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Ever since their discovery, radicals have intrigued the minds of experimental
and theoretical chemists alike. While the vast majority of radicals are transient
species, a large number of stable and persistent radicals are also known. This
has enabled the use of radicals in different applications. For example, radicals
are highly useful in chemical synthesis due to their selectivity and functional
group tolerance. Detailed knowledge of the electronic structure of synthetic
intermediates, both radical and non-radical, enables chemists to improve
existing synthesis routes and to design completely new ones.

This thesis is divided into two parts. The first part begins with an intro-
duction to the chemistry of stable and persistent radicals and presents some
seminal discoveries in the field. A brief review of the role of radicals in synthet-
ic chemistry is then given. This is followed by an overview of reactive interme-
diates in main group chemistry. Some novel methods used in the characterisa-
tion of such intermediates are presented along with selected examples of nota-
ble results.

The second part outlines the most significant findings reported in the five
research papers associated with this thesis. The discussion begins with a com-
prehensive analysis of structural effects induced by redox processes in a 2,2'-
biquinoline complex of boron. A new synthetic route to neutral phenothiazinyl
radicals via Smiles rearrangement is then presented. This is followed by a dis-
cussion of radical intermediates in homocoupling reactions of benzo[b]furans
and benzo[b]thiophenes. The role of perfluoroarylboranes in the activation of
silane Si-H bonds in hydrosilylation reactions is then presented. Finally, the
importance of a thorough structural characterisation is illustrated by a complete
scrutiny of a putative intermediate in the formation of tetra-n-butylammonium
bicarbonate. Overall, the reported results advance our knowledge of stable
main group radicals and provide new insight about reactive intermediates in
quintessential chemical reactions.

Keywords: main group chemistry, stable radicals, reactive intermediates,
synthesis, X-ray crystallography, EPR spectroscopy, computational chemistry
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1 INTRODUCTION

Modern understanding of the chemistry of organic compounds started to
evolve during the nineteenth century. Disputes surrounding the existence of
free radicals were not insubstantial when Moses Gomberg published his semi-
nal paper on the synthesis of a triphenylmethyl radical in 1900.! Gomberg’s dis-
covery had a significant impact on the chemical community and, after a tight
scrutiny, his landmark result was globally accepted, setting the stage for the
flourishing development of chemistry of odd-electron species.

A radical is a compound that has at least one unpaired electron. In other
words, radicals are subvalent compounds with at least one bond less than could
be expected by simple valency considerations. Typically, this causes radicals to
be transient species that keenly react with other compounds or with themselves,
forming dimers or polymers. A plethora of chemical reactions progress via rad-
ical intermediates, and radicals are also found in living organisms in which they
control various vital processes.

There are, however, a great number of radicals that defy the common con-
ception of odd-electron species existing only for a fleeting moment. Some radi-
cals have lifetimes long enough so that they can be observed by conventional
characterisation methods while others are so stable that they can be isolated as
pure compounds. There are even radicals that are unreactive towards both oxy-
gen and water and thus can exist indefinitely under ambient conditions. Indeed,
there are nowadays many families of stable radicals of which several have been
known for decades.

In many instances, the driving force behind radical research comes from
fundamental considerations, that is, from the desire to understand the structure,
bonding and reactivity of open shell compounds. However, the combination of
stability and unpaired electrons has generated significant interest in developing
novel applications that take advantage of these attributes. Stable radicals have a
history of being used as reporter molecules to acquire structural information via
EPR spectroscopy. More recently, a lot of attention has been focused on devel-
oping magnetic and conducting materials that exploit radicals as building
blocks, either as pure substances or as ligands in metal complexes. Stable radi-
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cals are also used in a variety of chemical reactions such as in catalysis and pol-
ymer synthesis.

While the number of stable radicals is steadily growing, the majority of
known open shell compounds are highly reactive species, an attribute they have
in common with reaction intermediates, which are chemical entities that pre-
cede the formation of final products. Reaction intermediates are typically highly
reactive, be they open or closed shell species, which shortens their lifetime and
hinders their characterisation by conventional characterisation methods. How-
ever, as these fleeting chemical entities play a key role in chemical processes,
their characterisation and even isolation is crucial in the quest to enhance our
knowledge of chemistry.

In many instances, reactive intermediates can only be characterised using
fast time-resolved spectroscopic methods. However, ever so often it happens
that a highly reactive species can be isolated under some specific conditions,
which enables characterisation by conventional methods. Gaining an in-depth
knowledge of the molecular structure and properties of reactive intermediates
greatly enhances our knowledge of chemical reactivity as it allows fine-tuning
of existing synthesis methods as well as the design of new ones that offer paths
to possibly hitherto unknown compounds.

1.1 Aim of the work

The goal of this research project was twofold: first, to develop new stable main
group radicals and study their chemical and structural properties; and second,
to investigate selected chemical reactions and characterise their reactive inter-
mediates. Schlenk techniques played a key role in the synthetic work, whereas
X-ray crystallography, EPR spectroscopy and computational chemistry were the
primary tools used to investigate the characteristics of synthesised compounds
and reaction intermediates.

The synthesis of new radical species was accomplished via two routes. The
tirst route involved the stabilisation of an anionic biquinoline radical via coor-
dination with a main group element centre.! The second route took advantage
of fusing the reactive phenothiazinyl radical with the well-known 1,2,3-
dithiazolyl moiety to generate new hybrid 1,4-thiazinyl-1,2,3-dithiazolyl radi-
cals via Smiles rearrangement.!!

The characterisation of important reaction intermediates was achieved in
three instances. First, the role of radical intermediates in oxidative dehydro-
genative coupling reactions was examined.! Second, the intermediates in frus-
trated Lewis-pair-mediated hydrosilylation reactions were characterised com-
putationally and the results substantiated with subsequent crystallographic
studies.lV Third, the recent claims of characterising a novel intermediate in bio-
mimetic activation of CO, were examined in detail to correctly identify the spe-
cies in question.V
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2 STABLE AND TRANSIENT MAIN GROUP
RADICALS

This chapter aims to introduce the reader to the chemistry of radicals. The realm
of odd-electron main group species is vast and diverse, so rather than providing
a comprehensive review of the field, the focus will be on selected significant
breakthroughs and seminal discoveries that have taken place during the past
century. The first part of this chapter focuses on the chemistry of “organic”
main group radicals, that is, radicals containing atoms C, N, O and S.
“Inorganic” radicals based on other main group elements are then covered,
followed by a brief look at the distinctive chemistry of diradicals. At the end of
the chapter, a short overview of radicals as reaction intermediates and other
transient species is given.

2.1 Stable and persistent radicals

Many radicals are highly reactive chemical species and, thus, short-lived. For
the more longer-lived radicals, the terms stable and persistent are used rather
subjectively. Griller and Ingold proposed the pragmatic approach of calling a
radical stable if it can be isolated and handled as a pure compound under ambi-
ent conditions but calling a radical persistent if it cannot be isolated but can be
detected by spectroscopic methods.? In this work, the description stable will be
confined to radicals that can be isolated and stored without decomposition, ei-
ther indefinitely or for long periods of time, at room temperature under an inert
atmosphere. Griller and Ingold’s definition of persistent radicals will be em-
ployed as originally described.

2.1.1 Features affecting the stability of radicals

There are a few essential methods that can be used to stabilise radical species.34
One of the most profound ones is the steric protection of the reactive moiety
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with the help of bulky substituents, which contributes to both kinetic and ther-
modynamic stability. Such a method does have its drawbacks, however, as
many of the applications for which radicals are used require the unpaired elec-
tron to be able to interact with its surroundings. In other words, by employing
bulky substituents, the stability of a radical species can be increased, but its abil-
ity to interact with its surroundings is simultaneously suppressed.

Other methods to stabilise radical species involve modifications to the
electronic structure of the subvalent compound in question. A large number of
stable radicals are heteroatom based. Nitrogen, oxygen and sulphur are espe-
cially good spin carriers. There are effectively two factors contributing to this
phenomenon. The atoms N, O and S are lone-pair rich, which increases Pauli
repulsion when two or more of these atoms are catenated, thus making catena-
tion thermodynamically unfavoured.# These same heteroatoms are also some of
the most electronegative ones, which leads to lesser reactivity towards oxygen
than, for example, that observed for typical carbon-centred radicals.

Another method to stabilise radicals is to delocalise the unpaired electron
throughout the molecular framework. The majority of stable main group radi-
cals are so-called n-radicals, which enables spin delocalisation over any section
of the compound that is part of the same mn-system. This, in turn, decreases the
spin density on any one atom, thereby lowering the reactivity at that particular
site. However, to say that more delocalisation is always better would be a great
oversimplification as that would ignore the fact that spin localisation on certain
heteroatom centres provides stabilisation as well.

Other factors governing the stability of radicals have received less atten-
tion but should, nevertheless, not be overlooked. For example, major changes in
charge distribution can affect the stability drastically, which poses important
restrictions on what substituents a particular radical framework can incorporate.
Furthermore, certain classes of compounds can be used to stabilise radicals as
they are able to withdraw spin density rather effectively. In this context, N-
heterocyclic carbenes (NHCs) have recently been employed in stabilising new
odd-electron species via delocalisation of electron density to their formally
empty p-orbital through n-backbonding interactions.?

2.1.2 Radicals derived from hydrocarbons

Gomberg’s synthesis of the triphenylmethyl radical is considered to be the start-
ing point of free radical chemistry.1¢ Specifically, he reacted triphenylmethyl
chloride with metallic silver or zinc to obtain a coloured solution which was
identified to contain the triphenylmethyl radical 1 (Figure 1). Much controversy
surrounded the identity of 1 over the following years. The dispute ended in
1910 when Wilhelm Schlenk and co-workers managed to synthesise tris(4-
biphenylyl)methyl 2 (Figure 1).” The deeply coloured solid contained a dimer of
2 which, however, was almost completely dissociated in solution, thereby con-
firming the identity of 1.
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Figure 1. Synthesis of triphenylmethyl radical 1' (left) and the structure of tris(4-
biphenylyl)methyl radical 27 (right).

In dilute and deoxygenated solutions, 1 exists in equilibrium with the di-
meric form 3 (Figure 2). Thus, radical 1 cannot be isolated and it is best de-
scribed as persistent rather than stable. The correct structure of the dimer 3, a o-
bond between the central carbon of one radical and a para carbon of another,
was confirmed only decades after Gomberg's initial discovery.® The intermo-
lecular bond is fairly weak,” roughly 46 k] mol-1. The persistent nature of 3 is
shared by many of its substituted derivatives and it is mostly ascribed to the
steric protection afforded by the bulky phenyl substituents, giving the molecule
a propeller-like structure with the three rings twisted out of plane by roughly
30°.1011 Only a small amount of spin density can be found on the phenyl sub-
stituents, the majority being located on the central carbon atom.?1213 The n-type
SOMO (singly occupied molecular orbital) has contributions from the p-orbitals
of every other carbon atom, which rationalises the formation and structure of 3.

The majority of heteroaromatic analogues of 1 show stability and chemical
behaviour comparable to the parent compound.# Different substituents can,
however, inhibit the radical’s ability to dimerise. An extreme example of the
effect that the substituents have on the stability and chemical properties of tri-
phenylmethyl is the perchlorinated derivative 4 (Figure 2), which is reactive
only under extremely harsh conditions.’* The remarkable stability of 4 results
mainly from the shielding of the central carbon atom by the six chlorine atoms
at the ortho positions. The additional steric bulk twists the propeller-like struc-
ture out of plane by roughly 50°,> which results in pronounced localisation of
the spin density to the central carbon atom.!°

Cl Cl
Cl c

Cl Cl]3

1 3 4

Figure 2. Dimerization of triphenylmethyl radical 1 to 3 (left), the nm-type SOMO of 1 (sec-
ond from right) and perchlorinated trimethylphenyl radical 4 (right).

A number of remarkably stable polychlorinated triphenylmethyl
derivatives have also been synthesised.l” The study of these partially
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chlorinated species has revealed that not all of the chlorine substituents are
required to achieve stability comparable to that of 4. It seems that the six
chlorines at the ortho positions are sufficient to provide stability, which also
suggests that steric effects are more crucial for the stability of these types of
triphenylmethyl derivatives than electronic ones.18-20

One notable organic radical that has garnered attention over the years
from experimentalists and theoreticians alike is the phenalenyl 5 (Figure 3a). It
was reported by Reid?! and independently prepared by Sogo et al.?? Several de-
rivatives were soon synthesised; the older literature has been reviewed by Reid
in 1965.23 Typically, phenalenyl and its derivatives are oxygen sensitive radicals.
They exist in equilibrium with their dimer 6 (Figure 3a), and in dilute and de-
oxygenated solutions, they are persistent either indefinitely or for a very long
period of time.

Phenalenyl radicals are an excellent example of organic radicals benefiting
from the stabilizing effect of electron delocalisation. The majority of spin densi-
ty in 5 is located on the six a-carbon atoms; the six most important resonance
structures are shown in Figure 3b. The three -carbon atoms do possess a small
amount of spin density, which arises from spin polarisation effects. The spin
distribution can be rationalised by looking at the SOMO of 5, which is a n-
orbital that has significant coefficients only on the a-carbon atoms. Closer anal-
ysis of the electronic structure of 5 reveals a nodal plane between the central p-
orbital and the p-orbitals of the peripheral carbons. This effectively prevents the
delocalisation of spin density to the central carbon, leaving the unpaired elec-
tron to the peripheral orbitals.?*

B-gP &

Figure 3. a) Dimerization of phenalenyl radical 52122 to 6 (left) and the SOMO of 5 (right). b)
The six most important resonance structures of phenalenyl radicals.

The majority of phenalenyl derivatives are prone to form dimers. Simple
phenalenyls typically form o-bonded dimers,?32>-2” while substituted phenalen-
yls often form n-bonded dimers that display antiparallel conformation?® in or-
der to minimise interactions between substituents (Figure 4).
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Figure 4. Modes of dimerization for phenalenyl radicals: o-dimer?325-27 (left) and antiparal-
lel m-dimer?® (right).

The nature of n-bonding in phenalenyl dimers has received considerable
attention over the years. The intermolecular multi-centre two-electron bond in
the dimer is formed between the delocalised n-type SOMOs of the two radicals.
The antiparallel arrangement provides a pathway for direct interaction of the
2p-orbitals of the a-carbon atoms, which generates considerable orbital overlap.
The spin pairing between the two radical moieties is quite strong, and at room
temperature, the dimers are diamagnetic.?? The continuous increase in compu-
ting power has enabled more and more rigorous theoretical modelling of the
nature of bonding in phenalenyl dimers as evidenced by the number of papers
published in recent years.30-35

In addition to altering the way phenalenyl radicals form dimers, substitu-
ents on the phenalenyl periphery can also prevent dimerization altogether.
Well-known examples are radicals 73¢ and 8% (Figure 5) that have chlorine and
sulphur substituents, respectively, and which both exist as monomers in solu-
tion. The radical 7 is monomeric also in the solid state and displays antiparallel
stacking with an intermolecular distance of 3.78 A. The relatively long stacking
distance is a consequence of the bent structure of 7 caused by repulsive interac-
tions between the chlorine substituents. Because the Cl - - Cl distances in a pla-
nar molecule would become unfeasibly short, individual molecules of 7 are ruf-
fled into a propeller-like shape.

In the early 21st century, a major new contribution to the field of
phenalenyl chemistry was published by Haddon and co-workers. They devel-
oped a range of radicals 9 that consist of a boron atom chelated by two biden-
tate phenalenyl moieties (Figure 5).38-40 The phenalenyls in these formally zwit-
terionic compounds are spiroconjugated; the spin and charge are delocalised
throughout the compound. The solid-state structures of these extremely oxy-
gen-sensitive radicals are quite varied with few of them being monomeric. In-
terestingly, many of these phenalenyl systems form n-dimers in which only one
phenalene moiety interacts with an adjacent molecule.#!-4> The solid state elec-
tric and magnetic properties of 9 are highly unusual, with few of the derivatives
showing extremely high conductivity.44-46



18

cl
cl cl .
o L o $ oTe
Y. X

e U0 Ok 20

A SSaS
¢ cl s—s S
7 8 9

Figure 5. Fully chlorinated phenalenyl radical 736, substituted phenalenyl radical 8% and
spiroconjugated radicals 98-40 (X, Y = O, O; NR, NR; O, NR).

Introducing heteroatoms into the phenalenyl structure has significant
effects on the spin distribution and, therefore, the chemical behaviour of the
radicals. Morita et al. synthesised a phenalenyl derivative 104 that has two
nitrogen atoms at the a-positions while Zheng and co-workers reported a
derivative 11 with a nitrogen atom at the p-position (Figure 6).4¢ In compound
10, the nitrogen atoms have considerably less spin density than the four carbon
atoms at a-positions. Interestingly, while 10 does form an antiparallel dimer in
solution, it differs from the typical geometry of phenalenyl dimers by having
the two rings tilted with respect to one another. An intriguing feature of
compound 11 is that it lacks any tendency to form a dimer in solution.

tBu
NZ N. /N .
tBu il il "tBu OO
10 11

Figure 6. Phenalenyl derivatives 104 and 114¢ that incorporate nitrogen atom(s) in the mo-
lecular backbone.

Recently, Ueda et al. synthesised the first chiral phenalenyl-based neutral
n-radical 12 (Figure 7).4° This helicene-based radical is relatively stable; the solid
material survives for a few weeks under air at -30 °C. It is stable in a degassed
solution but decomposes within a few days when the solution is exposed to air.
The most intriguing feature of 12 is its chirality which, in conjunction with its
extensive spin delocalisation, may find use in materials chemistry.

Adding appropriate substituents increases the stability of phenalenyls.
However, it is possible to stabilise phenalenyls without bulky substituents as
demonstrated by Bucher and co-workers who prepared radicals 13 and 14.50
Both of these compounds can be stored under air for weeks without noticeable
degradation. Compound 14 is the first non-planar phenalenyl-based radical that
does not rely on bulky substituents to provide stability. Instead, radical 14 is
stabilised by the incorporation of a heteroatom. EPR spectroscopy measure-
ments showed significantly lower spin densities in the a-positions of the
phenalenyl skeletons of 13 and 14 when compared to radical 8, which is stabi-
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lised via a disulphide bridge. The unpaired electron is still mostly confined to
the phenalenyl moiety in both 13 and 14, but the reduced spin densities on the
a-positions do, nonetheless, result in reduced tendency to form o-dimers.

‘l{” ‘"O‘l
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Figure 7. Chiral phenalenyl radical derivative 12%° and two electronically stabilised
phenalenyl derivatives 13 and 14.50

Phenalenyl-type radicals have attracted the attention of synthetic chemists
for several decades. However, the electronic spectroscopy of phenalenyl radi-
cals had not been rigorously scrutinised until very recently by O’Connor et al.?*
Likewise, the decomposition mechanism of phenalenyl radicals has only recent-
ly been characterised in detail. The decomposition pathway begins with the de-
hydrogenation of the o-dimer to biphenaleneylidene, which then forms an iso-
mer that goes through ring-closure and dehydrogenation to form peropyrene.>!

Phenoxyls are another family of carbon-based radicals that have been
studied for decades. They were exhaustively reviewed by Altwicker and more
recently by Hicks.#52 An intriguing example of phenoxyl radicals is the gal-
vinoxyl radical 15 (Figure 8).53 It is extremely stable and possesses unusual solid
state magnetic properties.>* Theoretical modelling has shown there to be con-
siderable spin density on the para carbon atoms of 15.5% Thus, galvinoxyl radi-
cals can also be represented as delocalised allyl-type radicals 16 (Figure 8).5°
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Figure 8. Galvinoxyl radical 155 and its representation as an allyl-type radical 16.56

2.1.3 Hydrazyl radicals

Hydrazyls with the general form Ro:NNR* do not usually form stable radicals.
The striking exception is the well-known, commercially available radical 17
(N,N’-diphenyl-N’"-picrylhydrazyl, commonly known as DPPH) shown in Fig-
ure 9. Resonance-delocalised hydrazyls such as verdazyls, on the other hand,
form extensive families of stable radicals. Verdazyls have been known for dec-
ades,%” and the closely related 6-oxoverdazyls were prepared soon after in the
1980s.58
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Verdazyls are air and water stable and thus are among the most stable of
organic radicals. The general structures of verdazyls 18 and oxo-verdazyls 19
are shown in Figure 9. The n-type SOMO of verdazyls (Figure 9) has a nodal
plane that prevents spin delocalisation onto the substituents attached to the
carbon atoms on the molecular backbone. Though verdazyls do not require
bulky substituents for stability, Paré et al. have demonstrated that N-isopropyl-
substituted verdazyls are more stable than the corresponding N-methyl vari-
ants.>
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Figure 9. Hydrazyl radical 17 (left), the general structure of verdazyls 18 and oxo-verdazyls
19 (middle). The n-type SOMO of verdazyls (right).

Recently, Roesky et al. prepared an air-stable radical cation 20 based on a
cyclic alkyl(amino) carbene (Scheme 1).%0 The authors first synthesised the cor-
responding neutral species, representing the first cumulene to employ a carbene,
when they noticed that part of the insoluble material obtained after filtration
slowly oxidised under exposure to air, giving radical 20. An alternative high-
yield route to the radical 20 was later developed (Scheme 1). Interestingly, 20
can be reduced to the cumulene or oxidised to give a corresponding dication.
EPR spectroscopy and theoretical calculations indicate that the unpaired elec-
tron in radical 20 is mainly delocalised on the C4 backbone with the two nitro-
gen centres having significantly less spin density.
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Scheme 1. Synthesis of radical cation 20 and its oxidation to the corresponding cumulene.®
214 Nitroxides and nitronyl nitroxides

Nitroxides are perhaps the most well-known class of stable radicals. The first
organic nitroxide, porphyrexide 21 (Figure 10), was synthesised in 1901 by Pi-
loty and Schwerin.?! Five decades later, using EPR spectroscopy, Holden et al.
corroborated the radical character of 21.92 Arguably, the most renowned and
widely used nitroxide is the commercially available TEMPO 22 (Figure 10),
which was prepared by Lebedev and Kazarnowskii in 1960.63 There are numer-
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ous nitroxide derivatives that are air and water stable and are not susceptible to
dimerization or other radical-based reactions. Neiman et al. showed as early as
the 1960s how nitroxides can be used in various organic reactions without the
direct involvement of the aminoxyl group.®* Nitroxide chemistry has been re-
viewed multiple times over the years, most recently in a book edited by Hicks.®

The aminoxyl group in nitroxides features a three-electron m-bond be-
tween the nitrogen and oxygen atoms, which ensues from the overlap of the
2pz-orbitals of N and O. The contributions to the electronic structure from the
two main resonance structures (Figure 10) has to be taken into account. The
formal bond order between the three-electron bond of N-O is 1.5. This notion is
substantiated by the bond energy (~419 k] mol-!) and the bond length (1.25 A<
dn-o < 1.30 A) that are approximately halfway between corresponding values
for a N-OH single bond (222 k] mol-!, ~1.43 A) and a N=O double bond (607 k]
mol-1, ~1.20 A).6566

The majority of spin density in nitroxides is localised on the nitrogen and
oxygen atoms with the latter having a slightly higher proportion. When consid-
ering the O-H bond dissociation of hydroxylamines, the gain in energy from
the delocalisation of the unpaired electron between N and O is roughly 126 k]
mol-1.6567 In comparison, the energy gain from the formation of a O-O bond is
approximately 147 k] mol-1. Thus, the energy gain from the formation of one O-
O bond does not compensate the delocalisation energy associated with two
aminoxyl groups, which makes O-O dimerization of nitroxides thermodynami-
cally unfavourable.

Essentially, the stability of nitroxides depends on the nitrogen substituents
as the radical framework itself is inherently stable. The substituents may pro-
vide a pathway for decomposition, as is the case with alkyl nitroxides, for ex-
ample. These compounds have a hydrogen atom a to the nitrogen and they eas-
ily undergo disproportionation. Stable nitroxides, such as 22, typically have two
substituents based on quaternary carbons at the a-position.
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Figure 10. Porphyrexide radical 216! and TEMPO 22% (left). Two main resonance structures
of nitroxides (right).

Nitronyl nitroxides (NNO) 23 (Figure 11) are radicals that have interacting
nitronyl and aminoxyl groups. The first nitronyl nitroxide was prepared in the
early 1970s by Ullman et al.,%8 and the radicals have received considerable atten-
tion ever since, especially as building blocks for magnetic materials. The general
properties of NNOs were determined early on, and the main features of their
electronic structures were excellently reviewed a quarter of a century ago in a
book.®® NNOs equal nitroxides in stability since they contain all the required
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features for stability, such as the lack of a-hydrogen atoms. The n-type SOMO
(Figure 11) of a nitronyl nitroxide extends over both NO groups. There is a
nodal plane at the central carbon atom. As a consequence, the spin density in
NNOs is distributed equally between the two NO groups and is unaffected by
the R group. This also means that a wide variety of R groups can be used with-
out affecting the stability of the radical. The EPR spectra of NNOs is typically
characterised by a five-line pattern with an intensity ratio of 1:2:3:2:1 that
results from the coupling of the single unpaired electron to two equivalent ni-
trogen atoms. The nitrogen coupling constant in NNOs is roughly half of the
typical values observed for nitroxides.

Figure 11. The general structure of nitronyl nitroxides 23 (left) and their n-type SOMO
(right). 6869

2.1.5 Sulphur-nitrogen radicals

Significant numbers of stable and persistent radicals contain only second-row
elements, particularly carbon, nitrogen and oxygen. In many cases, the stability
of these radicals is based on the anomalous behaviour of second-row p-block
elements compared to their heavier congeners. For example, the tendency of
lighter p-block elements to form m-bonds allows the unpaired electron to delo-
calise across the n-framework, increasing stability. Another factor affecting the
stability is the lone-pair-rich nature of nitrogen and oxygen atoms, which in-
creases the reactivity of nitrogen and oxygen-based nucleophiles when they are
catenated to another heteroatom containing lone pairs.”? This effect also de-
creases the bond strength of N-N, O-O and N-O o-bonds, and when the bond
in question would form between fragments that already contain bonds between
N and/or O atoms, the resulting catenated system would become thermody-
namically unstable.®

When moving beyond the second row in the p-block, the lone pairs be-
come more diffuse, and their effect on the stability of the compounds becomes
less of a factor. Many of the heavier p-block elements also have a tendency to
form strong o-bonds and significantly weaker n-bonds.”* The overall result of
these changes in atomic properties is that many of the heavier p-block elements
require considerable steric protection in order to form persistent and stable rad-
icals. The striking exception is sulphur, especially in conjunction with nitrogen.
However, an NS* moiety is not, in general, as stable as the analogous NO*. An
illustrative example of the above is that while nitroxides R2NO* are numerous,
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the corresponding thionitroxides RoNS* typically exist at room temperature as
their disulphide dimers.

The field of sulphur-nitrogen radical chemistry is broad and ever-growing,.
Multiple reviews have been written over the years, both on general chemistry
and on certain aspects of the field.#¢72 Of particular interest have been thiazyls
that contain an unsaturated S=N unit in which both S and N are two-coordinate.
The n-bond in thiazyls is remarkably strong: it is an electron-rich, three-electron
n-bond with the third unpaired electron lying in a m*-orbital.”? The radical co-
ordination chemistry of thiazyls has recently been reviewed by Preuss,”* while
authors such as Kaszynski have conducted theoretical analyses of the properties
of thiazyl radicals.”>76

One of the simplest types of thiazyl radicals are thioaminyls 24, and just
like thionitroxides, thioaminyls tend to have a low level of persistence. Bulky
substituents on the nitrogen centres are required in order to make the radicals
stable enough to be isolable. The nature of the organic substituent on sulphur
atoms is less important from a stability point of view; typically, substituted het-
eroaromatics are used. Oakley et al. have reported a stable radical 25 (Figure 12)
that is essentially an annulated thioaminyl.”” Crystallographic measurements
reveal 25 to be monomeric in the solid state, while EPR analysis and computa-
tional data show the spin density to be localised equally on the four outer nitro-
gen atoms.

1,2,3,5-Dithiadiazolyl radicals (DTDA) 26 (Figure 12) were first discovered
in the 1970s and have received considerable attention ever since. DTDAs can be
considered as resonance delocalised thioaminyls, and they are typically indefi-
nitely stable in the solid state. Interestingly, DTDAs are also thermally remark-
ably stable, allowing them to be purified by high-temperature sublimation. The
n-type SOMO of DTDA radicals (Figure 12) is distributed symmetrically in a
similar fashion to those in verdazyls, for example, and just like in verdazyls,
there is a nodal plane passing through the single carbon atom, which prevents
direct electronic conjugation of the substituent R with this orbital. DTDA radi-
cals typically exist in equilibrium with the corresponding dimers in solution.
Many of the initially reported samples were dimers also in the solid state, a
prime example being the 4-phenyl-1,2,3,5-DTDA that was actually the first m-
dimer of any radical to be structurally characterised.”® The dimerization of
DTDA radicals can be precluded by using suitable substituents.
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Figure 12. Thioaminyl radical 24, annulated thioaminyl radical 2577 and the general struc-
ture of 1,2,3,5-dithiazolyl radicals 26 (left, middle). The n-type SOMO of DTDA (right).
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Dithiazolyl radicals are closely related to DTDAs. There are numerous ex-
amples of dithiazolyls, the majority of which are indefinitely stable in the solid
state and also generally air stable. The solid-state structure of 1,3,2-dithiazolyl
27 (Figure 13) is temperature dependent: at room temperature, 27 is monomeric
and the structure consists of slipped m-stacks while at 150 K the structure is
comprised of m-dimers.” Intriguingly, this structural transition from monomer
to dimer is hysteretic: when increasing the temperature, the transition from di-
mer to monomer occurs at 190 K. Upon cooling, the transition back to dimer
occurs at 120 K. Similar behaviour is observed for several other dithiazolyls,
and Oakley et al. have determined the mechanistic aspects of this phenomenon
in detail 8081

Oakley and co-workers have developed a number of sulphur-nitrogen
radicals, among them the resonance-delocalised bisdithiazolyl radical 28 (Fig-
ure 13) with R being an alkyl substituent (propyl, butyl, pentyl or hexyl).82 The
authors were studying the design of radical spin ladders in which intermolecu-
lar F--S" contacts form the rungs of the ladder while the n-stacking of the radi-
cals form the legs. This type of spin ladder could have huge potential in materi-
als chemistry as the ladder structure allows the unpaired electron to act as a
carrier of spin and charge throughout the structure. Oakley et al. showed that
when R is a three-carbon chain (or shorter), the radical ni-stacks are locked into
pinwheel clusters. With longer alkyl chains, the adjacent columns of n-stacked
radicals have short intermolecular F--S" contacts due to the strong interaction
between the electronegative fluorine atom and the electropositive sulphur. This
gives rise to S = Y2 spin ladder arrays. When using a propyl substituent, the rad-
ical displayed an ideal spin ladder behaviour in the solid state as the interac-
tions along the rungs and the legs were approximately equal.
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Figure 13. 1,3,2-Dithiazolyl radical 277 and bisdithiazolyl radical 28.52

2.1.6 Sulphur radicals

The first thermally stable sulphuranyl radicals, stabilised by tridentate ligands,
were already prepared in 1986, but these were merely persistent in solution and
could not be isolated.838 Only very recently, the first stable, structurally charac-
terised sulphuranyl radicals and their selenium analogues 29 (E = S or Se, Fig-
ure 14) were reported.® The authors used tridentate CoFs ligands that provide
considerable steric protection, thus allowing the radicals to be isolated as stable
monomers. The radicals display reversible redox chemistry, and the authors
were able to utilise this in building radical batteries where the chalcogen radi-
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cals act as the cathode and silyl radicals as the anode. These batteries exhibit a
practical discharge potential of ~1.8 V and stable cycle performance, proving
the potential of using all-radical batteries as an alternative to traditional metal-
based ones.

An interesting addition to sulphur radical chemistry was reported recently
in the form of a radical cation 30a (Figure 14) that has a three-electron o-bond?
between two sulphur atoms.8” In the same paper, the authors also report a vari-
ant where one of the sulphur atoms is replaced by selenium 30b. Both com-
pounds form deep-coloured solutions in dichloromethane, but upon concentra-
tion, 30a forms a stable monomeric solid while 30b crystallises out as a dimer.
Redissolving the dimer produces a deeply coloured solution that produces an
identical EPR spectrum to the original sample. Both 30a and dimeric 30b-30b
are stable at room temperature under an inert atmosphere. The existence of
three-electron o-bonds between two chalcogen atoms in both radical cations
were confirmed by EPR spectroscopy, UV-Vis absorption and theoretical calcu-
lations. It should be noted, however, that in these examples, the three-electron
bond has been weakened to an extent by partial delocalisation of spin density
onto the adjacent phenyl rings.
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Figure 14. Chalcogen radicals 29 (E = S or Se)® and radical cations 30a (E = S) and 30b (E =
Se).87

2.1.7 Inorganic main group radicals

Stable and persistent main group radicals with an unpaired electron located
mainly on atoms other than C, N, O and S have not been studied to the same
extent as radicals with spin density on the aforementioned elements. The meth-
ods to induce stability to “inorganic” main group element radicals are essential-
ly the same as with the lighter “organic” elements. Extremely bulky substitu-
ents provide steric protection and a kinetic barrier to oligomerisation processes.
Cyclic systems typically benefit from the delocalisation of the unpaired electron
over the ring system, while heterocyclic radicals may also be stabilised by elec-
tronegative atoms.

The first persistent radicals of the heavier p-block elements were prepared
and characterised in the 1970s and the results from the early forays into the
chemistry of inorganic main group radicals were reviewed by Lappert and
Lednor in 1976.88 The early examples of inorganic radicals were fairly persistent
— their half-lives ranged from several days to more than a year — and they
were mostly stabilised by steric effects. The tin radical R3Sn* (R = (Me3Si).CH)
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reported by Davidson et al. in 1973 was prepared by photolysis with visible
light using RoSn as the starting material.® The radical displayed couplings to
the methine protons and °Sn and '7Sn nuclei in the EPR spectrum, and
showed no signs of decomposition after being kept in a degassed benzene solu-
tion in the dark for weeks at room temperature. Using similar methods to those
employed by Davidson and co-workers, Gynane et al. prepared phosphorus-
and arsenic-centred radicals [(Me3Si)2CH]2E* and [(MesSi)2N]2E* (E = P or As).%0
These radicals were persistent in toluene solutions for at least over a month,
and they were characterised by EPR spectroscopy showing strong couplings to
phosphorus and arsenic nuclei, respectively.

The field of heavier main group radicals has since expanded, and nowa-
days a multitude of odd-electron species containing heavier p-block elements
are known even though the number of reported examples pales in comparison
to stable organic radicals. A comprehensive review by Power was published in
2003,2 and a chapter dedicated to the chemistry of the heavy p-block element
radicals was included in a book published in 2010.6

There is only one electron difference between the electron configurations
of boron and carbon. As a consequence, the history of boron radical chemistry
harks back to the early 20th century. However, it wasn’t until 1986 when a paper
describing the crystallographic structural characterisation of a boron-based rad-
ical, a triarylboron anion, first appeared.’® The structure was determined from
an ion-separated salt, [Li(12-crown-4).][BMess], which exhibits surprising ther-
mal stability as it decomposes only at ~240 °C. In the crystal structure, the anion
is planar with only slight deviation in the C-B-C angles from 120°. An earlier
paper demonstrated by EPR spectroscopy how the unpaired electron is mainly
located at the boron centre (a(1'B) = 7.84 G).%2

In a similar fashion to the triarylboron radical anion, the structure of a di-
borane radical anion [R2BBR:]*-, obtained by a one-electron reduction from a
diboron compound R2BBR», was first characterised as the contact ion pair,
[Li(OEt2)2][MeO(Mes)BB(Mes)OMe].” The following year, an EPR spectrum
was measured from a solvent-separated ion pair, [K(18-crown-
6)(THF)2][Mes2BB(Ph)Mes], which consists of a seven-line pattern with a(11B) =
13 G.%4 This indicates a coupling between the two boron centres and is con-
sistent with the formation of a n-radical.

Triarylboranes typically undergo a single reversible reduction and a sub-
sequent irreversible one.”> However, a paper published in 2007 reports the syn-
thesis and characterisation of a 9-borylated acridinyl radical 31 (Figure 15) that
undergoes two reversible reductions.® EPR spectroscopic analysis suggests that
the spin density is delocalised over the acridyl moiety with only a minimal con-
tribution from the boron atom (a(*!B) = 2.55 G). At the same time, theoretical
calculations indicate a considerable localisation of the unpaired electron in a B-
C n-bonding orbital with significant polarisation towards the carbon atom. This
led the authors to conclude that 31 possesses a weak boron-carbon n-bond.

In 2012, Aramaki et al. reported the first isolation and full characterisation
of a stable, neutral biazaboracyclic radical 32 (Figure 15).” The radical contains
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a planar boron centre connected to one fluorine and two nitrogen atoms. The
relatively short B-F bond in the radical, 1.342(4) A, is shorter than the sum of
the covalent radii of the respective elements, 1.46 A.In fact, the bond length is
close to that observed in fluoroboraethene HxC=BF (1.356 A),% which suggests
an electrostatic interaction between boron and fluorine in 32. EPR spectroscopy
and theoretical calculations indicate that the spin density is delocalised on the
heterocyclic ring with a minimal contribution on the boron atom. Nonetheless,
the radical reacts as a base-stabilised boryl radical when treated with benzoqui-
none or benzoyl peroxide.

Radical-cation radical-anion pairs play an integral role in single-electron
transfer (SET) reactions. This inspired Braunschweig and co-workers to develop
a boron-based stable radical-anion radical-cation pair 33.% The authors chose to
use a diborene for the radical-cation because diborenes have well-defined redox
chemistry and the exceptional electron rich B=B double bond can be easily oxi-
dised. Also, the oxidation of diborenes selectively affords stable radical-cations.
It is worth noting that the reduction potential of diborenes with a B=B n-system
is directly dependent on the energy of the HOMO, which in turn strongly de-
pends on the nature and donor strength of the stabilizing Lewis base.100
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Figure 15. 9-Borylated acridinyl radical 31,% biazaboracyclic radical 327 and boron-centred
radical-cation radical-anion pair 33.9

EPR spectroscopy confirmed that 33 is a radical-cation radical-anion pair.
Removal of an electron from the m-bonding orbital between the two boron at-
oms causes the formal bond order to decrease from 2.0 to 1.5. This is evident
also from the crystal structure; when compared to the precursor diborene, the
boron-boron bond length of 33 is increased by 0.062 A to 1.640 A.

Stephan and co-workers recently reported the synthesis of neutral borocy-
clic radicals 34 and 35 (Figure 16) using frustrated Lewis pair (FLP) hydrogena-
tion reactions.1%! H; activation with polyaromatic diones and B(CesFs)3 produced
remarkably stable radicals in a high yield. The authors were able to use column
chromatography to separate the radicals from side products and the radicals
proved to be stable on silica. As isolated solids, the radicals are indefinitely sta-
ble under N, while they survive for several days in solution under 1 atm of O..
EPR spectra and theoretical calculations indicate the delocalisation of the spin
density over the aromatic backbone in both radicals with moderate contribution
on the boron atoms (a(!'B) = 2.58 G and a(*1B) = 2.80 G for 34 and 35, respective-

ly).
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The first stable radicals with an unpaired electron located mainly on a
heavier group 13 element were synthesised in the early 1990s.102193 Radicals
containing aluminium, gallium or indium had been reported earlier, but they
all exhibited significant delocalisation of the spin over organic substituent(s).

Cyclic heavier group 13 radicals and the corresponding acyclic variants
can provide insight into the influence of the metal centre (M) to the stability of
the radical species. These effects originate from the covalent radii and/or from
the M-M bond strength. Persistent acyclic aluminium radical 36a is an interme-
diate on the path to forming the stable cyclic radical 37a (Figure 16).1% The
structure of 37a consists of a triangle with two of the three aluminum atoms
being three-coordinate while the third aluminium atom is four-coordinate. The
bond length between the three-coordinate aluminium atoms is slightly shorter
than the bond between the three- and four-coordinate aluminium atoms (2.703
A and 2.756 A, respectively). In the heavier gallium congener 37b (Figure 16)
the situation is the opposite: the bond length between the three-coordinate gal-
lium atoms is 2.879 A, while the bond involving the four-coordinate gallium is
2.527 A.1%5 This indicates an onset of a bond cleavage between the three-
coordinate gallium atoms. While 37b forms a stable radical in the solid state, it
will eventually decompose in solution to form the acyclic radical 36b.100
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Figure 16. Borocyclic radicals 34101 and 35101 (left) and heavier group 13 radicals 36a (M =
Al),104 36b (M = Ga),105 37a (M = Al)1%4 and 37b (M = Ga)10¢ (right).

Radicals of the heavier group 14 elements have garnered considerable at-
tention over the years. A major contributor to the field has been the research
group of Sekiguchi.’%” The first homocyclic, neutral group 14 radical 38 (Figure
17) was prepared in 1997.1%8 This stable species was obtained by reducing (2,6-
MesxCsH3)GeCl with KCs. At the centre of the radical is a triangle formed by
three germanium atoms, where one of the bonds exhibits a double-bond charac-
ter. EPR spectroscopic measurements led the authors to conclude that the un-
paired electron is localised on only one germanium atom. In a similar vein, the
bicyclic, neutral germylene radical 39 (Figure 17) can be obtained by oxidation
of the parent anion.'® The EPR spectrum of 39 consists of two separate multi-
plets. The relatively small hyperfine coupling constants (HFCCs) suggest a -
radical character with the unpaired electron localised on a single germanium
centre.

An intriguing example of a heavier group 14 radical by Sekiguchi et al. is
the stable silyl radical 40 (Figure 17).110 This radical represents the first isolable
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silyl radical, and it is an all-silicon congener of a cyclobutenyl radical. Two Si-Si
bond lengths in the Sis ring are intermediate between single and double bonds,
whereas the other two bonds are close single bonds, which altogether suggests
an allylic structure. Likewise, the EPR spectrum indicates greater spin density
on the terminal silicon atoms of the allylic structure (a(?°Si) = 40.70 G and a(*Si)
= 37.40 G) when compared to the value of the central silicon (a(*Si) = 15.50 G).
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Figure 17. Germenyl radicals 381% and 391" and silyl radical 40.110

As well as cyclic radicals, heavier group 14 elements can also form neutral,
stable acyclic radicals. Illustrative examples of these types of radicals are the
germenyl and silyl radicals 41 and 42, respectively,'!! while an example of a
superheavy group 14 element radical is the plumbyl radical 43 (Figure 18).112113
The stability of these acyclic radicals is achieved by using bulky, electropositive
silyl substituents, while the delocalisation of the unpaired electron via hyper-
conjugation between the p,-orbital of the central heteroatom and the o*-orbital
of the Si-C(tBu) (in 41 and 42) or Si-Si(Me) (in 43) bonds stabilises the radicals
turther. Crystallographic measurements show the radicals 41 and 42 to have a
trigonal planar geometry, while 43 is slightly distorted towards a pyramidal
structure.
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Figure 18. Stable acyclic group 14 radicals 41 (E = Ge),!11 42 (E = Si)!1! and 43.112113

The vast majority of stable radicals based on the heavier group 15 ele-
ments are phosphorus-containing species; relatively few stable radicals based
on arsenic, antimony or bismuth have been reported. The two-coordinate phos-
phinyl radical *PPh; and its arsenic analogue were reported in 1966, and this
can be considered the starting point of phosphorus radical chemistry.!4 Radi-
cals of this type are typically produced by photolysis from chlorophosphine and
electron-rich alkenes. The monomeric radicals thus obtained have a tendency to
dimerise to form diamagnetic diphosphines. Appropriate choice of substituents
can induce stability, however, as evidenced by the phosphinyl radical 44 and its
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arsenic analogue 45 (Figure 19); these radicals are indefinitely stable in solution
as well as in the gas phase.!15116 Vapor electron diffraction measurements reveal
that both of these radicals are V-shaped with C-P-C and C-As-C angles of
104.0° and 101.2°, respectively. The radicals dimerise in the solid state via P-P
and As-As bonding. While the bonds are 0.1 A longer than typically observed
for these types of compounds, the slight elongation does not induce their effort-
less dissociation in solution or in gas phase.

A viable method to increase the stability of phosphinyl radicals is the ad-
dition of amino groups. Bertrand and co-workers reported the synthesis of a
stable diphosphaallyl radical 46 (Figure 19); the radical can be formed from the
corresponding cyclic cation either by electrolysis or by reduction with metallic
lithium.1” The EPR spectrum of 46 consists of a five-line pattern (g = 2.0048,
intensity ratio 1 : 3 : 4 : 3 : 1) resulting from hyperfine coupling to two equiva-
lent phosphorus nuclei (a(®'P) = 9.4 G), two equivalent nitrogen atoms (a(#*N) =
1.5 G) and a unique nitrogen centre (a(4N) = 9.9 G). The delocalisation of the
unpaired electron, as indicated by the EPR measurements, is a significant con-
tributor to the stability of 46.

Sulphur-containing compounds make up the vast majority of heavier
group 16 element radicals, the likes of which include dithiadiazolyls and related
heterocyclic systems. Similarly, for selenium- and tellurium-centred radicals,
there is no great overabundance of odd-electron species containing group 17
elements. Perhaps one of the most significant of tellurium radicals is the first
stable tellurium(III) radical cation 47 (Figure 19), obtained by one-electron oxi-
dation of the neutral precursor with Ag[AsFs].1'® The EPR spectrum of 47 con-
sists of a single, broad signal, indicating small spin density on the nitrogen at-
oms. In other words, the unpaired electron is localised in a p-orbital at the tellu-
rium centre. The stability of 47 arises from steric protection provided by the
substituents and from electrostatic repulsion between the positively charged
chalcogen centres.
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Figure 19. Stable pnictogen radicals 44 (Pn = P),115116 45 (Pn = As),115116 46117 and tellurium-
centred radical 47.118

2.1.8 Biradicals and biradicaloids

Biradicals can essentially be described as molecules consisting of two unpaired
electrons in two degenerate or nearly degenerate non-bonding molecular orbit-
als. They have a critical role in many bond breaking and bond formation pro-
cesses. There are several papers discussing biradicals, including two excellent
reviews by Griitzmacher and Breher.119120
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There are various types of biradicals. Trimethylenemethane (TMM)!?! and
tetramethyleneethane (TME)12212 (Figure 20) represent quintessential delocal-
ised biradicals (non-Kekulé molecules), while cyclopentane-1,3-diyl (CP(1,3))24
and cyclobutanediyl (CB)!?> (Figure 20) are typical examples of localised biradi-
cals with two well-defined radical substructures that are not conjugated in a
way exhibited by classical n-systems. In essence, anti-aromatic molecules such
as cyclobutadiene can be considered biradicals at their highest state of sym-
metry due to their degenerate pair of molecular orbitals occupied by m-electrons.
Typically, organic biradicals are short-lived species under standard laboratory
conditions, making them challenging to study experimentally. The two un-
paired electrons readily go through a recombination to form a C-C single bond,
which, for the most part, accounts for their high reactivity. Replacement of one
or more of the carbon atoms in typical organic biradicals by main group ele-
ments generally stabilises the molecule, enabling its isolation and characterisa-
tion. The increased stability comes at a price, however, as the biradical character
is reduced. Therefore, the term biradicaloid is more appropriate to describe
these interesting main group species.

The radical centres in biradicals can interact with one another. As an ex-
ample, in CB there is a through-space interaction between the two radical p-
orbitals. This causes a relatively large HOMO-LUMO gap. The filled orbitals of
n-symmetry of the bridging methylene units interact via bond interaction with
the symmetric combination leading to a nearly degenerate orbital set. The
strength of the exchange interaction between the two electrons, along with the
overall electron correlation within the system, determines whether the electrons
couple to give a singlet or a triplet state. For organic radicals, such as CB, the
singlet and triplet states are very close in energy, with the triplet state being
energetically slightly more favourable. For many main group biradicaloids, this
situation is reversed. Theoretical considerations of biradicals and biradicaloids
have shown that the singlet-triplet energy gap is one of the best experimental
indicators of biradical character.126:127
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Figure 20. Archetypal organic biradicals: trimethylenemethane (TMM),'2! tetrameth-
yleneethane (TME),122123 cyclopentane-1,3-diyl (CP(1,3))!2* and cyclobutanediyl (CB).1%

Even though research on biradicals extends back to the 1960s, it wasn’t un-
til 1995 when the first gram scale synthesis of singlet biradicaloids was reported
by Niecke et al.128-132 Specifically, 1,3-diphosphacyclobutane-2,4-diyls 48 (Figure
21) were formed in a 1 : 1 reaction between C-dichlorophosphaalkenes and
nBuLi. The central ring in these PoC2 compounds is planar, while the carbon
and phosphorus centres exhibit pyramidal coordination spheres. A relatively
high inversion barrier prohibits the formation of a planar 6m-conjugated hetero-
cycle, resulting in a rather high biradical character. There is a remarkable differ-
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ence in the stability of these two biradicaloids bearing different substituents,
however. While the 2,2,6,6-tetramethylpiperidyl substituted species is unstable
at room temperature and isomerises both in solution and in the solid state, the
1,3,5-tri-tert-butylbenzyl derivative is stable up to 150 °C.

A significant contribution to the field of biradical chemistry came in 2002
from Bertrand and co-workers when they prepared the localised, boron-centred
singlet biradicaloid 49 (Figure 21).133 Reaction between dichlorodiborane and 2
equivalents of lithium diisopropylphosphide produced 49 in a 68% yield. While
the product is extremely air-sensitive, it is thermally remarkably stable with a
melting point of 212 °C. Single-crystal X-ray measurements revealed the central
ring to be perfectly planar. The P-B bond lengths were found to be 1.89 A,
which is slightly less than expected for single bonds, while the B-B distance is
remarkably long at 2.57 A, indicating that the B-B bond has been cleaved. Cal-
culated geometrical parameters closely matched the experimental values ob-
tained by X-ray diffraction measurements. The authors concluded that the use
of sterically demanding substituents enabled the isolation and crystallisation of
an iso(valence)electronic and isostructural transition state analogue of bicy-
clo[1.1.0]cyclobutane inversion.

More recently, Hinz et al. synthesised a mixed dipnictadiazanediyl 50
(Figure 21), representing the first heteroatomic biradicaloid, where P and As
bear the radical character.13 Compound 50 can be synthesised in a relatively
large-scale reaction, and it is thermally stable up to and above 200 °C before
decomposing without melting at 210 °C. A striking difference of 50 in compari-
son to homoatomic biradicaloids results from the symmetry breaking of the
heteroatomic system: in 50, the HOMO has a larger coefficient on the arsenic
than on the phosphorus atom while the opposite is true for the LUMO. Because
of the non-equivalence of the coefficients on the radical centres, biradicaloid 50
displays remarkable regioselectivity. This was demonstrated by treating 50 with
CS; and phosphaalkyne tBu-C=P. The reaction with CS; strongly favoured the
formation of P-C and As-S bonds over P-S and As-C bonds. With tBu-C=P,
the reaction yielded exclusively P-C and As-P bridged addition products.

A pioneering discovery was recently made by Sekiguchi and co-workers
when they reported the first direct spectroscopic observation of a triplet diradi-
cal formed in a thermally induced rotation around a main-group n-bond.?3> The
authors heated a solid sample of tetrakis(di-tert-butylmethylsilyl)disilene to
obtain the triplet silyl diradical 51 (Figure 21). The sample produced a wide
signal in the EPR spectrum at temperature range 350 - 410 K. The area of the
half-field transition signal grew larger as the temperature was increased, which
indicates that the triplet diradical is not the ground state; thus, the concentra-
tion of the diradical increases along with the temperature. The signal intensity
also proved to be temperature reversible. Based on the experimental findings,
the authors calculated the singlet-triplet energy gap to be roughly 30.6 k] mol-1.
Theoretical calculations resulted in a singlet-triplet gap of the same order of
magnitude. The calculations also demonstrated a highly twisted Si=Si bond for
51 with an average Si-Si-Si-Si dihedral angle of 75.2°. The spin density is locat-
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ed almost completely in the two nearly orthogonal 3p-orbitals of the two central
silicon atoms. The spins in 51 are nearly perpendicular to one another, which
results in a greatly attenuated spin-spin interaction.

The examples presented above are just a few of the most significant results
in the field of biradical chemistry, and much still remains to be discovered. As
an example, organosulphur species form a group of compounds that have the
potential to yield significant results and are definitely worthy of a closer
look.136-138 Recently, Sekiguchi and co-workers carried out an extensive compu-
tational analysis on the properties of different types of biradicaloids.!® Their
main goal was to evaluate the potential of using biradicaloid compounds as
building blocks of highly efficient open-shell, nonlinear optical materials.
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Figure 21. 1,3-Diphosphacyclobutane-2,4-diyl 48 (R = 2,2,6,6-tetramethylpiperidyl, 1,3,5-tri-
tert-butylbenzyl),128-132 boron-centred biradicaloid 49,'3% heteroatomic biradicaloid 50134
(Ter = 2,6-bis(2,4,6-trimethylphenyl)phenyl) and triplet diradical 51.1%

2.2 Transient radicals in organic synthesis

Stable radicals show promising potential as building blocks for new types of
materials with technologically relevant properties; a good example is the possi-
bility of using stable radicals in magnetic and conducting molecular
materials.140-14 While new stable and persistent radicals are reported continu-
ously, the vast majority of radicals are nevertheless transient, and many of these
species are involved in chemical reactions. In the past, radical reactions were
often considered to be too uncontrollable to be used productively in preparative
synthesis.145146 These days, however, radical reactions have emerged as a pow-
erful tool in the development of novel synthetic routes, and they are frequently
utilised in the synthesis of complex natural products. The majority of classical
methods for generating C-C bonds rely on harsh reaction conditions achieved
with strongly basic or acidic reagents and high temperatures. Such conditions
are unsuited for many functional groups, which is a nuisance as this forces
chemists to design synthetic routes that are long and circuitous rather than di-
rect. On many occasions, radical reactions are more selective and predictable
than their ionic counterparts. The functional group tolerance of radicals gener-
ally exceeds that exhibited by ionic reactions or other types of organic reactants.
Typically, radical reactions can be carried out under pH-neutral conditions, and
radicals can also be incorporated into elaborate cascade reactions that quickly
and dramatically increase molecular complexity. Moreover, radical chemistry is
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generally amenable to green chemistry. Numerous radical reactions can be car-
ried out in water using environmentally benign reagents. The tolerance of water
is a crucial benefit in itself: many traditional C-C bond-forming reactions need
to be performed under rigorous exclusion of both water and oxygen.

The chemistry of radical reactions is vast and ever expanding. Therefore,
this chapter shall act as a mere introduction to the use of radicals in synthetic
chemistry. There is an abundance of literature covering the topic, from research
papers to comprehensive reviews. Organic radical synthesis has been reviewed
by Rowlands,46147 while the use of inorganic radicals has been covered by
Wille.1#8 There are also reviews covering more specific topics, such as the persis-
tent radical effect,'4° the catalysis of radical reactions!® and radical reactions
based on photogenerated intermediates.!5!

Organotin reagents have played a crucial role in the development of free-
radical chemistry. These reagents have one major drawback, however, as they
are highly toxic. Therefore, the urge to develop more benign methods has been
a top priority for synthetic radical chemists. At the moment, there is an abun-
dance of less harmful alternatives that can be used to replace toxic and often
difficult-to-remove organotin reagents. Such alternatives include germanium
and indium hydrides, thiols, and various transition metal-based, single-electron
transfer reagents. There are also a number of organic reagents that have found
use in radical reactions. An apt example of such organic species is the use of
alkoxyamines in cross-coupling reactions.

An integral concept when discussing alkoxyamine reactions is the so-
called persistent radical effect (PRE).14%152153 PRE covers a large group of reac-
tions in which two radicals are present, one being relatively long-lived or per-
sistent while the other is transient in nature. These radicals react in a specific
manner to yield the desired cross-coupling product. Due to the inefficiency of
the persistent radical to undergo a homocoupling reaction, the non-selective
reactions between the two radicals are subdued. Certain alkoxyamines yield,
under thermal homolysis, persistent nitroxide radicals and short-lived carbon-
centred radicals. The transient radicals will then undergo either cyclisation or
intermolecular addition, after which they will react with the nitroxide radical to
give the product. A majority of the radical precursors used in these reactions
are based on TEMPO (22, Figure 10), and they are used in radical cyclizations
and polymerisations.

An example of utilisation of the PRE method is the cyclization of alkoxy-
amine I to lactam IV where I undergoes a reversible thermal homolysis to pro-
duce the stabilised radical II and TEMPO IIIL This is then followed by cycliza-
tion and irreversible trapping of the resulting primary radical to give IV as the
product (Scheme 2).154
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Scheme 2. Cyclization of alkoxyamine I to lactame IV via radical intermediates.1>*

Xanthates (i.e., dithiocarbonates) are extremely useful in both inter- and in-
tramolecular radical additions and, thus, offer a powerful alternative for organ-
otin reagents. The key strength of xanthates is the broad applicability of the in-
termolecular addition to unactivated alkenes. This enables rapid assembly of
complex structures as various functional groups can be brought together under
mild reaction conditions. The presence of the xanthate group in the product also
gives easy access to further modifications by both radical and non-radical
pathways. Among the many papers covering the radical chemistry of xanthates
are reviews written by Zard, who is one of the most prolific authors in the
field.155156

While there is an abundance of reagents that have found use in radical re-
actions, when focusing on the reactions themselves, radical cyclizations stand
out as the most profuse class of radical transformations. This is mostly due to
the high degree of regio-, chemo- and stereoselectivity taking place in the
aforementioned reactions. Several radical additions to aryl rings result in the
loss of aromaticity, which allows easy access to highly functionalised cyclic sys-
tems. An example of this type of reaction is the synthesis of hexahydroquino-
line derivatives by regioselective protonation (Scheme 3).157
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Scheme 3. Synthesis of hexahydroquinoline derivatives (HMPA = hexamethyl-
phosphoramide).157

One of the most important categories among radical C-C bond-forming
reactions are atom- and group-transfer reactions. The major advantage of these
reactions is that they are isomerizations; therefore, no functionality is lost from
the molecule, unlike what occurs in many other radical reactions. There are
three basic categories of atom-transfer (and group-transfer) reactions: intermo-
lecular atom-transfer radical addition (ATRA), atom-transfer radical cyclisation
(ATRC) and atom-transfer radical polymerisation (ATRP). There are compre-
hensive reviews covering these specific topics.1%815 A vast array of transition
metals are able to catalyse atom-transfer reactions. The basic mechanism of AT-
RA is presented in Scheme 4; while this is an oversimplification, it does provide
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the general idea of how these reactions work. Essentially, ATRA is a redox reac-
tion involving M» and Mn*1 complexes and an organic radical. The first step is
halide abstraction that yields a stabilised radical and a metal complex Mn*1X
(the metal centre must be coordinatively unsaturated in order to enable atom
abstraction). The next step is radical addition or cyclization that results in the
formation of a carbon-carbon bond. In the final step, the newly formed, less sta-
ble radical reacts with Mn*1X to give the product and the regenerated catalyst
Mr. For the initial atom abstraction to take place, the C-X bond requires activa-
tion, which in turn requires the presence of electron-withdrawing groups to

weaken the bond.
X
( -
’ Mn

Scheme 4. General reaction mechanism of an atom-transfer radical addition.14”

Just like radical-addition reactions, radical rearrangements and fragmenta-
tions provide powerful tools for synthetic chemists. This includes the ability to
sequence various transformations in elegant cascade reactions and tandem pro-
cesses, which allows rapid increase in molecular complexity. As a result, re-
markably elaborate compounds can be synthesised from simple and inexpen-
sive starting materials. Among such compounds are various natural products,
the synthesis of which would otherwise be challenging, if not impossible, using
traditional synthetic procedures.

Radical reactions have proved to be highly useful in organic synthesis.
However, they can be further improved by transition metal catalysis.!®0 Using
catalytic amounts of transition metal complexes in the generation and transfor-
mation of radicals provides explicit advantages over standard methods in radi-
cal chemistry. One such benefit is the improvement of reactions taking place
under polar conditions. Many traditional transition metal catalysts have been
palladium-based complexes. Recently, Lo et al. reported a C-C bond-forming
reaction that utilises a relatively inexpensive iron complex (Scheme 5).161 While
the ability of iron catalysts to generate free-radical intermediates from alkenes
has been known for years,10? the method by Lo and co-workers was shown to be
remarkably efficient. The authors used an iron catalyst that bears three, bulky
diisobutyrylmethane ligands. It was shown that the optimal conditions for the
catalyst to mediate C-C bond-forming reactions are when there is a reducing
agent and a weakly basic additive (disodium phosphate) present. All organic
reactions have limitations, and the issue with the alkene coupling reported by
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Lo et al. is that bulky acceptor alkenes are not viable coupling partners. The
substrate scope for the alkene used as a radical precursor is exceptionally broad,
however.

New bond
R2 (24
EWG
R1 R

Scheme 5. Alkene coupling reaction catalysed by an iron complex (X =0, N, S, B, Si, F, Cl,
Br, I, EWG = electron-withdrawing group).16!

Various transition metal complexes are common catalysts in organic syn-
thesis. In recent years, organocatalysis has drawn the attention of many synthet-
ic chemists. Organocatalysis is an area of research that relies on small organic
molecules to act as catalysts for enantioselective transformations. The research
group of MacMillan has made significant contributions to the field. In a paper
published in 2007, they reported a method in which a single-electron oxidant is
used to create a transient radical species from an aldehyde-based enamine.16
This activates the parent aldehydes toward electrophilic addition and thus ena-
bles various heteroarylation and cyclization cascades. The synthetic procedure
of MacMillan et al. is based on the formation of an imidazolidinone catalyst,
which is a three m-electron radical cation. The radical cation is activated toward
a variety of enantioselective catalytic transformations that were not conceivable
with established catalysis concepts. The authors tested their method with a se-
lection of allylation reactions using ceric ammonium nitrate as the stoichio-
metric oxidant and allyltrimethylsilane as the nucleophile. The formation of the
catalyst and the general procedure of the test-reactions are shown in Scheme 6.
The syntheses proved to work remarkably well: the yields varied from 70% to
88% with high enantiomeric excess. The results demonstrate the substantial
scope of radical activation in organic synthesis, and this method will undoubt-
edly find use in preparation of natural products and pharmaceutical com-
pounds.
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Scheme 6. The allylation reactions reported by MacMillan et al. where an imidazolidinone
radical cation is used as catalyst. The formation of the radical cation is shown on top and
the general procedure of the allylation reactions at the bottom (CAN = ceric ammonium

nitrate and DME = dimethoxyethane).163



39

3 REACTIVE INTERMEDIATES

The formation of products in chemical reactions is often preceded by the for-
mation of intermediates. Such intermediates are typically highly reactive, which
shortens their lifetime and prevents their isolation. And yet these fleeting chem-
ical entities are the key to understanding how chemical processes occur, making
their characterisation and perhaps even isolation crucial in the quest to enhance
our knowledge of chemistry. Typically, the characterisation of reactive inter-
mediates is limited to fast, time-resolved spectroscopic measurements. Howev-
er, in some specific cases, it is possible to isolate the intermediate in question,
which enables its characterisation by conventional techniques. In recent years,
as a result of the ever-increasing computing power of modern computers, quan-
tum mechanical calculations have become more and more important in the
identification of intermediates and the modelling of reaction pathways.

3.1 Characterisation of reactive species

3.1.1 Mass spectrometric studies of chemical intermediates

A majority of chemical reactions that are of interest to synthetic chemists take
place in liquids, making various spectroscopic methods (for example, MS, IR,
NMR and UV/Vis) integral in the characterisation of the reaction intermediates.
Mass spectrometry is the most widely used of the aforementioned methods, as
it allows direct tracking of reaction progress, detection of reactive compounds
and the interrogation of mechanisms via appropriately designed
experiments.1¢4 In recent years, there has been a burst both in the number and in
the variety of available ionisation techniques. These advancements have ena-
bled chemists to access chemistry at unprecedented timescales and to detect
intermediates virtually under any set of conditions.

The most commonly used ionisation method is electrospray ionisation
(ESI). It was initially developed in the late 1960s and adapted to practical use
two decades later.195166 In an ESI experiment, a plume of charged droplets from
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the analyte solution is sprayed at atmospheric pressure. The droplets are then
drawn into the heated inlet of the mass spectrometer where they evaporate and
the ionised compounds are released for detection. There are a few key charac-
teristics that have made ESI the principal method for solution state MS reaction
monitoring, providing that the solvent is conductive.!¢* First of all, mixtures of
compounds dissolved in homogenous solutions are easily ionised by ESI, al-
though the results thus obtained are typically qualitative. Electrospray also
provides a constant source of ions, which makes this technique applicable to
time-resolved studies of reactivity, ranging from seconds to minutes. Another
virtue of ESI is that it is a soft ionisation technique, which means that the de-
tected analytes are not generally fragmented. Finally, ESI is a ubiquitous tech-
nology, which means that the majority of researchers have access to the re-
quired instrumentation.

As a result of the above-mentioned characteristics, essentially all reactions
occurring in solution can be studied by ESI-MS, including complex multicom-
ponent reactions,'” organometallic transformations,'®® polymerisation process-
es as well as inorganic reactions. ESI-MS is also suited for analysis of reactions
involving air- and moisture-sensitive compounds as the reaction mixtures can
be analysed in situ without affecting the chemical process taking place.l®® A
number of reviews covering general reaction monitoring with ESI have been
published in recent years. The reader is encouraged to look up some key re-
views for a comprehensive understanding of the ESI-MS technique.168170.171 On-
ly a few essential examples of ESI-MS will be described here along with some
key examples of direct MS reaction monitoring that use ionisation methods oth-
er than ES].164

Traditionally, time-dependent composition of an ongoing reaction is ana-
lysed by offline ESI-MS methods. Such techniques fail to give highly accurate
data since the evaluation of exact reaction time is approximate at best. Further-
more, both the sampling of the reaction mixture and the subsequent sample
manipulation require time. This prevents the analysis from starting at the be-
ginning of the reaction when the all the reactants are initially mixed. More ac-
curate results can be achieved by using microreactors coupled directly with the
electrospray source!”’0172173 or by using other, similar setups.174

A ground-breaking technique for measuring high-quality, time-dependent
MS spectra was developed by McIndoe et al.1”> The authors introduced the con-
cept of pressurised sample infusion (PSI), which allows straightforward and
continuous monitoring of reaction mixtures. In PSI, a small additional pressure
is applied to a conventional Schlenk flask. This causes the reaction mixture to be
continuously pumped to the ESI instrument through a short polyetherether-
ketone (PEEK) capillary, the tip of which is submerged in the solution. The
pressure is provided by an inert gas, making this method applicable to air- and
moisture-sensitive chemistry. Another advantage of PSI is that it allows moni-
toring of a reaction at any temperature below the boiling point of the solvent.
This technique has been successfully applied to organometallic chemistry. PSI
enables fast and accurate kinetic data by monitoring real-time growth and de-
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cay of intermediates in catalytic reactions.!”6 PSI has also provided extremely
good results in real-time monitoring of three important reaction types. Short-
lived intermediates (~5 s) were detected in Pd/C-catalyzed hydrogenolysis and
several intermediates were observed in reductive amination as well as in
Negishi cross-coupling reactions.!””

ESI-MS is widely used in the monitoring of both multicomponent reac-
tions (MCR) and organocatalyzed reactions. The suitability of ESI-MS for study-
ing these types of reactions results from two key features. First, the typically
used reagents — carboxylic acids, amines, phenols and carbonyls — are polar
and, therefore, susceptible to ionisation by ESI. Likewise, the intermediates are
generally ionic and, consequently, demonstrate high ionisation efficiency.1¢
The unique selectivity and the possibility of exploring wide concentration ar-
rays makes ESI-MS ideal for mechanistic studies of complex, multistep reac-
tions.

ESI-MS was successfully applied in the investigation of the Morita-Baylis-
Hillman (MBH) reaction by Eberlin et al.17® MBH is a multistep reaction that is
catalysed by a nucleophilic catalyst, and it features a relatively complex catalyt-
ic cycle. The authors were able to intercept and characterise intermediates of the
MBH reaction for the first time. A number of other unresolved factors regarding
the mechanism of the MBH reaction have also been studied by ESI-MS meas-
urements. Recently, Neto et al. studied the use of an imidazolium-based
charged acrylate derivative as a reactant.'”” The aim of the study was to im-
prove ESI-MS detection of the intermediates, and the authors managed to suc-
cessfully characterise transient zwitterionic species and noncovalent adducts
from the reaction path.

Research on the reaction mechanism of homogenous metal-catalysed reac-
tions has progressed considerably in recent years. ESI-MS is an ideal method to
study these reactions as it allows tracking of multiple metal complexes present
in trace amounts in intricate solutions without perturbing their coordination
sphere.1%8 ESI-MS analysis of metal complexes is not affected by the require-
ment of the analysed species to be charged because metal complexes are either
already charged or they are ionised by protonation during the spray generation.
As an example, ESI-MS studies recently provided outstanding results in the
investigation of nickel-mediated transformations. The mechanism of enantiose-
lective nickel-catalysed Negishi arylation of propargylic bromides was studied
by the combination of ESI-MS, heteronuclear NMR, EPR and crystallographic
measurements.’0 The authors described a radical-chain mechanism where
nickel goes through nickel(I), nickel(Il) and nickel(Ill) oxidation states. They
used ESI-MS to characterise the predominant aryl/nickel resting state of the
catalyst, thus proving that the oxidative addition of the C-Br bond occurs
through a bimetallic mechanism.

While electrospray ionisation has experienced considerable success in the
analysis of chemical processes, it does have few significant limitations. First,
reaction times of less than a few seconds require specific, sophisticated instru-
mentation. Second, ESI is not generally applicable to ionisation from nonpolar,
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nonconductive solvents. Finally, compounds must be charged, or they must
contain acidic or basic functionalities in order to be easily ionised. This has en-
couraged chemists to develop other methods to monitor reactions and charac-
terise intermediates.

Desorption electrospray ionisation (DESI) is a surface ionisation variant of
ESI.181 DESI was developed in 2004, and it has since been used in a variety of
tields, including reaction monitoring and identification of reactive intermedi-
ates. The basic operational principle of DESI is similar to ESI. Just like ESI, the
DESI source consists of coaxial inner and outer capillaries. The inner capillary
carries either a pure solvent or a reagent solution while the outer capillary car-
ries a high-pressure nebulising gas that generates a plume of droplets. An ionis-
ing potential can be applied at the source or to the solution prior to entering the
source. Charged solvent droplets hit a surface containing the analyte, and as the
droplets come into contact with the surface, the embedded analytes are extract-
ed into a nascent liquid film. The impact of the primary droplets generates sec-
ondary microdroplets that contain the extracted analyte. These secondary drop-
lets are then intercepted by the mass analyser.

After its invention, DESI was quickly developed to a technique capable of
initiating and studying reactions at short timescales. One of the earliest modifi-
cations was to add derivatising reagents to the spray. It was shown that addi-
tion of hydrochloric acid into the spray solvent leads to increased formation of
Cl- adducts in negative ion mode.!®? This concept was developed further to in-
clude derivatisation of analytes on the surface by adding analyte-specific rea-
gents to the sprays.183 The authors were able to selectively identify cis-diol func-
tionalities in carbohydrates via cyclisation with phenylboronate ions contained
in the electrospray. Following these early developments, DESI was also adapted
for analysis of liquid-state reactions.184185

The reaction and analysis times in DESI-MS are on the order of millisec-
onds or less. This makes DESI an extremely suitable method for the detection of
short-lived intermediates. A good example is the characterisation of intermedi-
ates formed in a rhodium-catalysed oxidative C-H amination reaction.'8 Com-
putational results indicated that a rhodium nitrene with a lifespan of a micro-
second forms during the reaction, which acts as the key N-transfer intermediate.
An experimental setup was then created where a surface containing the Rh
catalyst and the substrate was sprayed with a nitrene-containing solution. The
predicted rhodium nitrene intermediate was detected as a Na* adduct using
DESI-MS. By a clever use of deuterated dichloromethane, the authors discov-
ered that the nitrene will abstract a hydrogen atom from the solvent if there is
an insufficient concentration of the substrate present in the reaction vessel. This
will lead to the formation of a mixed valent Rh(II/IIl) dimer that appears to be
inactive. In a similar fashion, a short-lived diiron (III/IV) imido intermediate
was characterised by DESI-MS.187 This intermediate was found to be active for
nitrene transfer and amine synthesis. Likewise, the abstraction of a hydrogen
atom from the surrounding solvent competes with the nitrene transfer.
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DESI can also be adapted to electrochemical mass spectrometry. Brown et
al. recently applied DESI to detect electrochemically generated intermediates
directly from an electrode surface.!® The fast sampling times of DESI enabled
the authors to identify highly reactive, previously undetected intermediates of
uric acid and xanthene oxidations. Later on, the same authors managed to de-
tect a highly unstable singly oxidised radical cation formed in an oxidative di-
merization of N,N-dimethylaniline.18

The examples described above demonstrate the suitability of DESI-MS for
the detection of highly reactive intermediates. When compared to traditional
ESI experiments, DESI allows much more rapid screening of reagents and reac-
tion conditions in the pursuit of specific intermediates as changing from one
reagent to another doesn’t require the disassembly and rigorous cleaning often
associated with ESI. One notable disadvantage of DESI is its generally poor ap-
plicability for the examination of air-sensitive chemistry, though there are ex-

amples where atmospheric deterioration has been reduced or avoided altogeth-
er.184,190

3.1.2 Diffusion-ordered NMR in the characterisation of reaction intermedi-
ates

NMR spectroscopy with isotopically labelled compounds has an established
role in the characterisation of compounds in solution. To some extent this can
be a viable method in the identification of reactive intermediates as well. In re-
cent years, diffusion-ordered NMR (DOSY)™! has become increasingly im-
portant for identifying compounds in solution. The diffusion coefficient D —
the physical observable that can be derived from the diffusion NMR experiment
— is sensitive to the size and shape of the compound.1? This allows the DOSY
experiment to separate NMR signals of species according to their diffusion coef-
ficients. There is no simple relationship between the diffusion coefficient and
the molecular weight (MW), however, and while a number of empirical meth-
ods for relating diffusion coefficients to the MW have been proposed, they are
restricted to a specific class of compounds.1?3-19 Recently, Neufeld and Stalke
introduced a method that brings the accuracy of MW determination by DOSY
to a new level.1% This method is based on external calibration curves (ECC) that
facilitate the determination of MWs for compounds with different geometries,
regardless of NMR-specific properties or differences in temperature or solvent
viscosity.

Prior to Neufeld and Stalke, the research group of Williard had developed
a method for determining MWs by using internal calibration curves (ICC).1”
This method has some distinct disadvantages, however. For example, the inter-
nal references are limited to a set of specific prerequisites: the references need to
be inert to the analyte in solution, their NMR signals must not overlap with
other components, and the references should not be able to coordinate to the
analyte. And these are just a few of the requirements. The ECC method over-
comes most, if not all, of these limitations. In the ECC technique, the calibration
curves are generated by measuring model compounds in independent NMR
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samples as opposed to measuring them in the NMR sample that is being ana-
lysed; hence, the name external calibration curve.

One of the key features of ECC is that it is possible to simulate a large set
of internal references by adding just one of them to the NMR sample. This inter-
relation has the significant advantage that it is not necessary to include all of the
references in the same NMR sample. This, in turn, overcomes problems that
stem from signal overlapping and analyte-reference interaction issues. Likewise,
wasting chemicals and deuterated solvents can be avoided.

The ECC technique is a very robust method. The authors tested various
sample concentrations (from 15 mM to 120 mM) and measurement tempera-
tures (from room temperature to -75 °C) and found these to have a minor effect
on the accuracy of the MW predictions. For most of the studied compounds, the
average deviation was within +9% range. Remarkably, MW-determination is
possible at temperatures near the boiling point of the solvent, which enables the
detection of species that form during reactions at elevated temperatures.

While ECC isn’t sensitive to changes in concentration or temperature, it
does have one distinct disadvantage. The diffusion coefficient depends on the
shape and on the hydrodynamic radius of the compound.'® The latter results
from the volume of the surrounding solvent molecules, the electron cloud and
the volume of the atoms. And herein lies the problem: the volume of an atom is
not proportional to its atomic weight. Halides are an embodiment of this issue;
they have very high atomic masses in comparison to their atomic radii, which
results in high mass density. This means that the MWs of compounds that con-
tain heavy halides are underestimated. Therefore, a new calibration curve with
references to comparable molar densities and geometries is required in order to
obtain accurate molecular weights for compounds with high densities.

The use of external calibration curves has numerous advantages when
compared to internal standards, but that is not to say that ICCs are futile. Re-
cently, internal calibration curves were successfully used to characterise reac-
tive intermediates in catalytic asymmetric reactions.!”® The authors” aim was to
apply DOSY to complexes between basic substrates and Brensted acids as this
would provide insight into ion pairing and aggregation. The initial attempts
using 'H DOSY were hampered by signal overlapping, however, but subse-
quent experiments using 1°F DOSY provided excellent results: the agreement
between DOSY-calculated and actual formula weights was extremely good. 1°F
is well suited to DOSY experiments due to its well-resolved signals and high
sensitivity.

Pedersen et al. applied 'H- and °F- DOSY to carbohydrate chemistry by
analysing reactive intermediates in glycosylation reactions at low
temperature.’ The authors studied the interaction of three different catalysts
with glucosyl trichloroacetimidate and found that reaction paths and interme-
diates are different in each case. Two common catalysts, BFs - OEt. and TMSOTH,
yielded glucosyl-fluorides and triflates as intermediates whereas T£2NTMS was
found to activate the trichloroacetimidate catalytically without cleaving the gly-
cosidic bond.
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3.1.3 Isolated and characterised intermediates

Various spectroscopic methods provide invaluable help in identifying and
characterising reactive species and reaction intermediates. Nonetheless, being
able to obtain a single crystal structure of the studied compound can be consid-
ered as the ultimate goal. There are numerous reports where chemists have suc-
cessfully isolated and structurally characterised a reactive intermediate. In this
section, a few essential examples from the field of main group chemistry will be
presented.

The oxidation of organic compounds is an important reaction in synthetic
chemistry. Traditionally, such reactions require transition metal catalysts or
other environmentally harmful reagents. Therefore, developing environmental-
ly benign processes is highly desirable. Maier et al. recently reported an accep-
torless dehydrogenation of heterocycles that is catalysed by FLPs.2%® In their
study, molecular hydrogen is released during an oxidation of N-protected in-
dolines and four other substrate classes by using boron-derived FLPs — namely,
tris(pentafluorophenyl)borane B(CsFs)s — as the activating agent. The authors
carried out a comprehensive investigation, including the characterisation of the
intermediates by NMR and X-ray crystallography, and their study represents
the first reported catalytic oxidation of organic substrates with simultaneous
release of molecular hydrogen by FLPs.

Maier et al. reacted N-methyl hexahydrocarbazole with B(CsFs)3ina 1 : 2
scale at room temperature. The second equivalent of B(CsFs)3 is needed in order
to scavenge the proton from the transiently generated indolium intermediate.
The authors were able to characterise the intermediate by 1D and 2D NMR
spectroscopy. From an analogous reaction with 6-chloro-1-methylindolinein
toluene, they were able to crystallise the intermediate 52 (Figure 22). The struc-
ture features a short intermolecular NH - HB distance of 1.73 A between the
indoline and the borane, indicating a dihydrogen bond.?"" After the initial reac-
tions, a catalytic dehydrogenation using 5 mol-% of B(CeFs)s was tested. The
authors used a variety of indolines as well as other substrates (isoindolines, 1,4-
dihydropyridines, thiazoles and 1,2-dihydroquinolines) and achieved largely
high-to-excellent yields. The catalytic reactions do require heating to 120 °C and,
depending on the substrate, the reaction time can be up to 24 h.

Figure 22. Structure of reactive intermediate 52 (left) and its corresponding single-crystal
structure (right, CCDC: 1489310, thermal ellipsoids set at 50% probability).200
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Interestingly, tris(2,4,6-trifluorophenyl)borane was found to be inactive in
the dehydrogenative oxidation, but it can act as a hydride shuttle as boranes
can undergo hydride exchange.?> Therefore, using catalytic amounts of
tris(2,4,6-trifluorophenyl)borane in combination with B(CeFs); enhances the rate
of the dehydrogenation reactions.

NHC-catalyzed formation of so-called Breslow intermediates (i.e.,
(di)aminoenols) is an integral part of enzymatic and organocatalytic umpolung
reactions.?03204 An example of such an intermediate is an aldehyde substrate
where the innate polarity is inverted from electrophilic to nucleophilic (Scheme
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Scheme 7. Carbene-catalysed formation of a Breslow intermediate from an aldehyde.205-207

Berkessel et al. reported the first unambiguous generation and characteri-
sation of a number of Breslow intermediates (2,2-diamino enols).2® The authors
discovered that simply combining a saturated carbene with an equimolar
amount of aldehyde readily forms diaminoenols which, under rigorous exclu-
sion of oxygen, persist for several hours. Instantaneous decomposition of the
intermediates takes place upon exposure to air. The formation and longevity of
the intermediates was monitored by NMR spectroscopy.

The effortless formation of 2,2-diamino enols proved the accessibility of
the Breslow intermediates from aldehydes and NHCs. The authors then used
Ph-C2HO and 'H/?H NMR spectroscopy to show that the hydroxylic pro-
ton/deuteron in the 2,2-diamino enol product does indeed come from the alde-
hyde. This was followed by a synthesis of the 2,2-diamino enol ethers by alkyla-
tion and subsequent deprotonation of NHCs. Again, the authors prepared a
series of Breslow intermediates, two of which they managed to crystallise from
n-pentane (compounds 53 and 54, Figure 23). These methylated Breslow inter-
mediates were reported to be almost indefinitely stable under oxygen-free at-
mosphere but rapidly oxidise to afford the corresponding heterocyclic ureas
under exposure to air.

Figure 23. X-ray crystal structures of methylated Breslow intermediates 53 and 54 (CCDC:
892934 and 892935, respectively; thermal ellipsoids set at 50% probability).208
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In their original study, Berkessel et al. were able to crystallographically
characterise the O-methylated amino enols. In the following year, they pub-
lished another study in which they managed to successfully crystallise three
2,2-diamino enols, two diamino enols and two azolium enolates.2%° This enabled
the authors to investigate the effects of electron density modulation on the
structural parameters of the intermediates, especially around the reactive enol
C=C bond.

In their previous paper, Berkessel et al. had shown how saturated imidaz-
olidinylidene SIPr reacted smoothly with a variety of aldehydes at room tem-
perature, which results in the formation of 2,2-diamino enols. Initial attempts to
crystallise these compounds from THF were unsuccessful, but changing the
solvent to benzene and rigorous exclusion of oxygen resulted in the crystallisa-
tion of three Breslow intermediates 55, 56 and 57 (Figure 24). The OH hydrogen
atom could be located in the Fourier map in each structure, and somewhat sur-
prisingly, there is no inter- or intramolecular hydrogen bonding to or from the
enol OH group. The crystal packing seems to be based on dispersive hydrocar-
bon interactions. The authors also carried out extensive reactivity studies, in-
cluding high-level theoretical calculations, to model the reactivity and reaction
paths of these NHC-catalysed umpolung reactions.
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Figure 24. Crystal structures of 2,2-diamino enols (i.e., Breslow intermediates) 55 - 57
(CCDC: 911917, 911918 and 911919, respectively; thermal ellipsoids set at 50 % probability,
hydrogen atoms have been omitted for clarity).20?

Research of reactive intermediates in organic chemistry has primarily been
focused on carbenium ions (R3C*), carbanions (RsC:-) and carbenes (R2C:).210
Open-shell variants include neutral (R3C*) and charged radicals. The reactivity
of these intermediates stem mainly from their charge and open-shell character.
Higher charge and further loss of electrons would only increase the reactivity of
these species, thus making their isolation even more challenging. A series of six-
electron carbon intermediates would be formed if one were to successively re-
move a ligand without its electron pair from the carbenium ion. A similar series
of increasingly electron-deficient intermediates would be formed by successive
removal of ligands with their electron pair. An extremely reactive species from
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the aforementioned series is a carbon with a +2 charge and only two valence
electrons (i.e., C:2%).

Rupar et al. managed to isolate the germanium(II) dication, Ge:?*, which is
analogous to C:2*.211 This was the first time a free, doubly charged non-metal
(metalloid) ion was reported. Non-metallic cations differ in many respects from
the metal cations that are often encountered in chemistry, such as Na* and Ca?*.
Instead of having four valence electron lone pairs, Ge:?* possesses only one lone
pair and three empty orbitals in its valence shell. The metallic cations are solv-
ated in an aqueous solution, while Ge:?* would react instantly with a nucleo-
phile such as water due to its empty orbitals.

Isolating group 14 ions with vacant coordination sites can be achieved by
using bulky ligands and/or using noncoordinating counterions.?'?> Using these
methods will prevent the coordination of a fourth ligand that would complete
the octet at the group 14 element.!%” Following these principles, Rupar et al.
used cryptand [2.2.2] and an NHC complex of GeCl(O3SCF5)[?13] as starting ma-
terials in an attempt to isolate the germanium(ll) dication. The authors added
one equivalent of cryptand [2.2.2] to a solution containing three equivalents of
GeCl(OsSCFs) and stirred the reaction mixture for 24 h (Scheme 8). They ob-
tained the (Ge - cryptand [2.2.2])>* complex 58 as a white powder. In addition to
58, the authors obtained complex 59 and cationic dicarbene complex 60 from the
mother liquor. They postulated that the precipitation of 58 caused the displaced
chloride and carbene to react rapidly with two equivalents of GeCl(O3SCFs),
which results in a displacement of the labile triflate and formation of 59 and 60.
The yields for 58, 59 and 60 were 88, 81 and 96%, respectively.
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Scheme 8. The synthesis of germanium complexes 58 - 60.211

Rupar et al. carried out a thorough characterisation of compound 58. TH
NMR showed three distinct signals that result from the cryptand moiety, while
there was no sign of signals attributable to a carbene moiety. 1°F NMR showed
one single resonance that results from the triflate anion. The crystal structure of
58 (Figure 25) shows the dicationic germanium to be located inside a cryptand
cavity. The (Ge - cryptand [2.2.2])>* complex has D3 symmetry with the Ge atom
located directly at the centre of the cage. The triflate anions do not interact with
the germanium with the closest triflate-oxygen-germanium approach being 5.32
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A. The Ge-N and Ge-O distances in the crystal structure are 2.524(3) A and
2.4856(16) A, respectively. These are significantly longer than the typical lengths
of Ge-N and Ge-O single bonds (1.85 A and 1.80 A, respectively).214-216 The
elongation clearly indicates that the Ge atom has no significant bonding interac-
tions with any of the cryptand atoms.

Finally, Rupar et al. carried out a comprehensive computational analysis
on 58 in order to get a deeper understanding of its electronic structure. The nat-
ural bond orbital (NBO) analysis indicates no strong covalent bonding interac-
tion for the Ge atom; the valence NBO on the germanium centre is a 4s non-
bonding, lone electron pair. The Ge?* cation is a strong Lewis acid, capable of
accepting electron density from the cryptand heteroatoms, and the NBO analy-
sis does indeed predict fairly significant interactions between the nitrogen and
oxygen lone electron pairs and the virtual orbitals at the germanium centre.
Natural population analysis of 58 exhibits a relatively high residual charge
(+1.38) on the germanium centre, which indicates that a majority of the cationic
charge remains on the Ge atom, regardless of the donor/acceptor interactions
with the cryptand.

Figure 25. The crystal structure of 58 (CCDC: 704541).21! Triflate anions and hydrogen at-
oms have been omitted for clarity and thermal ellipsoids set at 50% probability.

Rupar et al. designed a system specifically for isolating the reactive Ge?*
cation. In a similar fashion, the approach reported by Kawamichi et al. utilised a
porous crystalline framework to trap and crystallographically characterise an
unstable hemiaminal intermediate 61.217 Kawamichi et al. studied a common
organic reaction: the combination of an amine and an aldehyde to form a Schiff
base (Scheme 9). The mechanism of this reaction has been studied extensively
over the years, but direct observations of the elusive hemiaminal intermediate
are rare. The crystal structure was obtained by trapping the hemiaminal in the
reactive site of an enzyme, but structure determination in protein crystals is not
a viable method for general characterisation of reactive intermediates.?18219
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Scheme 9. a) The synthesis of Schiff base via the hemiaminal intermediate 61. b) The gen-
eral procedure to prepare the metal-organic framework with the amine reactant trapped
inside its porous cavity.217

Kawamichi et al. used a porous coordination network of organic ligand
molecules and metal ions — better known as metal-organic framework (MOF)
— to trap the amine starting material. For this study, they used a MOF prepared
by slowly diffusing layers of Znl, 24,6-tris(4-pyridyl)-1,3,5-triazine and 1-
aminotriphenylene in nitrobenzene (Scheme 9).220 In order to allow rapid diffu-
sion of reactants and thus enable chemical reactions to take place in the pores of
the framework, Kawamichi et al. replaced nitrobenzene with a non-aromatic
solvent by immersing the crystals in ethyl acetate for 24 hours. They then took a
crystal and mounted it on a diffractometer, covered it with a capillary and
cooled it to 215 K. The authors then introduced a continuous flow of an ethyl
acetate solution of an acetaldehyde through the capillary for 10 min. The reac-
tion was stopped by cooling the crystal to 90 K, after which crystal data were
collected. The data revealed the transient hemiaminal intermediate 61 (Figure
26). After the data collection, the crystal was warmed to 270 K for 30 min to
complete the condensation reaction. This was followed by cooling the crystal
again to 90 K and collection of another set of diffraction data, which showed a
complete conversion of the hemiaminal to the final imine product.

Figure 26. Thermal ellipsoid plot of hemiaminal intermediate 61 (CCDC: 725639, ellipsoids
set at 30% probability, hydrogen atoms have been omitted for clarity).21”
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The strategy reported by Kawamichi et al. can be extended to other inter-
mediates, but it is not universally applicable.?® For example, only reactions that
occur under conditions that do not damage the coordination network can be
studied by the method. Likewise, it is crucial that the reactions themselves do
not degrade the relatively fragile network. Nevertheless, the method of Kawa-
michi et al. proves how postsynthetic modification of coordination networks is a
widely applicable tool for isolation and characterisation of intermediates
formed during chemical reactions.
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4 RESULTS AND DISCUSSION

The methods used in the synthesis, characterisation and computational model-
ling of the studied systems are described briefly in the beginning of this chapter.
A more detailed account can be found in Papers I - V.

4.1 Experimental methods

The experimental work was carried out under anaerobic and anhydrous condi-
tions by applying Schlenk line techniques under an inert atmosphere or by us-
ing a drybox. X-ray crystal structure measurements were performed either with
(1) an Agilent SuperNova dual wavelength diffractometer equipped with an
Atlas CCD area-detector using Cu Kq radiation, or (2) a Bruker APEX II diffrac-
tometer equipped with a CCD area-detector using Mo Kq radiation. With the
Agilent instrument, the data acquisition, reduction and analytical face-index
based absorption correction was performed using CrysAlisPro??! software. With
the Bruker instrument, the cell refinement and data reduction were performed
using the Bruker SAINT?? software with semi-empirical SADABS absorption
correction.?” The structures were solved by direct methods using SHELXT,??
Superflip??® or EDMA??% programs and refined on F? by full-matrix least-
squares method using SHELXL?* program. The figures were drawn with the
program Mercury.?’

NMR spectroscopy was carried out using Bruker Avance NMR spectrome-
ters (300 MHz, 400 MHz and 500 MHz instruments). The EPR spectra were rec-
orded with a Magnettech GmbH MiniScope 200 X-band EPR spectrometer with
the samples placed in a Teflon screw cap EPR tube. The EPR spectra were simu-
lated using EasySpin??8 software. Cyclic voltammetry measurements were per-
formed either with a BASi epsilon potentiostat or with a Gamry Reference 600
potentiostat. Elementar Analysensysteme GmbH Vario EL III element analyser
was used for the elemental analyses.
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4.2 Computational methods

Theoretical calculations were primarily carried out by using density functional
theory (DFT) and employing Gaussian 09 program package.?” The calculations
were performed with the PBEIPBE exchange correlation functional?30-233 using
Ahlrichs” TZVP234235 and def2-TZVP230237 basis sets. Vibrational analyses were
performed for all studied systems to ensure that the stationary points corre-
spond to true minima or first order transition state on the potential energy sur-
face. Where required, Grimme’s empirical dispersion correction was used.?38

4.3 Stable main group radicals

The past few decades have seen a wealth of new stable radicals being reported,
including entire families of odd-electron species. However, the majority of
known radicals are transient in nature, so there is still a considerable demand to
develop new stable and persistent radical frameworks. Also, many of the
known stable species require long and arduous synthetic procedures, so a call
for simple and efficient synthesis is strong.

4.3.1 p-Block complexes of 2,2'-biquinoline!

Coordination compounds of non-innocent ligands have promising potential in
various areas of chemistry, particularly in bioinorganic chemistry.?3° Under ap-
propriate conditions, virtually any ligand can display non-innocent
behaviour,?® but determining the charge on the ligand may sometimes be chal-
lenging.?*! Typically, adding or removing an electron affects intraligand bond
lengths.?#2 These changes can be detected by X-ray crystallography, but some-
times additional analyses, such as spectroscopy, voltammetry or magnetic
measurements, are required to correctly define the charge state of the ligand.

In order to study the ligand behaviour of 2,2’-biquinoline (biq), the salt
[(biq)BCl2]Cl 62 and the corresponding radical [(biq)BClz2]* 63 were synthesised
and characterised. The coordination of biq to boron prevents back-bonding and
constrains all redox processes to the ligand framework, which enables univocal
structural characterisation of a coordinated anionic biq radical.

2,2’-Biquinoline was dissolved in CH2Cl> and cooled to -78 °C, followed
by a dropwise addition of 1 equivalent of BCl3 (Scheme 10). The reaction mix-
ture turned yellow, and a bright yellow precipitate started to form. The reaction
mixture was gradually warmed to room-temperature and, after an appropriate
reaction time, the product was separated from the solution and dried under
vacuum to afford 62 as a bright yellow solid in a quantitative yield. Single crys-
tals of 62 were grown from a saturated CH3CN solution at -20 °C.



55

BCl,
CH,Cly, -78°C
—

Li
THF, 25°C
-LiCl

Scheme 10. Synthesis of chloride salt 62 and a one-electron reduction of the cation to pro-
duce radical 63.!

The reduction of 62 was studied by cyclic voltammetry, which showed the
cation to undergo a one-electron reduction at -0.82 V (vs. SCE). The reduction of
62 was performed at room temperature by dissolving a small amount of the
compound in THF, followed by the addition of a stoichiometric amount of lith-
ium (Scheme 10). After an appropriate reaction time, the solvent was removed
in vacuo to give a black solid. The solid was redissolved in CH>Cl» and filtered
to afford 63 as a black powder. Single crystals of 63 were grown by dissolving a
small amount of the black solid in CH2Cl; and carefully layering n-hexane on
top of the solution. This mixture was kept at -20 °C for a few days to afford
dark yellow crystals.

An EPR spectrum of 63 was measured to study its paramagnetic proper-
ties (Figure 26). A very small amount of the black powdery solid was dissolved
in CHxCl; to give a brownish-yellow solution. 63 is persistent in solution for
hours without any signs of decomposition as long as it is stored under an inert
atmosphere. The EPR spectrum consists of a symmetric 16-line pattern that is ca.
60 G wide (g = 2.0006). The spectrum was simulated by employing a fitting al-
gorithm with calculated (PBE1PBE/TZVP) HFCCs used as the initial estimates
of the true couplings.

The calculations show the SOMO to be almost completely confined to the
ligand backbone with significant contributions from nitrogen and carbon atoms
while the p-type orbitals on the two chlorine atoms exhibit notably smaller con-
tributions (Figure 27). The calculated a-spin density of 63 (Figure 27) closely
resembles the topology of the SOMO with spin polarisation effects, resulting in
a concentration of B-spin density on boron and hydrogen atoms. The calculated
HFCCs indicate a coupling of the unpaired electron mainly to one 1B and two
equivalent N and 3>%Cl nuclei with smaller couplings indicated for four
unique pairs of 'H nuclei (Table 1).
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Figure 27. X-band EPR spectrum of a CH>Clzsolution of 63 at room-temperature (left); ex-
perimental spectrum shown in blue and simulation in red. Isosurface plots of the SOMO
(£0.03, top right) and spin density (+0.0008, bottom right) of 63.1

The HFCCs shown in Table 1 were used to simulate the EPR spectrum of
63 and the fit thus obtained was very good. The calculated HFCCs correspond
well with the ones obtained from spectral fitting. The small HFCCs (less than
1.0 G) to 'H nuclei remain ambiguous because of the broad spectral line width,
which allows multiple and equally acceptable fits to the experimental data. The
smaller TH couplings can be taken into account by increasing the line width,
which shows that the other HFCCs change only little from one fit to another,
collectively giving rise to the dominant 16-line pattern observed in the experi-
mental spectrum. Crucially, all attempts to simulate the spectra with fewer
HFCCs than those shown in Table 1 were unsuccessful. This shows that the da-
ta corresponds to the [(biq)BCl2]* radical 63, which in turn demonstrates that
the ligand has undergone a one-electron reduction.

Table 1. Experimental and calculated hyperfine coupling constants (G) of 63.1 @

Nucleus Equivalent nuclei Experimental Calculated
10B / 11B 1 1.13 / 3.37 -1.54 / -4.59
14N 2 2.75 241
35Cl / 37Cl 2 3.77 / 3.14 246 / 2.05
H 2 4.00 -3.83
H 2 0.91 -1.04
H 2 0.50 1.00
H 2 0.44 -0.85

@ Experimental parameters were obtained from a simulation optimised to match the re-
corded spectrum. The simulation used a Voigtian line shape with Gaussian and Lorentzian
peak-to-peak line widths of 0.90 G and 0.15 G, respectively.
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A comprehensive crystallographic analysis was performed for both 62 and
63, allowing for important comparison between the structure of biq and its one-
electron reduced anionic radical. The crystal structures of 62 and 63 are shown
in Figure 28.

The crystal structure of 62 consists of [(biq)BCL:]* cations and CI- anions.
The backbone of the biq ligand is slightly bent out of planarity, preventing per-
fect Cov symmetry. Ion - dipole interactions between the Cl- anions and the C-
H bonds dictate the solid state packing of 62, causing the [(biq)BCl:]* cations to
form layers along the crystallographic b-axis. The layer-like packing is affected
by B-Cl--- H-C intermolecular interactions, which cause disruptions to the in-
dividual layers. The layers display n-stacking interactions with stack spacing of
ca. 3.36 A that is slightly less than the sum of van der Waals radii of two carbon
atoms.

In the crystal structure of 63, the Cov symmetric radicals form well-
arranged layers along the crystallographic c-axis with the BCl> moieties facing
in alternate directions in neighbouring layers (Figure 29). The packing is dictat-
ed by B-Cl--- H-C hydrogen bonding and n-stacking interactions. The layers in
63 are uniformly spaced with a stack-spacing of ca. 3.40 A. This is somewhat
surprising as typically planar organic radicals interact antiferromagnetically to
form n-dimers (see Section 2.1). The even spacing of layers in the crystal struc-
ture can be explained by the topology of the SOMO that leads to accidental or-
thogonality of adjacent magnetic orbitals in the solid-state structure. As a result,
radical --- radical dimerization is not energetically favourable, causing mole-
cules of 63 to remain essentially isolated in the solid state. This finding is sup-
ported by computational results that show the singlet and triplet states of a pair
of adjacent radicals in the crystal structure to be separated by 0.5 k] mol-1.

The unpaired electron in 63 leads to lengthening on the N-C bonds from
1.342(4) A and 1.346(4) A to 1.373(5) A and 1.380(5)A, respectively. Conversely,
the C-C bonds connecting the two quinoline moieties are shortened from
1.456(5) A to 1.411(5) A. This is consistent with the topology of the SOMO as
well as with the results reported for the analogous 2,2’-bipyridine complexes
[(bpy)BCIL2]Cl and [(bpy)BCl;]*.243

C15

Figure 28. Crystal structures (50% probability, hydrogen atoms omitted for clarity) of 62
(left, CCDC: 1518783) and 63 (right, CCDC: 1518784).I Selected bond lengths (A) and angles
(°): (62) B1-N1 1.566(5), B1I-N2 1.565(4), N1-C9 1.342(4), N2-C10 1.346(4), C9-C10 1.456(5),
B1-ClI1 1.846(4), B1-CI2 1.820(4), N1-B1-N2 98.7(3), CI1-B1-CI2 112.8(2); (63) B1-N1 1.536(5),
B1-N2 1.541(5), N1-C9 1.380(5), N2-C10 1.373(5), C9-C10 1.411(5), B1-Cl1 1.863(4), B1-CI2
1.874(4), N1-B1-N2 99.9(3), Cl1-B1-Cl2 109.9(2).
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Figure 29. The packing of radicals 63 in the solid state shows well-arranged layers with a
stack-spacing of ca. 3.40 Al

The metrical parameters of 62 and 63 provide the opportunity to investi-
gate crystallographic data of transition metal complexes of biq to resolve possi-
ble ambiguities in their characterisation. Scarborough and Wieghardt have
computationally studied a variety of bpy and biq complexes.?** They report the
complex (biq)Ti(Cp)2 to contain a Ti(Ill) centre and biq anion radical, although
it is not certain whether the two unpaired electrons are ferromagnetically or
antiferromagnetically coupled. While the structural trends observed for 62 and
63 corroborate the findings of Scarborough and Wieghardt, they also suggest
that the complex Co(biq)2, originally described as Co(0) species,?*> should actu-
ally be considered as a Co(Il) complex incorporating two anionic radicals.
Strong structural evidence to support this view is the length of the intraligand
C-C bond that connects the two quinoline moieties. The two ligands in the
Co(biq)2 complex are slightly inequivalent with short C-C distances of 1.427(6)
A and 1.431(5) A.

A comprehensive theoretical study was performed on the electronic struc-
ture of Co(biq)2 using multireference electron correlation methods (DKH-
NEVPT2/DKH-SA-CASSCF(13,9)/ def2-TZVP) to correctly identify the ligand
charge state. The results show that the ground state of Co(biq)2 is a spin-doublet
that is separated from the first excited state by 1437 cm!. Decomposition of the
ground state wave function into contributions from various electronic configu-
rations reveal that ca. 60% of them contain a high-spin Co(II) ion and two anion-
ic radical ligands. The remaining 40% consist of different ligand-to-metal and
metal-to-ligand charge transfer configurations. These results demonstrate that
the ground state of Co(biq)2 should be viewed as an antiferromagnetically cou-
pled high-spin Co(Il) centre and two biq radicals that are stabilised by signifi-
cant kinetic exchange.

4.3.2 Hybrid 1,4-thiazine-1,2,3-dithiazolyl radicals!!

The heterocyclic benzo-1,4-thiazine, commonly known as phenothiazine, was
first synthesised in the late 19t century.?¢ Phenothiazine and its derivatives,
like many other sulphur-nitrogen heterocycles, are viable candidates when de-
signing stable radicals as they can readily undergo a one-electron oxidation to
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form persistent radical cations. While the radical cations are relatively well es-
tablished, comparatively little is known about neutral phenothiazinyls. One
viable method to synthesise phenothiazine-based compounds is the Smiles re-
arrangement (SR),?#” an intramolecular nucleophilic ipso-substitution reaction,
which in this work was used to prepare new stable radicals 69 that fuse 1,4-
thiazinyl and 1,2,3-dithiazolyl species into one single framework (Scheme 11).
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Scheme 11. Synthesis of neutral radicals 69. General synthetic procedures: (i) Na,COs,
CH3CN, 5h; (i1) CH3CN, sealed reaction vessel at 110 °C; (iii) excess S;Clo, CH3CN, reflux
for 16 h; (iv) excess SxClo, CH3CN, reflux for 16 h; (v) excess (CHs)sFc, CH3CN.

The condensation reaction of 2-aminobenzenethiols (64a,b) and 3-
aminopyrazinethiols (64c,d) with 2-amino-6-fluoro-N-methyl-pyridinium tri-
flate (65[OT{]) in the presence of excess anhydrous Na,COs3 (Scheme 11, step 1)
in acetonitrile produced the N-methylpyridinium thioether salts 66[OTf] (Figure
30). The following step would be the S—>N Smiles rearrangement at the thi-
oether bond of the N-methylpyridinium to afford N-substituted derivatives
67[OTf]. However, initial experiments raised concerns about the functionality
and scope of the rearrangement, as instead of 67¢c[Otf], a test reaction produced
the tautomeric pyrazinethione derivative 67c’[OTf] (Figure 30).
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Figure 30. Thermal ellipsoid plots (50% probability) and line drawings of the cations in
66¢[OTf] - CHsCN (CCDC: 1519804) and 67¢’[OTf] (CCDC: 1519805).1
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Figure 31. Reaction coordinate diagram showing the Smiles rearrangement reaction of 66a*

(red) and 66¢* (blue).I' For clarity, only the structures of intermediates and transition states
for the pathway from 66¢* to 67c’+ are shown.

In order to investigate the reactivity of the various thioether salts, a com-
putational investigation of the reaction mechanism was performed at the DFT
level (PBE1PBE-IEFPCM/def2-TZVP). Two representative systems, 66a* and
66¢*, were studied, and the results are summarised as a reaction coordinate dia-
gram in Figure 31. It was presumed that the reaction begins with an intramo-
lecular nucleophilic attack of the benzo/pyrazine -NH2 group, resulting in the
formation of a cationic Meisenheimer complex. The data show that the initial
reaction pathway is analogous for both 66a* and 66¢c*. The first transition state
(TS), that is, the formation of the Meisenheimer complex, has a very high activa-
tion barrier. This is congruent with experimental observations. Furthermore, the
formation of 67a* and 67c* is in both cases virtually an energy-neutral process.
In the case of 66c¢*, the driving force behind the SR reaction is the possibility of
67c* to tautomerize to 67¢’*, which makes the overall transformation from 66¢*
to 67c* exergonic by 43 k] mol-1. 66a* is unable to undergo a similar tautomeri-
zation. Thus, the formation of 67ais endergonic, albeit by a mere 4 k] mol-1.

Following computational studies, the cyclocondensation of 67¢” was per-
formed by refluxing it in acetonitrile with excess S;Clz for 16 h (Scheme 11, step
iif). The main products were the salts 68c[OTf] and 68d[OTf]. Repeating the re-
action multiple times showed that the ratio of 68¢[OTf] to 68d[OTf] was varia-
ble, and its dependency on the reaction conditions was inconsistent.

The salt 66d[OTf] failed to undergo the desired SR reaction to yield
67d[OTf]. Nonetheless, it contained the appropriate substitution of chlorine on
the pyrazine ring, which could potentially enable the formation of 68d[OTf].
Therefore, a direct reaction was attempted where 66d[OTf] was heated under
reflux in acetonitrile for 16 h with S;Cl> (Scheme 11, step iv). This resulted in the
formation of 68d[OTf] in a 40% yield, proving that Smiles rearrangement can
occur concomitantly with cyclocondensation.
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Additional experiments showed that a reaction of 66b[OTf] with SCl»
produces 68b[OTf] in moderate yields. Single crystals of 68b[OTf] were grown
from a propionitrile solution (Figure 32). Interestingly, the structure of 68b[OTf]
closely resembles 68d[OTf] (Figure 32), indicating that the heterocyclic aromatic
substituents have a minor effect on the structure of the 1,4-thiazine-1,2,3-
dithiazolylium framework.

C12

co N2 | N3

Figure 32. Thermal ellipsoid plots (50% probability) of the cations in 68b[OTf] (left, CCDC:
1519806) and 68d[OTf] (right, CCDC: 1519808).1

Cyclic voltammetry measurements of 68b[OTf] and 68d[OTf] in CH3CN
showed a reversible +1/0 redox couple with E, = 0.031 V and 0.220 V (vs. SCE),
respectively. These results indicate octamethylferrocene (CHs)sFc to be a suita-
ble reducing agent for both cations. Furthermore, the cathodic shift in E,
demonstrates that the heterocyclic aromatic substituents affect the electrochem-
ical behaviour of the cations by altering the energy of their LUMO.

Reduction of 68b[OTf] and 68d[OTf] was performed in a degassed CH3CN
solution in an H-cell with an excess of (CHs)sFc (Scheme 11, step v). Radicals
69b and 69d were obtained as analytically pure crystalline solids. The crystal
structure of 69b belongs to the monoclinic space group P21,c and the asymmet-
ric unit consists of two effectively coplanar radicals in trans-cofacial arrange-
ment (Figure 33). The shortest intermolecular C--- C distances are close to the
sum of van der Waals radii, indicating negligible solid state interactions be-
tween adjacent radicals.?48249 In the solid state, the radical moieties are arranged
in a herringbone pattern (Figure 33), which is often observed for the related
bisdithiazolyl radicals.
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Figure 33. The asymmetric unit of 69b (left, CCDC: 1519807) and the solid-state packing
with hydrogen atoms omitted for clarity (right).! Thermal ellipsoids set at 50% probability.
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The paramagnetic nature of the radicals 69b and 69d was studied by X-
band EPR spectroscopy and theoretical calculations. The room temperature EPR
spectrum of 69b in CHClz (Figure 34) consists of an eight-line pattern with no
tine structure (g = 2.0071). A good simulation of the spectrum was obtained by
using only three HFCCs: an1 = 3.83 G to the nitrogen centre in the dithiazolyl
ring, anz2 = 2.24 G to the nitrogen centre in the thiazyl ring and ans = 2.13 G to
the hydrogen at the basal position. The calculations indicated smaller couplings
(under 1.0 G) to hydrogen nuclei and the nitrogen on the N-methylpyridinium
ring. These couplings were treated indirectly by adjusting the line shape as the
broad spectral width did not allow their explicit consideration.

The EPR spectrum of 69d (Figure 34) resembles that of 69b. It consists of a
ten-line pattern (g = 2.0059), and it was simulated with a reasonable fit by using
three HFCCs: an1 = 4.84 G to the nitrogen centre in the dithiazolyl ring, an2 =
1.69 G to the nitrogen centre in the thiazyl ring and ans = 1.97 G to the hydrogen
atom at the basal position. These values correspond well with the calculations,
although the calculations do suggest minor couplings to the pyrazine nitrogen
atoms and the two chlorine nuclei. These couplings are masked by the broad
line width in the experimental spectrum.
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Figure 34. X-band EPR spectra of CH>Cl» solutions of 69b (left) and 69d (right) at room
temperature.' Experimental spectra in blue and simulated spectra in red. The simulations
used a Voigtian line shape with Gaussian/Lorentzian peak-to-peak line widths (G) of
0.67/0.92 and 0.90/0.87 for 69b and 69d, respectively.

The DFT calculations are consistent with the EPR spectroscopic measure-
ments. Furthermore, the calculations show the SOMO and the spin density of
the radicals to be delocalised over the molecular framework (Figure 35). Natural
population analysis of 69b assigned 40 and 50% of the a-spin density on the 1,4-
thiazinyl and 1,2,3-dithiazolyl moieties, respectively. This holds true for 69d as
well, albeit the spin distribution is somewhat more localised on the 1,2,3-
dithiazolyl moiety. Hence, the spectroscopic and computational studies demon-
strate that radicals 69b and 69d can be considered hybrids of 1,4-thiazinyls and
1,2,3-dithiazolyls.
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Figure 35. Isosurface plots of the SOMOs (+£0.04, left) and spin densities (£0.0009, right) of a)
69b and b) 69d.1

4.4 Reactive intermediates

44.1 DDQ-generated radical intermediate

Quinones are widely used oxidisers in synthetic chemistry. A well-known ex-
ample is 2,3-dichloro-5,6-cyano-1,4-quinone (DDQ); it is frequently used in or-
ganic synthesis and other chemical conversions due to its high oxidative power.
It has also been shown that strong acids further increase the oxidative power of
quinones. In essence, there are three types of pathways typically associated
with oxidation: hydride abstraction, hydrogen atom transfer and single-electron
transfer (SET).2%0

3,3’-bibenzo[b]furan and 3,3’-bibenzo[b]thiophene motifs are commonly
found in natural products, and they are employed in a number of chemical ap-
plications such as catalysis and organic electrode materials. Many of the tradi-
tional coupling methods used to produce bibenzo derivatives require the use of
prefunctionalised starting materials, transition metal catalysts, or air-sensitive
synthetic procedures. Therefore, there is a demand for a straightforward syn-
thetic procedure to prepare 3,3’-bibenzo[b]furan and 3,3’-bibenzo[b]thiophene
skeletons. The general synthetic route that was used to obtain the bibenzo de-
rivatives in this work is shown in Scheme 12.
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Scheme 12. DDQ-mediated coupling that progresses through one-electron oxidation, C-C
bond formation and another one-electron oxidation.!!

The coupling of 2-phenylbenzofuran was chosen as the test reaction. Pre-
liminary studies on the synthesis showed that an acid additive was required for
the reaction to progress. Various acids were tested, but only methanesulphonic
acid (MsOH) was found to work in a satisfactory fashion. Trifluoroacetic acid
(TFA) worked to some extent, but the results were both concentration and sub-
strate dependent. Screening of solvents revealed dichloroethane (DCE) to give
the best yields. When optimizing the reaction conditions, three factors were set
as variables: temperature, amount of DDQ and molarity, with the latter having
the most significant effect. It quickly transpired that the best yield (99% by
NMR, 88% isolated yield) was obtained with 0.1 M of reactant and 0.5 equiva-
lents of DDQ at 0 °C.

Once the reaction conditions were optimised, the scope of the reaction was
determined. The products obtained in the experiments are shown in Scheme 13.
With  2-arylbenzo-[b]furans, the corresponding  2,2'-bis(aryl)-3,3’-
bibenzo[b]furans were obtained in yields ranging from 86% to 92%. When the 2-
aryl substituent was functionalised at the para-position with an amide group,
the yield was slightly lower (68%). Somewhat disappointingly, the electron-
poor 2-(4-nitrophenyl)benzo[b]furan 70i could not be coupled by this synthetic
procedure. Stronger acids and different oxidants were tried to no avail. Howev-
er, the corresponding 2,2'-bis(aryl)-3,3’-bibenzo[b]thiophenes were obtained in
comparably high yields to the related benzo[b]furans. Regrettably, the 3,3'-
homocoupling product 2,2’-bis(2-thienyl)-3,3’-bibenzo[b]thiophene 71h was on-
ly obtained in a 14% yield. This is most likely caused by the structure of the re-
actant enabling reactivity at two sites, benzo[b]thiophene 3- and thiophene 5-
positions, which leads to oligomerization. The oxidative 3,3’-homocoupling of
the electron-rich substrate 70j did not take place under the reaction conditions
employed.
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Scheme 13. Reaction conditions and isolated yields for DDQ/H*-mediated homocoupling
of benzofurans and benzothiofurans.! Substrates 70i and 70j did not yield any products.

The assumption was that the examined coupling reactions are initiated by
a SET between the substrate and the DDQ/H*. Therefore, the oxidation poten-
tial of the substrate would determine its reactivity. In order to investigate this
relationship, the relative oxidation potentials of the substrates were measured
(vs. Fc/Ec* couple), and the results were compared with the values obtained
from theoretical calculations (Table 2). The experimental and calculated oxida-
tion potentials have a strong systematic correlation, albeit the computational
values underestimate the potential by ~0.31 V (Figure 36). This could be ex-
pected as the systematic underestimation of oxidation potentials by pure DFT
functionals is well-known.??! Both the experimental and calculated oxidation
potentials were normalised to 70c in order to compare the relative potentials. At
this point it became evident that the oxidation potentials correlate well with the
observed reactivity and also provide an explanation of why the homocoupling
of 70i failed as DDQ is not a strong enough oxidiser to induce reactivity.
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Table 2. Experimental and calculated oxidation potentials of substrates 70a - 70j (vs.
Fc/Fc*). Values in parenthesis have been normalised to 70c to compare relative potentials.

Substrate (Exf.)r(g /v (Caféﬂi' /v (Exp.]i)fr—).(zacljslri) /v
70a 1.070 (0.280) 0.749 (0.305) 0321 (-0.03)
70b 0.925 (0.135) 0.627 (0.183) 0.298 (-0.05)
70c 0.790 (0.000) 0.444 (0.000) 0.346 (0.00)
70d 0.810 (0.020) 0.557 (0.113) 0.253 (-0.09)
70e 1.055 (0.265) 0.782 (0.338) 0.273 (-0.07)
70f 1.000 (0.210) 0.689 (0.245) 0311 (-0.04)
708 0.845 (0.055) 0.527 (0.083) 0.318 (-0.03)
70h 0.910 (0.120) 0.595 (0.151) 0315 (-0.03)
704 1310 (0.520) 1.060 (0.616) 0.250 (-0.10)
70j 1.100 (0.310) 0.685 (0.241) 0.415 (0.07)

Oxidation potentials Correlation plot

]

y=0.8942x + 0.3806
R*=0.9234

dation potential [V]
f
\,
\ \
/
\ \
>
Experimental [V]
B
L]
]

P T~ S - S TR Y
B D P TR
wmoo
é

Oxidation potenti:

e 2 ¢
-T YO

o
m

0.3 0.4 0.5 0.6 0.7 0.8 0.9

i\.l

—s—Calculated =e=Experimental Calculated [V]

Figure 36. Experimental and calculated oxidation potentials of substrates 70a - 70j (left)
and the correlation between them (right).l!

Based on both experimental and computational findings, a mechanism
was proposed for the 3,3’-coupling reaction (Scheme 14). The reaction begins
with DDQ forming a charge-transfer complex with the substrate (Int-1). The
formation of the complex induces a colour change that can be observed both
visually and by UV-Vis spectroscopy. The structure of the 2 : 1 intermediate
complex of DDQ and 70c was also determined by single crystal X-ray diffrac-
tion.
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Scheme 14. Proposed reaction mechanism for the intermolecular 3,3’-coupling of 2-aryl-
benzol[b]furans and 2-aryl-benzo[b]thiophenes.!!
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The coupling reaction is initiated by SET from the substrate to DDQ,
which in turn is set in motion by the addition of an acid that increases the oxi-
dative power of the quinone. This causes the formation of an electrophilic radi-
cal cation which reacts with a nucleophilic neutral substrate to form a radical
cation intermediate Int-2. The product is obtained from this second intermedi-
ate after elimination of two protons and a second SET. An alternative reaction
pathway could result from the deprotonation of the substrate, followed by its
coupling with a neutral substrate, to form a radical intermediate. This would
then yield the product via elimination of one proton and a second SET. The rad-
ical cation mechanism is more likely, however, as it is consistent with the one
reported for MoCls-mediated coupling of arenes.?>?

The reaction was monitored using both NMR and EPR spectroscopy. The
disappearance of NMR signals coincides with the appearance of a strong EPR
signal (Figure 37) upon adding the acid, indicating the presence of a radical
species. The EPR signal consists of a singlet peak with a g value of 2.0023. The
lack of any fine structure in the signal is most likely the result of a predominant
dynamic equilibrium occurring during the reaction. This prevents the observa-
tion of fine structure in the time scale of an EPR measurement. Interestingly, the
radical intermediate is not particularly air or moisture sensitive as the reaction
could be carried out under ambient atmosphere using non-dried solvents.
Likewise, the EPR spectrum could be measured in an open-top sample tube.

This DDQ/H*-mediated 3,3’-homocoupling reaction of 2-aryl-
benzo[b]furans and 2-aryl-benzo[b]thiophenes is a prime example of a metal-
free synthetic procedure that produces high yields while foregoing the re-
quirement of harsh reaction conditions or air- and moisture-sensitive tech-
niques. It is applicable to a variety of organic starting materials, and the reactiv-
ity can be predicted based on the oxidation potentials of the starting materials.
It showcases the synthetic power of radical reactions.
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Figure 37. X-band EPR spectrum (g = 2.0023) measured from a sample taken from a mix-
ture containing 1 eq. of 70a, 0.5 eq. DDQ and 3 eq. MsOH in DCE (0.1 M solution) at 0 °C.1!
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4.4.2 Borane-silane complex involved in metal-free hydrosilylations!V

Transition metal catalysts are typically used in homogenous processes that re-
quire a bond-activation step. A number of d-block metals are known to conduct
the hydrosilylation and/or hydrogenation of unsaturated organic functions, for
example, C=0O, C=N and C=C bonds. The key first step in the catalytic cycle in
these systems is the Si-H or H-H bond activation at the transition metal centre.
The disadvantages of such catalysts are the high cost and toxicity of the most
commonly used metals. Main group elements could provide a cheaper and less
harmful alternative to d-block elements, but it is challenging to coax the main
group elements to mediate the bond-activation step required for catalytic turn-
over.

Strongly Lewis acidic organoborane compounds, such as
tris(pentafluorophenyl)borane B(CeFs)s, are known to catalyse the hydrosilyla-
tion of carbonyl and imine functions.?>325* This was initially thought to occur
via classical Lewis acid-Lewis base interactions, but eventually it transpired that
the true role of the borane was to activate the silane.?>® This leads to the for-
mation of a borane-silane adduct I (Scheme 15), which is then susceptible to
attack at the silicon centre by the Lewis basic substrate, resulting in the for-
mation of the bond-activation intermediate III. This type of bond cleavage is
known as FLP bond activation. It has been postulated that a weak encounter
complex II, stabilised by secondary C-H ‘- F interactions, might form prior to
FLP activation of Hz via II1.256257 Regardless of whether the path to III pro-
gresses via I or II, the bond activation transition state leads to an ion pair IV,
which then proceeds to the product by hydride transfer from the [HB(CsF5)3]- to
the substrate carbon while the borane catalyst is regenerated.
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Scheme 15. The mechanism of FLP activation of Si-H and H-H bonds.IV This scheme illus-
trates the reaction paths and equilibria involved in the activation and cleavage of Si-H and
H-H bonds by Lewis acid/base pairs. The formation of borane/E-H adduct I is the key
intermediate in the FLP activation of these bonds. Inset (bottom left): antiaromatic borole
72 and boraindene 73.
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The aforementioned mechanism was generally accepted, but the specific
nature of the adducts I or the encounter complexes II remained opaque. While
B(C¢Fs)s is known to react with EtsSiH to produce bispentafluorophenyl borane
HB(CsFs)2 and Et3SiCeFs in a process where the borane-silane adduct is impli-
cated,?® attempts to experimentally verify the existence of the adduct had not
been successful. Therefore, it seems that Keqz in Scheme 15 is highly unfavoura-
ble towards the formation of adduct I for the Lewis acid B(C¢Fs)s.

In order to alter the equilibrium Keq2 to be more favourable towards the
formation of the borane-silane adduct I, more Lewis basic silane or more Lewis
acidic borane should be used. Perfluoropentaphenyl borole 722° (Scheme 15) is
an extremely Lewis acidic compound, but its poor solubility prevents its use in
hydrosilylation reactions. 1,2,3-Tris(pentafluorophenyl)-4,5,6,7-tetrafluoro-1-
boraindene 73%%0 (Scheme 15) is as equally Lewis acidic as 72 but more soluble
in common inert solvents. 73 is red both in the solid state and in toluene solu-
tion. The red colour results from a weak absorption that is caused by a forbid-
den transition involving the empty p-orbital on the boron centre. Upon com-
plexation of a Lewis base, this absorption is disrupted and the formed adducts
are pale yellow.

1 - 2 Equivalents of EtsSiH were added to a red solution of 73 in deuterat-
ed toluene (Scheme 16). At room temperature, the colour of the solution re-
mained red, while 'H and F NMR showed the components to remain largely
unchanged. In other words, while adduct formation was not favourable in these
conditions, 73 is stable towards reactions with the silane. Upon cooling the solu-
tion to 195 K, a reversible red-to-yellow colour change was observed, which is a
strong implication of the silane coordinating to the boraindene to form adduct

74.
F N
FsC F
56 Keq2 Fsce F
/ F + Et3SiH ——~ \
F5Cs B - B--F  Siw__
A FsCe¢ | H
FsCe FsCe
73 74

Scheme 16. The formation of the borane-silane adduct 74.1V

The initial qualitative observation was confirmed by variable-temperature
(VT) F NMR spectroscopy. When the temperature was lowered, the majority
of the resonances in the 1F NMR spectrum remained largely in place, shifting
only slightly upfield. However, the chemical shift for the fluorine ortho to boron
on the boraindenyl moiety (Scheme 16, red F) was significantly perturbed,
caused by the strongly favoured adduct formation at lower temperatures (Fig-
ure 38). Interestingly, this shift was perfectly reversible when lowering and rais-
ing the temperature. Similarly, when F NMR measurements were performed
at room temperature with varying amounts of excess EtsSiH added, a signifi-
cant shift of the ortho-fluorine resonance was observed.
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It was assumed that the adduct is bonded via a Si-H --- B bridge. This was
supported by TH NMR and IR measurements. The resonance of the silane hy-
drogen in the TH NMR spectrum shifted over 1 ppm upfield upon cooling the
solution from 298 to 213 K. This affected the 2°Si satellites and, as the tempera-
ture was lowered and the equilibrium shifted towards 74, the Jsin coupling
constant dropped from 177 Hz in free Et3Si-H to 107(2) Hz at 213 K. This lower-
ing of the coupling constant is caused by the interaction of the silane with the
boron centre, which weakens the Si-H bond. Likewise, the stretching frequency
of the Si-H bond is affected by the adduct formation. The vsi-1 stretch in free
EtsSiH is a sharp band at 2103 cm!, whereas in a solid sample of 74, the corre-

sponding signal was found to be a broad band at 1918 cm-!.
CeFe
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Figure 38. Variable-temperature 19F NMR spectra demonstrating the significant shift of the
fluorine atom ortho to the boraindene boron (red dot) observed upon the formation of 74.1V

Single crystals of 74 were grown by layering neat Et;SiH onto a toluene so-
lution of 73 at -35 °C and allowing the silane to slowly diffuse with the borain-
dene solution. The crystal structure of 74 (Figure 39) confirms the spectroscopic
tindings of the silane binding the borane via the Si-H bond. The bridging hy-
drogen H1 was found in the Fourier map and refined isotropically. The Si1-H1
and B1-H1 distances were 1.51(2) and 1.46(2) A, respectively, which indicates
that the hydrogen remained associated mainly with the silicon atom (typical Si-
H distances are ca. 1.48 A while typical B-H distances in perfluoroaryl hy-
dridoborate anions are ca. 1.14 A). Thus, 74 should be viewed as a Lewis ac-
id/base adduct rather than an ion pair. The structure also indicates C-H - F
van der Waals interactions between F9 and C27 and F4 and C29 with close con-
tacts of 3.138(3) and 3.262(2) A, respectively. These interactions are likely to sta-
bilise the adduct further.

Comprehensive DFT-level calculations were performed on adduct 74. The
optimised geometry of 74 is mostly consistent with the structural parameters
obtained by crystallography. The calculated Sil-H1 bond length and the non-
bonded distances between the fluorine and carbon atoms are longer in the op-
timised geometry, however. These differences can be explained by the uncer-
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tainty of the bridging hydrogen atom’s location in the Fourier map and crystal-
packing effects that are not taken into account in gas-phase calculations.

Atoms-in-molecules analysis of the Sil-H1 bond in adduct 74 reveals its
properties to be comparable to Si-H bond in the free silane, which points to lo-
cally similar electronic structures. This is in stark contrast with the data for the
B1-H1 bond critical point in 74, which is notably divergent from the results ob-
tained for the [HB(C¢F5)3]- anion. These results lend more credence to the view
of 74 being a Lewis acid/base adduct. The calculations predict an enthalpy of
AH°clc = -21 kJ mol! for silane binding. This is congruent with the experi-
mental value of -29.7(3) k] mol-! obtained by van’t Hoff analysis.

Figure 39. Crystal structure of boraindene-silane adduct 74 (thermal ellipsoids set at 50%
probability, CCDC: 1010911).1V Only the bridging hydrogen H1 is shown. Red dashed lines
indicate close contacts. Selected bond lengths (A), non-bonded distances (A) and bond an-
gles (°) [calculated values in brackets]: B1-C1: 1.616(3) [1.607], B1-C8: 1.608(3) [1.594], B1-
C9: 1.605(3) [1.597], B1-H1: 1.46(2) [1.402], Sil-H1: 1.51(2) [1.608], F4-C29: 3.262(2) [4.717],
F9-C27: 3.138(3) [3.171], C1-B1-C8: 100.58(15) [100.91], C1-B1-C9: 122.89(16) [121.06], C8-
B1-C9: 120.84(17) [122.57], B1-H1-S5il: 157(2) [154.45].

Further calculations were carried out to study the stability of 74. The bonding of
the silane in adduct 74 was compared to two model systems, namely, the EtsSiH
adduct with B(C¢Fs)s (i.e., I) and the hypothetical EtsSiH adduct with perfluoro-
arylborole 72 (denoted as V). The calculated enthalpies and Gibbs energies are
shown in Table 3. It was found that I is the weakest adduct of the three studied
systems, while the bond strength in V is comparable to that in 74. Furthermore,
a detailed analysis of the borane-silane bonding interaction allows the quantifi-
cation of the energy components that originate from distortion of fragment ge-
ometries (AEdist) and electronic effects that stabilise the adducts (AEinst). The dis-
tortion energy is smallest in adduct I, but it also has the weakest bonding inter-
action, making it the least bound system. The distortion energies in both V and
74 are greater than in I, but the considerably stronger bonding interactions be-
tween the borole/boraindene and silane easily overcome the distortion energies.
The calculated hydride affinities for 72, 73 and B(CsFs)3 are -593, -564 and -538
kJ mol-1, respectively, which is a result that is in line with their Lewis acidities
(i.e., 72 is the strongest Lewis acid). It can therefore be concluded that a high
Lewis acidity of 73 does not explain the stability of adduct 74; rather, it is the
fine balance between the steric and electronic effects in the adduct.
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Table 3. Calculated bonding parameters of adducts 74, I and V.IV

Adduct  AHq (K mol™l)  AG°we (] mol'))  AEg (k] mol™)  AEingt (k] mol-1)a

74 -21 32 75 -102
I -6 56 68 -79
\" -20 42 103 -129

aThe sum of AEgist and AEinst equals AHeqec at 0 K.

44.3 Structure elucidation of a purported reactive intermediateV

Crystallographic characterisation of an intermediate formed in the synthesis of
tetra-n-butylammonium bicarbonate, [(1-C4H9)aN]JHCOs3, was recently reported
by Ackermann et al.26! The isolation and characterisation of the intermediate
could be considered remarkable, as there are only a few structurally character-
ised simple adducts of CO.. Moreover, the reported intermediate displayed an
exceptionally long C-OH bond of 1.563(6) A.

The reported synthetic procedure can be recapitulated as follows. CO2 was
bubbled through an aqueous solution of tetra-n-butylammonium hydroxide,
[nBusN]OH. After neutral pH was achieved, the reaction mixture was dehy-
drated azeotropically by using successive portions of diethyl ether, resulting in
the formation of a colourless powder. This powder was spectroscopically iden-
tified as tetra-n-butylammonium bicarbonate, [nBusNJHCO;. The saturated di-
ethyl ether solution of the product was allowed to slowly evaporate, which re-
sulted in the formation of colourless crystals.

The structure obtained by single crystal X-ray diffraction studies was re-
ported as that of an arrested anionic intermediate [O.C--- OH]-. The authors
described the anion to be encapsulated within a hydrophobic pocket formed by
the tetra-n-butylammonium, [nBusN]*, cations. The pocket contains two sym-
metry-related anions in a head-to-tail orientation, with a 4.71 A O--- O distance
between the oxygen atoms of the hydroxy groups. Rather intriguingly, as there
are no hydrogen-bond acceptors on the cation and due to the orientation of the
anions, the hydroxy groups appear to be devoid of any secondary bonding in-
teractions. Nevertheless, the crystal structure does show multiple C-H moieties
on the cation that are in range to form weak C-O --- H interactions with the ani-
on. The authors suggest these interactions to aid the structural stability of the
intermediate.

The results published for [nBusN][O2C--- OH] can be compared with the
cyanoformate anion, a simple adduct of cyanide and CO2.262 In the cyanofor-
mate, the anion features an sp-sp2 C-C bond with a bond length of 1.480(9) A. It
would seem plausible that a bicarbonate trapped inside a hydrophobic host
scaffold would display a regular C-OH bond when no strong inter-ionic inter-
actions are present. The hydrophobic pocket in the work of Ackermann et al.
does not offer any apparent reason that would explain the stabilisation of the
putative long C--- O bond. The C--- O bond length in [nBusN][O2C--- OH] is
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actually comparable to the C-C distance of 1.544 A calculated for an isolated
cyanoformate anion in vacuum. Thus, it could be possible for the reported salt
to contain the common acetate anion, [O.CCHjs]-, with a normal C-C bond
length.

In order to uncover the true identity of the salt reported by Ackermann et
al., a fresh sample of tetra-n-butylammonium acetate, [nBusN][O2CCHs] 75, was
purchased. The container was opened under an inert atmosphere, a single crys-
tal was removed directly from the bottle and a complete X-ray crystallographic
study was performed on the crystal at 125 K. After collecting the low-
temperature data, another data set for the same crystal was collected at room
temperature. Additionally, colourless plate-like crystals were grown from a me-
ticulously dried, saturated diethyl ether solution of [nBusN][O.CCHs3]. The
structure of the crystal thus obtained was found to be identical to the one de-
termined for the fresh sample.

The unit cell parameters for 75 and for the structure obtained by Acker-
mann ef al. are shown in Table 4. The actual data collection temperature for
[nBusN][O2C --- OH] is not known as there is conflicting information between
the original publication and the CIF file obtained from the CCDC repository.
The space group for 75 is P21/n, that is, the same as reported for
[nBusN][O2C --- OH]. It is also evident from the parameters shown in Table 4
that the data are for identical species, or at the very least the compounds are
extremely closely related.

Table 4. Unit-cell parameters for the structure reported in ref. 261 (CCDC: 1008313) and for
[nBusN][O2CCH3] 75 (CCDC: 1036823).V

TIK] a b c B V[A3]
ref. 261 na. 10.755(2) 13.497(2) 13.948(2) 101.876(2) 1981.4(5)
75 125  10.7273(12) 13.3080(15) 13.9495(15) 101.9615(13)  1948.2(6)
75 297  10.8277(16)  13.799(2) 13.968(2)  101.1851(19)  2047.3(9)

The geometrical data of 75 were compared to the data reported for
[nBusN][O2C --- OH]. Geometrical parameters were considered to be significant-
ly different if the difference between the two was larger than three times the
standard uncertainty. The data used for this comparison were taken from the
original publication of Ackermann et al. When analysing the data, it became
evident that the two models are equivalent and represent the same structure.
Crucially, comparison between the C17--- C18/0O3 bond in the two structures
shows no significant difference in the bond length. Moreover, the CH3 substitu-
ent in the acetate anion accurately replicates the large thermal motion reported
for the O3 atom of bicarbonate. A comparison between the C18 refinement and
the original model with O3 shows no significant differences in the structural
parameters. This is illustrated in Figure 40, which displays an overlay of the
thermal ellipsoid plots for 75 and [nBusN][O2C --- OH]. The two structures are
perfectly superimposable on one another, indicating a common origin.
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As can be expected from the essentially identical unit-cells of 75 and the
structure reported for [nBusN][O.C --- OH], the packing and inter-ionic interac-
tions in the two structures are also consistent with one another. Particularly, the
arrangement of anions in the hydrophobic pocket is remarkably similar. The
average difference in the H--- A distances is a mere 0.06 A, and the average dif-
ference in the DHA angles is 4°. In both structures, the anions exhibit a head-to-
tail orientation. The O--- O distance between the two hydroxy groups in the
[O2C--- OH]- anions is 4.71 A as reported by Ackermann et al. In the refinement
of 75, the shortest C18 -+~ C18 was found to be 4.665(4) A (Figure 41). The differ-
ence between the two values is a mere 0.04 A, which can be considered negligi-
ble over the relatively long distance.

Based on the crystallographic analysis of 75, it seems evident that the
structure reported for [nBusN][O2C --- OH] is actually that of [#BusN][O2CCHs].
Without access to the original crystallographic data, however, the possibility
remains that the two compounds are in fact different but simply isostructural.
To rule out this possibility, geometry optimisations for the bicarbonate and the
acetate anions were performed, both in the gas-phase and within the hydro-
phobic pocket formed by six [nBusN]* cations.
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Figure 40. Thermal ellipsoid plots (50% probability) for 75 at 125 K (left, CCDC: 1036823)
and for the proposed [nBusN][O.C --- OH] salt (right, CCDC: 1008313), along with an over-
lay of the two structures (centre).V The overlay is intentionally left slightly offset to better
highlight the similarities of the two structures.
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Figure 41. Thermal ellipsoid plot (50% probability, hydrogen atoms omitted for clarity) of
the pocket formed by [nBusN]* cations, enclosing a paijr of acetate anions.V The red dashed
line indicates the shortest C18--- C18 contact (4.665(4) A) in the structure.

The geometry of a free bicarbonate anion was optimised in the gas-phase
at the CCSD(T)-F12b/ VTZ-F12 level of theory. The results were found to paral-
lel those reported for [nBusN][O2C--- OH]. The optimised C-OH bond length
was 1.433 A, and the OCO angle was 132.3°. Nearly the same set of values were
obtained with dispersion-corrected density functional theory (PBE1PBE-
D3BJ/def-TZVP): the C-OH distance was 1.437 A, and the OCO angle was
132.4°. Similarly, the CCSD(T)-F12b/VTZ-F12 optimised geometry of an acetate
anion was reproduced well at the computationally significantly less expensive
PBE1PBE-D3BJ/ def-TZVP level (d(C-C) = 1.552 A, (OCO) = 128.8° vs. d(C-C) =
1.557 A and (OCO) = 129.1°, respectively). Thus, the PBE1PBE-D3B]J/def-TZVP
method was used in all calculations.

The structure of the hydrophobic pocket (six [nBusN]* cations and two an-
ions) was extracted from the crystallographic data. The cations were frozen in
place and a full structural optimisation of the anions was then performed with-
in the environment provided by the cations. The optimisation performed on the
acetate shows the metrical parameters of the anion to be consistent with its gas-
phase geometry: d(C-C) = 1.531 A and (OCO) = 126.2°. The corresponding val-
ues for the optimised bicarbonate anion are d(C-OH) = 1.393 A and (OCO) =
129.7°. These results demonstrate that the weak C-H--- O interactions are not
strong enough to support a long C--- O bond in [nBusN][O2C --- OH]. Further-
more, even if [nBusN][O2C--- OH] would be isostructural with 75, the bicar-
bonate would be expected to have a conventional C-O bond length.

The crystallographic and computational data indicate that the crystal
structure reported for [nBusN][O2C--- OH] is in fact that of [nBusN][O>CCHas].
There were a number of other factors in the original publication that can be
considered as major flaws. As an example, there is no information that would
link the crystal structure to the bulk powder, and no elemental analysis was
performed on the crystalline material. Also, the synthetic reference provided by
the authors describes the preparation of [nBusN]- ASM - HCOs salts (where
ASM is an amine-based structural motif ligand)?%® not the synthesis of
[nBusN]HCO:s.

An important question that remains is the origin of the acetate anion in the
work published by Ackermann et al. A possible source could be the [nBusN]JOH
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reagent that was used, which does contain trace amounts of other cations and
anions. Another explanation is the cleavage of diethyl ether during distillation,
which could produce some ethanol that, in turn, could form acetate in the pres-
ence of adventitious oxygen. It is possible that the diethyl ether was contami-
nated to begin with since ethanol is the precursor to most commercial sources of
diethyl ether. Regardless of the source, a small amount of acetate could have
been present in the bulk powder, which then crystallises out from the ether so-
lution.
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5 CONCLUSIONS

The main focus of this dissertation was in the synthesis of new stable main
group radicals and the characterisation of reactive intermediates formed in
chemical reactions. Three new stable radicals were synthesised and comprehen-
sively characterised, while studies of reactive intermediates provided new
knowledge of coupling reactions and hydrosilylations. X-ray crystallography,
EPR spectroscopy and theoretical calculations played a crucial role in all of the
studies performed.

The 2,2'-biquinoline-based coordination compounds [(biq)BCL]Cl and
[(biq)BCl2]* represent the first structurally characterised p-block complexes of
biquinoline. The redox processes in the compounds are exclusively confined to
the ligand framework, which allows unambiguous determination of the struc-
tural effects resulting from ligand reduction. The data thus obtained enabled
the reinterpretation of the electronic structure of Co(biq)2, a complex that was
initially reported to contain Co® but actually has the metal in the +II oxidation
state. The ligand charge state can be determined by its metrical parameters, and
the data provided by this study allow this method to be used for metal com-
plexes incorporating the redox non-innocent 2,2’-biquinoline.

The Smiles rearrangement reaction, with concurrent or subsequent cy-
clocondensation with sulphur monochloride, was shown to provide a conven-
ient and modifiable route to a new class of hybrid 1,4-thiazine-1,2,3-
dithiazolylium salts. The cations can then be easily reduced to the correspond-
ing stable neutral radicals that have the unpaired electron delocalised over both
1,4-thiazinyl and 1,2,3-dithiazolyl moieties. The customisable framework of the
synthesised hybrid radical species offers ample new opportunities for the de-
sign of molecular materials that may feature novel physical properties.

DDQ was shown to promote metal-free intermolecular oxidative dehy-
drogenative  3,3’-coupling = of  2-aryl-benzo[b]furans and = 2-aryl-
benzo[b]thiophenes in the presence of a strong acid. The DDQ/ substrate charge
transfer complex was found to initiate the reaction, which then proceeds via
oxidation of the substrate into an electrophilic radical cation that reacts with
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another neutral substrate molecule. The reactivity was found to correlate
strongly with the oxidation potential of the substrate.

Perfluoroarylborane Lewis acids are known to catalyse the addition of sili-
con-hydrogen bonds across C=C, C=N and C=0O double bonds. While the hy-
drosilylation had been postulated to occur via borane activation of the silane Si-
H bond, the key borane-silane adduct had not been observed experimentally. It
was now shown that the strongly Lewis acidic, antiaromatic 1,2,3-
tris(pentafluorophenyl)-4,5,6,7-tetrafluoroboraindene forms an isolable adduct
with triethylsilane. The isolation and characterisation of the borane-silane ad-
duct allows the investigation of the detailed reaction mechanism between such
adducts and nucleophilic substrates.

The crystallographic characterisation of an intermediate in the formation
of tetra-n-butylammonium bicarbonate had been reported. The intermediate
was claimed to exhibit an unusually long C-OH bond. A detailed crystallo-
graphic and computational analysis showed the reported crystal structure to be
that of tetra-n-butylammonium acetate, an unwanted side product formed in
the original reaction.

In summary, synthetic procedures to new, stable main group radicals
were presented along with detailed studies on the mechanisms and intermedi-
ates of quintessential chemical reactions. An emphasis was on thorough and
detailed characterisation of both products and intermediates alike.
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The first examples of p-block coordination complexes of biquino-
line, namely [(biq)BCL,]Cl and [(biq)BCl,]", were synthesized and
structurally characterized. The acquired data allowed the esti-
mation of the ligand charge state based on its metrical parameters.
The subsequent use of this protocol, augmented with theoretical
calculations, revealed ambiguities in the published data for tran-
sition metal complexes of biquinoline.

Coordination compounds of redox-active, that is, (redox) non-
innocent ligands' have received increasing attention in the
past decades due to their potential application in many areas
such as bond activation and catalysis,” and their importance
in bioinorganic chemistry and enzymatic transformations in
particular.” Whilst various classes of redox-active ligands
have already been identified and developed, any ligand can, in
principle, display non-innocent behaviour under the right
conditions.* However, correctly identifying the charge on the
ligand can sometimes be problematic.” In a typical scenario,
an addition or a removal of an electron causes changes in
intraligand bond lengths that can be detected by high-resolu-
tion X-ray structure analysis.® In some cases, crystallography
needs to be augmented with other techniques such as voltam-
metry, spectroscopy, magnetic measurements, and theoretical
calculations to unambiguously determine the ligand charge.

In our previous contribution, we examined the coordination
chemistry of 2,2'-dipyridylmethane (dpma) and the possibility
of it to display non-innocent behaviour akin to that known for
2,2"-bipyridine (bpy), an omnipresent redox-active bidentate
ligand.” The results revealed that, due to its methylene bridge,
dpma is not only an inferior electron acceptor but also more
reactive than bpy. We have already shown that both of these
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details for the synthesis and characterization of 1 and 2, and a full account of
the conducted theoretical calculations. CCDC 1518783 and 1518784 for 1 and 2,
respectively. For ESI and crystallographic data in CIF or other electronic format
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problems can be alleviated by deprotonating dpma to 2,2"-
dipyridylmethene (dpme).® In a similar fashion, the redox pro-
perties of bpy can be affected via structural modifications that
alter its HOMO-LUMO gap, the simplest being the extension
of the conjugated ring system. In this context, it is interesting
that, to the best of our knowledge, (biq)Ti(Cp), (Cp = cyclo-
pentadienyl) is the only structurally characterized coordination
compound of 2,2"-biquinoline (biq) that supposedly contains
the ligand as a radical anion.® However, the complex was origi-
nally described as a Ti(u) species, not Ti(m). Even though the
electronic structure of (biq)Ti(Cp), has recently been examined
theoretically,’® there is a clear need for structural data on
coordination compounds of 2,2"-biquinoline (biq) in which the
ligand charge can be unequivocally determined.

N X = =
| \ B\
_N N_~ _N N~
dpma dpme
7 N\ L) 7 N\ L)
bpy biq

Herein, we report the synthesis and characterization of the salt
[(biq)BCL,]Cl (1) and the one-electron reduction of its cation to
give the paramagnetic complex [(biq)BCL,]" (2). The coordination
of biq to boron completely eliminates the possibility for back-
bonding and confines all redox processes to the ligand frame-
work, allowing an unambiguous structural characterization of a
coordinated anionic biq radical. The acquired results lend
further credence to the idea that redox non-innocence is a more
common phenomenon in the chemistry of biq than heretofore
recognized. A notion we emphasize by theory-aided reinterpreta-
tion of the electronic structure of the complex Co(biq),.

A stoichiometric 1:1 reaction between BCl; and biq was
carried out in CH,Cl, at —78 °C, resulting in slow formation of a
yellow precipitate (Scheme 1). The reaction mixture was allowed
to warm to room temperature and, after an appropriate reaction
time, the product was separated from the solution and dried
under reduced pressure to afford 1 as a yellow solid in fully
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Scheme 1 Synthesis of the salt 1 and its reduction to the neutral
radical 2.

quantitative yield. The purity of 1 was confirmed by multi-
nuclear NMR spectroscopy and elemental analysis (see ESIT).
Once precipitated, 1 has very different solubility properties and it
only sparingly redissolves in coordinating solvents such as THF
and CH;CN. Thus, light yellow single crystals of 1 could be grown
from a saturated CH3;CN solution kept at —20 °C for a few days.
The crystal structure of 1 shows the presence of discrete
[(biq)BCl,]" cations and CI~ anions. The BCl, moiety is symme-
trically chelated by the biq ligand, resulting in a tetrahedral
geometry around the boron centre (Fig. 1). The structure of
the cation is close to, but not quite, C,, symmetry with the
backbone of the biq ligand slightly twisted away from planar-
ity. The packing of 1 in the solid state is largely dictated by
ion---dipole interactions between the Cl~ anions and the
C-H bonds in the biq ligand that collectively organize the

cte 3

. c18 1.565(4)
) N2 4

Fig.1 Thermal ellipsoid plots (50% probability, hydrogen atoms
omitted for clarity) of 1 (top) and 2 (bottom). Selected bond lengths (A)
are shown in the figure. Selected bond angles (°): (1) N1-B1-N2 98.7(3),
B1-N1-C9 110.9(3), N1-C9-C10 109.6(3), B1-N2-C10 110.3(3), N2—
C10-C9 110.4(3), Cl1-B1-Cl2 112.8(2); (2) N1-B1-N2 99.9(3), B1-N1-
C9 109.9(3), N1-C9-C10 110.0(3), B1-N2-C10 110.0(3), N2-C10-C9
110.1(3), Cl1-B1-Cl2 109.9(2).
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[(biq)BCl,]" cations to layers along the crystallographic b-axis
(see ESIT). The layer-like packing of 1 is, however, far from
perfect as the arrangement of the cations in the solid state is
also affected by B-Cl---H-C intermolecular interactions. The
individual layers are also connected via n-stacking interactions
with a stack spacing of ca. 3.36 A, ie. slightly less than the
sum of van der Waals radii of two carbon atoms.

Even though the favourable electron accepting properties of
biq have been known since the late 1980s,'" the reduction of
1 was examined by cyclic voltammetry (see ESIT) to determine
how the coordination of the ligand tunes its redox potential.
The results showed that that the [(biq)BCl,]" cation undergoes
a one electron reduction at —0.82 V (vs. SCE) that can be
compared with the reduction potential of the free biq ligand,
—2.07 V (vs. Ag/Ag")."" Although weaker reducing agents would
certainly have sufficed, alkali metals were chosen because the
expected side products, the salts MCl (M = Li, Na), can easily
be separated from the product. Thus, the reduction of 1 was
performed by using metallic lithium as the reducing agent.

The reduction was carried out at 25 °C by dissolving a small
amount of 1 in THF, after which a stoichiometric amount of
the metal was added (Scheme 1). The initially yellow-greenish
solution slowly turned dark. After an appropriate reaction
time, the solvent was removed under reduced pressure to
afford a black solid that was redissolved in CH,Cl, and filtered.
Removal of the solvent in vacuo yielded 2 as a very dark, almost
black, powder in good yield. Dark yellow single crystals of 2
were grown by redissolving the powder in CH,Cl, and carefully
layering n-hexane on top of the solution before letting it sit at
—20 °C for a few days. Compound 2 is extremely air sensitive
and crystals of it decompose rapidly if removed from the pro-
tecting Fomblin® oil and exposed to atmospheric oxygen.

The paramagnetic nature of 2 was confirmed by dissolving
a very small amount of the powdery product in CH,Cl, and
measuring the EPR spectrum of the resulting orange-yellow
solution (Fig. 2). Once in solution, 2 is persistent for hours,

1 I 1 I 1
3300 3320 3340 3360 3380 3400
Field [G]

Fig. 2 Experimental (blue) and simulated (red) X-band EPR spectra of a
CH,Cl; solution of 2 at room temperature.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Isosurface plots of the SOMO (+0.03, top) and spin density
(+0.0008, bottom) of 2.

showing no signs of decomposition under an inert atmosphere
at room temperature. The EPR spectrum consists of a sym-
metric 60 G wide 16-line pattern at g = 2.0006 with no visible
fine structure. Consequently, the simulation of the spectrum
was performed using a fitting algorithm and calculated
(PBE1PBE/TZVP) hyperfine coupling constants (hfccs) as
initial estimates of the true couplings (see ESIT).

The calculations showed that the singly occupied molecular
orbital (SOMO) of 2 (Fig. 3) is, as anticipated, almost exclu-
sively confined to the ligand framework with major contri-
butions from nitrogen and carbon along with significantly
smaller contributions from the p-type orbitals on the two
chlorine atoms. The calculated a-spin density of 2 mirrors the
topology of the SOMO, while spin polarization effects lead to
concentration of $-spin density on boron and hydrogen atoms
(Fig. 3). Consequently, the calculated hfccs indicate coupling
of the unpaired electron primarily to one '®''B and two equi-
valent "N and ***’Cl nuclei as well as to four unique pairs of
'H centres (Table 1). The hfccs calculated for the other 'H
nuclei in 2 are significantly smaller (absolute values less than

Table 1 Experimental and calculated hyperfine coupling constants [G]
of 22

Nucleus Equivalent nuclei Exptl. Calc.
0g/M'B 1 1.13/3.37 —1.54/—4.59
1N 2 2.75 2.41
33¢17cl 2 3.77/3.14 2.46/2.05
H 2 4.00 —-3.83

H 2 0.91 —-1.04

H 2 0.50 1.00

H 2 0.44 —-0.85

“Experimental parameters were determined from a simulation opti-
mized to match the recorded spectrum. The simulation used a
Voigtian line shape with Gaussian and Lorentzian peak-to-peak line
widths of 0.90 and 0.15 G, respectively.

This journal is © The Royal Society of Chemistry 2017
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0.50 G) and were, therefore, excluded from the simulation and
treated indirectly by adjusting line shape.

Excellent simulation of the EPR spectrum of 2 (Fig. 2) was
obtained by using the hfccs given in Table 1. In general, there
is a good agreement between the hfccs obtained by spectral
fitting and those given by theory, especially for the heavier
nuclei. It needs to be emphasized that the small hfccs (less
than 1.00 G) to 'H nuclei remain ambiguous as the broad spec-
tral line width allows for multiple equally acceptable fits to the
experimental data. The smaller "H couplings can also be
treated indirectly by increasing the line width, which shows
that the other hfccs change very little from one fit to the other
and collectively give rise to the dominant 16-line pattern in the
experimental spectrum. Furthermore, all attempts to simulate
the experimental EPR spectrum with fewer hfces than those to
one '»''B and two equivalent '*N, ***’Cl, and 'H nuclei were
unsuccessful. Thus, we are confident that the data corresponds
to the [(biq)BCl,]" radical, which indicates that the ligand has
undergone a one electron reduction.

The identity of 2 was subsequently confirmed via full crys-
tallographic analysis. The molecular structure of the radical
has C,, symmetry with a fully planar ligand backbone (Fig. 1).
The crystallographic data for 2 (and [(biq)BClL,]") allow for
interesting relationships to be drawn between the electronic
structure of the biq ligand and its metrical parameters.
Specifically, the unpaired electron leads to lengthening of the
N-C bonds (from 1.342(4) and 1.346(4) A to 1.373(5) and 1.380
(5) A) and shortening of the C-C bond connecting the two qui-
noline units (from 1.456(5) to 1.411(5) A), which is fully con-
sistent with the topology of the SOMO of 2 as well as trends
established for the bpy ligand at different charge states.'® In
the latter context, the metrical parameters of 1 and 2 can be
compared to that of the analogous bpy complexes [(bpy)BCl,]"
and [(bpy)BCl,],'"> which shows that the annulation of the
ligand has virtually no effect on key intraligand bond lengths
and changes in them upon reduction. Furthermore, while
[(bpy)BCL,]" has been called a persistent radical, it is in fact
isolable and essentially indefinitely stable in the solid state
under anaerobic conditions."

The metrical parameters of 1 and 2 can be compared with
crystallographic data reported for transition metal complexes
of biq for any apparent ambiguities in their characterization."?
It has already been discussed in the literature that, according
to theoretical evidence, the complex (biq)Ti(Cp), contains a
Ti(umr) centre and a biq anion radical though it is not certain if
the two unpaired electrons couple ferromagnetically or antiferro-
magnetically.’® The structural trends established herein corro-
borate the above interpretation and also suggest that the
complex Co(biq),, originally described as a Co(0) species,"*
should instead be viewed as a Co(u) complex incorporating two
anionic biq radicals. The strongest structural evidence sup-
porting this view is the length of the intraligand C-C bond
that connects the two quinoline units: the two biq ligands in
Co(biq), are inequivalent with short C-C distances of 1.427(6)
and 1.431(5) A. Consequently, the electronic structure of
Co(biq), was subjected to a comprehensive theoretical analysis

Dalton Trans., 2017, 46, 1377-1381 | 1379
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using multireference methods (NEVPT2/SA-CASSCF(13,9)) to
correctly identify the ligand charge state (see ESI).

The theoretical results show that the ground state of
Co(biq), is a spin-doublet that is separated from the first excited
state by 1437 cm™'. Decomposition of the ground state wave
function into contributions from various electronic configur-
ations shows that roughly 60% of them contain a high-spin
Co(u) ion and two anionic radical ligands; the remaining 40%
includes different ligand-to-metal and metal-to-ligand charge
transfer configurations. Thus, rather than invoking extensive
metal-to-ligand backbonding to explain the observed structural
features,"* the ground state of Co(biq), should instead be
viewed in terms of an antiferromagnetically coupled high-spin
Co(u) centre and two biq radicals, stabilized by strong kinetic
exchange.

There are other examples of complexes incorporating the
biq ligand that potentially deserve a second look. For example,
the intraligand metrical parameters in [(biq)Ru([9]anesS;)
CI][PF¢] ([9]aneS; = 1,4,7-trithiacyclononane),"® and the short
C-C bond connecting the two quinoline units in particular
(1.39(2) A), hint of the possibility of an anionic radical and
Ru(m) but this interpretation has not been discussed. Further
evidence supporting the presence of an anionic biq radical is
seen in the solid state packing of [(big)Ru([9]aneS;)Cl]|[PFs]
in which the cations form distinctive dimers via n-stacking
interactions between the biq ligands (shortest C---C distance
ca. 3.31 A). Interestingly, the same kind of packing is not
observed for analogous complexes employing related polypyri-
dine ligands,"® which suggests that the dimeric arrangement
in [(biq)Ru([9]aneS;)Cl][PFs] might result from weak antiferro-
magnetic interactions between two biq anion radicals. Further
experimental and theoretical data are clearly needed to test the
validity of this hypothesis.

We conclude our work with a discussion of the packing of 2
in the solid state. In this instance, the radicals form well-
arranged layers along the crystallographic c-axis with the BCI,
moieties facing in alternate directions in neighbouring layers
(see ESIt). The packing is again dictated by B-Cl---H-C hydro-
gen bonding along with n-stacking interactions that connect
the individual layers. Interestingly, the layers in 2 are essen-
tially uniformly spaced (stack spacing ca. 3.40 A), which is sur-
prising considering that planar organic radicals typically inter-
act antiferromagnetically to form n-dimers,'® generally leading
to something else than even spaced stacking in the solid state.
A classic example is the solid state structure of the 2,5,8-
tri-tert-butylphenalenyl radical in which the radicals form
n-dimers (C---C distances ca. 3.29 A) that are strongly antiferro-
magnetically coupled.'”

The even spacing of layers in the crystal structure of 2 can
be explained by considering the topology of the SOMO that
leads to accidental orthogonality of adjacent magnetic
orbitals in the observed structure (see ESIf). Consequently,
radical---radical dimerization is not energetically preferred and
the molecules of 2 remain essentially isolated in the solid
state. This interpretation is supported by theoretical calcu-
lations (PBE1PBE/TZVP) that show the singlet and triplet
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states of a pair of adjacent radicals in the crystal structure
geometry of 2 to be separated by 0.5 k] mol™".

In summary, we have synthesized two related coordination
compounds of biquinoline, [(biq)BCL,]Cl and [(biq)BCL,]", in
which the ligand adopts different charge states. The com-
pounds are the first structurally characterized p-block
complexes of biquinoline and, by confining all redox processes
to the ligand framework, allow the structural consequences of
ligand reduction to be unambiguously determined. The
acquired data were subsequently used to establish a reinter-
pretation of the electronic structure of Co(biq), which was
shown to contain the metal in the +II (not 0) oxidation state by
help of theoretical calculations. The estimation of ligand charge
state by means of its metrical parameters is already a well-
established practice for metal complexes of bipyridine and,
with the data reported herein, this practice can, and in fact
should, be extended to complexes incorporating the redox
non-innocent biquinoline ligand.
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The condensation reaction of 2-aminobenzenethiols and 3-amino-
pyrazinethiols with 2-amino-6-fluoro-N-methylpyridinium triflate
afforded thioether derivatives that were found to undergo Smiles
rearrangement and cyclocondensation with sulphur monochloride
to yield new hybrid 1,4-thiazine-1,2,3-dithiazolylium cations. The
synthesized cations were readily reduced to the corresponding
stable neutral radicals with spin densities delocalized over both
1,4-thiazinyl and 1,2,3-dithiazolyl moieties.

The heterocyclic benzo-1,4-thiazine, or simply phenothiazine,
was first synthesized more than a century ago." Over the years,
phenothiazine and its numerous derivatives have been broadly
examined, largely due to their biological activity and use as
antipsychotic drugs.? The widespread interest in the medicinal
chemistry of phenothiazine has also spurred the development
of a variety of synthetic protocols for the preparation of new
compounds. Of topical interest is the Smiles rearrangement,’
an intramolecular nucleophilic ipso-substitution reaction,
which has found extensive use in the preparation of a number
of phenothiazine-based heterocycles.*

The application potential of phenothiazines extends
beyond pharmaceuticals and they can also be used as building
blocks for functional materials. This stems from the ability of
phenothiazine and its derivatives to undergo facile one-elec-
tron oxidation to persistent radical cations,” which have been
characterized by both EPR spectroscopy and X-ray crystallo-
graphy.®’ In recent years, the materials-oriented research has
shifted the synthetic focus towards linked and fused oligomers
of phenothiazine as well as phenothiazine-based polymers
because of their applicability as switchable molecules, photo-
sensitizers, cathode-active materials, and organic open-shell
polymers to name a few.®

Department of Chemistry, Nanoscience Centre, University of Jyvdskyld, P.O. Box 35,
FI-40014, Finland. E-mail: aaron.m.mailman@jyu.fi, heikki.m.tuononen@jyu.fi

1 Electronic supplementary information (ESI) available: Full details of synthetic,
spectroscopic, computational, and crystallographic work. CCDC 1519804-1519808,
1536800 and 1536801. For ESI and crystallographic data in CIF or other electronic
format see DOL: 10.1039/c7dt03243a
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Regardless of the wealth of data on cation radicals of phe-
nothiazine, little is known about neutral phenothiazinyls even
though these radicals were reported in the early 1960s.° The
majority of data on phenothiazinyl radicals are limited to spec-
troscopic studies and, to the best of our knowledge, there are
no reports of X-ray crystallographic investigations. This is sur-
prising considering that the related heterocyclic 1,2-thiazinyl
radicals have been thoroughly characterized despite their
persistent nature.'® Consequently, in an effort to extend the
chemistry of neutral phenothiazinyl derivatives, we report the
use of the Smiles rearrangement reaction to prepare new
stable radicals 5° that fuse the 1,4-thiazinyl and 1,2,3-dithiazo-
Iyl moieties into a single framework (Scheme 1).

The molecular scaffold in radicals 5° was chosen because of
the wide range of physical and chemical properties of thiazyl-
based radicals that make them useful building blocks for

Me OTF Me orf
2'[0TH] 3a-e' [0711

ii i
Me OTf
H o
2

z=CH| z=N | ;
Ho N _N__NI__NH
a| b d |e . = =
Ri| H| cl alal " I/IU
HOONT s
Re|H|H|H[H|C 4e 0T

"‘m Me oTf
IIIIS O

5a,b,d,e*[OTf]
Scheme 1 Synthesis of neutral radicals 5. Reagents and general con-
ditions: (i) Na,COs;, MeCN, 5 h; (i) MeCN, sealed vessel, 110 °C; (iii)
excess S,Cly, MeCN, reflux, 16 h; (iv) excess S,Cly, MeCN, reflux, 16 h; (v)
excess MegFc, MeCN. Highest yields obtained: 4c*[OTf] 79%, 5a*[OTf]
2%, 5b*[OTf] 43%, 5d*[OTf] 48%, 5e*[OTf], 78%, 5b" 81%, and 5e" 70%.
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molecular materials, both as free species and as coordinating
ligands."* While the first examples of closely related hybrid
1,2,3-dithiazolo-1,2,4-thiadiazinyl radicals have only been
reported in the last few years,"* N-alkylpyridinium bridged bis-
1,2,3-dithiazolyls and their selenium variants, with mirror
plane symmetry, have been extensively explored.'*”'* Many of
these radicals were initially pursued as possible single com-
ponent molecular conductors. However, their diverse magnetic
properties, including ferromagnetic ordering, are notable com-
pared to related classes of light atom molecular radicals such
as nitroxides, triazinyls, and verdazyls."*” Thus, the pursuit of
new molecular thiazyl radicals continues to attract consider-
able attention, which has now lead us to explore new extend
aromatic systems based on the synthetically useful
N-alkylpyridinium template.

The condensation reaction of 2-aminobenzenethiols (1a,b)
and 3-aminopyrazinethiols (1c,d,e) with 2-amino-6-fluoro-N-
methylpyridinium triflate (2°[OTf])"* in the presence of
excess anhydrous Na,CO; in acetonitrile (MeCN) afforded
N-methylpyridinium thioether salts 3a-e"[OTf] (Scheme 1, step i).

Recrystallization of 3'[OTf] from appropriate solvents gave
analytically pure crystalline solids, which were characterized by
IR and NMR ('H, "*C) spectroscopy as well as by single crystal
X-ray diffraction analysis (for 3¢'[OTf], Fig. 1a).

It was anticipated that the salts 3" [OTf] would undergo S — N
Smiles rearrangement (SR) reaction by intramolecular nucleo-
philic ipso-substitution at the thioether bond of the
N-methylpyridinum, affording N-substituted derivatives
4'[OTf] (Scheme 1, step ii). After screening different reaction
conditions on NMR scale, an essentially quantitative reaction
was realised for 3¢'[OTf] but only after heating for 8 days at
80 °C. The purported SR reaction was performed on prepara-
tive scale in a sealed pressure vessel at 110 °C in MeCN, which
gave an isolated product in high yield (80%) only after 40 h.

Single crystal X-ray diffraction analysis confirmed the heavy
atom (non-hydrogen) connectivity of 4¢'[OTf], but instead of
the expected thiol, the product was found to be the tautomeric
pyrazinethione derivative 4¢"[OTf] (Fig. 1b). The 'H-NMR

Fig. 1 ORTEP plots (left, thermal ellipsoids at 50% probability) and line
drawings (right) of the cations in (a) 3¢*[OTf]-MeCN and (b) 4c"*[OTf].

2 | Dalton Trans., 2017, 00, 1-5
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spectrum of the product (in anhydrous CD;CN) revealed that
the signals for the pyridinium -NH, and pyrazine C-H protons
are distinctively downfield shifted compared to 3¢'JOTf] and
the appearance of a broad singlet at § 9.60 ppm is tentatively
assigned to the pyrazino -NH proton (N3 in Fig. 1b). It is
notable that the "H-NMR spectrum of 4¢”[OTf] does not show
an observable signal for the bridging -NH group (N5 in
Fig. 1b).

The lack of similar reactivity for the other thioether salts
3'[OTf] even under more forceful conditions led us to perform
a density functional study of the reaction mechanism at the
PBE1PBE-IEFPCM/def2-TZVP level of theory. The results of
computational investigations are summarized in Fig. 2 for two
representative systems, 3a” and 3¢".

It is evident from the computed data (Fig. 2) that the initial
reaction pathway is similar for both 3a" and 3c¢'. It was
assumed that the SR reaction begins with an intramolecular
nucleophilic attack of the benzo/pyrazine -NH, group to form
a cationic Meisenheimer complex Int1.” This step has a very
high activation barrier, TS1, in agreement with experimental
observations. Furthermore, the formation of 4a* and 4c¢* is in
both cases an essentially energy neutral process. However,
what drives the SR reaction forward in the case of 3¢” is the
possibility for 4¢” to tautomerize to the experimentally charac-
terized form 4¢”, which renders the overall reaction exergonic
by 43 kJ mol ™. In this respect, it is surprising that no SR reac-
tion was realized for 3d" and 3e* even though these derivatives
are also able to tautomerize to the corresponding pyrazi-
nethiones. A computational analysis of their reaction pathways
showed that the formation of both 4d'" and 4e'’" is exergonic,
though only by 20 and 11 k] mol ™", respectively. Hence, the SR

AG [k) mol™]

0

3a*/3c*
Intl i
. 4a*/ac -43
y’l“r)\'-’\"h ¢ P S

Fig. 2 Reaction coordinate diagram (PBE1PBE-IEFPCM/def2-TZVP) for
the Smiles rearrangement reaction of 3a* (red) and 3c* (blue). For clarity,
the structures of intermediates and transition states are only shown for
the pathway from 3c* to 4c™.
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reaction becomes less-favoured for each chlorine substituent
added, making 4c¢ the most favourable product of the
different derivatives a-e considered. Consequently, 4¢"* is the
only species able to form at experimental reaction conditions.

Having confirmed the identity of 4¢'"[OTf], its cycloconden-
sation with excess S,Cl, was performed by refluxing the reac-
tants in MeCN for 16 h (Scheme 1, step iii). Low-resolution
positive ion electrospray ionization mass spectrometry
(+ESI-MS) showed that the main products from the reaction
were the salt 5¢'[OTf] and the doubly chlorinated analogue
5e'TOTf]. Repeated syntheses confirmed that the
5¢'[OTf]: 5e"[OTf] ratio is variable and does not depend on
the reaction conditions in any obvious manner. However, the
chlorinated product 5e'[OTf] could be crystallised from the
reaction mixture using MeCN, affording a small amount of
purple blocks. Unsatisfied with the low yield of 5e'[OTf], we
attempted the direct reaction of S,Cl, with thioether 3e"[OTf]
that already contains an appropriate substitution of chlorine
on the pyrazine ring to potentially afford another route to
5e'TOTf] (Scheme 1, step iv). To our delight, 5e'[OTf] was
obtained in good isolated yield (78%) as confirmed by IR spec-
troscopy and +ESI-MS.

To explore the scope of this alternative pathway to 5 [OTf],
the reactivity of 3a'[OTf], 3b'[OTf], and 3d'[OTf] with S,Cl,
was also investigated. In the case of 3a’[OTf], +ESI-MS
suggested that the product is a mixture of the non-chlorinated
salt 5a*[OTf] with its chlorinated analogues containing one or
more chlorine atoms. Hence, 5a‘'JOTf] was obtained in very
low isolated yield (2%). Condensation reactions of S,Cl, with
aromatic amines containing an unsubstituted para-position
(or those containing a good leaving group) are well-known to
undergo simultaneous chlorination. Consequently, the reac-
tion of S,Cl, with the chlorinated species 3bJOTf] and
3d'[OTf] was found to offer a practical route to derivatives
5b*[OTf] and 5d'TOTf] without further chlorination, albeit in
moderate yield (43 and 48%, respectively). This further demon-
strates that SR and cyclocondensation can take place concomi-
tantly rather than sequentially, providing another route to
different derivatives of 5'TOTf].

Cyclic voltammetry performed on solutions of 5'[OTf] in
MeCN (with 0.1 M n-BuyNPF4 as the supporting electrolyte)
displayed a reversible +1/0 redox couple with E;,, = 0.031 V and
0.220 V (vs. SCE) for 5b'[OTf] and 5e‘[OTf], respectively. The
cathodic shift in E;/, indicates that the heterocyclic aromatic
substituent affects the electrochemical behaviour of the
cations by altering the energy of their lowest unoccupied mole-
cular orbital. This provides opportunities to fine-tune the elec-
tronic properties of the cations 5° through careful choice of
substituents. Furthermore, the Ej;, values for 5b'[OTf] and
5d'[OTf] clearly demonstrate that octamethylferrocene (MegFc)
is a suitable reducing agent for both cations. The cyclic vol-
tammetry measurements also revealed that the 0/—1 redox
couple is irreversible for 5eTOTf], while 5b*[OTf] appears to
undergo significant decomposition under the same con-
ditions. The estimated E..; of 5e'[OTf] is 0.720 V, which is
smaller than those of related bisdithiazolyl radicals

This journal is © The Royal Society of Chemistry 2017
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(Ecen = 0.851 V) but comparable to analogous bisthiaselenazo-
lyls (Ecen = 0.745 V)."* Reduction of 5b*[OTf] and 5e*[OTf] was
performed by slow diffusion of a degassed MeCN solution of
the salt through a medium porosity sintered glass frit into a
similar degassed MeCN solution of excess of MegFc. This
afforded the radicals 5b" and 5e” as analytically pure crystalline
solids (Scheme 1, step v). In the case of 5b’, crystals suitable
for single crystal X-ray diffraction were obtained as small
lustrous bronze blocks. The crystal structure of 5b° belongs to
the centrosymmetric monoclinic space group P2,/c. The asym-
metric unit consists of two essentially coplanar radicals in
trans-cofacial arrangement (Fig. 3) with the shortest inter-
molecular C---C interactions very close to the sum of van der
Waals radii.'® This suggests that the radicals are not strongly
interacting in the solid state. The radicals in the asymmetric
unit of 5b" and those related to them by an inversion centre
form n-stacked motifs that are arranged in a herringbone
pattern similar to those typically observed for related bisdithi-
azolyl radicals.*"°

The electronic structures of 5b” and 5e” were investigated by
a combination of computational (PBE1PBE/def2-TZVP)
methods and EPR spectroscopy. The calculations showed that
the singly occupied molecular orbital and the spin density of
5" are delocalized over the molecular backbone (Fig. 4).
Specifically, natural population analysis assigned 40 and 55%
of the a-spin density of 5b° on the 1,4-thiazinyl and 1,2,3-
dithiazolyl moieties, respectively; the spin distribution of 5e” is
slightly more localised on the 1,2,3-dithiazolyl moiety.
Consequently, the radicals 5 can be considered hybrids of 1,4-
thiazinyls and 1,2,3-dithiazolyls, which underlines the fact that
the line drawing in Scheme 1 is an oversimplified picture of
their electronic structure. In this respect, population analyses
of 5b" and 5d* showed that the sulphur atom on the 1,4-thi-
azine ring is the single most positively charged nucleus in the
structures. However, the shortest anion---cation contacts in
crystal structures of 5b'JOTf] and 5d'[OTf] involve the two
sulphur atoms on the 1,2,3-dithiazolyl moiety.

The room-temperature EPR spectrum of 5b° in CH,CI,
(Fig. 5a) consists of an eight line pattern with g = 2.0071 and
no fine-structure. A good simulation of the spectrum was
obtained by using hyperfine couplings (hfcs) to the nitrogen
nuclei in the dithiazolyl (ay; = 0.383 mT) and thiazyl

Fig. 3 ORTEP plot of the asymmetric unit of 5b" (thermal ellipsoids at
50% probability).
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Fig. 4 Isosurface plots of the SOMOs (+0.04, left) and spin densities
(+0.001, right) of (a) 5b" and (b) 5e".
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Fig. 5 Experimental (blue) and simulated (red) X-band EPR spectra of
CH,Cl; solutions of (a) 5b" and (b) 5e" at room temperature. The simu-
lations used Voigtian functions with Gaussian/Lorenzian peak-to-peak
line widths (mT) of 0.067/0.092 and 0.090/0.087 for 5b" and 5d-,
respectively.

(an2 = 0.224 mT) rings as well as to one hydrogen atom at the
basal position (ay; = 0.213 mT). The assignment of hfcs was
based on a computational analysis of 5b" (an; = 0.304, ayy =
0.206, and ayz = 0.375 mT), which also suggested the presence
of smaller couplings to hydrogen nuclei (ay ~ —0.070 mT) and
the nitrogen atom on the N-methylpyridinium ring (an; =
—0.052 mT). However, the broad spectral line width did not
allow the explicit consideration of these hfcs in simulations
for which reason they were treated indirectly by adjusting the
line shape. The EPR spectrum of 5e” is similar to that of 5b°
with g = 2.0059. The spectrum consists of ten broad lines and
a good simulation of it was obtained by using hfcs to the nitro-
gen nuclei in the dithiazolyl (an; = 0.484 mT) and thiazyl
(an2 = 0.169 mT) rings as well as to the hydrogen atom at the
basal position (aysz = 0.197 mT). This view is well supported by
calculations (an; = 0.356, an, = 0.153, and aysz = 0.332 mT),
which also revealed minute coupling of the unpaired electron
to the pyrazine nitrogen atoms.

Having shown that the SR reaction offers a viable route to
5°, the scope of the two established pathways was examined
further. Considering the utilization of 5° in practical appli-
cations, the stability of the radicals is of particular importance.
In this context, delocalization of the spin density on the 1,4-
thiazinyl moiety is desired. Thus, we chose the quinoxaline

4 | Dalton Trans., 2017, 00, 1-5
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Chart 1

derivative 4f*OTf] as our primary target. The synthesis of
3f*[OTf] from 3-aminoquinoxalinethiol and 2-amino-6-fluoro-
N-methylpyridinium trifluoromethanesulfonate was performed
as described in Scheme 1 (step i). To our delight, 3fOTf]
undergoes the SR reaction (step ii) extremely easily as some
4f[OTf] was formed even during recrystallization of 3f[OTf].
Complete conversion required refluxing 3f"[OTf] in MeCN for
6 h, giving 4f[OTf] in high isolated yield (80%). The identity
of 3f*[OTf] and 4f[OTf] was confirmed by both NMR spec-
troscopy and single-crystal X-ray crystallography. This demon-
strates that, when using appropriate 3-aminoquinoxalinethiols,
the SR reaction is an extremely viable pathway for the synthesis
of sals 4'JOTf], which yield the corresponding stable neutral
radicals 5° after ring closure and reduction (Chart 1).

Conclusions

In this communication, we have shown that the Smiles
rearrangement reaction, either followed by cyclocondensation
or performed concurrently with it, offers a viable and modifi-
able route to a new class of hybrid 1,4-thiazine-1,2,3-dithiazolyl-
ium salts 57 [OTf], which can be readily reduced to yield the
corresponding neutral radicals 5° with spin densities deloca-
lized over both 1,4-thiazinyl and 1,2,3-dithiazolyl moieties.
Future work will focus on the characterisation of transport pro-
perties of 5° and related radicals, along with the exploration of
their coordination chemistry. This will provide opportunities
for the design of molecular materials that may exhibit novel
physical properties.
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Intermolecular oxidative dehydrogenative
3,3'-coupling of benzo[b]furans and
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With an excess of a strong acid, 2,3-dichloro-5,6-dicyano-1,4-quinone (DDQ) is shown to promote
metal-free intermolecular oxidative dehydrogenative (ODH) 3,3'-coupling of 2-aryl-benzolblfurans and
2-aryl-benzolblthiophenes up to 92% yield as demonstrated with 9 substrates. Based on the analysis of
oxidation potentials and molecular orbitals combined with EPR, NMR and UV-Vis observations, the
studied reaction is initiated by a DDQ-substrate charge transfer complex and presumably proceeds via
oxidation of the substrate into an electrophilic radical cation that further reacts with another molecule of
a neutral substrate. The coupling reactivity can easily be predicted from the oxidation potential of the sub-
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Introduction

Quinones are important oxidizers in both biological and syn-
thetic chemical conversions." For example, the high oxidative
power of 2,3-dichloro-5,6-dicyano-1,4-quinone (DDQ) makes it
a frequently used oxidant in various chemical conversions.
Broadly categorizing, there are three commonly accepted
mechanistic pathways associated with oxidation: hydride
abstraction, hydrogen atom transfer and single electron trans-
fer (SET).”

It has previously been shown that quinone promoted
heteroatomic oxidations associated with a-deprotonation
(Scheme 1a) or direct hydride transfer (Scheme 1b) lead to the
formation of good electrophiles (e.g. iminium, oxonium or
allylic cations) that can be coupled with various nucleophiles
(Nu).>* Similarly, an electrophile can be generated by one
electron oxidation of a neutral substrate into a radical cation

“Department of Chemistry, A.L Virtasen aukio 1, University of Helsinki, 00014,
Finland. E-mail: juho.helaja@helsinki.fi

bDepartment of Chemistry, Nanoscience Center, University of Jyviskyld, P.O. Box 35,
FI-40014 Jyvdskyld, Finland

+This paper is dedicated to Professor Ari M. P. Koskinen on the occasion of his
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xyz-coordinates, cyclic voltammetry data and EPR, 'H and '*C NMR spectra
(PDF). And X-ray crystallographic data for DDQ: 1¢ (1:2) complex (CIF). CCDC
1477482 (1c¢_DDQ). For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c6qo00331a
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allowed a concise total synthesis of the natural product shandougenine B.

(a) Two electron oxidation iminium/oxonium pathway

[ox.) Nu
OO 200 3

H
Y =0,N-R Nu
(b) Allylic hydride transfer activation

Nu
L [ox.] B Nu
P >R ﬂH‘ ph NN — Ph/\')\R
R =Ph, OR
(c) Single-electron transfer radical cation formation W
i u

g = @ = @

XY = )

n Ra R,

Scheme 1 Quinone mediated metal-free approaches for inter-

molecular oxidative dehydrogenative (ODH) couplings.

that can subsequently react with different nucleophiles such
as water or aryl (Scheme 1¢).**°* The last mechanistic pathway
operates in many quinone mediated intramolecular oxidative
couplings of aryls, but reports on analogous intermolecular
couplings are quite rare.>®**° Common to these reactions is
that quinones are used in the presence of a strong acid
promotor (e.g. TFA, MsOH, H,SO,, TfOH, HCIO, or HFSO;3),
which has been shown to increase the oxidative power of the
quinone considerably.®

This journal is © the Partner Organisations 2016
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Numerous synthetic methods have been used to construct
the 3,3-bibenzo[b]furan and 3,3"-bibenzo[b]thiophene skele-
tons intermolecularly.”*® This structural motif is found in
natural products,’* diphosphine metal ligands,”***” diphos-
phine oxide organocatalysts'> and in organic chiral electro-
des.'® Nevertheless, many of the modern high yielding coup-
ling methods require the use of prefunctionalized starting
materials, stoichiometric or substoichiometric amounts of
transition metals or air sensitive or pyrophoric reagents
(Scheme 2a). However, benzo[b]furans and benzo[b]thiophenes
can be 3,3"-coupled from unfunctionalized monomers directly
by the Brensted acid mediated Friedel-Crafts reaction to
dihydro-3,3"-benzofused intermediates in variable yields
(Scheme 2b).'>"” The McMurry coupling of 3-oxobenzofurans
has also been shown to offer a viable route to dihydrogenated
intermediates (Scheme 2b).” These intermediates can then be
dehydrogenated either thermally (Friedel-Crafts) or with a
stoichiometric amount of an oxidant such as DDQ (McMurry).

HO
SOV,
OH
o &
0,
aTses
(o] (o]
OH
Shandougenine B

In our previous studies, we have observed that carbonyl rich
heterogeneous carbon materials can catalyze the oxidative
coupling of various unfunctionalized benzo-fused hetero-
cycles.'® In that paper, we also observed that DDQ is capable
of mediating a similar 3,3’-homocoupling of 2-phenyl-benzo[b]
furan in the presence of MsOH.'®” Herein we report the optim-
ization of the synthetic procedure, the study of the reaction
scope and an improved understanding of the reaction mechan-

(@c " K di b
Y,
Zz
X=Cl, Brorl refs. 8 refs. 12 Z =B(OR); or SnBu;

(b) of oxid ing of dihydro bi i i i two
step routes initiated wnh Friedel-Crafts (FC} or McMurry coupling
R

ref. 7 McMurry intermediate

C-C bond

Scheme 2 Various synthetic routes to 3,3'-bibenzolblfuran and 3,3'-
bibenzolblthiophene skeletons.
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ism via experimental and computational studies (Scheme 2c).
We also demonstrate the usefulness of the devised method in
the first total synthesis of the 3,3'-bibenzo[b]furan natural
product, shandougenine B.**”

Results and discussion

We began the development of our method with non-optimized
reaction conditions, 1 eq. of DDQ, 5 eq. of MsOH and 1 eq. of
1a in DCM (0.05 M) at RT, which yielded 2,2"-bis(phenyl)-3,3'-
bibenzo[b]furan 2a in 61% yield in 1 h.'®” In preliminary
studies, we found that an acid additive was necessary for the
progress of the reaction. Therefore, we tested the effect of
several acids on the reaction and found that, out of these, only
MsOH worked satisfactorily (Table 1, entries 1-3, see the ESI{
for kinetic data). Later we noticed that the behaviour of TFA
was both concentration and substrate dependent. At higher
concentrations TFA could promote the reaction of 1a to 2a,
whereas in more dilute solutions it promoted the coupling of
the more electron rich substrate 1c to 2¢.'® Next, we screened
solvents and found that DCE worked better than DCM or
CHCl;, and that MeNO, gave a low yield (Table 1, entries 3-6).
We then employed a two level full factorial design for three
factors to optimize the reaction conditions.*® Entry 3 was
chosen as the centre point and molarity, temperature and the
amount of DDQ were set as variables (Table 1, entries 3 and
7-14). One corner of the screened reaction space (+1, —1, —1)
gave a very high (99%) yield (entry 11) and no further optimiz-
ation was deemed necessary.*!

After determining the optimized reaction conditions, the
scope of the reaction was studied next. In the case of 2-aryl-
benzo[b]furans, we were able to obtain the corresponding 2,2’
bis(aryl)-3,3-bibenzo[b]furans in good to excellent isolated
yields (Scheme 3, 2a-c). A slightly lower yield (68%) of the
coupling product 2d was obtained when the 2-aryl substituent
was functionalized with an amide group at the para-position.
However, the electron poor 2-(4-nitrophenyl)benzo[b]furan 1i
could not be coupled even in the presence of a stronger acid
TfOH or with different oxidants such as p-tetrachloro-o-
quinone or ammonium persulfate (see below). To our pleasure,
we could, however, obtain the corresponding 2,2"-bis(aryl)-3,3'-
bibenzo[b]thiophenes, 2e-g, in equally high yields as the
related bibenzo[b]furans 2a-c. Undesirably, the 3,3-homo-
coupling product 2h, 2,2"-bis(2-thienyl)-3,3"-bibenzo[b]thiophene
was obtained only in 14% yield. We believe that the reason for
such a low yield is in the structure of 1h that enables reactivity
at two sites, benzo[b]thiophene 3- and thiophene 5-positions,
leading to oligomerization. The oxidative 3,3"-homocoupling of
the electron rich substrate 1j would have given a direct route
to the natural product kynapcin-24,"** but we could not
obtain any product under the reaction conditions employed
(see below).

Based on previous studies,® it seemed reasonable that the
reactions are initiated by a SET between the substrate and the
DDQ/H' and the oxidation potential of a particular substrate

Org. Chem. Front, 2016, 3, 1738-1745 | 1739
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Table 1 Optimization of reaction conditions
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O

1a 2a
Entry Solvent (molarity) T (°C) Time (h) Acid additive (3 eq.) Amount of DDQ (eq.) NMR yield (%)
1 DCM (0.05) RT O/N TFA 1 n.r.
2 DCM (0.05) RT O/N Sc(OTf); 1 n.r.
3 DCM (0.05) RT O/N MsOH 1 75
4 CHCI, (0.05) RT 1.5 MsOH 1 56
5 DCE (0.05) RT 1.5 MsOH 1 88
6 MeNO, (0.05) RT 1.5 MsOH 1 11
7 DCE (0.01) 0 1.5 MsOH 0.5 0
8 DCE (0.01) 0 1.5 MsOH 1.5 0
9 DCE (0.01) 40 1.5 MsOH 0.5 0
10 DCE (0.01) 40 1.5 MsOH 1.5 25
11 DCE (0.1) 0 1.5 MsOH 0.5 99 (88)”
12 DCE (0.1) 0 1.5 MsOH 1.5 61
13 DCE (0.1) 40 1.5 MsOH 0.5 84
14 DCE (0.1) 40 1.5 MsOH 1.5 8

“ Determined with 'H NMR using 1,3,5-trimethoxybenzene as an internal standard. ? Isolated yield. O/N = overnight.

Table 2 Experimental and calculated oxidation potentials (vs. FcH/
FCH+)22

Y,
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Scheme 3 Reaction conditions and isolated yields for DDQ/H*
mediated homocoupling of benzofurans and benzothiofurans la—h to
2a—h. Substrates 1i and 1j failed to yield a product (see the text for
details).

would be directly related to its reactivity. Consequently, we
measured the relative oxidation potentials of compounds 1a-j
vs. FcH/FcH' couple, and compared the results with data from
theoretical calculations (Table 2). It is clearly evident that both
oxidation potentials normalized to 1c have strong systematic
correlation (the absolute value is underestimated by ca.
0.31 V).”* Furthermore, both the calculated and the experi-

1740 | Org. Chem. Front., 2016, 3, 1738-1745

Exp.? Calc. Exp. — Calc.
Substrate (Exp.n.)’/v (Cale.n.)’/v (Exp.n. — Cale.n.) °/v
1a 1.070 (0.280)  0.749 (0.305)  0.321 (—0.03)
1b 0.925(0.135)  0.627 (0.183)  0.298 (—0.05)
1c 0.790 (0.000)  0.444 (0.000)  0.346 (0.00)
1d 0.810 (0.020)  0.557 (0.113)  0.253 (—0.09)
1e 1.055(0.265)  0.782(0.338)  0.273 (=0.07)
1f 1.000 (0.210)  0.689 (0.245)  0.311 (—0.04)
1g 0.845 (0.055)  0.527(0.083)  0.318 (=0.03)
1h 0.910 (0.120)  0.595 (0.151)  0.315 (—0.03)
1i 1.310 (0.520)  1.060 (0.616)  0.250 (—0.10)
1j 1.100 (0.310)  0.685(0.241)  0.415 (0.07)

% Measurements were carried out in DCM with 0.05 M NBu,PF, as the
supporting electrolyte. ”Values in parenthesis have been normalized
to 1c to see relative potentials.

mental oxidation potentials correlate well with the observed
reactivity and provide a rationale as for why the homocoupling
of 1i was unsuccessful. With an oxidation potential of 1.310V,
1i is not oxidized by DDQ.

The oxidation potentials do not, however, explain why 1j
fails to homocouple even though it has an oxidation potential
comparable to 1a and 1f. If we consider that dimerization
involves the energetically closest MOs,>* we can then pay our
attention to the morphology of the SOMO of the radical cation
and the HOMO of the neutral substrate. For a successful 3,3'-
homocoupling, a high contribution from the C3-carbon to the
nucleophile’s HOMO and the electrophile’s SOMO is imper-
ative. As shown in Fig. 1, this is certainly true for 1a but not
for 1j. Thus, it is clear that, in order to predict reactivity, both

This journal is © the Partner Organisations 2016
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1a** SOMO 1la HOMO

1j** somo 1j HOMO

Fig. 1 Frontier molecular orbitals of 1la and 1j (HOMOs) and the
respective cation radicals (SOMOs).

the oxidation potential of the substrate and the morphology of
its frontier orbitals need to be considered.

Finally, to demonstrate the applicability of our approach,
we endeavoured to synthesise shandougenine B. Prior to the
synthesis, we predicted the oxidative homocoupling to be
favourable based on its low oxidation potential and a high con-
tribution from the C3-carbon to the frontier MOs (see the
ESIf). Substrate 1k was prepared with the reported literature
procedure® and the homocoupling reaction promoted with 6
eq. of TFA and 0.5 eq. of DDQ (Scheme 4). To our delight, the
dimerization of 1k proceeded smoothly and the corresponding
dimer could be isolated in 80% yield. After subsequent
removal of the benzyl groups, the antioxidant shandougenine
B was obtained in 73% yield (NMR) under standard con-
ditions. Interestingly, the biological origin of shandougenine B
has been hypothesised to be oxidative coupling of the
monomer Sophora as it is also present in the roots of
Sophora  tonkinensis.*’  Our successful synthesis of
shandougenine B via an oxidative route certainly supports this
hypothesis.

In the proposed mechanism (Scheme 5), DDQ initially
forms a charge transfer (CT) complex with the substrate
(Int-1). The formation of a CT complex is seen visually by a
colour change and confirmed by UV-vis spectroscopy for 1a-c
(Fig. 2 top). Furthermore, the structure of a 2:1 complex of 1c
and DDQ was determined by single crystal X-ray diffraction
(Fig. 2 bottom, see the ESI} for details).?® The layered structure

R-0O.
o] 0 R
eprad
0.5eq. DDQ [o]
o~
R o e}
O-R

2k R =CHPh .__| Hy, PAIC (5 %)
ShandougenineB R=H EtOAc, 73 % (NMR)

DCE (0.05 M)
Beq. TFA

Scheme 4 Synthesis of shandougenine B with DDQ-mediated oxi-
dative homocoupling as the key strategic step.
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Scheme 5 Proposed reaction mechanism for the intermolecular oxi-
dative dehydrogenative 3,3'-coupling of 2-aryl-benzolb]furans and
2-aryl-benzo[b]thiophenes.
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Fig. 2 (Top) UV-vis spectra of DCE solutions of la—c and DDQina2:1
ratio. (Bottom) Side view of the stacked packing of DDQ and 1c in the
crystal structure of a 1: 2 adduct between DDQ and 1c.

of the complex between 1c and DDQ shows a short (3.14 A)
distance between the electron donor and the acceptor, which
is a prerequisite for efficient electron transfer.””

In our mechanistic scenario, the actual coupling reaction is
initiated by a SET from 1 to DDQ, which is, in turn, triggered
and promoted by addition of an acid that increases the
oxidative power of DDQ.® The formed electrophilic radical
cation 1% can then react with a nucleophilic neutral substrate
1 to form a radical cation intermediate Int-2, from which
product 2 is obtained after elimination of two protons and a
second SET. Alternatively, 1" could deprotonate and couple
with neutral 1 to form a neutral radical intermediate, leading
to 2 via elimination of one proton and a second SET. At this
point, the radical cation mechanism seems more likely as it is
analogous to the one reported for MoCls-mediated dehydro-
genative coupling of arenes.”® Monitoring the reaction with
NMR and EPR spectroscopy implies that the purported mech-
anism is conceivable as the disappearance of the NMR signals
is accompanied by an appearance of an EPR signal upon
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addition of the acid (see the ESI}). Moreover, our preliminary
calculations show that the Int-2 structure is a local minimum
on the potential energy surface when 1% and 1 are coupled
together via their C3-carbon atoms (see the ESII). Detailed
computational investigations of the reaction mechanism are
currently underway.

Conclusions

We have developed a metal free DDQ/H" mediated 3,3-homo-
coupling reaction of 2-aryl-benzo[b]furans and 2-aryl-benzo[b]
thiophenes. The feasibility of the reaction was found to corre-
late with the oxidation potential of the substrate and the mor-
phology of its frontier molecular orbitals. The usefulness of
this approach was demonstrated in a priori examination of the
monomer Sophora that was successfully dimerized with the
developed synthetic method, resulting in the first total syn-
thesis of a natural product shandougenine B.

Experimental
Computational methods

All calculations were performed with the Turbomole
7.0 program package.”® The solvent environment was taken
into account with the COSMO approach with a dielectric con-
stant of 10.125 for 1,2-dichloroethane.’® The geometries were
optimized using the TPSS functional®' augmented with D3 dis-
persion correction.’” Ahlrichs’ def2-TZVP basis sets were used
for all atoms as implemented in Turbomole.** A modified inte-
gration grid M4 was employed along with the MARI-] approxi-
mation augmented with a suitable auxiliary basis set.***’
Vibrational frequencies were calculated numerically for all
stationary points and were found to verify their correspon-
dence to true minima (zero imaginary frequencies) and to
obtain Gibbs free energies. Absolute oxidation potentials were
calculated using a standard protocol (E° = AG,eg.15 x/nF; where
n =1 and F = 96.48 kcal mol™" V') and were further normal-
ized to the FcH/FcH" couple in DCE by subtracting 4.927 eV
from all calculated values.>® The use of FcH/FcH' couple as a
reference for data employing nonaqueous solvents is rec-
ommended by TUPAC.>*® Molecular orbitals were visualized
with the program VMD.?*?

General remarks

Unless otherwise specified, all materials were purchased from
commercial sources and used as received without further puri-
fication. Known benzo[b]thiophenes were prepared with Cul/
TMEDA catalysed annulation of 2-bromo alkynylbenzenes.?”
Known benzo[b]furans were synthesized from 2-iodophenol in
a cascade Sonogashira/5-endo-dig cyclisation reaction similar
to that described in the literature.®®

'H, and "C{'"H} NMR spectra were recorded using a Varian
Mercury 300 or Varian Inova 500 spectrometer at 27 °C. 'H
spectra were referenced to tetramethylsilane (TMS, 0.0 ppm) or

1742 | Org. Chem. Front, 2016, 3, 1738-1745

View Article Online

Organic Chemistry Frontiers

to residual solvent peaks (CDCl; 7.26 ppm; dsc-DMSO
2.50 ppm, CD;0D 3.31 ppm and CD,Cl, 5.32 ppm). *C{'H}
NMR spectra were referenced to residual solvent peaks (CDCl;
77.16 ppm; de-DMSO 39.52 ppm and CD;OD 49.00 ppm).
HRMS data were acquired with a JEOL JMS-700 instrument
using EI ionization mode. UV-vis spectra were recorded on a
Varian Cary 50 spectrometer at 27 °C. Cyclic voltammetry was
performed with a Gamry Reference 600 potentiostat using a
scan rate of 150 mV s~ . Solid samples of 1a-j (1-2 mg) were
dissolved into a DCM solution containing 0.05 M of NBu,PF¢
as the supporting electrolyte. Potentials were scanned at RT in
a single compartment cell fitted with Pt electrodes and refer-
enced to FcH/FcH' couple. Details of single crystal X-ray struc-
ture determinations are given in the ESL}

General procedure for homocouplings

Starting material (1 eq.) and DDQ (0.5 eq.) were mixed and dis-
solved in DCE (0.05 or 0.1 M). The formation of a CT-complex
was observed from a colour change and the mixture was
cooled to 0 °C and MsOH or TFA (3 or 6 eq.) was added to the
mixture. After a given amount of time, the reaction mixture
was filtered through a pad of basic Al,0; and washed with
chloroform. Purification of the crude product after evaporation
of solvents was performed by flash chromatography (SiO,).
2,2'-Bis(phenyl)-3,3"-bibenzo[b]furan (2a). Following the
general procedure with 51.2 mg (0.264 mmol, 1 eq.) of 1a,
30 mg (0.132 mmol, 0.5 eq.) of DDQ, 2.6 mL of DCE and
76.1 mg (0.792 mmol, 3 eq., 51 pl) of MsOH. Purification of
the crude product with 0:1 — 40: 1 (hexanes : EtOAc) afforded
2a in 88% yield (44.7 mg, 0.116 mmol). Spectral data is in
accordance with published data.'®” *H NMR (500 MHz, CDCl;)
§7.76 (d, J = 7.9 Hz, 4H), 7.62 (d, J = 8.3 Hz, 2H), 7.33 (t, ] =
7.6 Hz, 2H), 7.26-7.21 (m, 6H), 7.16-7.08 (m, 4H). *C NMR
(75 MHz, CDCl;) § 154.5, 152.1, 130.6, 129.6, 128.7, 128.7,
126.4,125.1, 123.2,120.9, 111.4, 107.8.
2,2"-Bis(4-methylphenyl)-3,3'-bibenzo[b]furan (2b). Following
the general procedure with 41.3 mg (0.198 mmol, 1 eq.) of 1b,
22.5 mg (0.0992 mmol, 0.5 eq.) of DDQ, 2.0 mL of DCE and
57.2 mg (0.595 mmol, 3 eq., 38.6 pl) of MsOH. Purification of
the crude product with 0:1 — 40:1 (hexanes : EtOAc) afforded
2b in 92% yield (37.9 mg, 0.0914 mmol). Spectral data is in
accordance with published data.®” "H NMR (500 MHz, CDCl;)
57.69 (d, ] = 8.2 Hz, 4H), 7.63 (d, J = 8.3 Hz, 2H), 7.35-7.30 (m,
2H), 7.16-7.09 (m, 4H), 7.07 (d, J = 8.2 Hz, 4H), 2.30 (s, 6H).
3C NMR (75 MHz, CDCl) § 154.4, 152.4, 138.7, 129.8, 129.4,
127.9, 126.3, 124.8, 123.1, 120.7, 111.2, 107.2, 21.5.
2,2"-Bis(4-methoxyphenyl)-3,3"-bibenzo[b]furan (2c). Following
the general procedure with 43.9 mg (0.196 mmol, 1 eq.) of 1c,
22.2 mg (0.0979 mmol, 0.5 eq.) of DDQ, 2.0 mL of DCE and
56.5 mg (0.587 mmol, 3 eq., 38 pl) of MsOH. Purification of
the crude product with 20:1 (hexanes: EtOAc) afforded 2c¢ in
92% yield (40.1 mg, 0.0898 mmol). Spectral data is in accord-
ance with published data.'®” 'H NMR (500 MHz, CDCl;)
7.76-7.71 (m, 4H), 7.61 (d, J = 8.2 Hz, 2H), 7.34-7.29 (m, 2H),
7.16-7.09 (m, 4H), 6.82-6.77 (m, 4H), 3.75 (s, 6H). *C NMR
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(126 MHz, CDCl;) 5 159.9, 154.3, 152.3, 129.9, 127.9, 124.5,
123.4, 123.0, 120.6, 114.2, 111.1, 106.2, 55.3.
N,N'-([3,3"-Bibenzo[b]furan]-2,2'-diylbis(1,4-phenylene))diacet-
amide (2d). Following the general procedure under dry con-
ditions with 14.3 mg (0.0569 mmol, 1 eq.) of 1d, 6.6 mg
(0.0291 mmol, 0.5 eq.) of DDQ, 1.14 mL of DCE and 32.8 mg
(0.34 mmol, 6 eq., 22.2 pl) of MsOH. Purification of the crude
product with 20:1 (DCM:MeOH) afforded 2d in 68% yield
(9.7 mg, 0.0194 mmol). "H NMR (500 MHz, DMSO) § 10.03 (s,
2H), 7.74 (d, J = 8.3 Hz, 2H), 7.61 (d, J = 8.7 Hz, 4H), 7.53 (d, ] =
8.7 Hz, 4H), 7.36 (t, J = 7.7 Hz, 2H), 7.14 (t, ] = 7.5 Hz, 2H), 7.03
(d, J = 7.7 Hz, 2H), 2.01 (s, 6H). ">*C NMR (126 MHz, DMSO)
6 168.5, 153.6, 151.5, 139.9, 128.8, 126.4, 125.0, 124.2, 123.3,
119.9, 118.9, 111.4, 105.9, 24.0. HRMS (EI') caled for
[C32H,4N,0,4]" m/z: 500.1736, found: 500.1731.
2,2"-Bis(phenyl)-3,3'-bibenzo[b]thiophene (2e). Following the
general procedure with 30.4 mg (0.145 mmol, 1 eq.) of 1e,
16.4 mg (0.0723 mmol, 0.5 eq.) of DDQ, 1.4 mL of DCE and
41.7 mg (0.434 mmol, 3 eq., 28.2 pl) of MsOH. Purification of
the crude product with 0:1 — 40:1 (hexanes : EtOAc) afforded
2e in 86% yield (26.1 mg, 0.0624 mmol). Spectral data is in
accordance with published data."®” "H NMR (500 MHz, CDCl;)
57.89 (d, ] = 8.0 Hz, 2H), 7.39-7.32 (m, 4H), 7.27-7.22 (m, 2H),
7.12-7.08 (m, 2H), 7.07-7.01 (m, 8H). *C NMR (75 MHz,
CDCl;) 6 142.5, 140.8, 139.0, 134.2, 128.5, 128.4, 127.8, 126.6,
124.8, 124.7, 123.8, 122.3.
2,2'-Bis(4-methylphenyl)-3,3"-bibenzo[b]thiophene (2f).
Following the general procedure with 40.6 mg (0.181 mmol,
1 eq.) of 1f, 20.5 mg (0.0905 mmol, 0.5 eq.) of DDQ, 1.8 mL of
DCE and 52.2 mg (0.543 mmol, 3 eq., 35.3 pl) of MsOH.
Purification of the crude product with 0:1 (hexanes) — 40:1
(hexanes:DCM) — 20:1 (hexanes:EtOAc) — 10:1
(hexanes : EtOAc) — 1:1 (hexanes: EtOAc) afforded 2f in 86%
yield (26.1 mg, 0.0624 mmol). Spectral data is in accordance
with published data.'®” 'H NMR (500 MHz, CDCl,) § 7.90-7.87
(m, 2H), 7.35-7.29 (m, 4H), 7.24-7.19 (m, 2H), 7.08 (d, J =
8.2 Hz, 4H), 6.93-6.89 (m, 4H), 2.24 (s, 6H). "*C NMR (75 MHz,
CDCl,) 6§ 142.4, 141.0, 138.7, 137.8, 131.4, 129.2, 128.2, 126.2,
124.6, 123.6, 122.2, 21.3.
2,2'-Bis(4-methoxyphenyl)-3,3"-bibenzo[b]thiophene (2g).
Following the general procedure with 45.9 mg (0.191 mmol,
1 eq.) of 1g, 21.7 mg (0.0955 mmol, 0.5 eq.) of DDQ, 3.8 mL of
DCE and 55.1 mg (0.573 mmol, 3 eq., 37.2 ul) of MsOH.
Purification of the crude product with 20:1 (hexanes : EtOAc)
— 10:1 (hexanes : EtOAc) afforded 2g in 93% yield (44.3 mg,
0.0884 mmol). Spectral data is in accordance with published
data.’®® *H NMR (500 MHz, CDCL;) & 7.88 (d, J = 8.0 Hz, 2H),
7.36-7.28 (m, 4H), 7.22 (t, J = 7.5 Hz, 2H), 7.08 (d, J = 8.8 Hz,
4H), 6.64 (d, J = 8.8 Hz, 4H), 3.71 (s, 6H). *C NMR (75 MHz,
CDCl,) 6 159.4, 142.2, 141.0, 138.6, 129.6, 126.8, 125.7, 124.6,
124.5, 123.5, 122.2, 113.9, 55.3.
2,2'-Bis(2-thienyl)-3,3"-bibenzo[b]thiophene (2h). Following
the general procedure with 36.5 mg (0.169 mmol, 1 eq.) of 1h,
19.1 mg (0.0844 mmol, 0.5 eq.) of DDQ, 1.7 mL of DCE and
48.7 mg (0.5061 mmol, 3 eq., 32.9 ul) of MsOH. Purification of
the crude product with 0:1 — 40:1 afforded 2h in 15% yield
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(5.2 mg, 0.01237 mmol). "H NMR (500 MHz, CDCl;) § 7.87 (d,
J = 8.1 Hz, 2H), 7.38-7.30 (m, 2H), 7.22-7.18 (m, 6H), 7.07 (d,
J = 5.0 Hz, 2H), 6.86 (t, /] = 4.1 Hz, 2H). >*C NMR (126 MHz,
CDCl3) 6 140.7, 138.3, 137.2, 135.9, 127.5, 127.1, 126.5, 125.3,
125.1, 123.2, 122.2, 77.2. HRMS (EI") caled for [Cp4H14S4]" m/z:
429.9978, found: 429.9984

Benzylated shandougenine B (2k)

Following the general procedure under dry conditions and
under Ar with 16.1 mg (0.0357 mmol, 1 eq.) of 1k, 4.1 mg
(0.0179 mmol, 0.5 eq.) of DDQ, 0.72 mL of DCE and 24.4 mg
(0.214 mmol, 6 eq., 16.5 pul) of TFA. Purification of the crude
product with 20:1 — 5:1 — 3:1 (hexanes: EtOAc) afforded
2k in 80% yield (12.9 mg, 0.01435 mmol). "H NMR (300 MHz,
CDCl;) 6 7.42-7.31 (m, 10H), 7.23-7.16 (m, 6H), 7.09-7.03 (m,
4H), 7.01-7.00 (m, 2H), 6.96 (d, J = 8.5 Hz, 2H), 6.67-6.66 (m,
2H), 6.31 (d, J = 2.3 Hz, 2H), 6.26 (dd, J = 8.5, 2.3 Hz, 2H), 5.96
(dd, J = 5.1, 1.3 Hz, 4H), 4.91 (s, 4H), 4.61 (s, 4H). *C NMR
(75 MHz, CDCl;) § 160.2, 157.4, 150.3, 149.8, 145.9, 144.2,
136.9, 131.6, 128.8, 128.3, 128.2, 127.6, 126.9, 122.8, 113.9,
110.4, 105.9, 101.2, 100.9, 99.4, 93.3, 70.2, 69.9.

Shandougenine B

2k (6.5 mg, 0.00723 mmol) and 25 mg of 5% Pd/C (wetted
~50% H,0) in 2.5 mL ethyl acetate were stirred vigorously for
10 h 30 min under a Hy-balloon. After filtration through diato-
maceous earth, evaporation of volatiles and redissolvation to
CD;0D, shandougenine B was obtained in 73% yield (NMR).
The analytical sample was purified with column chromato-
graphy using 10:1 (DCM: MeOH) as the eluent. Spectral data
is in accordance with published data.*” 'H NMR (500 MHz,
CD,0D) § 7.40 (d, J = 8.5 Hz, 2H), 6.99 (s, 2H), 6.40 (dd, J = 8.5,
2.4 Hz, 2H), 6.27 (s, 2H), 6.19 (d, J = 2.3 Hz, 2H), 5.85 (d, J =
7.2 Hz, 4H). *C NMR (75 MHz, CD;0D) § 160.8, 157.0, 151.5,
151.1, 147.2, 145.5, 131.8, 123.5, 111.6, 110.7, 108.8, 103.7,
102.4, 99.8, 93.9. HRMS (EI') caled for [C;,H;50:0]" m/z
538.0900 found: 538.0899.
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Direct observation of a borane-silane complex
involved in frustrated Lewis-pair-mediated
hydrosilylations

Adrian Y. Houghton', Juha Hurmalainen?, Akseli Mansikkamaki2, Warren E. Piers'*
and Heikki M. Tuononen?*

Perfluorarylborane Lewis acids catalyse the addition of silicon-hydrogen bonds across C=C, C=N and C=0 double bonds.
This ‘metal-free’ hydrosilylation has been proposed to occur via borane activation of the silane Si-H bond, rather than
through classical Lewis acid/base adducts with the substrate. However, the key borane/silane adduct had not been
observed experimentally. Here it is shown that the strongly Lewis acidic, antiaromatic 1,2,3-tris(pentafluorophenyl)-
4,5,6,7-tetrafluoro-1-boraindene forms an observable, isolable adduct with triethylsilane. The equilibrium for adduct
formation was studied quantitatively through variable-temperature NMR spectroscopic investigations. The interaction of
the silane with the borane occurs through the Si-H bond, as evidenced by trends in the Si-H coupling constant and the
infrared stretching frequency of the Si-H bond, as well as by X-ray crystallography and theoretical calculations. The
adduct’s reactivity with nucleophiles demonstrates conclusively the role of this species in metal-free ‘frustrated-Lewis-pair’

hydrosilylation reactions.

vation step typically require catalysts based on transition

metals to achieve turnover. Accordingly, many catalysts
from metals across the transition period are known to conduct
the hydrosilylation and/or hydrogenation of unsaturated organic
functions, such as C=0, C=N and C=C bonds. In such systems,
the Si-H or H-H bonds are activated via oxidative addition or
o-bond metathesis processes at the transition-metal centre as a
key first step in the catalytic cycle!.

Although such catalysts offer many advantages, two drawbacks
are the high cost and toxicity of the metals most typically employed
in such applications. There has therefore been significant interest in
developing highly active, selective catalysts based on more economi-
cal and less harmful elements, such as the first-row transition
metals? or main-group elements**. With regard to the latter class
of ‘metal-free’ catalysts, the primary challenge lies in coaxing com-
pounds of the main-group element into mediating the critical bond-
activation step necessary for catalytic turnover’.

In this context, our observation in the mid-1990s that the
strongly Lewis acidic organoborane trispentafluorophenyl borane,
B(C4Fs); (ref. 6), was a highly active catalyst for the hydrosilylation
of carbonyl” and imine® functions has proved to be a key discovery
in the development of metal-free catalyst systems for the addition of
Si-H%1* and subsequently H-H"-16 across a number of unsaturated
bonds. Although we surmised initially that B(CsFs)3 served to acti-
vate the carbonyl group via a classical Lewis acid-Lewis base inter-
action, kinetic and mechanistic studies strongly suggested that, even
though such adducts are quite thermodynamically favoured!”!8, the
true role of the borane was to activate the silane”!®, as depicted in
Fig. 1. The putative borane-silane adduct I is then susceptible to
attack at the silicon by the Lewis basic substrate, which results in
the bond-activation intermediate ITI. This type of bond cleavage
has come to be termed ‘frustrated-Lewis-pair’ (FLP) bond

| | omogeneous catalytic processes that necessitate a bond-acti-

activation®®?!, particularly when K.q; favours the free Lewis acid/

base pair. Even when this equilibrium favours classical adduct for-
mation, the lability of the species can allow for ‘thermally induced
frustration’? whereby an Si-H/borane adduct I mediates bond clea-
vage via a FLP-type mechanism. In the hydrogenation chemistry,
the role of an H,-B(CgFs); adduct (I, E=H) is still in question®,
and proposals that involve the formation of a weak ‘encounter
complex’ II, stabilized by secondary C-H--F interactions, prior to
FLP activation of H, via III have strong computational
support?*?>. Whether the path to III involves an EH-B(C4Fs);
adduct I or an encounter complex II, the bond-activation transition
state leads to an ion pair IV that proceeds to product on the transfer
of hydride from the [HB(C4Fs);]™ to the substrate carbon, regener-
ating the B(C4Fs); catalyst. Much experimental and computational?®
support for this general mechanistic proposal has appeared in the
years since our first disclosure of this chemistry. In addition to
our own kinetic and labelling investigations”!°, Oestreich has used
stereo-pure silanes to demonstrate elegantly that, as the mechanism
predicts, the Walden inversion at silicon via structure I for E = R;3Si
is, indeed, operative?”?8. Furthermore, in some cases the ion-pair
intermediate IV can be observed spectroscopically®%.

This cumulative body of evidence resulted in a high degree of
acceptance for this mechanism in the literature, but the specific
nature of the adducts I, or of encounter complexes of type II,
remained experimentally opaque?**. It has been observed that
B(CgFs); reacts slowly with Et;SiH3!*2 to give bispentafluorophenyl
borane, HB(C¢F5), (ref. 33) along with Et;SiC¢Fs, a process in
which a borane-silane adduct is implicated. However, extensive
attempts to detect this adduct through low-temperature spectro-
scopic studies!®* consistently failed to provide convincing evidence
for its presence in solution. In other words, K.q, in Scheme 1
appears to strongly disfavour the formation of adduct I for the
Lewis acid B(C¢F5);. We were thus intrigued by a recent report
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Figure 1| The mechanism of FLP activation of Si-H and H-H bonds. The various important equilibria involved in the activation and cleavage of Si-H and
H-H bonds by Lewis acid/base pairs are depicted. Although the formation of classical Lewis acid/base adducts (K.q) may be favoured, free Lewis acids may
also interact with E-H to form a borane/E-H adduct, which is the key intermediate in the FLP activation of these bonds. This equilibrium, Keqz, is highlighted
by the box with dashed lines. Such adducts I have not been experimentally observed. Inset: structures of antiaromatic borole V and boraindene 1.

from Berke and co-workers®® in which they claimed to have
observed substantial amounts of Et;Si-H — B(C¢Fs)5 in solution
via °Si NMR spectroscopy at 233 K. However, as their procedures
did not appear to involve careful drying of the borane before use, it
seemed probable that the peak assigned to this adduct was, in fact,
caused by Et;SiOSiEt;, which forms rapidly when wet borane®®% is
treated with silane via rapid dehydrogenative silylation of water3$%.
We confirmed this postulate by recording the **Si NMR spectrum
of an authentic sample of Et;SiOSiEt;. Thus, this report of the
detection of the Et;Si—-H — B(C¢F5); adduct®® must be viewed as
erroneous, and these species remain experimentally elusive.

To tilt the equilibrium K.g, in favour of a borane silane adduct I,
the use of either a silane that is more Lewis basic or a borane that is
more Lewis acidic might be contemplated. As the latitude for
increasing the Lewis basicity of the silane is rather narrow’, we
explored the latter strategy. To this end, we utilized antiaromaticity
in combination with perfluorination to prepare Lewis acidic
boranes that were even stronger than B(C4Fs);. For example, we
have shown that perfluoropentaphenylborole*! (V, Fig. 1, inset) is
an extremely Lewis acidic compound that binds CO*? and activates
dihydrogen towards H-H bond cleavage*>**. In the latter reaction,
an adduct of H, with V is clearly implicated. Borole V also
undergoes less-well-defined reactions with silanes that involve
cleavage of the Si-H bond® but, because of the compound’s low
solubility in non-donor solvents, we have been unable to conduct
low-temperature spectroscopic studies aimed at detecting either an
H, or a silane adduct of V. Accordingly, recently we reported the
synthesis of 1,2,3-tris(pentafluorophenyl)-4,5,6,7-tetrafluoro-1-bora-
indene?, 1 (Fig. 1), a borane of essentially equal Lewis acidic
strength as V, but substantially more soluble than V in typical
inert solvents. Here we describe its behaviour in the presence of
triethylsilane, Et;SiH, and fully demonstrate the viability of
borane-silane adducts I.

Results and discussion

The synthesis and characterization of boraindene 1 has been
described previously*®. It is a red solid that retains this colour
in toluene solution; the colour is the result of a weak absorption
in the visible region at 465nm (e=900 M 'cm ', see
Supplementary Fig. 1) caused by a forbidden transition that involves
the empty p orbital on the Lewis acidic boron centre. On complexa-
tion of a Lewis base, this absorption is disrupted and the colour of
the resulting adducts is pale yellow. Thus, the formation of a Lewis
acid/base adduct that involves 1 is apparent with the naked eye by
this red-to-yellow colour change.
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To explore the potential for adduct formation between 1 and
Et;SiH (K.q,, Fig. 2a), 1-2 equiv. silane were added to a red solution
of 1 in dg-toluene. No visible change in colour was observed at room
temperature (Fig. 2b) and little change to the components of the sol-
ution occurred, as judged by '°F and 'H NMR spectroscopy. The 13
separate resonances in the "’F NMR spectrum of 1 remained essen-
tially unperturbed, whereas the signal for the Si-H moiety in Et;SiH
was a sharp septet at 3.79 ppm, essentially the same chemical shift as
observed in pure samples of Et;SiH. These observations shows that,
although adduct formation was not favoured under these conditions,
boraindene 1 is stable towards reactions with silane that lead to ring-
opening processes observed for V and related compounds®.
Therefore, when a reversible red-to-yellow colour change was
evident on cooling this solution to 195 K (Fig. 2b), the coordination
of silane to the boraindene to form adduct 2 was strongly implicated.
We therefore followed up this encouraging qualitative evidence with a
detailed spectroscopic, structural and computational study, aimed at
establishing thermodynamic parameters for the equilibrium K.q,
and characterizing borane/silane adduct 2.

Variable-temperature '’F NMR experiments were conducted on
solutions of 1 with varying amounts of Et;SiH in dg-toluene. As the
temperature was lowered, most of the resonances in the '’F NMR
spectrum shifted slightly upfield, but the chemical shift for the flu-
orine ortho to boron on the boraindenyl core (coloured red in
Fig. 2a) was significantly perturbed as adduct formation was
favoured at lower temperatures (Fig. 2c). The drifting of this reson-
ance was completely reversible as the temperature was lowered and
raised. A similar phenomenon was observed in a series of '’F NMR
spectra recorded at room temperature with varying amounts of
excess silane added (Supplementary Fig. 2). Both experiments indi-
cate that, as the equilibrium shifts towards adduct 2, the chemical
shift of the ortho-fluorine atom moves closer to its absolute value
in 2. As the position of the resonance for the ortho-fluorine is a
weighted average of the chemical shift of this fluorine in the free
boraindene 1 and adduct 2, this series of spectra can be utilized to
extract the mole fraction of each species and evaluate the equili-
brium constant K.q,. This was done by titrating 26 mM solutions
of 1 with measured amounts of added silane at six different temp-
eratures. Treatment of this data using the binding isotherm equation
allowed for the determination of K.q, at these temperatures (see
Supplementary Fig. 3 and Supplementary Table 1), which facilitated
avan’t Hoff analysis (Fig. 2d) that yielded thermodynamic parameters
of AH°=-29.7(3)kJmol™ and AS°=-100(1)]Jmol ' K™ for
Keqz- The enthalpy associated with silane binding is approximately
double that calculated for the binding of Et;SiH to B(CgFs)s

NATURE CHEMISTRY | VOL 6 | NOVEMBER 2014 | www.nature.com/naturechemistry

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/doifinder/10.1038/nchem.2063
http://www.nature.com/naturechemistry

NATURE CHEMISTRY bor: 10.1038/NCHEM.2063

F
FsCe F
7 F
FsCe ? . + EtzSi-H ———

Keqz
CeFs
1
i 298 K 195 K
€ o d T (K
A | I T <
0.0028 0.0038 0.0048
O L
n | | T N
[ g
]
| TR TI | BT 5
T, -0.021
\ t k J_M__LJL 243K X 200
N X ) 0+
$ 00376
L | T J0%lE 4
T 2
ﬂ T ooy
211 K —0.047 &
— < 12 -
o I Il 15K | -0.05
—114 —118 —122 126 -130 —134 —138 —142 —146 —150 —154 —158 —162 —166

f1 (ppm)

Figure 2 | Equilibrium formation of borane-silane adduct 2. a, Schematic representation of adduct formation between 1,2,3-tris(pentafluorophenyl)-4,5,6,7-
tetrafluoro-1-boraindene, 1, and triethylsilane, an example of equilibrium K., as depicted in Fig. 1. b, The visible colour change observed on cooling solutions
of 1 and Et5SiH from room temperature to 195 K with dry ice/acetone; on warming, the red colour of 1 returns. ¢, Variable-temperature °F NMR spectra of
this mixture, internally referenced to CgFe, illustrate the significant perturbation in the chemical shift of the fluorine atom ortho to the boraindene boron
atom (resonance marked by the red circle). d, Van't Hoff analysis of the equilibrium, which yields thermodynamic parameters AH® = -29.7(3) kJ mol™" and

AS°=-100(1) J mol™ K™ for Keq2; inset gives a plot of AG® versus temperature.
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Figure 3 | Partial proton NMR spectrum of solutions of 1 and Et3Si-H. a, Region of the spectrum showing the upfield shift for the Si-H resonance as the
temperature is lowered and the equilibrium Keq favours adduct 2. b, Overlaid and expanded resonance showing the steady contraction in the one-bond Si-H

coupling constant as the equilibrium shifts towards adduct 2.

(refs 26,34), but still rather weak, and the unfavourable entropic
term renders the equilibrium approximately thermoneutral at
room temperature (Fig. 2d, inset), completely consistent with
our macroscopic and spectroscopic observations.

We depict the adduct as being bonded via a Si-H---B bridge; this
is consistent with computed structures for adducts that involve

NATURE CHEMISTRY | VOL 6 | NOVEMBER 2014 | www.nature.com/naturechemistry

B(C4Fs) (refs 26,34). The variable-temperature '"H NMR and infra-
red spectra for 2 provide experimental support for this assignment.
As the temperature was lowered from 298 to 213 K, the signal for the
silane hydrogen in the 'H NMR spectrum moved more than 1 ppm
upfield (Fig. 3a). An expansion of this signal to render the 2 sat-
ellites visible shows clearly that, as the temperature was lowered and
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Figure 4 | Crystal structure of boraindene-silane adduct 2 (50%
probability ellipsoids). For hydrogen, only the bridging hydrogen atom H1 is
shown. Boron, silicon, carbon, fluorine and hydrogen atoms are in pink,

light green, charcoal grey, lime green and grey, respectively. Red dashes
indicate the close non-bonded contacts. Selected bond lengths (A),
non-bonded distances (A) and bond angles (°) [calculated values]:
B1-C1=1.616(3) [1.607], B1-C8 =1.608(3) [1.594], B1-C9 = 1.605(3)
[1.597], B1-H1=1.46(2) [1.402], Si1-H1=1.51(2) [1.608], F4-C29 =3.262(2)
[4.717], FO-C27 = 3.138(3) [3.171], C1-B1-C8 =100.58(15) [100.91],
C1-B1-C9 =122.89(16) [121.06], C8-B1-C9 =120.84(17) [122.57],

B1-H1-Si1 =157 [154.45].

the equilibrium shifted towards 2, the value for the 'J;_g coupling
constant dropped smoothly from 177 Hz in free Et;Si-H to a value
of 107(2) Hz at 213 K (Fig. 3b). A lowering of this coupling constant
was expected?’ as the Si-H bond weakens on interaction with the
boron centre. It was also anticipated that the stretching frequency
of the Si-H bond would be impacted on adduct formation and,
indeed, a broad band at 1,918 cm™ was observed in solid samples
of 2 precipitated from solutions of 1 in neat Et;SiH at 195K
(Supplementary Fig. 4). The vs;_y stretch for free silane is a sharp
band at 2,103 cm™'; the broadness of the band in 2 is typical of
such v,gsi g moieties®®. Furthermore, when samples of d;-2 are
prepared using Et;Si-D, this band shifted from its position at
1,918 cm™" to ~1,400 cm™" in the fingerprint region of the spectrum
(Supplementary Fig. 4).

That we were able to perform infrared spectroscopy on solid
samples of 2 encouraged us to pursue the compound’s crystalliza-
tion for the purpose of structural analysis by X-ray diffraction.
When neat Et;SiH was layered onto a toluene solution of bora-
indene 1 at —-35°C in a 5 mm glass tube and allowed to diffuse
slowly together, X-ray quality crystals were obtained and the struc-
ture determined; a thermal ellipsoid depiction of the molecular
structure is given in Fig. 4 along with selected metric parameters.
In 2, the silane binds the borane via the Si-H bond, to form a some-
what bent Sil-H1-B1 bridge (157°). The bridging hydrogen H1 was
found and refined on the difference map, which provided Sil-H1 and
B1-H1 bond distances of 1.51(2) and 1.46(2) A, respectively. Thus,
the hydrogen remained mainly associated with silicon because
typical Si-H distances are ~1.48 A (ref. 47), whereas B-H distances
in perfluoroaryl hydridoborate anions are around 1.14 A (ref. 49)
and 2 can be viewed as a Lewis acid/base adduct rather than an ion
pair of the form [Et;Si] [HB(ArY)5]". Although the interaction is
weak, the boron centre is significantly pyramidalized relative to the
planar boron in 1%, with the sum of the C-B-C angles amounting
to 344.3(2)°. The adduct also appears stabilized by secondary C-
H--F van der Waals interactions as evidenced by close contacts
between F9 and C27 (3.138(3) A) and F4 and C29 (3.262(2) A).

Adduct 2 was studied further by density functional theory (see
the Supplementary Information). Most of the optimized structural
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Table1 | Calculated bonding parameters of the adducts 2,
I and VI.

Adduct AHo::alc AGc'cznlc AEdist AEinst
(kJ mol™) (kJ mol™) (kJ mol™")* (kJ mol™)*
2 21 32 75 -102
| -6 56 68 =72
Vi -20 42 103 -129

*The sum of AEgi and AE, equals AHc, e at O K.

parameters of 2 correspond well with those in the crystal structure
(Fig. 4, caption), but the calculated Sil-H1 bond length and the
non-bonded distances between the F and C atoms are longer than
those in the X-ray structure. This can be explained by the uncer-
tainty in the location of the bridging hydrogen in the difference-
density map and crystal-packing effects that are not accounted for
in gas-phase calculations. An atoms-in-molecules analysis®® of the
Sil-H1 bond critical point in 2 yields properties comparable to
those for the Si-H bond in the free silane, which indicates locally
similar electronic structures. In contrast, the data for the BI-H1
bond critical point in 2 differ considerably from results obtained
for the anion [HB(C¢F5)s]”, which supports the view of 2 as a
Lewis acid/base adduct. The calculated enthalpy associated with
silane binding, AH°., is —21 kJ mol™, which is in agreement
with the value obtained from the van’t Hoff analysis; the corre-
sponding AG®,. is 32 k] mol ™.

To probe the stability of 2 further, calculations were carried out
to compare the bonding in 2 to that in the Et;SiH adduct with
B(C4Fs); (that is, I in Fig. 1) and in the hypothetical adduct with
perfluoroarylborole V (denoted VI). The calculated enthalpies and
Gibbs energies (Table 1) show that adduct I is clearly the weakest
of the three, whereas adduct VI is predicted to be as strongly
bound as 2. A further decomposition of the borane-silane
bonding interaction allows quantification of the energy components
that arise from distortion of fragment geometries (AEg;,) and elec-
tronic (bonding) effects that stabilize the adducts (AE;,s). Adduct I
has the smallest distortion energy, but is nevertheless the least
bound because of it has the weakest bonding interaction.
Although the distortion energies in 2 and, in particular, VI are
greater than that in I, the difference is more than compensated by
stronger bonding interactions between the boraindene/borole and
silane. The data in Table 1 also suggest that the Lewis acidity of
the investigated boranes decreases in the series V >1>B(C4Fs);, a
notion corroborated by calculated hydride affinities of —593, —564
and -538 kJ mol™!, respectively. Thus, a fine balance between
steric and electronic effects, rather than the high Lewis acidity of
1 alone, explains the stability of adduct 2.

The characterization of 2 in both solution and the solid state rep-
resents the first direct evidence for the long-proposed activation of
silane by perfluoroarylboranes’. Although intramolecular Si-H--B
interactions have been noted®!, the intermolecular silane borane
adduct 2 is explicitly relevant to metal-free, FLP**-mediated hydro-
silylations of unsaturated functions. To demonstrate that adduct 2
reacts in ways that are consistent with the mechanistic proposals
in Fig. 1, we examined its reactivity towards a simple nucleophile
(Fig. 5). Boraindene 1 and silane were dissolved in toluene and
cooled to —78 °C, and then 1 equiv. of dry bis(triphenylphosphine)
iminium chloride, [PPN]"[Cl]", added to form, immediately and
quantitatively, the [PPN]" salt of the hydridoborate anion, 3, and
Et;SiCl (Fig. 5a). The latter was identified by comparison with an
authentic sample, whereas 3 exhibited ''B NMR (-16.2 ppm) and
'H NMR (1.6 ppm, =90 Hz) data consistent with the
formation of a hydridoborate*. The chloroborate 4 that might be
expected to form competitively (Fig. 5a) was not observed; this
was confirmed by synthesizing it separately from 1 and

NATURE CHEMISTRY | VOL 6 | NOVEMBER 2014 | www.nature.com/naturechemistry

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp3
http://www.nature.com/compfinder/10.1038/nchem.2063_comp3
http://www.nature.com/compfinder/10.1038/nchem.2063_comp4
http://www.nature.com/compfinder/10.1038/nchem.2063_comp1
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/compfinder/10.1038/nchem.2063_comp2
http://www.nature.com/doifinder/10.1038/nchem.2063
http://www.nature.com/naturechemistry

NATURE CHEMISTRY bor: 10.1038/NCHEM.2063

ARTICLES

F
b ot
7 F
FsCe B
|

+ Et,Si-H
F — Et,Si-H
CeFs
1 2
[PPN][CI] l [PPN][CI] l Et;Si~Cl
+ +
[pen] [eN|
Fk + EtgSi-H r
F 7 F
FsCe No FsCo
\B FCI reaction \B FH
FsCe / FsCs |
CeFs CeFs
4 3

Figure 5 | Reactivity of boraindene silane adduct 2. Schematic representation
of the reactivity of both 1and 2 with PPN chloride.

[PPN]"[CI]". Furthermore, a control experiment in which 4 was
treated with excess Et;SiH showed that this is not a viable
pathway to 3. Indeed, when the boraindene 1/Et;SiH mixture was
treated with [PPN]"[Cl]™ at room temperature, the hydridoborate
3 was the exclusive boron-containing product. From equilibrium
thermodynamic data, under these conditions the speciation of 2
in solution is less than 5% relative to that of free boraindene 1,
which suggests that the borane-silane adduct reacts with chloride
ion at least 20 times faster than the free boraindene. On the face
of it, this seems quite surprising, but it is in line with the high
rates hydrosilylation of imine and carbonyl functions by B(C¢Fs5)3;
clearly, these borane silane adducts are highly reactive towards
nucleophiles. The isolation and characterization of 2 allows us to
explore the detailed mechanism by which this and related adducts
react with various nucleophilic substrates.

Methods

1,2,3-tris(pentafluorophenyl)-4,5,6,7-tetrafluoro-1-boraindene 1 was prepared as
described elsewhere®; triethylsilane was purchased from Sigma-Aldrich and dried
via distillation under vacuum from calcium hydride. Unless explicitly stated
otherwise, all operations were carried out under a purified argon atmosphere using
either inert-atmosphere-glovebox or vacuum-line techniques. Dichloromethane was
dried over and distilled from CaH,, then distilled from molecular sieves after at least
three days. Toluene, hexanes and benzene were dried over and distilled from
sodium/benzophenone. Argon was passed through a Matheson TriGas cartridge
(model M641-02) prior to use to remove traces of water and oxygen. All NMR
analyses ("H, "*C{'H} DEPT-Q, ''B, '°F, *'P) were performed on either a Bruker
400 MHz or 600 MHz instrument. The X-ray crystallography analysis was
performed on suitable crystals coated in Paratone oil and mounted on a Bruker
Smart APEX II with a three-circle diffractometer. Full descriptions of the methods
used for data accumulation and analysis, as well as representative NMR and infrared
spectra and computational results, are given in the Supplementary Information.
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l n a recent article, “Crystallographic Snapshot of an Arrested
Intermediate in the Biomimetic Activation of CO,”, Acker-
mann et al. report the crystallographic characterization of an
intermediate in the formation of tetra-n-butylammonium
bicarbonate, [(n-C,H,),NJHCOj;, which displays a remarkably
long C—OH bond of 1.563(6) A.'! The paper immediately
caught our attention as we are also interested in the chemical
capture and conversion of CO,.”! Recently we reported the
complete characterization of a salt containing the cyanofor-
mate anion, [NCCO,]™, a simple adduct of cyanide and CO,
which had long eluded characterization.””! Interestingly, some
of the rarest adducts of CO, are, in fact, the simplest. For
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instance, stable solid derivatives of simple coordination
complexes of halides or pseudo halides with CO, are virtually
unknown. Other than cyanoformate and bicarbonate, only the
fluorocarbonate anion, [FCO,]~, has been prepared.”! Natu-
rally, a paper describing a very atypical geometry for the
bicarbonate anion was of great interest to us.

The experimental work reported by Ackermann et al. can
be summarized as follows. Gaseous CO, was bubbled through
an aqueous solution of tetra-n-butylammonium hydroxide,
[nBu,N]JOH, until a neutral pH was reached. An anhydrous
salt was then obtained by azeotropically dehydrating the
reaction mixture using successive portions of diethyl ether.
This yielded a white powder, which was spectroscopically (IR,
Raman, and 'H and ®C NMR) identified as tetra-n-butylam-
monium bicarbonate, [nBu,NJHCO,. Slow evaporation of
a saturated diethyl ether solution of the powder gave colorless
crystals in an unreported yield. The data from a subsequent
X-ray structural study was interpreted in terms of an
unprecedented arrested anionic intermediate, [O,C--OH]".
The anion is described as being encapsulated within a hydro-
phobic host scaffold generated by the tetra-n-butylammoni-
um, [nBu,N]", cations. The scaffold holds two symmetry-
related anions in a head-to-tail orientation with the two
hydroxy groups separated by a long O---O distance of 4.71 A.
Owing to this structural arrangement and the lack of hydro-
gen-bond acceptors in the cation, the hydroxy groups are not
involved in any secondary bonding interactions, which is
rather surprising. However, the crystal structure shows
several C—H moieties on the cation in close enough proximity
to form weak C—H:-O interactions with the anion. These
interactions are postulated to help to stabilize the structure of
the arrested intermediate, though no justification (other than
structural data) is given.

The results reported by Ackermann et al. for [nBu,N]-
[O,C--OH] contrast with our experiences with cyanofor-
mate.”! In our structure, the anion featured an sp—sp® carbon—
carbon bond of normal length, 1.480(9) A, even though it was
readily cleaved in solvents of higher polarity, forming CO,
and CN. In a similar fashion, when trapped inside a hydro-
phobic pocket, bicarbonate would be expected to contain
a regular C—OH bond unless distorted by strong inter-ionic
interactions. The hydrophobic pocket discussed by Acker-
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mann et al. is indeed structurally
interesting but it offers no apparent
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Table 1: Unit-cell parameters for the structure described by Ackermann et al. compared to those
obtained in this work for [nBu,N][O,CCH;].

explanation for the stabilization of TIK] a b c i VIAY

the putative long C--O bond as o r o/l T LT 07552)  13.497(2)  13.948(2)  101876(2)  1981.4(5)
only weak C—H-O contacts with ypid 5, 125 10.7273(12)  13.3080(15)  13.9495(15)  101.9615(13)  1948.2(6)
the CO, end of the anion are  this work 297 10.8277(16)  13.799(2) 13.968(2) 101.1851(19)  2047.3(9)

present. In fact, the C---O bond
length in [nBuN][O,C-~-OH] is
reminiscent of the C—C bond distance calculated by us for
an isolated cyanoformate anion in vacuum, 1.544 A
(CCSD(T)/aug-cc-pVTZ). We therefore considered the pos-
sibility that the salt reported by Ackermann etal. could
contain the common acetate anion, [O,CCH;]~, with a C—C
bond of normal length. We contacted the corresponding
authors of the original work and informed them about our
concerns, but they felt it “unnecessary to revisit the chemistry
at this time”. Since we could only access the CIF file for
[nBu,N][O,C-+-OH] from the CCDC repository,”! a straight-
forward reinterpretation of the original crystallographic data
was impossible. For this reason, we chose to crystallize tetra-
n-butylammonium acetate, [nBu,N][O,CCHj;], and deter-
mine its structure using single-crystal X-ray diffraction. The
results, supported by additional computational work, show
that a more plausible explanation for the exceptional arrested
intermediate reported by Ackermann et al. is the common
acetate anion with a typical C—C bond length of 1.537(3) A.

A fresh sample of [nBu,N][O,CCHj;] was purchased from
Sigma—Aldrich and opened in an inert atmosphere. A single
crystal was removed directly from the bottle and a complete
X-ray crystallographic study (125 K) was performed on it as
described in the Supporting Information. Once the low-
temperature data collection was finished, a set of room-
temperature data was also collected for the same crystal. In
addition, a solution of [nBu,N][O,CCHj;] in dry acetonitrile
was stirred for 24 h under argon in the presence of 3 A
molecular sieves. The solvent was then pumped off and the
colorless precipitate was brought into an inert atmosphere. A
saturated diethyl ether solution of the powder was allowed to
evaporate for three days to produce colorless plate-like
crystals. The structure of one of these crystals (123 K) was
found to be identical to that determined from the crystal of
the fresh sample and is not discussed further.

Table 1 shows a comparison of unit cell parameters for the
structure described by Ackermann et al. to those obtained in
this work for [nBu,N][O,CCH;].
We are unsure of the actual data
collection temperature for
[nBu,N][O,C--OH] as conflicting

ble 1) shows that the data are for closely related substances if
not for the identical material.

During the refinement of the 125 K structure of [nBu,N]-
[O,CCH;], care was taken to make sure that all of the non-
hydrogen atoms of the anion had been correctly assigned. To
do this, in the anisotropic refinement, once all the atoms of
the cation (including hydrogen atoms) had been modeled,
each atom of the anion was studied individually in turn. For
every atom, a cycle of refinement was carried out with that
atom assigned sequentially as B, C, N, O, or F. The refinement
statistics (R1, wR2, and GoF) were observed and the atom
type giving the minimal values chosen as the correct fit for
that position. Although this procedure is tedious and techni-
cal overkill for what is an essentially a pure crystalline salt, the
results will be of interest when comparing our structural data
with that reported by Ackermann etal. for [nBu/N]-
[O,C---OH]. A summary of the most important results, for
the C18 carbon of the terminal methyl group of the acetate
anion, are summarized in Table 2. For our data, there is
complete agreement with the anion being an acetate ion, as
expected.

Next, the geometrical data for our O3 refinement
(Table 2) was compared to the structural parameters reported
by Ackermann etal. Geometrical parameters were deter-
mined to be significantly different if the difference (A)
between the two was larger than three times the standard
uncertainty (o), thatis, a 99.7 % confidence interval. The bond
lengths and angles reported for [nBu,N][O,C--OH] were
taken from the Supporting Information of the original
publication. We note, however, that the values reported in
the CIF file obtained from the CCDCP are, again, slightly
different from those reported in the article.

Full data from the structural comparison is given in the
Supporting Information. From the analysis, it is immediately
evident that the two models are equivalent and represent the
same structure. Only one bond in the entire model (the anion

Table 2: Statistical and other parameters for the anisotropic refinement of [nBu,N][O,CCH;] at 125 K
where the terminal C18 atom of the anion has been sequentially replaced by other second-row elements
to judge the quality of the model.”!

information was found in the Sup-
porting Information for the origi-

nal paper and in the CIF file Rl

obtained from the CCDC.”) The W2
systematic absences for all the data
sets indicate that the space group
for [nBu,N][O,CCH;] is P2,/n (No.  yeq

14), which is also the space group
reported for [nBu,N][O,C--OH]
by Ackermann et al. A comparison
of the unit cell parameters (Ta-

Angew. Chem. Int. Ed. 2015, 54, 74847487

X B C18 N 03
0.0646 0.0555 0.0571 0.0678
0.2290 0.1932 0.1955 0.2268
GoF 1.419 1.188 1.202 1.401
positive Q [eA~?] 0.81 0.47 0.41 0.66
negative Q [eA~] —0.20 —0.18 —0.32 —0.65
0.03658 0.04773 0.06746 0.09659
C17-X distance [A] 1.5364(34) 1.5374(28) 1.5416(28) 1.5421(33)

[a] The atom C18 corresponds to our refinement (complete except for the methyl hydrogen atoms on the
anion), whereas O3 corresponds to a model, using our data, of the structure reported by Ackermann
et al. (complete except for the proton on O3).
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C17-02 bond) is significantly different, for a reason not
readily apparent to us. The crucial comparison between the
C17--03 bond in the two structures shows that there is no
significant difference in the bond length and our model
accurately replicates the large thermal motion of the O3 atom
reported by Ackermann et al. We also note that all of the
angles in the two models, including both the anion and the
cation, are not significantly different. A similar comparison
between our O3 model and the actual C18 refinement shows
that the structural parameters are not considerably affected
even in this case. This is clearly seen in Figure 1, which
features an overlay of the thermal ellipsoid plots for [nBu,N]-
[O,CCH;] (our refinement) and [#Bu,N][O,C--OH] (data
reported by Ackermann et al.). It is evident that the two
structures are completely superimposable on one another,
indicative of a common origin.

We concluded the structural comparison by considering
the inter-ionic interactions in [nBu,N][O,CCHj;] and [nBu,N]-
[O,C---OH] (full analysis is given in the Supporting Informa-
tion). Overall, a remarkably similar arrangement of anions in
the pocket formed by the cations is observed in both
structures. We also note that there is one C—H:--O interaction
of reasonable length (C1-H1A--O1) present in both struc-
tures that was not identified by Ackermann et al. The average
difference in the d(H--A) distances is only 0.06 A and that of
the x.(DHA) angles is 4°. The head-to-tail orientation of the
[O,C---OH] ™ anions in the structural analysis of Ackermann
etal. lead to an O--O distance of 4.71 A between the two
hydroxy groups. In our refinement of [nBu,N][O,CCH;], the
shortest C18--C18#3 contact was found to be 4.665(4) A,
symmetry #3 being —x+2, —y, —z+1 (Figure 2). The two
values are nearly equal, differing by only 0.04 A over the
rather large distance.

The detailed crystallographic analysis of [nBu,N]-
[O,CCH;] lends very strong support to our proposal that
the structure of [nBu,N][O,C--OH] reported by Ackermann
et al. is, in fact, that of [nBu,N][O,CCH;]. However, since we

Figure 1. Thermal ellipsoid plots (50% probability) for [nBu,N][O,CCH;] at 125 K (left, this
work) and for the proposed [nBu,N][O,C---OH] salt (right, data from Ackermann et al.), along
with an overlay of the two structures (middle). The overlay has been left slightly offset to better
highlight the structural similarities. All diagrams were prepared using the program Mercury
CSD 3.3.1.6

www.angewandte.org
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Figure 2. The pocket formed by [nBu,N]" cations, enclosing a pair of
acetate anions, from the final structure of [nBu,N][O,CCH,] at 125 K.
Hydrogen atoms have been removed for clarity. The shortest C18---C18
contact in the structure, 4.665(4) A, is shown.

have no access to the original crystallographic data, there
remains a small possibility that the two compounds are in fact
different and simply isostructural. For this reason, we
performed geometry optimizations for bicarbonate and
acetate anions in the gas phase as well as within the
hydrophobic pocket formed by six [nBu,N]" cations.

First, the geometry of a free bicarbonate anion was
optimized in the gas phase at the CCSD(T)-F12b/VTZ-F12
level of theory. Our results parallel those of Ackermann et al.
and show that the optimized C—OH bond length is 1.433 A
while the OCO angle is 132.3°. Nearly the same set of values is
obtained using dispersion corrected density functional theory
(PBE1PBE-D3BJ/def-TZVP): d(C—OH)=1.437 A and x-
(OCO)=132.4° In a similar fashion, the CCSD(T)-F12b/
VTZ-F12 optimized geometry of an acetate anion ((d(C—
C)=1.552 A and x.(OCO) =128.8°) is reproduced well at the
computationally much less expensive PBEIPBE-D3BJ/def-
TZVP level ((d(C—C)=1.557 A and x.(OCO)=129.1°). We
therefore feel confident that the PBE1PBE-D3BJ/def-TZVP
method can be safely used to optimize the structures of the
anions in an environment mimicking the
crystal structure as closely as possible.

The structure of the hydrophobic
pocket, consisting of six [nBu,N]* cations
and two anions, was extracted from the
X-ray data. Full structural optimization
of the anions, started from their crystallo-
graphic geometries, was then carried out
within the environment provided by the
[nBu,N]" cations, which were completely
frozen to the places they adopt in the
crystal structure. We note that no re-
straints to the location of the anions in the
structures were enforced other than the
overall C; symmetry.

The optimization conducted for ace-
tate inside the hydrophobic pocket shows
that the metrical parameters of the anion
are in good agreement with its gas phase
geometry: d(C—C)=1.531A and x-
(OCO) =126.2°. The result for the opti-
mized bicarbonate anion is similar, d(C—
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OH) =1.393 A and X(OCO)=129.7°. This indicates that the
weak C—H--O interactions are not able to support the long
C--O bond in [nBuN][O,C--OH]. Consequently, even if
[nBu,N]J[O,C-+-OH] were isostructural with [nBu,N]-
[O,CCHj,], the bicarbonate anion would be expected to have
a conventional C—O bond.

In light of the crystallographic and computational data
reported herein, we believe that the crystal structure of
[nBu,N][O,C--OH] reported by Ackermann et al. is in fact
that of [nBu,N][O,CCH;]. There are also a number of other
factors in the original publication that support the plausibility
of our interpretation. First, even though a new structure was
reported, no elemental analysis of the bulk powder (or the
crystalline product) was provided. It is therefore impossible to
judge the purity of the material although the reported
spectroscopic data appears clean. Second, the paper by
Ackermann et al. gives no experimental data that actually
ties the reported crystal structure to the bulk powder. There is
simply no way to know whether the chosen crystal is
representative of the bulk sample. Third, the authors provide
the following synthetic information: “The benchmark hydro-
gen carbonate salt 2 was prepared through a modified
literature procedure, in which CO, was bubbled slowly
through an aqueous solution of 1 (1.5M [#Bu,N]JOH) until
a neutral pH value was attained.” We note that the synthetic
reference provided by Ackermann et al. does not describe the
preparation of [nBu,NJHCO; but rather that of three
[nBu,N]-ASM-HCO; salts, where ASM is an “amine-based
structural motif” ligand.”’ Crystal structures of all three
compounds are included in the reference and each of them
contains conventional bicarbonate anions hydrogen bonded
in a commonly observed dimeric arrangement.

In their published work, Ackermann et al. report that the
hydrogen atom of the unusual [O,C--OH]~ anion was located
in the Fourier map, but that it was subsequently fixed to an
ideal hydroxide geometry and refined using a riding model.
To us it seems strange that such an important atom in the
structure was not refined isotropically if it was clearly visible
in the Fourier map. In fact, the data deposited by the authors
in the CCDCP! contains an isotropically refined hydrogen
atom; however, the reported U, value is a nonsensical 0.9(3).
The authors do point out that the size and shape of the
thermal ellipsoid of the hydroxide oxygen atom indicates
rotational disorder. Based on our results, this ellipsoid
becomes completely reasonable when using the acetate anion
in the structural refinement (see Figure 1). The presence of
a hydroxy group that is not engaged in hydrogen bonding is
certainly not unprecedented, but it does raise significant
concern as to whether the correct assignment has indeed been
made. We also note that in our refinement of the acetate salt,
the hydrogen atoms on the acetate methyl carbon were clearly
visible in the Fourier map and could be refined isotropically.
In fact, a disordered model for the methyl group was found to
give the optimal fit.

Considering the chemistry involved in the preparation of
the putative salt, [nBu,N][O,C---OH], the origin of an acetate
anion seems puzzling. We can therefore see reasons for why
alternative assignments of the crystallographic data were not
considered. A possible source of acetate could be the
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© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

intemarionalEdition, CHEMiE

[nBu,N]JOH reagent used, which does contain trace amounts
of other cations and anions. Perhaps a more plausible
explanation is the cleavage of diethyl ether during the
distillation, which could have produced some ethanol that,
in the presence of adventitious oxygen, could form acetate.
The required oxygen may have been present in the original
hydroxide solution. Alternatively, the diethyl ether might
initially have been contaminated with a small amount of
ethanol, the precursor to most commercial sources of diethyl
ether. Additionally, adventitious oxygen in the diethyl ether
could have initiated the formation of peroxides whose
decomposition pathway includes acetic acid or one of its
esters.’l Under the reported preparative conditions, these
species could certainly be hydrolyzed and deprotonated to
form acetate. In all of these scenarios, a small amount of the
acetate salt could be present in the bulk powder and
crystallize out from the ether solution. Our crystallization
experiments clearly showed that [nBu,N][O,CCH;] is only
sparingly soluble in ether and readily forms single crystals of
excellent X-ray quality.

In summary, our detailed experimental evidence casts
serious doubts on the claims made by Ackermann et al. in the
Communication “Crystallographic Snapshot of an Arrested
Intermediate in the Biomimetic Activation of CO,”. We
believe that the authors have synthesized and spectroscopi-
cally characterized powdered bicarbonate, [nBu,NJHCO;,
and carried out an X-ray crystallographic study on a single
crystal of acetate, [nBu,N][O,CCHj;]. We therefore consider
that all extrapolations from the putative structural model
proposed in the original study are invalid. Considering the
general importance of the original publication, the activation
of CO, under mild conditions and synthetic mimics to
enzymatic functions, we feel it extremely important that the
compound reported by Ackermann et al. is correctly identi-
fied.
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