnetometry); 𝜇 , 𝑘, 𝑔  and 𝜇  are con-
stants; 𝑟  and 𝜃 are geometric parameters that can be extracted from a DFT-optimized 
structure; 𝐴  and 𝑔  can also be either calculated from DFT or measured experi-
mentally. This leaves only one parameter to be fitted, ∆𝜒 , which defines the 
strength of the pseudocontact contribution. 

Following the symmetry of the spin Hamiltonian for [(TSMP)2FeIV] (4), the principal 
axis of the magnetic susceptibility tensor has to coincide with the molecular axis of 
symmetry of the highest order, which is a C3-axis passing through the P–Fe–P atoms. 
Graphically it can be represented as shown in Figure B19.1, which features a plane 
with two out of six symmetry-equivalent indolide rings within the D3d point group. 
The principal axis (𝑧) points from the iron atom towards one of the phosphorus at-
oms. The polar angle 𝜃 is measured with respect to this axis and the origin of coordi-
nates, which is a metal center. The grey plot in polar coordinates in the background 

corresponds to the 3𝑐𝑜𝑠 𝜃 1 function modulating the magnitude of the pseudocon-
tact shift as can be seen from the Eq. B19.3. This function changes its sign at the magic 
angle (ca. 54.7°) with respect to the principal axis, thus also flipping the sign of the 
pseudocontact shift. 
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Figure B19.1. Graphical representation of the molecular geometry of 4 optimized at PBE-
D3BJ/def2-TZVPP level of theory; angles and relative interatomic distances match the calculated 
values. Only two out of six symmetry-equivalent (D3d point group) indolide rings are shown. The 
hydrogens of the CH3

Ar and CH3
P methyl groups are slightly out of plane but are still shown for 

clarity. The principal axis of the magnetic susceptibility tensor is given in red. The polar plot in 
the background corresponds to the 3𝑐𝑜𝑠 𝜃 1 function. 

 
Table B19.1. Results of geometry optimization of 4 at PBE-D3BJ/def2-TZVPP level of theory fol-
lowed by properties calculation at the PBE0-D3BJ/def2-TZVPP level. No symmetry constraints 
were imposed on a molecule, which results in small numerical differences between symmetry-
equivalent positions. Numbers following underscores indicate separate aromatic rings. The aver-
age values (av) were obtained by arithmetic averaging.  

Proton 𝒓, Å 𝒓𝒂𝒗, Å 𝒄𝒐𝒔𝜽 |𝒄𝒐𝒔𝜽|𝒂𝒗 
𝑨𝒊𝒔𝒐, 
MHz 

𝜹𝑭𝑪𝑻, 
ppm·K 

𝜹𝑭𝑪𝑻𝒂𝒗, ppm·K 

H4_1 6.40 

6.40 

0.42 

0.42 

-0.733 -15179.11 

-15182.22 

H4_2 6.40 0.42 -0.732 -15170.82 
H4_3 6.40 0.42 -0.734 -15197.76 
H4_4 6.40 -0.42 -0.734 -15197.76 
H4_5 6.40 -0.42 -0.732 -15168.75 
H4_6 6.40 -0.42 -0.733 -15179.11 
H5_1 6.84 

6.84 

0.06 

0.06 

-0.280 -5809.75 

-5780.74 

H5_2 6.84 0.06 -0.278 -5762.10 
H5_3 6.84 0.06 -0.279 -5770.38 
H5_4 6.84 -0.06 -0.279 -5770.38 
H5_5 6.84 -0.06 -0.278 -5760.02 
H5_6 6.84 -0.06 -0.281 -5811.82 
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Table B19.1 (continued). Results of geometry optimization of 4 at PBE-D3BJ/def2-TZVPP level of 
theory followed by properties calculation at the PBE0-D3BJ/def2-TZVPP level. No symmetry 
constraints were imposed on a molecule, which results in small numerical differences between 
symmetry-equivalent positions. Numbers following underscores indicate separate aromatic rings. 
The average values (av) were obtained by arithmetic averaging.  

Proton 𝒓, Å 𝒓𝒂𝒗, Å 𝒄𝒐𝒔𝜽 |𝒄𝒐𝒔𝜽|𝒂𝒗 
𝑨𝒊𝒔𝒐, 
MHz 

𝜹𝑭𝑪𝑻, 
ppm·K 

𝜹𝑭𝑪𝑻𝒂𝒗, ppm·K 

H6_1 5.64 

5.64 

-0.29 

0.29 

-0.330 -6827.08 

-6841.93 

H6_2 5.64 -0.29 -0.330 -6833.29 
H6_3 5.64 -0.29 -0.331 -6866.45 
H6_4 5.64 0.29 -0.331 -6866.45 
H6_5 5.64 0.29 -0.330 -6833.29 
H6_6 5.64 0.29 -0.329 -6825.01 
H7_1 3.27 

3.27 

-0.45 

0.45 

-0.556 -11509.69 

-11461.69 

H7_2 3.27 -0.45 -0.551 -11422.67 
H7_3 3.27 -0.45 -0.553 -11453.74 
H7_4 3.27 0.45 -0.553 -11453.74 
H7_5 3.27 0.45 -0.551 -11420.59 
H7_6 3.27 0.45 -0.556 -11509.69 

CH3
Ar

a_1 5.85 

6.05 

0.87 

0.81 

2.332 48317.89 
43082.07 

43056.87 

CH3
Ar

b_1 6.34 0.72 0.155 3211.52 
CH3

Ar
c_1 5.96 0.83 3.751 77716.81 

CH3
Ar

a_2 6.33 0.72 0.212 4396.68 
43169.79 CH3

Ar
b_2 5.97 0.83 3.833 79413.73 

CH3
Ar

c_2 5.84 0.87 2.206 45698.95 
CH3

Ar
a_3 5.96 0.83 3.754 77776.89 

42920.46 CH3
Ar

b_3 5.85 0.87 2.296 47567.85 
CH3

Ar
c_3 6.34 0.72 0.165 3416.65 

CH3
Ar

a_4 5.96 -0.83 3.751 77723.02 
43082.77 CH3

Ar
b_4 6.34 -0.72 0.155 3219.81 

CH3
Ar

c_4 5.85 -0.87 2.331 48305.46 
CH3

Ar
a_5 6.34 -0.72 0.165 3422.86 

42917.70 CH3
Ar

b_5 5.85 -0.87 2.295 47553.34 
CH3

Ar
c_5 5.96 -0.83 3.754 77776.89 

CH3
Ar

a_6 5.84 -0.87 2.205 45682.37 
43168.41 CH3

Ar
b_6 5.97 -0.83 3.833 79415.81 

CH3
Ar

c_6 6.33 -0.72 0.213 4407.04 
CH3

P
a 5.43 

5.43 

0.99 

0.99 

0.075 1549.82 

1553.27 

CH3
P

b 5.43 0.99 0.075 1543.60 
CH3

P
c 5.43 0.99 0.076 1568.47 

CH3
P

a' 5.43 -0.99 0.074 1541.53 
CH3

P
b' 5.43 -0.99 0.075 1547.75 

CH3
P

c' 5.43 -0.99 0.076 1568.47 

With these considerations in mind, we used the DFT-optimized structure of 4 to cal-

culate the geometric parameters needed for fitting as well as Fermi contact shifts (𝛿 ) 

in the form of temperature-independent Curie constants (𝛿 𝑇) (Table B19.1). The lat-
ter were derived using the experimental g-value of 1.97 obtained from THz-EPR stud-
ies (see main text), although the calculated g-value of 2.03 would give only marginally 
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different results (see Eq. B13.2). The fits performed using the model described by Eq. 
B19.3 reveal that ∆𝜒  is 2.5*10-32 m3, which is very low. As a matter of fact, it is lower 
than the expected error of the DFT calculations, which precludes us from more de-
tailed analysis using Eq. B13.3-Eq. B13.8. A separate fit performed for the protons of 
the CH3

P group, for which the pseudocontact shift should be the largest in the entire 
molecule (the lowest 𝑟  and |𝑐𝑜𝑠𝜃|  in Table B19.1), gives an even lower ∆𝜒  of 

5.3·10-33 m3, which is comparable to 3.2*10-33 m3 calculated by substituting the values 
derived from THz-EPR into Eq. B13.6.  

In any case, since the fitted ∆𝜒  is very small, the calculated observed shifts show a 

very good agreement with the experiment even without taking 𝛿  into account (Fig-
ure B19.2), which also reinforces the paramagnetic signal assignments we made above 
(Appendix B17). 

 
 

 
 

  

Figure B19.2. Correlation plots of experimental vs. calculated observed chemical shifts for complex 4. 
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Figure B19.2 (continued). Correlation plots of experimental vs. calculated observed chemical shifts for 
complex 4. 
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Figure B19.2 (continued). Correlation plots of experimental vs. calculated observed chemical shifts for 
complex 4. 
 

Appendix B20. Variable-temperature UV-Vis spectra of [(TSMP)2FeIII]PPh4 (3b). 

 

Figure B20.1. Change in UV-Vis spectrum of [(TSMP)2FeIII]PPh4 (3b) in dichloromethane solution 
upon cooling. Visual color change is shown in Figure B20.2. 
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293 K 180 K 

Figure B20.2. Color change of [(TSMP)2FeIII]PPh4 (3b) in dichloromethane solution upon cooling. 
 

Appendix B21. TD-DFT-calculated UV-Vis spectra of [(TSMP)2FeIV] (4). 

Initial time-dependent density functional theory (TDDFT) calculations for 4 were 
performed in vacuum at three different levels of theory: TPSSh-D3BJ, B3LYP-D3BJ 
and PBE0-D3BJ with def2-TZVP basit set for Fe and def2-SVP set for all other atoms, 
employing optimized geometries from TPSSh-D3BJ/6-31G(d,p), B3LYP-D3BJ/6-
31G(d,p) and PBE-D3BJ/6-31G(d,p) levels, respectively. Overall, all three 
functionals give the spectra that qualitatively reproduce the experiment (Figure B21.1), 
considering that only the first 50 excitations were calculated. Nevertheless, the best 
agreement with the experiment is achieved when using TPSSh-D3BJ functional. 

 

Figure B21.1. Experimental UV-Vis-NIR spectrum of 4 in dichloromethane solution and TDDFT 
transitions calculated using different functionals. In order to generate realistic spectra, Gaussian 
broadening with FWHM parameter of 170 nm was applied. 
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We further explored how calculated TDDFT transitions react to implicit solvation 
(PCM model) using the media with varied dielectric permeability (ε) from vacuum (ε 
= ε0) to water (ε = 80.4) (Figure B21.2). Both the energies of the maxima and transition 
intensities are weakly sensitive to the medium.  

 

Figure B21.2. Experimental UV-Vis-NIR spectrum of 4 in dichloromethane solution and TDDFT 
transitions calculated in different media at TPSSh-D3BJ/def2-SVP (with def2-TZVP for Fe) level 
of theory. In order to generate realistic spectra, Gaussian broadening with FWHM parameter of 
170 nm was applied. 

Finally, we analyzed the structure of the calculated TDDFT transitions in more detail 
using Natural Transition Orbital (NTO) analysis.31 This method performs separate 
unitary transformations of the occupied and virtual transition molecular orbitals so 
that only one or very few NTO donor-hole pairs are left with the predominant contri-
bution to the transition. The most intense TDDFT transitions are labeled in Figure 
B21.3.a These transitions can be roughly grouped in two categories: numbers 3 to 22 

mostly correspond to 𝜋 → 𝑑  ligand-to-metal charge transfer (LMCT), while 
numbers 40, 44 and 48 are a mixture of 𝜋 → 𝑑  LMCT and 𝜋 → 𝜋∗ intra-ligand transi- 

 
a For the sake of brevity, we did not provide the expansion of the transitions into the respective 
NTO donor-hole pairs in this appendix. Instead, it can be found in the respective publication: Tre-
tiakov, S.; Lutz, M.; Titus, C. J.; de Groot, F.; Nehrkorn, J.; Lohmiller, T.; Holldack, K.; 
Schnegg, A.; Tarrago, M. F. X.; Zhang P.; Ye, S.; Aleshin, D.; Pavlov, A.; Novikov, V.; Moret, 
M.-E. Homoleptic Fe(III) and Fe(IV) Complexes of a Dianionic C3-Symmetric Scorpionate. To	be	
accepted	after	minor	revisions	to Inorg. Chem., 2023. 
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Figure B21.3. UV-Vis-NIR transitions in 4 calculated using TDDFT at TPSSh-D3BJ/def2-SVP 
(with def2-TZVP for Fe) level of theory in DCM. The most intense transitions are labeled in 
numbers and are further expanded upon in Table B21.1. In order to generate realistic spectrum, 
Gaussian broadening with FWHM parameter of 170 nm was applied. 

 

Figure B21.4. Molecular orbitals if 3-methylindole calculated at TPSSh-D3BJ/def2-SVP level of 
theory in vacuum. All orbitals have 𝜋-character, hence only a half of antisymmetric orbital lobes 
can be seen. 
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tions (ICT). It is worth noting that ligand-based donor 𝜋- and aceptor 𝜋∗-orbitals are 
always pure combinations of 3-methylindole HOMO, HOMO-1 and LUMO-like 
orbitals (Figure B21.4) of separate indolide arms of the TSMP ligand.  
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Appendix C1. The importance of a non-coordinating anion for 2BARF supported by 
reactions of the germanium analogue 12. 

Initial protonation attempts of TSMPSi (1) were performed by reacting with an 
equimolar amount of ethereal hydrogen chloride in THF, although this gave 
intractable mixtures of products. In view of generally similar reactivity trends 
between silicon and germanium compounds, and also higher stability of the latter, 
we then attempted the protonation of a zwitterionic germanium analogue TSMPGe 
(12; Scheme C1.1). This was anticipated to help us identify the intermediates 

responsible for degradation in case of TSMPSi (1). Germanide TSMPGe (12) was 
prepared using TSMPK2 (3) and following a procedure for the synthesis of an 
analogous C-tethered compound.1 

 

Scheme C1.1. Synthesis and attempted protonation of the zwitterionic germanide TSMPGe (12). 

Interestingly, the reaction yielded a zwitterionic germanide (TSMP–H)GeCl (13), 
which can be formally considered a product of hydrogen chloride addition to a Ge–
N bond in 12. The structure of insoluble 13 was elucidated by X-ray crystallography 
(see Section 4.10.3) and has a chloride and a methyl group in a syn configuration with 
respect to a six-membered germanocyclic ring. 

Taking into account the stereochemistry of 13, we speculate that its origin goes back 
to the cationic germane (A in Scheme C1.2) that is analogous to the desired silane, 

[TSMPSiH]+ (2). Namely, A can be attacked by its chloride counterion to generate 
a trigonal bipyramidal intermediate B, where the apicophilic chloride occupies an 
axial position, thus labilizing the bond between germanium the opposing indolide. 
The breaking of the said bond leads to germane C that can be viewed as a tautomer 
of the final (TSMP–H)GeCl (13).  
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Scheme C1.2. Proposed mechanism of formation of 13. 

Regarding the origin of the strain-release Lewis acidity of A, our reasoning is as 
follows. By examining the solid-state structures of TSMPSi (1) (see Section 4.10.3) as 

well as κ3 complexes of Fe(II), Ni(II), Cu(I) with the TMSP scaffold,2 it becomes 
apparent that the latter prefers N^E^N angles that are close to 90o. Coincidentally, 
this is the angles between bidirectional px, py and pz atomic orbitals. Hence, the higher 

p-character of E–N bonds, the lesser the strain. In this respect, germanide 12 is a 
rather unstrained system since, according to computational NBO analysis, its E–N 
bonding orbitals have 93.8% of p-character on average, and its crystallographic 
N^Ge^N angles are around 90o (see Section 4.10.3). Protonation of its anionic lone 

pair, yielding A, should steeply increase its p-character, in accordance with Bent’s 
rule.3 Consequently, this should lead to a larger s-character the Ge–N bonding 
orbitals, thus requiring more obtuse N^Ge^N angles. Such a change should be in 
conflict with the preference of the TSMP scaffold, thus generating strain within the 
cage structure. This strain could be relieved by coordination of a chloride anion 
(intermediate B). In other words, germane A should exhibit strain-release Lewis 
acidity. It is reasonable to assume that protonation of silanide TSMPSi (1) with HCl 
proceeds in a similar fashion, yet, due to generally higher reactivity of Si compounds, 
degradation occurs at some stage after coordination of a chloride anion. 

If the above reasoning is correct, protonated TSMPSi (1) may be possible to obtain 
using acids with non-coordinating anions. Indeed, reacting 1 with an equimolar 
amount of Brookhart's acid (HBArF

4·2Et2O) resulted in successful protonation and 
formation of the desired cationic silane [TSMPSiH]+BArF

4
- (2BARF). 
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Appendix C2. Calculated NMR parameters for isolated compounds. 

Experimental and calculated 29Si and 31P NMR parameters of selected silicon 
compounds are shown in Table C2.1. Experimental spin-spin coupling constants J 
are given as absolute values. Regardless of the starting geometry, optimization of 
THF-coordinated silane 2·THF always yielded a trigonal bipyramidal silicon center 
with an axial oxygen atom, which is consistent with high apicophilicity of the latter.  

Table C2.1. Calculated 29Si and 31P NMR parameters of selected silicon compounds. 
Experimental spin-spin coupling constants J are given as absolute values. 

Compound 

NMR parameters 

, ppm J, Hz 

Experimental Calculated Experimental Calculated 

 

 
 

THF-d8: 
(31P)= –7.6 
(29Si)= –48.0 
Pyridine-d5: 
(31P)= –7.7 
(29Si)= –47.5 

 
 

THF-d8: 
(31P)= –14.8 
(29Si)= –56.2 
Pyridine-d5: 
(31P)= –14.7 
(29Si)= –54.2 

 
 

THF-d8: 
JSi,P=4.3 

�S 
Pyridine-d5: 

JSi,P=4.4 

 
 

THF-d8: 
JSi,P=7.9 

�S 
Pyridine-d5: 

JSi,P=7.8 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2BARF in 
DCM-d2: 

(31P)= –7.6 
(29Si)= –46.4 

DCM-d2: 
(31P)= –10.8 
(29Si)= –59.0 

 
 
 
 

 
 
 
 

 
 
 
 
 

 
 
 
 
 

 

2BARF in 
DCM-d2: 
JSi,P=8.0 

JSi,H=318.4 

DCM-d2: 
JSi,P= –7.5 

JSi,H= –342.3 

 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

2BARF in 
THF-d8: 

(31P)= –7.0 
(29Si)= –91.0 

THF-d8: 
(31P)= –13.3 
(29Si)= –104.9 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

2BARF in 
THF-d8: 
JSi,P=6.7 

JSi,H=368.4 

THF-d8: 
JSi,P=-7.3 

JSi,H=-392.7 

 

 
 
 

Pyridine-d5: 
(31P)= –9.5 
(29Si)=34.4a 

 
 
 

Pyridine-d5: 
(31P)= –15.7 
(29Si)=53.2a 

 
 
 

Pyridine-d5: 
JSi,P=4.6 

 
 
 

Pyridine-d5: 
JSi,P=-3.7 

 

 
a The discrepancy between calculated and experimental 29Si shifts is likely due to improper treatment of 
relativistic effects.59 
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Table C2.1 (continued). Calculated 29Si and 31P NMR parameters of selected silicon compounds. 
Experimental spin-spin coupling constants J are given as absolute values. 

Compound 

NMR parameters 

, ppm J, Hz 

Experimental Calculated Experimental Calculated 

 

DCM-d2: 
(31P)= –8.3 
(29Si)= –22.5 

DCM-d2: 
(31P)= –11.8 
(29Si)= –29.1 

DCM-d2: 
JSi,P=7.9 
JSi,H=7.9 

DCM-d2: 
JSi,P=–7.6 
JSi,H=7.5 

 

THF-d8: 
(31P)= –124.8 
(29Si)= –25.7 

THF-d8: 
(31P)= –126.6 
(29Si)= –33.7 

THF-d8: 
JSi,P=2.9 
JSi,H=8.4 

THF-d8: 
JSi,P=–1.8 
JSi,H=7.4 

 

Appendix C3. Base-catalysed isomerization of fluorene 5. 

1H NMR shows no direct protonation of zwitterionic TSMPSi (1) by CH-acid 5 
(pKa

DMSO = 8.14), however the spectrum displays a number of new peaks that do not 
correspond to any of the starting materials (labelled with asterisks in Figure C3.1). 

 
Figure C3.1. 1H NMR (400 MHz) spectra of silanide 1, fluorene 5 as well their mixture in 
dioxane-d8. Spectrum of 5 was recorded dioxane-h8 with WET solvent suppression. In the 
bottom panel, asterisks indicate some of the new peaks. 
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It is known from the literature4,5 that 5 can convert into the tautomeric form 5-iso 
with a close pKa

DMSO (Scheme C3.1). Unfortunately, the authors did not publish NMR 
spectra of the tautomer that we could use for a reference. 

H H
H

5

(pKaDMSO = 8.1)

5-iso

(pKaDMSO = 8.8)  

Scheme C3.1. Tautomerization of fluorene 5.4,5 

However, 1D zTOSCY experiments performed with selective excitation of a new 
doublet at 4.87 ppm (A in Figure C3.2) show four signals with chemical shifts and 

multiplicities consistent with the non-aromatic spin system of 5-iso. According to 
NMR, pure 5 does not tautomerize in dioxane for at least a month. This implies 
that, even though proton transfer does not occur to a measurable extent, zwitterion 
1 may act as a catalytic base that provides a pathway for tautomerization of 5. A 
steady concentration of deprotonated 5 in solution is indirectly confirmed by a pale-
blue coloration of the mixture of 1 and 5 in dioxane-d8, which is characteristic of the 

presence of deprotonated 5. Consequently, the pKa of protonated zwitterion 1 is not 

much lower than that of fluorene 5. 

 

Figure C3.2. 1H 1D zTOCSY NMR (400 MHz) of a mixture of silanide 1 and fluorene 5 in 
dioxane-d8. Top panel is a regular 1H NMR spectrum for a reference. Signal A is selectively 
excited. 
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Appendix C4. Comparison of geometries of P+- and Si-tethered analogues. 

Calculated selected geometric parameters of the zwitterion TSMPSi (1), 
corresponding cationic silane [TSMPSiH]+ (2) and their isoelectronic Si-tethered 
analogues are shown in Table C4.1. Geometries were optimized in vacuum at 
B3LYP-GD3BJ/6-311++G(d,p) level of theory. Whereas most of the bond lengths 
and angles match closely, the positive phosphonium atom is slightly smaller than 
the isoelectronic silicon (longer Si–CAr bonds compared to P+–CAr), which should 
lead to a small difference in strain.  

Table C4.1. Comparison of the calculated geometries. 

 

Structure 
Average distances, Å Average angles, degrees 

N–Si CAr–N X–CAr X–CH3 Si–H NˆSiˆN SiˆNˆC NˆCˆX CArˆXˆCAr 

A, X=P+ (1) 1.89 1.40 1.78 1.80 - 91.6 126.6 111.8 104.3 

A, X=Si 1.88 1.41 1.87 1.87 - 93.6 126.4 112.5 102.0 

B, X=P+ (2) 1.76 1.42 1.79 1.80 1.46 101.8 118.4 112.7 103.7 

B, X=Si 1.75 1.43 1.88 1.86 1.46 103.9 118.1 113.5 101.1 

The table above shows that in terms of bond lengths and angles, both before and 
after quaternization, the analogy between TSMPSi (1) and its Si-tethered analogue 
is maintained. 

 

Appendix C5. Gas-phase acidities. 

Gas-phase acidities (ΔG) were calculated in vacuum using both B3LYP-GD3BJ and 
MP2 with the 6-311++G(d,p) basis set. For MP2, thermal corrections for Gibbs free 
energy were taken from B3LYP-GD3BJ/6-311++G(d,p) calculations in vacuum. It 
has been shown6,7 that MP2-derived gas-phase acidities tend to give a better 
agreement with the experiment than B3LYP for a wide range of acids; nevertheless, 
both methods show identical trends. This was also true in our calculations. Due to 
higher precision, we chose MP2-calculated values for further discussion. Gas-phase 

pKa‘s at 298 K were calculated as 0.733G. Calculated and available experimental 
gas-phase acidities are shown in Table C5.1. 
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Table C5.1. Calculated and experimentally available free energies and pKa for spontaneous 
dissociation of the first silicon-bound proton in the gas phase. 

 

Acid 
AH → H+ + B 

ΔG, kcal/mol pKa 
GDFT GMP2 Gexp pKa

DFT pKa
MP2 

A1 363.9 370.4 365.7 ± 2.08 266.9 271.6 
A2 319.9 332.8 <353.3 ± 2.58 234.6 244.1 
A3 294.9 300.8 - 216.3 220.6 
A4 347.8 344.3 346 ± 38 255.0 252.5 
A5 375.4 377.0 - 275.3 276.4 
A6 357.8 356.4 - 262.4 261.4 
A7 377.8 379.9 - 277.1 278.6 
A8 333.7 329.4 - 244.7 241.6 
A9 272.8 269.7 - 200.1 197.8 

A10 278.2 276.2 - 204.0 202.5 
A11 316.9 313.0 - 232.4 229.6 
A12 324.5 319.8 - 238.0 234.5 

2 248.9 242.4 - 182.5 177.7 

 

Appendix C6. On the ring strain in bicyclic systems. 

Quaternization of a silicon atom in the discussed bicyclic silanes results in a build-
up of ring strain. The latter originates from rehybridization of the silicon as its lone 
pair gets bound by the acceptor. In accordance with Bent’s rule,3 this binding 
increases p-character of the lone pair, which in turn leads to a larger s-character of 
the Si–N bonding orbitals giving more obtuse N^Si^N angles. These angles might 
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differ from what is preferred by the rest of the cage structure, resulting in strain. In 
order to get a quantitative estimate of this effect, and how it differs depending on 
the size of a bridgehead atom, we resorted to DFT calculations. 

The homodesmotic reaction scheme in Table C6.1 enables to evaluate the strain 
depending on the nature of a bridgehead atom R and the fourth substituent on 
silicon R’. It should be noted that this scheme cannot be applied to the silanide 
TSMPSi (1) due to its zwitterionic nature, because otherwise it would lead to a 

different number of charged species on both sides of the equation. Instead of 1, we 
used its isoelectronic Si-tethered analogue. The latter roughly retains the bond 
lengths and angles compared to the original phosphonium compound, and therefore 
the steric effects. Nevertheless, its use conserves the number of charges, thus 
allowing to evaluate the emergent strain without ion destabilization effects in 
vacuum. Finally, as a measure of strain we chose the reaction enthalpy (ΔH) since 
it has been used for this purpose historically.9 
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Table C6.1. Strain in the Si- and C-tethered tricyclic silanes as well as in their quaternized forms. 
Level of theory: B3LYP-GD3BJ/6-311++G** in vacuum.a Notations: n=0,-1; LP=lone pair. 

 

R’ 
R=SiMe R=CH 

N^Si^N, o ΔH, kcal/mol N^Si^N, o ΔH, kcal/mol 
LP 280.9 22.4  268.9 14.5 

    
+12.2 

 
+4.5  

 
+12.1  +4.2 

FeBr2(THF) 293.1 26.9  281.0 18.7 

    
+16.7 

 
+3.8  

 
+17.3  +9.8 

Me 309.8 30.7  298.3 28.5 

   
  -6.4 

 
+0.7  

 
+2.2  +2.5 

H 303.4 31.4  300.5 31.0 

Following the above analysis, complexation of the Si-tethered silane (R=SiMe) with 
an FeBr2(THF) center leads to 4.5 kcal/mol of an increase in strain, whereas 
methylation and protonation give 8.3 and 9.0 kcal/mol, respectively, confirming a 
likely contribution of ring strain to the weakened nucleophilicity of TSMPSi (1). 
Derivatives of the C-tethered silane (R=CH) are at least as much or more strained 
than the corresponding Si-tethered analogues due to a smaller size of a bridging C-
atom. 

 
a In a previous paper from our group,10 TPSS/TZVP level of theory was used in order to estimate 
the strain of cage structures. Herein, we reconsider this choice in favor of B3LYP-GD3BJ/6-
311++G(d,p). Primarily, because it involves an empirical dispersion correction (GD3BJ) that 
favors the side of a homodesmotic equation with the least number of particles. Furthermore, 
geometries optimized at B3LYP-GD3BJ/6-311++G(d,p) level of theory show a good 
agreement with the data obtained from the X-ray crystal structure (Table C6.2). 

Table C6.2. Selected crystal structure (cryst.) and computationally-optimized (theor.) bond 
distances and angles for silanide 1. For the crystal structure, both independent molecules are 
considered (see Section 4.10.3). 

 Distances, Å Angles, o 
 Si-N N-CAr CAr-P P+-CH3 NˆSiˆN SiˆNˆC NˆCˆP CArˆPˆCAr 

cryst. 
1.8404(18)-
1.8639(18) 

1.400(3)- 
1.408(2) 

1.768(2)-
1.7782(19) 

1.780(2), 
1.782(2) 

91.87(8)-
93.34(7) 

125.05(13)-
126.36(14) 

111.00(14)- 
112.14(14) 

101.40(10)-
105.15(9) 

theor. 1.890 1.401 1.780 1.803 91.60 126.6 111.8 104.3 
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Despite the protonated Si-tethered cage being more strained than the methylated 

one, its sum of N^Si^N angles (N^Si^N) is smaller than in the methylated structure. 

This suggests that the precise relationship between N^Si^N and ring strain depends 
on the fourth substituent on the silicon atom. 

 

Appendix C7. Natural Bonding Orbital (NBO) analysis of the deprotonation. 

In order to establish the electronic reasons why imposing acute N^Si^N angles 
increases acidity, we resorted to Natural Bonding Orbital (NBO) analysis. It was 
performed according to the deprotonation decomposition scheme used in Table 4.1 
(see main text) for the same structures. The results are shown in Table C7.1. The 
latter contains the orbital composition of the Si-based hybrid in the Si–H NBO 
which transforms into a lone pair NBO upon deprotonation (B/LP on Si). 
Additionally, the table shows compositions of hybrids on silicon and nitrogen in Si–
N NBO as well as Natural Hybrid Orbital (NHO) bending angles for the respective 
hybrids. 

The analysis shows that the s-orbital fraction in the Si-based hybrid of Si–H NBO 

increases from A to C as the sum of N^Si^N angles (N^Si^N) decreases. Thus, 

hybridization in tris-N-skatyl silane (A; N^Si^N=324.7o) is sp2.04d0.02, whereas in 

increasingly more constrained Si- and C-tethered analogues B (N^Si^N=311.6o) and 

C (N^Si^N=300.5o) it is sp2.01d0.02 and sp1.90d0.02, respectively. This makes strained 
silanes more prone to heterolytic dissociation since Si–H bond polarization shifts 
towards silicon (better illustrated in Table C7.2).  

The increasing strain from A to C is also reflected in the Si–N NHO bending angles 
in Table C7.1. While the bending is rather low in A (2.5o/<1.0o), it significantly 

increases in B (5.7o/4.4o) and C (12.2o/7.9o), which is in line with the trend we found 

using homodesmotic schemes to analyse the strain in B and C (see Appendix C6). 

The bending in 2 (6.9o/4.1o) is rather similar to that in B, which justifies our choice 
of B as a neutral analogue of 2 (see Appendix C4). 

Upon proton abstraction with nuclear coordinates frozen, hybridization in all three 
silanes changes dramatically towards a greater s-contribution in accordance with 
Bent’s rule.3 Final geometry relaxation of all deprotonated silanes maximizes 
contribution of the 3s-orbital to the lone pair on silicon as well as minimises strain 
(see corresponding NHO bending angles).  

As for [TSMPSiH]+ (2; N^Si^N=305.5o), while it is rather geometrically similar to B 
(see Appendix C4), the 3s-contribution to the Si–H bonding pair (sp1.82d0.02) is larger 
than for any other discussed silane, which we associate with the presence of a 
positive charge in the molecule. Other than that, upon deprotonation, its orbital 
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compositions and NHO bending angles evolve in the same way as outlined above 
for A-C. 

Table C7.1. NBO analysis according to deprotonation energy decomposition scheme in Table 4.1 
(see main text). Deprotonated states are shown in square brackets. Calculations were performed 
in vacuum at B3LYP-GD3BJ/6-311++G** level of theory. 

 

Structure 
NBO composition NHO bending angles 

B/LP on Si Si in Si-N N in Si-N Si → N N → Si 

A sp2.04d0.02 sp3.40d0.06 sp1.93 2.5o <1.0o 

[A-H+]- (frozen) sp1.01 sp4.86d0.08 sp1.76 13.9o 3.3o 

[A-H+]- (relaxed) sp0.46 sp8.33d0.13 sp2.05 1.4 o 5.9o 

B sp2.01d0.02 sp3.42d0.06 sp2.04 5.7o 4.4o 

[B-H+]- (frozen) sp1.03 sp4.82d0.08 sp1.80 7.3o 3.0o 

[B-H+]- (relaxed) sp0.47 sp8.18d0.12 sp2.11 2.9o ≤1.0o 

C sp1.90d0.02 sp3.50d0.06 sp2.04 12.2o 7.9o 

[C-H+]- (frozen) sp0.83 sp5.51d0.09 sp1.78 ≤1.0o 6.1o 

[C-H+]- (relaxed) sp0.43 sp8.71d0.12 sp2.16 7.7o 2.9o 

2 sp1.82d0.02 sp3.57d0.06 sp1.98 6.9o 4.1o 

[2-H+]0 (frozen) sp0.88 sp5.31d0.09 sp1.76 5.2o 2.3o 

[2-H+]0 (relaxed) sp0.41 sp9.11d0.14 sp2.07 4.0o 1.2o 

 
Table C7.2. NBO analysis for a Si–H bond in silanes in Table C7.1. Calculations were performed 
in vacuum at B3LYP-GD3BJ/6-311++G** level of theory. 

Silane 

Si–H NBO Atomic contributions 
to Si–H NLMO 

Hybridization on Si 
Atomic contributions 

%Si %H %Si %H 

A sp2.04d0.02 41.34 58.66 41.35 57.83 

B sp2.01d0.02 41.80 58.20 41.72 57.56 

C sp1.90d0.02 42.49 57.51 42.58 56.93 

2 sp1.82d0.02 43.50 56.50 43.45 55.98 
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Appendix C8. Calculation of steric parameters. 

For the refrence, Tolman cone angles were calculated (Chart C8.1) for the C-tethered 

germanium and silicon anions A and B, previously published in out group1,10 as well 
as for the P+-tethered germanide 12 discussed in Appendix C1. This was done as 
originally described by Tolman11 but using DFT-optimized geometries of LNi(CO)3 
complexes at B3LYP-GD3BJ/6-311++G(d,p) level of theory. The absence of 
imaginary frequencies was confirmed for all structures. Van der Waals radii of 
hydrogen atoms were taken as 1.20 Å. 

 

Chart C8.1. Calculated Tolman cone angles; n=0, –1. 

The cone angle for 12 ,192.6o, is most similar to that of tris(o-tolyl)phosphine, 

194±6o.12 Due to more obtuse N^Si^N angles, 1 has a larger cone angle of 200.1o. 
Analogous C-tethered germanide1 and silanide10 (A and B in Chart C8.1) have 
smaller Tolman cone angles of 184.5o and 191.3o, respectively, owing to a smaller 
size of a carbon bridgehead atom compared to a phosphonium. 

Percent buried volumes (%Vbur)13 were also calculated from computational 
geometries at the same level of theory as above using SambVca v.2.1 program.14 The 
following parameters were used for SambVca calculations: (1) sphere radius of 3.50 
Å; (2) metal-ligand distance of 2.28 Å; (3) hydrogen atoms were omitted; (4) scaled 
Bond radii were used as recommended by Cavallo and co-workers.15 For the 
compounds, the solid-state structure of which is known, percent buried volumes 
derived from computational geometries show a very good agreement with those 
calculated using molecular structures from X-ray diffraction (Table C8.1). This 
validates the use of computational geometries for estimating %Vbur of the real 
molecules. 

In order to investigate whether %Vbur of zwitterions 12 and 1 as well as that of their 
C-tethered analogues depends on the sum of angles around the central atom 

(N^E^N), %Vbur was calculated for uncoordinated tetrel anions as well as for the 
corresponding quaternized LFeBr2(THF), LAuCl and LMe derivatives (Table C8.1). 

For all tetrel anions, the increase of N^E^N by ca. 30o amounts into only ca. 2% 
increase of %Vbur, which can be considered insignificant. 
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In order to get an estimate of how %Vbur of the cage tetrels compares to that of 
common phosphines, we used LAuCl model complexes (Table C8.1) as suggested 

by Cavallo and co-workers.16 In this respect, germanide 12 (R’=P+Me, 
E=Ge, %Vbur=37.2%) is most similar to tris(pentafluorophenyl)phosphine 
(%Vbur=37.3%),16 whereas silanide 1 (R’=P+Me, E=Si, %Vbur=39.0%) is closest to 
tris(o-tolyl)phosphine (%Vbur=41.4%).16 A slight disagreement between Tolman 
cone angles and %Vbur can be assigned to conformational effects. Analogous C-
tethered tetrel anions (R’=CH)1,10 have smaller %Vbur owing to a smaller size of a 
carbon bridgehead atom compared to a phosphonium. 

Table C8.1. Buried volumes (%Vbur) of cage tetrel anions. The values given in italics were 
calculated based on the data from X-ray diffraction, otherwise molecular geometries optimized 
at B3LYP-GD3BJ/6-311++G** level of theory were used. Notations: n=+1, 0, -1; LP=lone 
pair. 

 

R 
R’=CH R’=P+Me 

E=Si E=Ge E=Si E=Ge 
N^E^N, o %Vbur N^E^N, o %Vbur N^E^N, o %Vbur N^E^N, o %Vbur 

LP 
268.94 

272.58(8) 
34.8 
35.3 

261.02 
263.6(4) 

32.9 
33.4 

274.80 
277.43(13)/277.51(14) 

37.7 
38.6 

266.80 
270.04(19) 

35.7 
36.5 

FeBr2(THF) 280.99 35.6 271.22 34.1 
286.06 

289.42(17) 
38.4 
38.6 276.46 36.5 

AuCl 284.73 36.0 275.67 34.3 290.20 39.0 281.42 37.2 

Me 298.31 36.7 289.27 35.0 303.31 39.8 295.04 38.0 

 

Appendix C9. On donicity of TSMPSi (1). 

The assessment of the donicity is often done experimentally by comparing ṽ(CO) of 
the infrared band corresponding to the carbonyl A1 stretching mode in LNi(CO)3 
complexes, as originally suggested by Tolman.11 He also pointed out that 
meaningful data could be obtained with other carbonyls, and LNi(CO)3 complexes 
were chosen primarily due to the ease of preparation. Indeed, reasonable results 
have been obtained using carbonyl complexes of manganese,17 chromium,18–21 
vanadium,22 molybdenum,22–26 tungsten,18,22,26–29 iron,30–35 rhodium36–42 and 
iridium.39,40,43 For our purpose, we chose iron carbonyls with a general formula of 
LFe(CO)4. This was done following the work of Barnard and Mason30 who used this 
approach to characterize structurally-related phosphines.  
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The respective LFe(CO)4 complexes, (TSMPSi)Fe(CO)4 (8) and the germanium 
analogue (TSMPGe)Fe(CO)4 (14) used for the comparison, were prepared by 
reaction of the corresponding zwitterions, TSMPSi (1) and TSMPGe (12; see 
Appendix C1), with Fe2(CO)9 in THF. Solution IR spectra of both 8 and 14 in THF 
show three strong absorptions at around 2000 cm-1 consistent with trigonal 
bipyramidal geometry of the carbonyl complexes.1,30 The experimental carbonyl 
stretching mode frequencies in compounds 8, 14 as well as some other reported 
LFe(CO)4 complexes are given in a Table C9.1. The sequence of fully symmetrical 

(A1) carbonyl stretching mode frequencies, ṽ(CO)1, is plotted in Chart C9.1. 

As expected, the silanides and germanides are more donating than neutral 
phosphines. Also, germanides tend to be less electron-rich than corresponding 
silanides due to the slightly higher electronegativity of germanium. It is interesting, 
however, that steric constraint leads to less donation as exemplified by phosphines 
C and D. In their original paper,30 Barnard and Mason propose that this stems from 
increased s-character of the lone pair in D due to smaller N^P^N angles. Since s-
orbitals are closer to the nucleus than the p-orbitals, the higher s-contribution results 
into less donation. This explanation is in line with the modern understanding of a 
connection between acid-base properties and strain.44,45 In this vein, TSMPSi (1) and 
TSMPGe (12) should be more donating than their C-tethered counterparts A and B. 
Thus, the sum of N^Si^N angles in the crystal structure of 1 is 
277.43(13)/277.51(14)o (see Section 4.10.3) which is larger than 272.58(8)o 10 in A; the 

same applies for the N^Ge^N sum in 12 of 270.04(19)o (see Section 4.10.3) vs. that in 

B of 263.6(4)o.1 However, judging from the carbonyl stretching frequencies, the 

opposite is true. Our interpretation is that a positive charge in formally neutral 1 and 
12 makes them less donating than anionic A and B. 

This analysis, however, comes with two caveats. Firstly, the span of the comparison 
is limited to the ligands the IR data for the corresponding complexes of which are 
available, which is very few. Secondly, according to a number of authors,46,47 not all 
carbonyl complexes are equally suitable for making conclusions about the donor 
strength. It has been shown that carbonyl stretching modes in nickel, iron and 
molybdenum carbonyls are contaminated by mode-mode coupling. The same 
applies for the derivatives.46 In very simple terms, coupling arises when not all 
vibrational energy is concentrated within one bond but is rather delocalized among 
several bonds of similar energies/force constants and reduced masses. For 
LNi(CO)3 complexes, the contribution associated with mode-mode coupling can 
reach as much as 100 cm-1 for L=F-.46 The stretching modes can also be sensitive to 
sterics and trans effects, which leads to additional contributions to ṽ(CO) not 
associated with electronic properties of the ligand. These problems can be overcome 
by calculating a local Tolman’s electronic parameter (LTEP) based on the inherent 
bond strength defined by the magnitude of the local bond force constant.46 An alter- 
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Table C9.1. Solution carbonyl stretching frequencies in LFe(CO)4 complexes according to 
infrared spectroscopy. Complexes III-VIII were measured in hexane, while the rest were 
measured in THF due to low solubility in hexane. For the sake of comparison, the solvent effects 
were assumed to be negligible. References in the table show the literature source where a 
complex was first characterized.  

 

L 
ṽ(CO), cm-1 

L 
ṽ(CO), cm-1 

ṽ(CO)1 ṽ(CO)2 ṽ(CO)3 ṽ(CO)1 ṽ(CO)2 ṽ(CO)3 
I10 2029 N/A 1920 IV48 2051 1976 1938 
II1 2037 1954 1933 V49 2052 1979 1947 

TSMPSi (1) 2039 1960 1926 VI50 2065 1992 1966 
TSMPGe (12) 2047 1970 1941 VII30 2065 1997 1966 

III51 2048 1973 1936 VIII30 2076 2006 1977 
 

 

Chart C9.1. Experimental ṽ(CO) of carbonyl A1 stretching modes in LFe(CO)4 complexes for 
different ligand L. 

native computational solution was suggested by Gusev.47 His argument stems from 
the fact that there should be a linear correlation between ṽ(CO) and C–O bonding 
distance for a complex that is used to gauge electronic properties of a ligand. In 
LNi(CO)3, a good correlation is found for phosphines and some carbenes but not O- 
and N-donor ligands. Gusev then suggests a model complex, IrCp(CO)L, in which 
a linear correlation is observed for a range of ligand families. In essence, this solves 
the problem of mode-mode coupling, sterics and trans-effects in a very general way, 
since a linear correlation is only observed if these are minimized. 
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Table C9.2. Calculated carbonyl stretching frequencies in IrCp(CO)L model complexes for 
different L. MPW1PW91 functional with SDD basis set (associated with ECP) for Ir and 6-
311+G(d,p) for all other atoms was employed, along with tight geometry optimizations and 
ultrafine integration grid. References in the table show the literature source where a ligand was 
first discussed. 

 

L  
ṽ(CO), 

cm-1 
d(CO), 

Å 
L  

ṽ(CO), 
cm-1 

d(CO), 
Å 

L  
ṽ(CO), 

cm-1 
d(CO), 

Å 

I 1955.52 1.17509 VIII10 2037.65 1.15981 1 2053.29 1.15690 

II 1956.26 1.17521 IX1 2038.47 1.15933 12 2055.97 1.15614 

III52 1988.81 1.16801 X53 2044.39 1.15835 XV54 2068.56 1.15334 

IV55 2002.02 1.16554 XI 2045.98 1.15710 XVI 2078.12 1.15255 

V 2020.98 1.16267 XII 2048.73 1.15728 XVII30 2086.11 1.15057 

VI 2024.77 1.16163 XIII 2050.72 1.15618 XVIII30 2100.43 1.14838 

VII 2035.29 1.15984 XIV 2050.74 1.15740 XIX 2114.81 1.14648 

Calculated ṽ(CO) for the model IrCp(CO)L complexes of TSMPSi (1), TSMPGe 
(12) and other ligands with a range of donor strengths, along with corresponding C–
O bonding distances, d(CO), are given in Table C9.2 and plotted in Chart C9.2. There 

is a linear correlation between ṽ(CO) and d(CO) for all featured ligands (see Figure 
C9.1). In general, the order of donor strength is the same as derived from the 
experimental data for the LFe(CO)4 complexes, which reinforces prior conclusions. 
Additional data points with silanide A and germanide C confirm that steric 
constraints lead to the reduction of donor strength for silicon and germanium 
compounds just like for phosphines. Furthermore, introduction of a positive charge 
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makes TSMPSi (1) more alike to silylenes rather than silicon anions in terms of 
donor strength. Out of all considered simple phosphines, 1 is most similar to 
P(NMe2)3. 

We choose to limit our discussion of the donicity of TSMPSi (1) to the IrCp(CO)L 
model since the latter provides comparison to a larger number of ligands and is 
expected to be more precise because of minimized mode-mode coupling, sterics and 
trans effect contributions. Yet, as noted by Gusev,47 quantifying ligand donor 
properties is only useful as long as it helps to rationalize and predict the reactivity 
patterns in coordination chemistry and catalysis. He also argues that ligand 
properties are not always adequately represented as a single parameter for different 
ligand types, with which we agree. 

 

Chart C9.2. Calculated ṽ(CO) of the carbonyl stretching mode in IrCp(CO)L complexes for 
different ligand L. 
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Figure C9.1. Linear correlation between calculated C–O bonding distances and stretching 
frequencies for IrCp(CO)L model complexes. 

 
Appendix C10. Reactions with different fluorenes. 

We have tested a reaction of TSMPSi (1) in THF-d8 with a number of fluorenes with 
pKa

DMSO between 8.1 and 17.9 (Chart C10.1).  

   
15 

(pKa
DMSO = 17.9)56 

16 
(pKa

DMSO = 14.7)57 
17 

(pKa
DMSO = 11.6)58 

 
 

 
4 

(pKa
DMSO = 10.5)4 

18 
(pKa

DMSO = 8.3)56 
5 

(pKa
DMSO = 8.1)4 

Chart C10.1. CH-acids used in the study. Acidic protons are shown in bold. 

As shown by 1H and 31P NMR spectra (Figure C10.1 and Figure C10.2) and regardless 

of pKa
DMSO, all fluorenes lead to isomerization of 1 into iso-TSMPSi (10) (pathway 

A in Scheme C10.1). This is consistent with a catalytic nature of this transformation, 
which is discussed in the main text in more detail (Scheme 4.5). Additionally, THF 

ring-opening (pathway B in Scheme C10.1) occurs for fluorenes with pKa
DMSO in the 

range of 8.1-11.6, i.e. 4, 5, 17 and 18 (Figure C10.1 and Figure C10.2).  
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Figure C10.1. 1H NMR (400 MHz) spectra of a reaction of TSMPSi (1) in THF-d8 with a number 
of fluorenes at 25 oC. Used fluorenes are shown on the right, a spectrum of 10 is given for a 
reference. Coloured asterisks indicate peaks analogous to those of the THF ring-opening product 
11a/b. 

  



Supporting Information to Chapter 4 

328 

 
Figure C10.2. 31P NMR (162 MHz) spectra of a reaction of TSMPSi (1) in THF-d8 with a number 
of fluorenes at 25 oC. Used fluorenes are shown on the right, a spectrum of 10 is given for a 
reference. Coloured asterisks indicate peaks analogous to those of the THF ring-opening product 
11a/b. 
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This fact suggests that the THF ring-opening is dependent on the equilibrium 
concentration of fluorenide anions in solution, which supports the mechanism 
proposed in Scheme 4.6 in the main text. 

 

Scheme C10.1. Full reaction manifold of TSMPSi (1) with tested fluorenes. 

 

Appendix C11. Variable temperature 1H and 31P NMR of the THF ring-opening 
reaction. 

An equilibrium between the low- (11a) and the high-temperature (11b) forms can be 
written down as follows: 

 

𝐾
𝑥

1 𝑥
 

In this case, the observable chemical shift δ can be represented as a weighted average 
of individual shifts δA and δB (assuming the shifts are temperature-independent): 

𝛿 1 𝑥 𝛿 𝑥𝛿 . 
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The equilibrium constant K can be expressed via δ as: 

𝛿 1 𝑥 𝛿 𝐾𝛿  

𝛿
𝛿 𝐾𝛿

1 𝐾
 . 

Assuming that rH and rS are temperature-independent, K can also be written as: 

𝑅𝑇𝑙𝑛𝐾 𝛥 𝐻 𝑇𝛥 𝑆 

𝐾 exp
𝑇𝛥 𝑆 𝛥 𝐻

𝑅𝑇
 ,   

where T is temperature, R is a gas constant, rH and rS are enthalpy and entropy 
of the interconversion. Thus, one can get a final expression for observed chemical 
shift: 

𝛿
𝛿 𝛿 exp 𝛥 𝑆

𝑅
𝛥 𝐻
𝑅𝑇

1 exp 𝛥 𝑆
𝑅

𝛥 𝐻
𝑅𝑇

 Eq. C11.1 

However, in order to use the regression model in Eq. C11.1, one may need to know 

the individual chemical shifts of the low- and high-temperature forms, δA and δB 
respectively. Whereas for the low-temperature form it is obvious since 31P shift stops 
evolving below –60 oC, it is not clear whether the transition into an open form is 
complete at 60 oC. 31P NMR measurement at a higher temperature would not be 
possible since it would boil the solvent (THF-d8). Since there are nine data points, in 

addition to rH and rS of the interconversion, one can also fit chemical shift of the 

open form δB (Figure C11.1). 

As can be seen, the derived model adequately describes evolution of 31P chemical 
shift with temperature. Regression analysis shows that the transition is almost 
complete (96%) at 60 oC (333 K). The limiting 31P shift δB is –17.9 ppm. Positive 
enthalpy of 10.4 kcal/mol indicates that transition into an open form is endothermic, 
which is consistent with breaking of a Si–N bond. Positive entropy of 37.5 
cal/(mol∙K) is also in line with such a process since cage-opening creates additional 

degrees of freedom. 
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Figure C11.1. Regression analysis of variable-temperature 31P chemical shifts. 
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The voices of the suns of midnight call us... 

Our eyes are lost in telescopes' wells.  
The stars' and planets' diamonds constell 

In nebulae's and clusters' whirls and corals.  

From Alpha Canis to the Capricornus 
To Seven Sisters to the Argo's Sail 

They cross the heavens telling their tale,  
The seekers, perseverers and owners. 

Oh dust of planets! Swarm of holy bees!  
I measured, weighed and totaled all of these, 

I gave them names, and balances, and contours... 

But knowledge made not stellar fear fade.  
Our memories of darkest ages stayed, 

Evaded holy bath in Lethe's cold course! 
 
 

Alex Romanovsky, translator 
“Corona Astralis”, Sonnet IV 
By Maximilian Voloshin, 1909 
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