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ABSTRACT

Organobismuth reagents have been employed as electrophilic arylating agents since
the 1980s, but both their synthesis and use in arylation reactions suffer from poor
atom economy. Improvements in the economy of Bi-mediated arylation would render
this potentially powerful methodology both general and convenient. This Thesis
discusses two approaches towards this goal: arylation catalysed by bismuthonium
complexes and synthesis and reactivity of heteroleptic complexes. In particular,
the feasibility of a catalytic approach for the arylation of phenols was extensively
explored. The investigation separated the overall transformation in three key steps:
oxidation, transmetalation and arylation. Direct access to tetraarylbismuthonium
salts from readily available triarylbismuth species was provided by a new oxidation-
transmetalation sequence. Attempts to merge the arylation step with the previous
two proved challenging. Intrinsic incompatibilities of some components of the system
were identified. Time separation of the oxidation-transmetalation steps from the
arylation phase allowed the overall transformation to be performed in one-pot,
however, at the expense of the catalytic approach.

The formation of heteroleptic bismuthonium salts by introduction of a unique
group in the transmetalation step was explored for more than eighty different groups.
A library of bismuthonium salts was obtained, which allowed mechanistic studies to
be carried out, focusing in particular on the ability to transfer the unique group to
the substrate during the arylation phase. This chemoselectivity was modelled and
the influence of both steric and electronic effects was identified. Attempts to enable
the fully selective transfer of the unique group were made by linking together three
of the four aryl groups of the bismuthonium salt. A novel bismatriptycene complex
was synthesised for this purpose and its capabilities in the arylation reaction were

explored, showing promising results.
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Bismuth is the 69th most abundant element in the Earth’s crust, with an abundance
comparable to that of silver and twice of that of gold. It can be found both in the
native state and as an ore, with bismuthinite (Bi2S3) and bismite (Bi2O3) being
the two most significative minerals.!

The name ‘bismuth’ appears to have originated from Georgius Agricola’s latin-
isation bisemutum of the old German wis mat, ‘white matter’, where wis could be a
miner’s contraction from Old High German hwiz, ‘white’, referring to the crystals’
white-silver hue when their surface is not passivated by its oxide.? Agricola himself
was the first to assert (although without proving it) that bismuth was a specific
metal, substantially different from the others.?

Bismuth is a post-transition metal belonging to the group of pnictogens (group
15), its electronic configuration being [Xe] 4f'4 5d10 65 6p3. It has one naturally
occurring isotope, 2%?Bi, which was considered the heaviest stable isotope, until de
Marcillac et al. in 2003 demonstrated its radioactive decay to 29°T1, upon emission
of a low energy o particle.* The measured half-life is (1.9 & 0.2) x 10'? years, over
1 billion times longer than the current estimated age of the universe.® Such an
enormous half-life means, de facto, that bismuth can be considered non-radioactive
and stable for the majority of purposes. This stability goes hand in hand with a very
low toxicity: compared to its notoriously toxic neighbours, such as lead, antimony
or polonium, and regardless of its heavy-metal status, bismuth is considered to be
non-toxic (even less toxic than sodium chloride),®” a uniqueness possibly due to
the poor water solubility of its salts.®

The pharmaceutical industry has always paid considerable attention to bismuth:!
in the early 20th century ‘milk of bismuth’ was commercialised as a cure-all remedy
for disorders of the gastrointestinal tract,” a field which has been bismuth’s major
pertinency for the last century. Bismuth subgallate, for example is used in the
treatment of malodour caused by flatulence, while bismuth subnitrate can be used as
a mild internal and external disinfectant. Bismuth subsalicylate (commercialised as
Pepto-Bismol) is an antacid used to soothe temporary discomforts such as diarrhoea,
indigestion, heartburn and nausea.©

Other fields of employment are cosmetics, where bismuth oxychloride is used as
a pigment in eye shadow, hair spray and nail polish.!! Bismuth is also used as a
nontoxic alternative to lead in ammunitions,'? radiopaque protheses,'3 water pipes,

and soldering.'4



1.1 Synthesis and structure of organobismuth compounds

Georg Wittig laid the foundations for organobismuth chemistry in the 1950s,'
which was then developed primarily through the fundamental contribution of Sir

Derek Barton and co-workers.6

Organobismuth compounds, whose structures and syntheses will be explored in
this Section, exploit the two most common Bi oxidation states, i.e. Bi'll and BiV,
employing, respectively, 6p and 6s and 6p orbitals in the formation of bonds. A
substantial difference compared to lighter members of the 15th group is that bismuth
does not efficiently hybridise its valence orbitals.!” This has at least two notable
consequences: firstly, the lone pair of tertiary bismuthines has a marked s-character,

18

making them better Lewis acids than nitrogen or phosphorus analogues,® and

secondly, BiV complexes have higher than expected oxidation potentials.

The lanthanide contraction is responsible for both these behaviours: elements
with an atomic number greater than 57 show smaller-than-expected atomic radii.
This effect is caused by the poor shielding of the nuclear charge granted by core d
and f electrons to valence electrons. In bismuth’s case, due to the greater perceived
charge, valence 6s electrons are thus closer to the nucleus, i.e. lower in energy, that

is to say more Lewis acidic and less prone to hybridisation to sp? orbitals.

Relativistic effects must be considered as well. According to the special relativity,

the relativistic mass of the electron mye. is defined as per equation 1.1:

Myel. = 1_W(LZ€/C)2 (1~1)
where me is the mass of the electron at rest, v, is the velocity of the electron and ¢
the speed of light. In non-relativistic calculations, ¢ is approximated to ¢ = oo and
no mass correction should be applied to the mass of the electron, thus me. = me.
In atoms with atomic number Z greater than 70, electrons spin at a tangential
velocity that is no longer negligible compared to that of light.?° Therefore it is
necessary to apply a correction to the quantum chemical description of the wave
function of these atoms. This results in a contraction of the orbital radii, as depicted
in Fig. 1.1 for the 6s orbital. An additional measure of these effects is given by the
variation of the ionisation energy of 6s orbitals, which for bismuth was estimated to

increase by 23%.2!

In the next pages, organobismuth compounds of both oxidation states will be

examined, focusing on their syntheses as well as on their structures.
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Figure 1.1: The relativistic contraction of the 6s orbital. The relativistic
and non-relativistic orbital radii, (r), were determined computationally by
Desclaux.?? Bismuth is highlighted.

1.1.1 Bi'' compounds

Trivalent organobismuthines usually represent the starting material of many bismuth
compounds, including those of higher valency. Simple trialkylbismuth species can
be prepared via standard organometallic routes,?® but are spontaneously ignited
in air.” On the other hand, triaryl species are generally air- and moisture-stable.
The most convenient synthetic route involves the reaction of inexpensive bismuth
halides with carbanion equivalents, that is aryllithium species or arylmagnesium
halides, in an ethereal solvent (Scheme 1.1).

ArM Bi
o KRN
X / \X THF or Et2O Ar / Ar
X Ar

Scheme 1.1: The standard synthesis of triaryl bismuth compounds involves
organolithium or -magnesium sources. M = Li, MgX.

These procedures have been successfully used in the preparation of variously
substituted triarylbismuthines,”?427 but are limited to groups that do not contain
electrophilic functionalities. The tolerance can be increased by forming the or-
ganometallic reagent via Knochel’s magnesium-iodine exchange,?® as demonstrated
for aryl groups decorated with CN, CO2Et and CHO functionalities (the latter
was protected throughout the process as an isopropylimine) in a seminal work by

Murufuji and co-workers.??



Other procedures have been investigated using, for example, organozinc reagents
(Scheme 1.2). These are less reactive than the aforementioned organolithium and
-magnesium reagents, thus allowing the formation of bismuth compounds bearing
esters, ketones, nitriles and even heterocyclic groups, all in excellent yields.3’
Reactions are performed at room temperature in MeCN in most cases, but a slight

temperature increase was shown to be advantageous for electron-rich substrates.

COBrQ(Cat)v aHleI(cat)7 Zn BiX3 Bi
WO
ArB ArZnBr ——> *
e MeCN, rt rensr 2050 °C Y
Ar
53-92%

Scheme 1.2: Organozinc reagents expand the scope of aryl groups that can
be installed on bismuth.?°

Urano et al., on the other hand, explored a solvent-free pathway, which allowed
the formation of ortho-functionalised electron-poor arylbismuthines by milling
together aryl iodides with bismuth shots, CaCO3 (to modulate the milling rate of
bismuth shots), copper powder and Cul.3!

A recent result by Stavila et al. proposed the synthesis of triarylbismuthines
by transmetalation of sodium tetraarylborate salts to bismuth(III) salicylates.??
The reaction was carried out at room temperature in different solvents and good
yields (see Scheme 1.3). Since those salicylates are prepared by protodebismutation
of Ph3Bi with salicylic acid, a different source of Bi was sought. Bismuth oxide
was identified as a good candidate, due to its broad availability and low cost.
Treatment with carboxylic acids, such as pivalic, acetic or trifluoroacetic acid, gives
the corresponding bismuth carboxylate, which can then be used as the starting
material for the transmetalation reaction. It is worth noting that the borate is used
in a 3:1 ratio to Bi, with an actual 4:1 excess of aryl rings per each transferred
group. Moreover, the scope explored in this work is limited to two different aryl

groups, phenyl and tolyl.

AryB]~[Na]t+
Bi,05 TfaOH ) Bi\ [ |~ [Na] B
TfaO" / OTfa solvenct Ar’ / Ar
OTfa 25-60 °C Ar

56-84%

Scheme 1.3: A rare example of transmetalation from B to Bi.*? Solvent:
THF, alcohols or acetone. Tfa = trifluoroacetyl.



With regard to their structure, ArsBi species are predicted to have a trigonal
pyramidal geometry, thus with C-Bi-C bond angles slightly smaller than the 109.5°
expected in a pure tetrahedral geometry, due to the presence of a lone pair in the
valence shell. However, a more pronounced deviation from this prediction, with
angles around 90°, is observed. This has been attributed to the fact that the 6s
orbital does not mix favourably with 6p orbitals, due to a significant energy gap
between the two types of orbitals.33 This in turn is caused by the aforementioned
lanthanide contraction, enhanced by relativistic effects. Specifically, the crystal
structure of Ph3Bi (Fig. 1.2) illustrates this. The notable length of bismuth—carbon
bonds (2.260(14) A)?"l translates into a general weakness: the mean Bi-C bond
dissociation energy has been calculated to be 46.34(43) kcal/mol for Ph3Bi.3> As a
comparison, this value is 89.3(10) kcal/mol for PhsN and 76(5) kcal/mol for PhsP.

Figure 1.2: Molecular structure of triphenylbismuthine.** ORTEP drawing
with 50% probability ellipsoid, H atoms omitted for clarity.

Differently from nitrogen compounds, which undergo rapid inversion around
the central atom, triarylbismuthines are found to have a high inversion barrier
(37 keal/mol).3 Trialkyl bismuthines inversion barrier is estimated to be even
greater (69 kcal/mol). As a comparison, that of ammonia is just 5.8 kcal/mol.
Such inertness with regard to the inversion can again be ascribed to bismuth’s
poor tendency to hybridise its orbitals. The process, in fact, passes through a
trigonal planar transition state, where the metal centre is required to have an sp?
geometry. The lack of hybridisation is thus likely to contribute significantly to the

high inversion barrier.

1.1.2 Triaryl bismuthY compounds

Bismuth(V) compounds can be easily accessed by oxidation of the corresponding
Billl species. Traditionally, this was achieved by treatment with elemental halogens,
in particular chlorine.3” More recently this has been substituted with sulfuryl
chloride, 839 making the whole process significantly more practical. Another possible

pathway involves hypervalent iodine, such as phenyliodine dichloride (PhICly), as

7



reported by Ikegami et al.?® The resulting triaryl bismuth dichloride is usually
the entry point to other BiV species, although direct oxidations of ArsBi to the
corresponding difluoride*' or diacetate,*? with XeF, and sodium perborate in
acetic acid, respectively, have been reported. Other counterions are introduced via

metathesis with the corresponding silver salt.43:44

Amongst the possible higher oxidation state bismuth species, triarylbismuth
oxide (ArzBi=0) species have never really been investigated extensively, despite the
thorough study of lighter pnictogens oxides.*> One notable work is that of Suzuki et
al., in which the treatment of triarylbismuth with iodosylbenzene (PhI=0) afforded
a polymeric bismuth oxide (ArzBi—O-),. This was successively broken down with
a suitable acid, such as toluenesulfonic acid or BF3-OEts, yielding, respectively,

triarylbismuth ditosylate and tetraarylbismuthonium tetrafluoroborate.6:47

As far as geometry is concerned, BiV dihalides are predicted to be trigonal

1,37 which is confirmed by crystallographic analysis of different species

bipyramida
(see Fig. 1.3).287%0 Usually the aryl groups reside in the equatorial plane, while the
halides preferentially lie in the axial position. This preference is common within
pentacoordinate complexes of main group elements and was termed ‘apicophilicity’.
It describes the empirical observation that ligands that are sterically small and

electron withdrawing prefer to sit in the apical positions.?1:52

All pentacoordinate bismuth species formally host 10 electrons in the coordina-
tion sphere, therefore they are all considered hypervalent. In this case, the traditional
‘octet expansion’ argument is overcome by the more recent multi-centre bonding
approach,®* firstly used by Rundle in the description of bonding in Xe compounds®®
and presented below. This theory is to be preferred to the one suggesting that such
‘octet expansion’ occurs by delocalisation of the two extra electrons in the empty 6d
orbitals, by analogy to transition metal complexation. In fact, even for phosphorus
the energy gap between the 3p and the 3d orbitals is already too substantial to allow

this to happen,®® and for bismuth this gap is expected to be even more accentuated.

<

Figure 1.3: Molecular structure of Ph3BiF3.>*> ORTEP drawing with 20%
probability ellipsoid, H atoms omitted for clarity.



Species described with multi-centre bonds are classified under the following notation:
x-A-y, where ‘x’ represents the number of electrons around the centre A and ‘y’ the
number of ligands. An ArsgBiXs compound would be classified as a 10-Bi-5 species.

For any given trigonal bipyramidal complex of a group 15 element, in order
to simplify the treatment of its bonding system, one could temporarily ignore the
bonds with equatorial ligands, which are assumed to form with the contribution of
the s, px and py orbitals of the central atom.®” The remaining p, orbital, on the
other hand, takes part in a three-centre four-electron (3c-4e) bond with the axial
ligands. Three molecular orbitals are generated by such interaction (see Fig. 1.4
for the molecular orbital diagram of BiHj). Starting from the lower in energy, they
have bonding, non-bonding and anti-bonding character and possess, respectively,
one, two and three nodal planes. The non-bonding orbital is filled by an electron
pair and represents the HOMO of the molecule. The fact that the latter contains
two nodes suggests that it is delocalised on the outer atoms. Therefore, the there
residing electrons do not formally contribute to the electron count of the central

atom, thus allowing the preservation of its octet configuration.

©-00-0

§ \\\\ ,////
T H
1
Bi Bli |
1
1
H H

Figure 1.4: Simplified representation of the molecular orbitals involved in
the hypervalent bonding in the yet to be synthesised BiHs. Only axial bonds,
resulting from the linear combination of the 6p, orbital of a planar BiHg
and two axial hydrogens, are considered. The two hydrogens are assumed to
interact weakly with each other.’” Adapted from Goodman.®®



This only apparently counterintuitive delocalisation has at least two distinct
consequences:*! firstly, it rationalises the tendency of electron-withdrawing ligands
to occupy the axial positions, since the presence of those groups there stabilises the
high electron density; secondly, it accounts for the different bond lengths observed
in crystal structures when comparing apical and equatorial ligands, since the axial
bonds are more polarised and therefore longer.

Hypervalent compounds of group 15, when in solution, are subject to pseu-
dorotation, a stereoisomerisation process that causes axial ligands to exchange
position with equatorial ones. Figure 1.5 reports a graphical depiction of the most
established mechanism for this process: Berry pseudorotation. According to this,
the positional isomerisation occurs by a series of bending motions which pushes
the trigonal bipyramidal structure through a square planar transition state.?® The

process has activation energies in the range of 2-3 kcal/mol,%

implying that it
is extremely difficult to freeze out, even at low temperatures. In this context,
apicophilicity can be described as follows: the structure with electronegative and

n-electron-withdrawing ligands occupying the axial positions represents a minimum

in the energy curve of Berry pseudorotation.??-60:61
L/ﬁ. ) @
¢ KN e, |
O—e® o—e — o—e
.\ ‘ @ o ‘
e @ e
Dsp Cyv Dsp

Figure 1.5: Berry pseudorotation causes axial ligand to exchange position
with equatorial ones, through bending motions.®? For simple ligands, the
energetic barrier of the process is extremely low.5°

1.1.3 Pentaaryl bismuth compounds

A specific class of Bi¥ compounds is worth separate discussion: this is constituted
by pentaaryl bismuth species, which were among the first organobismuth derivatives
to be synthesised.!® This traditionally occurs by reacting 2 equiv of ArLi with
Ar3BiCly, as shown in Scheme 1.4. Only twelve compounds of this kind have been
isolated and characterised.!®41:63765 Most of the research effort, in fact, was devoted
to understanding the curious properties of pentaphenylbismuth, such as the fact that
its crystals are violet, in striking contrast to lighter pnictogens analogues, which are
colourless.% Schmuck hypothesised that the colour originates from a ligand-to-metal

charge transfer transition, a theory that is corroborated by the variation in colour

10



Cl
Ar

SOCl, Ar,,,,‘ 2 ArLi |
_

Bi _Bi—A Bi.
o A Y Ay '\"Ar

Ar Ar
Ar a

Scheme 1.4: Pentaaryl bismuths are obtained via ligand exchange with
ArLi species and adopt square pyramidal geometries.

towards the yellow (bathochromic shift) that is observed when two of the aryl
groups are rendered electron deficient.%% Its crystal structure also revealed a square
pyramidal geometry, which is similar to what is found for PhsSb but different
from all the other pnictogens, which are trigonal bipyramidal.®* The introduction
of substituents in different positions of the aromatic rings induces not always
predictable changes in the geometry: for instance, (p-tolyl)s(o-fluorophenyl)sBi is
trigonal bipyramidal, the only pentaarylbismuth with such geometry.%> The latter
forms orange crystals, suggesting that the square pyramidal geometry is somehow

necessary for the bathochromic shift.%”

1.1.4 Tetraaryl bismuth compounds

Among bismuth(V) species, there is a specific class which will turn out to be of
particular interest for this project: tetraaryl bismuth compounds. These species
have been investigated since the early 1950s, when Wittig first synthesised tet-
raphenylbismuth chloride and bromide by reacting pentaphenylbismuth with HCI
and elemental bromine, respectively (Scheme 1.5).1> However, once isolated, these
species were found to decompose in the solid state above —30 °C to triphenylbismuth
and the corresponding halobenzene. In water, on the other hand, these species were

found to be stable for several days.

X
Ar ‘
E“{ HCI or Bro Ari,,. Bi—A + AKX
.Bi. T —— —Ar —-------- > i
Ay '\'IA, Etz0 or CCly . A ] " > 230 °C B '
‘ Ar Ar
Ar Ar —70 °C A
Ar r

Scheme 1.5: Seminal attempts to synthesise tetraphenylbismuth complexes
relied on the protodebismuthation of pentaphenylbismuth species, but were
impaired by decomposition of products.®

Other attempts to synthesise these compounds were unsuccessfully carried out
in the 1960s. Notably, Doak reported the unexpected formation of PhyBiClOy,
upon reaction of Ph3BiCly with AgClO4.58 However, upon repetition of the same
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reaction, Beaumont et al. observed the formation of three different species, with
the perchlorate salt isolated only in very poor yield.%

Although salt metathesis from aqueous solutions of PhyBiCl, obtained with
Wittig’s method, has been performed successfully to introduce different, more weakly
coordinating counterions,” this method is invalidated by harsh conditions required
both for the synthesis of the pentavalent species and its breakdown. According
to Matano and Suzuki, there are two major pathways to access tetraaryl bismuth
compounds, one being the electrophilic addition to triarylbismuths and the other
the nucleophilic addition to bismuth(V) dihalides.”" However, as pointed out before,
Bi'' compounds are very weak nucleophiles, due to the strong s-character of the
lone pair in the 6s orbital. Therefore, the first method was considered less auspicious
and thus explored no further by these authors.

The second approach, on the other hand, has been taken in greater consideration,
giving credit to the fact that the electrophilic bismuth(V) centre can easily form new
Bi-C bonds under mild conditions by coupling with carbon nucleophiles.”? Examples
of such weak nucleophiles are silyl enol ethers or silyloxy cyclopropanes (see Scheme
1.6).”! These were reacted with Ph3BiF5 in the presence of a Lewis acid, such as
TMSOTf or BF3-OFEts, yielding the corresponding triarylalkylbismuthonium salts.
The importance of those Lewis acids must be stressed, insofar as they effectively
coordinate the fluorides, increasing the acidity of the metal centre and making the
addition of the weak nucleophile feasible.” The resulting tetrafluoroborate then

acts as a new, less coordinating counterion, hence stabilising the complex.

R
— - +
Me3SiO /1/
BiPh —
L R 3 X
R
><I [0 +
. Lewis acid MesSiO
AI’38IF2 )K/\ _
DCM, 0 °C R BiPh; X
Me3Si\/\

[/\/BiPmTrxi

Scheme 1.6: Matano’s approach to the synthesis of bismuthonium salts.” 7

LA = BF3-OEte, TMSOTf; X = BF4, TfO, respectively; R = alkyl, aryl.
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A more recent paper from Matano and his co-workers suggested a new and
appealing way to access tetraarylbismuthonium salts (see Scheme 1.7),® which
does not involve the undesirable pentaarylbismuth pathway.'> A boronic acid was
instead used to transmetalate the fourth aryl group to a ArgBiFs species under
Lewis acidic conditions, leading to a tetraaryl species in which the counterion was
tetrafluoroborate. Notably, the latter originated from the reaction of the Lewis acid
employed, BF3-OEtsy, and one of the two fluorides on the original bismuth complex.
The reaction does not proceed without this Lewis acid, which is assumed to activate
the metal centre and favour the aryl transfer from the boronic acid. The latter is
said to form an intermediate in which a new B—F bond is being formed while the

B—-Ar bond is being broken, yielding the aforementioned product.

F3B. _ *
F F Ar
Ar,,, ‘ Ar'B(OH), Ar,, —BF(OH)2 B"+ BF.
_Bi—Ar ———> _Bi—Ar —_— Bi
TN o N
A ‘ BF3-OEt2 A 3 wr/ Ar / Ar
F Foy ™ Ar
\.B\
HO OH |

Scheme 1.7: Matano et al. demonstrated that transmetalation from boronic
acids can be used to introduce a fourth aryl group to a triarylbismuth
difluoride species. The reaction is thought to go through the transition state
shown: dashed bonds are being formed, while dotted ones are being broken.”

The nucleophilicity of counterions determines the molecular geometry of these
complexes. Accordingly, they adopt different names: when the counterion is ion-
separated, the bismuth centre formally hosts a positive charge and the complex
is an -onium species; on the other hand, when the anion is more nucleophilic
the complex is covalent and does not get the -onium suffix.” Tetraarylismuth
compounds with non-coordinating ligands generally adopt a distorted tetrahedral
geometry. The interaction with the counterion is ionic, as a consequence of its
limited nucleophilicity and as observed by the fact that the interatomic distance is
greater than that with coordinating ligands.% For perchlorate, tetrafluoroborate and
hexafluorophosphate, proof of the ionic nature of these bonds was given by detection
via IR spectroscopy of the stretching relative to the free counterions, as well as by
conductance measurements, which attested their behaviour as 1:1 electrolytes.®? On
the other hand, quite different case are tetraphenylbismuth tosylate and fluoride,
among others, which are best described by a trigonal bipyramidal geometry.””"® The

tosylate or the fluoride occupy one of the apical positions and formally maintain a
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covalent interaction. For example, the fluoride-containing compound is characterised
by a Bi-C,y bond length of 2.260(6) A, slightly longer than average Bi-Ceq bonds
(2.205(12) A).™ Interestingly, the Bi-F length is 2.218(4) A, 0.30 A shorter than in
Ph3BiF,.”® These compounds, despite being tetraaryl complexes, are not considered

-onium species and their metal centre does not formally possess a net positive charge.

The greater stability of bismuthonium salts of non-coordinating anions compared
to salts of coordinating anions was empirically known since Wittig’s time, when
it was observed that the chloride, bromide, iodide and cyanide salts decomposed
above —30 °C, whereas the perchlorate and tetraphenylborate did not.!® Although
some advances have been made since then, with Suzuki and co-workers being able to
isolate several tetra-(ortho-alkoxyphenyl)-bismuthonium halides,” finding a clear ex-
planation for the intrinsic instability of non-ortho-substituted phenylbismuthonium

salts is not trivial.

A comparison between the molecular orbital energy levels of the two different
geometries provides insight into the different stability and reactivity of those
species:® when a coordinating counterion is employed, the bismuth centre has
to accommodate its electrons and becomes involved in a highly energetic 3c-4e
hypervalent bond. In a tetrahedral species, on the other hand, this is not required
and compounds are more stable. On the other hand, as the hardness of the anion
increases, the polarisation and the energy gap between the bonding and non-bonding
(HOMO) orbitals increases, leading, in the extreme, to the formation of a positively

charged bismuth species. The trigonal bipyramidal structure can be seen as the

Ar? Ar?
‘ . Ard Ar3,,' ‘
Arl—Bi_ _Bi—Ar!
2 ~ - 2
A/r ‘ Ar* Ar* ‘ Ar\
5t .
Arl B'\, 5 3“‘./B]*Arl
Ar Ar
XSL Art Ar* >."<57
less polar, less polar
solvent
Ar2 ; \\ Ar2
1
+ . N
Arl—Bi ., polar /'/ v polar L Bi—Ar
AP solvent \ solvent Ar®
X~ — \ X—
Ar? Art

Figure 1.6: Inversion of tetraaryl bismuthonium species pass through
a hypyervalent trigonal bipyramidal intermediate A, which is thought to
interconvert via Berry pseudoratoation to A’. In apolar solvents the process
is favoured by the poorer stabilisation of the naked charge.”
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more energetic and thus less favoured intermediate between the tetrahedral structure
and another tetrahedral structure generated by inversion at the bismuth centre (see
Fig. 1.6).7677 This is in perfect analogy with the hypervalent transition state of an

Sn2 reaction undergoing a Walden inversion.®!

1.2 Reactions with organobismuth(V) species

Organobismuth(V) species have been used as oxidising agents since the 1930s, when
Challenger reported the first oxidation of different alcohols using Ph3Bi(OH).52
Arylbismuth reagents of the type ArsBiXs are mild and efficient oxidising agents
toward a wide range of primary, secondary, allylic, and benzylic alcohols (Scheme
1.8).8384 Often good selectivity can be observed in the presence of different re-
active functional groups, so that even rather complex molecules undergo selective
oxidation of primary or secondary alcohols with good yields.®? Usually a basic
environment accelerates the reaction rate, as was observed for ArgBiCly, ArsBiBro

or ArgBi(OAc)s.8% Also tetraaryl bismuth species act as oxidants for alcohols and

thiols, again preferring basic conditions.'6
ﬂ Ar3BiXs, base i
R R’ R R’

Scheme 1.8: Bismuth(V) species are powerful oxidants for primary, second-
ary, allylic and benzylic alcohols. Both organic and inorganic bases can be
employed to accelerate the oxidation reactions.®334

Significant interest has also grown around another kind of reaction, where
bismuth can potentially be extremely valuable: the formation of a new C-C bond
by arylation of different kinds of substrates. The first reported arylation performed
using an organobismuth reagent involved the quinine molecule:36:87 in 1980, Sir
Derek Barton, who thereafter became the major pioneer in the field, was attempting
to oxidise its secondary alcohol to the corresponding ketone, but observed that
triphenylbismuth carbonate also induced the a-arylation of quininone (see Scheme
1.9). He postulated that the mechanism involved the formation of a bismuth enolate
intermediate, prior to C—C forming ‘reductive elimination’.8”

Next, Barton turned his attention to the behaviour of pentaphenyl bismuth, a
species he was extensively employing in the oxidation of alcohols,®>®8 in this kind
of reaction and proved that also this pentavalent bismuth compound was capable
of arylating several substrates.?? Enols conceal two possible reactivities, leading

either to the C- or O-arylated product. However, only the first type had been
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PhzBiCO3 PhzBiCO3
_ _—
DCM DCM
40 °C 40 °C

34%

Scheme 1.9: Tandem oxidation-arylation of quinine. This was the first
example of bismuth-mediated arylation. The yield reported for the second
step is from isolated quininone.®¢

observed at that time. In order to understand if the second kind was possible as
well, phenols were chosen as test substrates and exposed to different conditions.
Eventually, Barton observed that treatment of 4-nitrophenol with PhsBi yielded the
O-phenyl ether,® demonstrating that this product was also achievable (although
this transformation had already been reported by Sharutin in 1975).%

In order to understand what generated that different selectivity and how to
influence it, Barton tested different conditions. First, he further explored the scope
of bismuth, by employing a bismuthonium compound (PhyBiOTfa) for the first time,
as reported in Scheme 1.10.°" Quite surprisingly, complete selectivity for the diaryl
ether was obtained. Other enolisable species, such as dimedone and a ketoester,
were submitted to this protocol, highlighting the same chemoselectivity. With these
substrates, the chemoselectivity was not complete and a small percentage of C-
arylated product was detected. The role of the electron-withdrawing trifluoroacetoxy
group was held responsible. In fact, when the ketoester was subjected to PhyBiOAc

under the same conditions, it gave the C-arylated product exclusively.”?

OH
h h OTfa- R©/ 0
\_ TFA +
o Bl T honmene o AN ° R
Ph\/ \'Ph benzene Ph / Ph 70-80 °C
Ph Ph

0 °C, 5 min Ph 24-140 h
51-77%

Scheme 1.10: The first example of use of a tetraaryl bismuth species in
an arylation reaction.’® The compound was obtained in situ by protodebis-
muthation from pentaphenylbismuth.

Varying the acidity of the counterion and the pH of the solution also generated
instructive results: Table 1.1 reports the outcome of arylation of 2-naphthol in

neutral, acidic and basic conditions.”? Under neutral and acidic conditions, an
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Ph
B‘i+ Ph
YN
o P/ Tph OH o.
Ph Ph
# Z Neutral Acidic®  Basic
19% SM
1 AcO  25% C / 90% C
26% O
2 TfaO 75% O 90% O 90% C
58% SM 83% SM
3 TO %o ngo OEC

4 TfO  95% SM 96% SM  86% C

Table 1.1: Barton’s study on the effect of the pH on the chemoselectivity of
phenylation of 2-naphthol with different tetraaryl bismuth species.?? Isolated
yields. ®With 0.6 equiv of trichloroacetic acid; PNaphthoxide pre-formed by
reaction with BTMG. SM = starting material, 2-naphthol; C = C-arylated
product; O = O-arylated product.

increasing amount of unreacted substrate was recovered using different counterions
(AcO™ < TfaO~ < TsO~ < TfO™). The trend suggested that electron-withdrawing
counterions disfavour the coordination of the substrate and hence the formation of
any product. This counterintuitive behaviour may be explained by the fact that in
a hypervalent species the metal centre is made more electrophilic by using more
nucleophilic ligands,?! since in a 3c-4e bond the electron density resides on the
apical ligands. Moreover, when product formed, it was exclusively the diaryl ether
in all cases except in neutral conditions with AcO™ as the counterion, where C-
arylation was as effective as O-arylation. Trifluoroacetate performed better both in
neutral and acidic conditions, showing high yields of O-arylated product, exclusively.
On the other hand, under basic conditions, all four bismuthonium salts gave the
(C-arylated naphthol with excellent yields. These preliminary results encouraged
further mechanistic studies which will be presented thoroughly in the next Section.

A few years after the discovery of his first bismuth-mediated arylation reaction,
Barton reported that copper additives allow the selective O-arylation of phenols and
enols (see Scheme 1.11).%3 Catalytic amounts of copper were shown to significantly

improve the rate of such reaction, thus allowing it to be performed at room temper-

17



ature, instead of at reflux, and for 1 h, rather than for 23 h. Metallic copper powder
gave slightly higher yields than copper acetate and was consequently employed
as the copper source of choice. With base, a competition between the O- and
(-arylation is observed, with the first being significantly predominant. Compared to
the copper-free reaction, steric hindrance, normally one of bismuth’s strong points,
is less tolerated: e.g. 2,4-di-t-butylphenol is almost unreactive. Finally, an argon

atmosphere is required.

OH 0
Ph3Bi(OAc),
_ >
R 10% Cu R

DCM, rt, 1-4 h

Scheme 1.11: Barton’s copper-catalysed O-arylation of phenols.

Aliphatic alcohols undergo O-phenylation under similar conditions, in a reaction
that is sometimes referred to as the David and Thieffry reaction.’® An anomalous 2 h
induction time was reported, as well as a strict preference for dichloromethane (DCM)
and Ph3sBi(OAc),. Later work by Coles showed that the rate can be accelerated by
exposure to ambient light.?> This reaction can be performed asymmetrically too, as
envisaged by Brunner, who desymmetrised a meso-diol by using a chiral oxazoline
ligand for copper, obtaining the mono O-arylation product in 43% yield and 30%

ee.”® These conditions can be applied to both aliphatic and aromatic amines. 697

1.3 Mechanistic observations and considerations

Due to the considerable number of variables changed by Barton in his prolific early
studies (bismuth species, acidity of the medium, substrate...), a unified model to
explain the different results (O- vs C-arylation selectivity, formation of biphenyl,
scarce reactivity toward some classes of substrates...) was desirable. The role of
radicals in the transformation had to be clarified too.

The first mechanistic considerations were laid down in 1985 by Barton, by
examining the reactions of pentaphenylbismuth and different tetraaryl bismuthonium
salts with f)—naphthol.98 On the basis of the detected generation of benzene, he
initially postulated the intermediate depicted in Table 1.2 (note that this possesses
only three phenyl groups) and proposed that, when the X group was relatively
electron withdrawing (such as TfaO™), its breakdown under neutral conditions

caused O-arylation. He also proposed that an electron-deficient substrate, such as
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T substrate T Ph
n, 1 additive g A
Ph/T'fPh S Ph B‘I\Ph ——————— > products
Y 0]
'S
# Substrate [Bi] Additive Solvent Ref.
1 PhsBi / THF 98
2 Ph3BiCl, BTMG THF o
3 PhsBi / Benzene 98
4 PhsBiCls NaH THF 98
5 Ph3Bi(OTfa)y NaH THF 98
6 ON PhBi(OTs);  NaH Ets0 98

J

Ph3BiCly NaOMe DCM/MeOH 77
8 \ P PhsBi(OTfa),  NaH THF 98

Table 1.2: The intermediate first hypothesised by Barton for the reaction
between B-naphthol and Ph3BiXY species (X = Ph, OTfa, Y = Ph) in acidic
and neutral media has never been isolated.?® Isolation of Nu-Bi intermediates
was achieved reliably and with different substrates and bismuth species when
basic conditions were used. Pentaphenylbismuth did not require base. For
entry 7 the crystal structure of the resulting intermediate could be determ-
ined crystallographically, confirming the substrate’s apical preference.”” The
thermal breakdown of these intermediates gave the C-arylation products,
with the exception of the adduct of nitrophenol, which gave the diarylether.®

p-nitrophenol, could induce the same effect and yield the O-arylated compound,
even if reacted with a relatively electron-rich X ligand like Ph (i.e. in the case
the bismuth species was PhsBi). However, after running the series of experiments
presented in Table 1.1, it became apparent that the discriminating factor for reaction
outcomes was not the electron density of the intermediate but the acidity of the

environment. Nitrophenol, at that point, had to be considered an exception.”®

Barton thus depicted two different mechanisms, reported in Scheme 1.12, the
first (A) in neutral/acidic environment, the second (B) for basic conditions. The
former proceeds essentially via Sn2, with the phenol’s oxygen directly attacking one
of the phenyl ligands on the electron poor carbon ipso to bismuth. Ph3BiX then

acts as the nucleofuge and is reduced back to Bi'll by expelling the inorganic ligand.
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X Ph
C‘ Ph Ph OH

o |
B ©/ + Ph—Bi; — VBI: — +  PhsBi
Ph | pn Ph

Scheme 1.12: Barton’s proposed mechanisms for the arylation of phenol
(X = Ph, TfaO™):3%9%9 the acid catalysed process (A) produces a phenyl
ether, while the one in basic conditions (B) yields the C-arylation product.

Mechanism A does not proceed through a discrete Bi-Nu intermediate. On the
other hand in basic conditions (mechanism B), the phenolate attacks PhyBiX, which
expels X,%? thus forming said intermediate,? whose collapse gives the C-arylated
phenol and Ph3Bi. Under these conditions, nitrophenol was said to break down
this intermediate in a different and unexplained way, generating the O-phenylated
product instead of the expected C-phenylated one.”

A possible radical mechanism was investigated: ESR (Electron Spin Resonance)
and chemical trapping showed no free radicals, which was taken as evidence for
a 2-electron pathway.?? Despite this evidence, a measurement of the migratory
aptitudes of different ToloAr'BiCOs and TolAry'BiCO4y species was taken® and,
being similar to that of another process known to be radical (the decarbonylation
of 6-arylisovaleraldehyde), did not initially allow the complete exclusion of a radical
pathway.?* However, Barton explained the observed migratory pattern by invoking
a direct relation with the electron density of the carbon directly bound to bismuth.
This concerted mechanism is, in fact, such that the n-electrons of the nucleophile
attack the ipso carbon (Scheme 1.12B). The bond dissociation energy was suggested

to become, at that point, the determining factor for the relative ratios.?”

*A quantitative presentation of these data is intentionally avoided in this Thesis due to their
questionable derivation. Qualitatively, a preference for the transfer of electron-deficient groups
was observed.
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1.3.1 Ligand coupling theory

A more systematic understanding of the aryl group transfer mechanism was sought
later on. The ligand coupling theory, that had originally been developed for

sulfur1007103 104-107 108-111 and

was in time expanded to iodine, group 14 elements
pnictogens.3?9%:112-114 Thjs theory describes the behaviour of hypervalent complexes,
which, in certain conditions undergo extrusion of two ligands and are reduced to a

lower oxidation state:11®

Nu— + Lnl\/lit — Y- + LanNu — NuX + LM

In organometallic chemistry the term ‘reductive elimination’” would be used to
describe this process but, for main group elements, the term ‘ligand coupling’ is
preferred to avoid ambiguity with other reactions characteristic of these elements
(e.g. the synthesis of alkenes from 1,2-disubstituted alkanes) and because, differently
from the former, it carries a mechanistic connotation.!'® Species in which the
apical ligands are the same or have similar stereoelectronic properties are less
prone to ligand coupling (e.g. PhsBiCly is a crystalline solid of indefinite stability).
Therefore, in the following discussion only pentavalent complexes that result from
ligand exchange between a nucleophile (the substrate, in Bi arylation chemistry)
and one of the ligands will be considered, as anticipated in the Scheme above.

Before delving into this, it is worth noting that ligand coupling is only one of the
possible ways these hypervalent species can undergo reductive elimination. Ionic
and radical pathways are theoretically possible too and their contribution needs to
be taken into account, and eventually ruled out, for each individual case.

This theory, although some computational experiments had already been carried
out (see below), was vastly developed to explain the stereochemical observation
that, when sulfur species containing a chiral ligand were reacted with nucleo-
philes, the moiety of the product which originated from that ligand retained its

configuration,102:103,117

The same retention was observed for ligands notoriously
prone to isomerisation, such as allyl and vinyl groups.'® This suggested that the
process must be concerted (since there was no epimerisation) and not follow a
standard back-side Sx2 (otherwise complete inversion would have been observed).

The concertedness has been demonstrated by Barton for bismuth complexes too,
by showing that the migratory aptitude of mixed BiV species does not follow the
same trend of known ionic and radical processes and the process is not inhibited

by radical traps.?? However, with bismuth, a standard back-side Sx2 pathway

21



cannot be entirely ruled out, since there have not been experiments which studied
the conformation of products of bismuth-mediated ligand coupling.

A priori, from a trigonal bipyramid, there are three possible concerted pathways,
presented in Fig. 1.7: axial-equatorial (the least-motion pathway), equatorial-
equatorial and axial-axial. From a theoretical point of view, the argument of which
of them is favoured, or even possible, has been tackled in two different ways: with
the orbital symmetry conservation approach and wvia ab initio calculations. Since
both of them were developed or carried out in the late 1980s-early 1990s, drastic
simplifications were required. Thus, most of the studies have been conducted on
symmetric species, which usually bore CI, F or even just H atoms as a ligand, so
care will be required in the transposition of the results presented below to more
complex systems.

The first concept is based on the Woodward-Hoffmann rules,'™® which predict
the outcome of a reaction by studying the transformations that orbitals undergo.
In the following case, the collapse of PHs to PHs and Hy was taken as a model. In
order to understand whether each of the three pathways is symmetry allowed or
forbidden, the evolution of the molecular orbitals of the pentavalent Dgj, species to
those of the coupling product (Hz) and the reduced complex (PHs), which eventually
adopts a Cs3, symmetry, is followed.?”

For the axial-equatorial pathway, which is the least-motion mode, the trigonal
bipyramidal structure is initially distorted to a Cg structure by pushing together
the axial and equatorial ligands which would be extruded at the end of the process.

Therefore, it is easier to directly compare the orbitals of this Cg structure with
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Figure 1.7: The three possible modes of ligand coupling.
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those of the products, rather than using the initial Dg}, set. Figure 1.8 helps keep
track of the following transformation visually: orbitals 1a’, 2a’ and 1a’’ have the
proper shape to become the three P-H bonds in the product. Orbital 3a’ will
host the lone pair, therefore 4a’ must originate the o, orbital of Hy. However,
the presence of a node between the two ligands to be coupled renders the entire
transformation symmetry forbidden: ‘no continuous evolution of orbitals is possible
in this mode such that the PHy orbitals yield a ground-state configuration of PHg,
and simultaneously one of Hy’.5” ‘Simultaneously’ is the key term in Hoffmann’s
words: to paraphrase them, the concerted axial-equatorial ligand coupling is not
symmetry allowed.

From similar correlation diagrams, equatorial-equatorial and axial-axial ligand
couplings are both symmetry allowed. The former terminates with PHj3 in a
T-shaped Cgy structure (see Fig. 1.7b), which immediately converts to the lower
energy Cs, counterpart. The latter evolves into a trigonal planar Dsp structure, as

in Fig. 1.7c, which eventually rearranges in the usual Cs,. The axial-axial process

) ;ﬁ/g}’o\o 1o

PHs PHs + Ho

Figure 1.8: Correlation diagram for the departure of one equatorial and
one axial hydrogen ligand from a Cs PHs to yield a Cs, PHs and Ha. Only
occupied molecular orbitals are shown. In the 4a’ orbital of PHs, the presence
of a node between the two hydrogens that will be extruded makes the process
symmetry forbidden, since the o, orbital of Hy does not contain any node.
The forbidden correlation is shown with a dashed line. Orbital energies for
the products of the transformation are arbitrary. Adapted from Hoffmann.?”
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may intuitively seem unlikely, due to the 180° angle between the two ligands, but
can be seen as a continuation of a Berry pseudorotation (see Fig. 1.5). Also, the
fact that symmetry does not forbid the process does not necessarily imply that it
will be energetically feasible.

In order to understand whether the extrusion of Hy could occur from any of the
square planar Cyy, intermediates of the pseudorotation,’ similar orbital evolution
studies were performed on them. This led to the conclusion that only two modes
are symmetry allowed. With the Cg, intermediate of Fig. 1.5 in mind, these are:
the one between diagonally opposite, or trans-basal, (e.g. red and purple) ligands
and the one between the pivotal and one of basal ligands. On the other hand,
coupling between two neighbouring basal, or cis-basal, ligands (e.g. red and blue),
which derive from the axial and equatorial ligand in a Dsp structure, is symmetry
forbidden. In short, an axial and an equatorial ligand cannot be coupled in a
concerted fashion, either directly or during Berry pseudorotation.

Ab initio calculations provide some more insight into the axial-equatorial mode.
Firstly, the D3y and Cy, structures of pnictogen pentahydrides in Berry pseudoro-
tation were confirmed to be local minima and transition states, respectively.®® The
activation energy for the process was calculated to be around 2 kcal/mol for all
the complexes, confirming their extreme conformational fluidity. Secondly, the
ligand coupling process was modelled and the energetic profiles were calculated.
These showed that, if for P, As and Sb compounds the energy of the collapse of the
corresponding Cg structure to their respective products is comprised between 45
and 55 kcal/mol, the same quantity raises to around 75-79 kcal /mol for Bi.60:121
The much higher energy released, together with the strong charge separation found
in the TS for the Bi complex, was held responsible for a variation in the ligand
coupling mechanism: in fact, according to Moc and Morokuma’s calculations, a
concerted equatorial-equatorial ligand coupling is the pathway of choice for light
pnictogens, while bismuth prefers an ionic course, via axial-equatorial coupling.

In another computational investigation on the nature of the PHs; — PHs + Ho re-
action, depending on the method chosen, one or two saddle points were identified.!??
Using a intermediate level calculation (SCF with polarisation functions), there are
two of them: the first, at 46 kcal /mol above PHj, corresponds to the Woodward-

Hoffmann allowed equatorial-equatorial coupling, the second, at 48 kcal /mol, only

fTurnstile rotation, first proposed by Ugi for his bridged systems,'?° is often mentioned in the
literature of the time as a possible motion these species can undergo. However, a recent study
demonstrated that the process is topologically equivalent to Berry pseudorotation,®® so it will not
be discussed any further in this Thesis.
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slightly more energetic, coincides with the zwitterionic axial-equatorial process,
which is therein referred to as non-least-motion. Interestingly, the region between
the two saddle points was found to be extremely flat, which would suggest that
there is no strong energetic preference for one process over the other, even though
the structures of the two TSs are very different (for example their dipole moments
measure 0.62 D and 4.53 D, respectively). Therefore, the nature of the real trans-
formation might be the result of a non-deconvolutable contribution of the two.
However, with a more sophisticated method (CEPA with polarisation functions),
the second saddle point was found to have higher energy (8 kcal/mol more than the
first, instead of only 2 kcal/mol), thus becoming less likely, although according to
the authors, the region next to the ionic saddle point still needs to be considered

when calculating potential trajectories.!??

To summarise, there is a reasonable certainty that the collapse of bismuth(V)
complexes upon reaction with a nucleophile occurs through ligand coupling. It
would be possible to argue that radical trapping experiments performed by Barton
did not completely rule out a radical mechanism, because perhaps the latter had a
greater rate than the reaction with an intermolecular trap. An internal radical trap
would provide a definitive answer and, in particular, the use of a calibrated ‘radical
clock’'?3 would give a more precise idea about the rate constant of the process. This
experiment was performed by Combes and Finet, almost ten years after Barton’s
studies, with tri(2-allyloxyphenyl)bismuth diacetate, similarly to what Pinhey had
done for lead,'?* and failed to show the formation of cyclised products derived from
aryl radicals.'?® Quite surprisingly, a radical intervention was ruled out for the

copper catalysed transformation too.

Essentially all the most important reviews on ligand coupling theory questionably
apply the theoretical predictions and calculations presented above to real systems,
thus generating confusion.?l11%:126 For a start, despite the availability of a few ab
wnitio studies for Bi, most of them focus on the prediction of bonding and geometry,
with only the ones discussed earlier addressing the coupling reactions. This scarcity
led to analogies being drawn to data calculated for lighter pnictogens, above all
phosphorus. However, this cannot be done reliably. For instance, relativistic effects
have not been taken into account and Pyykko showed that these cause significant

deviations in the energy levels,%5:89

so they can be reasonably expected to have an
influence on the reactivity, too. Also, bismuth hydrides are an extremely simplified
system, considering that any real bismuth-mediated transformation involves ligands

which have p orbitals, to say the least.'?” So, although the conclusions of Moc
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and Morokuma, i.e. that the axial-equatorial coupling is preferred for Bi, are in
accordance with some of the experimental results, it would be naive to explain the
latter exclusively with these theoretical arguments.

More importantly, only symmetric species have been considered in these theor-
etical studies. In reality, if for example one wanted to observe the relative relevance
of the three possible ligand coupling modes (Fig. 1.7), non-symmetric species would
be required. This would enable the detection of the different products arising from
different pathways. Unfortunately, the effect of a mixed coordination sphere on
ligand coupling has not been studied yet from a theoretical perspective. On the
other hand, there are several reports of crystal structures (e.g. tetraphenylbismuth
aryloxides)!?%129 that clearly show distortions from pure D3j, geometries.

While it is certain that ligands bearing electron-withdrawing groups are more
likely to sit axial (see apicophilicity discussion in Section 1.1.2), with the tools
provided so far, it is difficult to predict what effects they may have on ligand coupling
or even just on Berry pseudorotation. It would not be surprising if a process that was
classified as ‘symmetry-forbidden’ for BiHs, such as the axial-equatorial coupling,
would, upon symmetry lowering, be in reality symmetry-allowed.'?? Therefore, even
though Woodward-Hoffmann rules predict that this mode of coupling would only be
allowed wvia an ionic, and thus non-concerted, pathway, experimental evidence showed
that this is indeed happening and the mechanism is concerted. However, the process
is likely to be non-synchronous,™? due to the polar nature of the transition state

130 especially

and the fact that multi-bond processes very rarely are synchronous,
when three bonds are involved in the transformation, as in this case (Scheme 1.12B).

All this considered and based on the literature, we propose the following ‘cheat
sheet’ to interpret the chemistry of tetraarylbismuth-mediated arylation of phenols,

well aware of its limitations:

e upon coordination of the nucleophile, bismuth forms a covalent bond with its
oxygen atom and adopts a distorted trigonal bipyramidal structure, with the
phenolate in one of the axial positions (this is consistent with the intermediate

proposed by Barton and depicted in Table 1.2);

In a transformation that involves breaking a bond and forming a new one, the two steps
are separated by one TS only, i.e. the process is identified by one kinetic transformation and is
concerted. If the intermediate that forms after the first step can collapse to the product (but not
to the starting material) without overcoming any further energetic barrier, then the process is
non-synchronous. Its energy profile is characterised by the presence of a flat region between the
TS and the reaction coordinate where the collapse starts. If the intermediate could collapse both
to the starting material and to the product without overcoming any activation energy, the process
would be concerted and synchronous and the intermediate would coincide with the T'S.
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if already pentacoordinate, the complex expels one of the axial ligands to

accommodate the nucleophile (as shown in Scheme 1.12B);

given the electronegativity of the phenolate’s oxygen, Berry pseudorotation
equilibria are perturbed so that the probability of an axial phenolate is high,

i.e. the activation energy is higher than for a symmetric pentavalent complex;
for the sake of simplicity the phenolate ligand will be assumed always axial.

once the Nu—Bi complex has formed, the rate of bimolecular ligand exchange

is assumed negligible relative to unimolecular ligand coupling;''4

C-arylation occurs through axial-equatorial coupling, which is favoured both

131

due to being the least-motion mode, >" and the presence of a beneficial overlap

of 7 electrons of the phenolate and one of the aryl groups. The latter has been
suggested as an explanation for lead’s good tolerance of steric hindrance,!32

and the concept is likely transferable to bismuth too;

O-arylation can occur both through axial-axial coupling and via the SN2 mech-

anism proposed by Barton when neutral or acidic conditions® are employed
(Scheme 1.12A);%8,99,134

formation of biphenyl is also a possible, although rarer, outcome and can

occur both via equatorial-equatorial and axial-equatorial coupling;

all these ligand coupling modes are non-synchronous, concerted and effectively

irreversible (since highly exergonic);

in basic conditions, competition between the three modes becomes relevant
when the normally favoured C-arylation becomes disfavoured, e.g. due to
electron-withdrawing groups on the substrate,” which deplete electron density
from the aromatic ring meant to attack the ipso carbon of one of the aryl

ligands, as in Scheme 1.12B.

$Due to the irreproducibility in our group of any of Barton’s results in neutral and acidic
conditions, we are prone to believe that solvents used during his studies contained some source of
copper as a stabiliser, as has been suggested in a private communication from Prof. Samir Zard.
Copper has been shown by Barton himself to very effectively catalyse the O-arylation of phenols,

both with BiV and, more recently, Bi

III 93,133

reagents, so these results could be ascribed to a

different mechanism, which would explain why a Ph-O-BiPh4 intermediate was not observed. The
absence of an intermediate could also be ascribed to the nucleophilic attack being rate-determining.
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1.4 The 2-hydroxybiphenyl moiety

Among the variety of substrates bismuth can arylate (see Section 1.2),'3° we decided
to make phenols our testing ground for the development of an organobismuth
catalysed arylation strategy. In particular, we decided to focus on the C-arylation
process, since the products of O-arylation, i.e. diarylethers, are obtained via well
established methods, such as the Chan-Lam'% and the Ullmann!'3” couplings. On
the other hand, there is a lack of a universal protocol to build functionalised 2-
hydroxyaryl biphenyls. Nonetheless, these represent an extremely common motif in
biologically and synthetically important molecules, with more than 4000 examples
among natural products.!33 140 The combined rigidity and hydrogen-bonding prop-
erties of this moiety are thought to be responsible for the bioactivity of several
medications.!41:142 The latter can be modulated by the nature of the flanking aryl
group'®® and by the stereo-electronic properties of the phenol.'** This Section will
present existing methods for making this important motif, highlighting pros and

cons, especially in comparison to the bismuth-mediated reactions.

1.4.1 Cross-coupling

The most common way to access this core is wia transition metal catalysed
cross-coupling (Scheme 1.13),'5 be it Suzuki,'#6 148 Stille, 49159 Kumada!'®! or
Negishi.'®?71%% This approach has certainly a few advantages: the transformation is
well studied, 57159 and thus predictable, and, for simple molecules, the two partners
are likely to be commercially available. However, it is not free from drawbacks: in
some contexts, such as medicinal chemistry, the metal content in the final product is
strictly regulated,!69
known for their toxicity.'61:162 While this could be addressed,63164 a methodology

that does not exploit toxic metals would be preferable.

R/
X
OH R’
X+ o cat. [M], L
_ + _— >
R OH
R
A
R Q

Scheme 1.13: Cross-coupling approach to 2-hydroxyphenyl biphenyls.
A = B(OR)2, SnRs, MgX, ZnX; M = Pd, Ni.

and palladium and nickel, the metals normally employed, are
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Oxygen-free conditions are often necessary for all these transformations but
the most limiting requirement is probably the fact that the phenol needs to be
pre-functionalised to enable the cross-coupling, thus increasing the step count
of the overall transformation. This pre-functionalisation can be done either via

165-167

halogenation or, less commonly, via metalation.!6%169 The first method

(Scheme 1.13) is based on SgAr, so it is subject to the same regioselectivity limita-
tions, that is halogenation can occur in either the two ortho or the para positions.'™
Newer methods for the regioselective ortho-halogenation of phenols are emerging
such as an ammonium catalysed example.!” However, more traditional protocols
are often employed. These encompass highly reactive species (e.g. Xz, N-X-

succinimides, X~ ions with an oxidant...)!72

and it is not difficult to imagine that
in late-stage functionalisation this could be problematic, due to incompatibility
with other functionalities. On the other hand, if the halide is installed in early
stages, the entire synthesis needs to be modelled to avoid undesired reactions with
that group, which could mean excluding the totality of cross-couplings from the
library of available methods. Finally, protection and subsequent deprotection of the

hydroxy group can be required, thus increasing the number of steps.!46:154:173,174

1.4.2 C—H activation

Attempts to limit these issues have pushed researchers towards the direct activation
of the C—H bond ortho to the hydroxyl group. A recent study from Truong and
Daugulis demonstrated the ‘transition metal-free’ arylation of that position via a
benzyne species, generated from chloroarenes by using a strong base, as reported in
Scheme 1.14.17 This species subsequently performs a [2+2] cycloaddition with the
phenol and the resulting cyclobutene intermediate collapses to the desired ortho C-
arylated phenol, driven by the re-aromatisation energy gain. This protocol requires
stoichiometric silver, which is supposed to favour C-arylation. The base used has
an influence on the chemoselectivity, too: LiTMP gives O-arylation, while tBuONa

yields the desired C-arylation products. This was ascribed to counterion effects.

OH
(\CI tBuONa ©/
AgOAc ‘
—_— —_—
R <) dioxane R
H

135-155 °C

Scheme 1.14: Daugulis’ benzyne-based ortho-arylation of phenol.!”
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The protocol is effective for electron-poor and -neutral aryl chlorides, however,
the yields drop dramatically for electron-rich ones. This, together with the high
temperature required, renders this system intrinsically not general.

When the electrophile is an aryl (pseudo)halide, this activation of the bond ortho
to the hydroxyl group is best done with transition metals, with several examples
employing Pd'76178 and Rh!™ 182 catalysts, as per Scheme 1.15. Compared to
cross-coupling, the role of the partner coupling with phenol changes from being
a carbanion equivalent (in the form of an organometallic reagent) to becoming a

carbocation analogue (i.e. the aryl halide).

@ / O
@/ © cat. [Pd] or [Rh] H M.

(6] e

Scheme 1.15: C-H activation of the ortho position of phenols with transition
metals is difficult, since it goes through an unfavourable four-membered
metallacycle. M = Pd, Rh.

base

This approach has the substantial advantage that pre-functionalisation of the
phenol, in theory, becomes unnecessary. Unfortunately, the transformation does
not work with simple phenols, since it requires the formation of highly strained 4-
membered metallacycles, as shown in Scheme 1.15.183:184 Benzoic acids, for example,
do not suffer of the same issue, since they form a much more stable five-membered
metallacyle, and, in fact, their ortho C-H activation is more common.!®5186 The
issue of the strain of the intermediate can be overcome in case of intramolecular
transformations and, in fact, the majority of reported examples belong to this
category.'87:188 A measure of the difficulty of the reaction is given by the catalyst
loading, which remains exceptionally high in most cases, such as in the work of
Hennings (Scheme 1.16), where palladium was used in 20 mol%.

A common strategy is to introduce directing groups, usually on the phenolic
oxygen. 76:184,189-192 Thege enable the so-called complexation-induced proximity
effect (CIPE):'%3 the directing group, chosen to be a better Lewis base than the
hydroxy group, coordinates to the metal, whose local concentration near the desired
C-H bond consequently increases, thus enabling metalation of the latter. This was
first exploited by Bedford in his Rh-catalysed ortho-arylation of phenols in which
an aryl phosphite co-catalyst acts as a transient directing group, upon esterification

179,183

with the hydroxy group (see Scheme 1.17). 2,4-di-tert-Butylphenol was chosen

30



OH OH HO
Pd(PPh3)4 20 mol% O
Br tBuOK 3 equiv
DMA, 95 °C, 2d T A O
A A

87% 5%

Scheme 1.16: Henning’s methodology for the C-H activation of phen-
ols: a tethered aryl bromide avoids the unfavourable four-membered
metallacycle.'®” A mixture of ortho- and para-functionalised products is
formed. A = O, CHz, NCO2Me.

as a test substrate, since C—H activation is enhanced by steric bulk and side reactions
on the other ortho position could be thus avoided. The phosphite incorporates
at least one 2,4-di-tert-butylphenyl group, which then undergoes C—H activation
with rhodium. The latter had previously undergone oxidative addition with an aryl
halide. Reductive elimination yields ortho-arylated arylphosphite, which is released
as the corresponding phenol, while a new molecule of starting material undergoes

transesterification with the free phosphite and the cycle turns over.

PR
OH o~
>
R R 7\ i R
A‘\r

Br—Rh-L, R
AN

ArBr

PR
OH o
Ar Ar Rh=Ln
—XPRa2
- = ;/
R/ R’

Scheme 1.17: Bedford’s transient directing group approach: a removable
phosphite group allows the Rh-catalysed regioselective C-H arylation of
phenols. The transformation was initially developed with phosphites (X =
R = OAr) and was then improved by using phosphinites (X = OAr, R =
iPr).'™ Eventually chlorophosphines (X = Cl, R = iPr) proved superior.'®!

Optimal conditions employ Wilkinson’s catalyst (PhgP)3RhCl in 5 mol% loading,
diisopropylaryl phosphinite 15 mol%, an excess of the desired aryl bromide (1.5 equiv)
and CsoCOj3 as a base to trigger the transesterification. The scope spans from
electron-rich to electron-poor aryl bromides and tolerates some steric hindrance

too. Yields are generally good (>80%) and aryl chlorides can be coupled as well,
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although with much lower yields (<15%). Finally, the tert-butyl group in the
6-position in the product can be effectively removed by treatment of the phenol with
AICl3 in MeNO3.'8! The protocol was subsequently improved by the same group
by replacing the phosphite with a more practical chlorophosphine, thus removing
the biggest limitation the original protocol had, that is the phosphite had to be
synthesised to incorporate the same phenol used as starting material, in order to
avoid competition between two different groups.'®°

O1i and colleagues reported a similar methodology, in which the phosphite co-
catalyst is replaced by hexamethylphosphorous triamide (HMPT), as presented
in Scheme 1.18.19 Under these conditions, the phenol forms an ArOP(NMes)y
species in situ, which then undergoes ortho-metalation, similarly to Bedford’s
procedure. This approach has the advantage that the co-catalyst does not need
to be prepared beforehand, but can be generated in situ from a bench stable and
commercially available material, such as HMPT. Although this reactivity is certainly
intriguing, the Rh catalyst is moderately expensive (£70/g) and requires strictly
inert conditions and the phenol needs to be blocked in the other ortho position to

avoid over-arylation, which narrows down the applicability of the process.

2.5 mol% [RhCl(cod)2] Ph Ph
20 mol% HMPT

OH OH OH
PhBr, K2COs3 +
R toluene, 100 °C, 20 h R R
Ph

0-77% 18-69%

Scheme 1.18: Oi’s Rh-catalysed process ameliorates Bedford’s approach
by employing commercially available reagents, thus overcoming the need to
prepare the co-catalyst.!%4

By using carbamates as directing groups, the much cheaper Pd(OAc)s can be
used instead of rhodium, as shown in Scheme 1.19.17% Di-arylation remains an issue
for non-functionalised phenols. Moreover, the reaction is carried out in TFA, a
corrosive and toxic solvent,'¥ and in the presence of superstoichiometric AgOAc.
The selectivity toward mono-arylation can be improved by using di-aryliodonium
salts as a source of Ar™. In this case, the reaction mixture is heated at 100 °C in a
microwave for 4 h and yields the free phenol directly, without an extra deprotection
step. The authors explained this selectivity by invoking the fact that, at high
temperatures, the rate of deprotection is competitive with that of double arylation.

In a similar transformation, the carbamate can be replaced with an ester, as
showcased by Xiao and co-workers (see Scheme 1.20).192 Conditions are milder than

in the previous method (DCE;, rt, 3 h) but still not optimal, since catalytic triflic
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' 5 mol% Pd(OAc)2 3
+ R’©/ 2 equiv AgOAc
TFA, MW I O\fo

4 equiv 100 °C, 1-2 h
R NR;
() NR3
T 16-67%
R 0
OTf R’ 3
b
\ 10 mol% Pd(OAc)2
+ Mes —mM ———— >
R’ AcOH, MW OH
100 °C, 4 h
2 equiv R
25-48%

Scheme 1.19: Bedford’s Pd-catalysed synthesis of phenols.!”™® R = Me,
Et, iPr, Ph. Aryl iodides can be replaced with diaryliodonium triflates:
mono-arylation is achieved without blocking the 6-position and the resulting
carbamate is hydrolysed in situ, thus yielding the free phenol analogue.

acid and pivalic anhydride are necessary. A good selection of aryl iodonium salts are
tolerated, allowing access to several differently substituted 2-arylphenols in good

yields (generally >70%). Interestingly, 2-naphthol is phenylated in the 3-position.

[ArIMes][OTf] (1.2 equiv
10 mol% Pd(OPiv)2

)
) (R) 0 tBu
®) OTtB” 10 mol% TfOH Y
o Piv20 (0.5 equiv) A 0

DCE, rt, 3 h
>70%

Scheme 1.20: Xiao employed esters of phenols to direct the C-H activation
of the position ortho to them.'® With pivalic esters, the reaction is easier
and milder conditions can be used. Over-arylation is avoided by placing a
substituent in the 5- or 6-position.

In the last example presented here, Ackermann employed ruthenium and a
carboxylate co-catalyst to perform arylation of 2-phenoxypyridines (see Scheme
1.21).18% The transition metal loading is acceptable (2.5 mol%) and, notably, the
scope could be extended to aryl chlorides. However, removal of the directing group
requires particularly harsh conditions, including treatment with metallic sodium,
but yields for this step, as well as for the arylation, are generally very good. On
the other hand, reaction times are long and over-arylation remains an issue. The

latter is minimised by employing substoichiometric amounts of aryl halide.
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R ArX (0.5 equiv) R MeOTf R

0 2.5 mol% [RuClz(p-cymene)|2 0 1) toluene OH
= | 30 mol% MesCOoH = | 100 °C
N K2COg3, toluene N Na
120 °C, 20 h Ar 2) MeOH Ar
80 °C 52-99%

Scheme 1.21: Ackermann’s ruthenium-catalysed arylation of phenols. An
additional step is required to remove the pyridine directing group. R = Me,
F; X = Br, Cl; Mes = mesityl; p-cymene = 4-isopropyltoluene.

Although the installation of a directing group on the hydroxyl moiety is critical
to enabling rhodium, ruthenium or palladium catalysed ortho C-H functionalisation,
the step economy is poor when these groups need to be installed and removed ex situ.
Even though this drawback can be overcome by performing those steps in situ, i.e.
by using transient Lewis-basic groups, the scope of these reactions remains generally
limited. Moreover, since the existing methodologies for C-H activation rely on the
oxidative insertion into a carbon-halogen bond, chemoselectivity issues arise in
the presence of polyhalogenated substrates. Finally, regioselectivity is incredibly
difficult to control and biased substrates are frequently employed, in which the

second ortho position is either pre-substituted or deactivated.

1.4.3 Hypervalent iodine

Diaryliodonium salts (diaryl-A3-iodanes) can be used as arylating agents on their
own.'?6 Similar to the BiV species discussed previously, these compounds fulfil
the requirements for hypervalency. The counterion, which can be more or less
coordinating, is in fact found in one of the two axial positions of a pseudo trigonal
bipyramidal structure, maintaining a 3c-4e bond with one of the two aryl groups.
The second, on the other hand, sits equatorial together with the two lone pairs,
which in this case are termed ‘phantom ligands’.104

Diaryliodanes can be asymmetric, 7.e. with two different aryl groups. These
are easier to synthesise than symmetric ones, especially when the electronics of the
two groups is biased towards one of the extremes.'%” The same applies to sterically
hindered ligands, since the installation of two such groups in not facile. Asymmetric
iodanes are made by oxidising a iodoarene in the presence of BF3-OEts, followed by
transmetalation from a boronic acid to introduce the second aryl group, as shown in
Scheme 1.22.1% This yields the corresponding (tetrafluoroborate)-diaryl-A3-iodane.

Alternatively, upon oxidation of the aryl iodide in the presence of TFA or TfOH,

the resulting species can react with an arene, so as to make the corresponding
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DCM 15 min

rt, 30 min

B(OH), BF4
mCPBA :
| R"©/ |
BF3-OEts R
R

R/
>75%

Scheme 1.22: A straightforward synthesis of aryliodonium salts.!%8

trifluoroacete or triflate salt, as in Scheme 1.23.199:200 This second method poses
issues of regioselectivity for complex arenes, which makes the first one more general
and versatile. In general, the counterion modulates the solubility: halide salts are
usually sparingly soluble in organic solvents, while triflates and tetrafluoroborates

are less so. Other counterions can be accessed via salt metathesis.20!

X
I a) or b) EDG@ R@|
R

EDG

Scheme 1.23: a) NaH2BO4, AcOH?%? then TfOH, DCM, 0-25 °C, 1 h, X =
T£0;?°° b) mCPBA (1.2 equiv), TFA, MeCN, 55 °C, 50 min, X = TfaQ.'%°

When a phenol or phenolate is reacted with a diaryl iodane, the latter undergoes
ligand exchange with expulsion of the counterion (usually the most labile ligand).1%4
Then axial-equatorial ligand coupling occurs and a diaryl ether is formed (see
Scheme 1.24).105:203:204 With asymmetric iodanes and phenolates as nucleophiles,
it has been observed that electron-rich and sterically demanding aryl groups are

transferred preferentially.20%

Both are expected to sit equatorial, the first because of
apicophilicity, the second because the equatorial position is less sterically hindered

and can accommodate bigger groups. The unusual result for more sterically-

|
X< \07
R/
Scheme 1.24: Metal-free arylation of phenols with diaryl iodane gives the
O-arylated product selectively.'%®

EDG EDG !
R
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LT N ey |
R/Q



t7106 and ascribed to the steric relief

demanding ligand has been termed ‘ortho effec
iodine achieves by transferring that group. Different nucleophiles show different
behaviours in this regard: for instance, malonates are arylated with the least
sterically hindered group.!04197

In order to achieve ortho C-arylation a transition metal catalyst is required.
At the moment of writing there are only two papers which report this kind of

206,207 208 yespectively.

transformation with free phenol, using copper and rhodium,
In this case, the selectivity of transfer from mixed species is inverted, with electron-
poor and sterically hindered groups remaining bound to iodine, basically acting as
dummy groups. This trend is general among different nucleophiles.?07:209,210
Although diaryliodonium salts are excellent O-arylating agents, the paucity of
examples for the C-arylation reaction renders this methodology non-competitive

when compared to bismuth or lead.

1.4.4 Lead

Among the options available to achieve the ortho-arylation of phenols, organolead
chemistry is certainly interesting. This was pioneered in the 1980s by Pinhey?!!212
and shows several similarities to Barton’s organobismuth chemistry:?'? by reacting
an aryl lead species, which carries three dummy groups, such as carboxylates, with
a phenol, ortho-arylation of the latter is obtained. These reactions are carried out
at room temperature or slightly above and, for electron-neutral and -rich phenols,
are generally complete in minutes (see Scheme 1.25). Their regioselectivity can be
controlled by varying the electronics of the phenol, since the preferred attack occurs
on the most electron-rich position, similarly to the bismuth-mediated reaction. As
far as the mechanism is concerned, the reaction is thought to abide by the ligand

124,214 wwith a predilection for C-arylation via axial-equatorial

212

coupling concepts,

132

coupling,*>¢ although O-arylation products are sometimes detected in traces.

Ar
ArPbR3

OH .. OH
pyridine
- - 5
R‘©/ CHCI3 R
25-40 °C, <15 min

Scheme 1.25: Organolead reagents are capable arylating agents.?'®

The reaction performs better in basic media (in fact, protodeplumbylation was
suspected to occur in strongly acidic conditions),?!? tolerates electron-rich and -poor
substituents on the aryl group,?'% as well as sterically demanding ones.?'"218 On

the other hand the reaction rate drops for electron-poor phenols, to the point the
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reactivity is completely shut down with nitrophenol and polychlorinated phenols.?!!

This could be addressed by using a Lewis-basic ligand, with phenanthroline showing
a promising thousand-fold rate increment.?' This is consistent with Pinhey’s finding
that pyridine increases the rate of these arylation reactions,?'® but with hindsight
this should be ascribed to the heterocycle acting as a o-donor for Pb, rather than
as a base for the phenol.??? Yamamoto et al. showed that, if the base employed
is optically active, such as brucine, an asymmetric version of the arylation can
be performed, thus obtaining, for example, axially chiral 2-arylphenols.''' Similar
results can be obtained by using chiral carboxylic acids instead of the more frequent
acetate as ligands.??1222 Both these approaches are unique to lead and analogues

for bismuth have currently not been developed yet.

Pros Cons

e Substrate pre-
functionalisation required
e Toxic metals

e Issues with poly-
halogenated partners

e Well understood
e (Catalytic

e No regioselectivity
issues

Cross-
coupling

e Directing groups
C-H e No substrate pre- necessary
functionalisation e High catalyst loading

activation
e Regioselectivity issues
e Overarylation
e Long reaction times
e Excellent for e TMs required for
Diaryliod- O-arylation C-arylation
onium e Mixed iodanes can be e Aryl iodides are
salts | used expensive and less
e Synthesis is available than other
straightforward halides
e No substrate e Toxic
Lead | Pre-functionalisation e Synthesised by trans-

e Tolerates steric
hindrance
e Asymmetric version

described

metalation from Sn or Hg
e Phenols with EWGs do
not react

Table 1.3: A comprehensive list of pros and cons of currently available
methods for the C-arylation of phenols.
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Unfortunately, the aryl lead compounds are synthesised via less-than-ideal routes,
namely direct plumbation of the desired aromatic compound in acetic or haloacetic

d,??3 or transmetalation from mercurials??*

aci or stannanes.??® Only more recently
was transmetalation from boronic acids demonstrated.??6 Plumbation can only be
employed with arenes that are not excessively electron poor and also, has obvious
drawbacks for acid sensitive species. The transmetalation approach is definitely
more versatile, however, the required organomercury and -tin species are generally
not commercially available and need to be prepared beforehand, thus compromising
the step economy of the process. For the boronic acid case, the reaction is carried
out in the presence of catalytic Hg(OAc)2, suggesting a potential transmetalation
to mercury first, followed by a second one from mercury to lead. Also, even the
authors of the paper claim to prefer the tin-mediated reaction, when isolation of
the transmetalation product is required.?26

To conclude, organolead reagents remain an extremely powerful tool in the hands
of organic chemists, especially when an asymmetric synthesis is undertaken. However,
due to their extreme toxicity,?2"22? they can hardly be regarded as sustainable and
future-proof arylating agents. Luckily, most of their useful properties are shared
with their bismuth analogues, which makes the latter even more appealing. Table
1.3 summarises the major advantages and disadvantages of the different approaches

available to arylate phenols in the ortho position.

1.5 Research aims

Trivalent organobismuth compounds can be easily accessed from Grignard reagents
and cheap, nontoxic inorganic bismuth salts, as illustrated in Section 1.1.1. The
oxidation state of the metal centre modulates two different modes of reactivity:
trivalent organobismuthines, despite the strong relativistic contraction, behave as
(poor) nucleophiles, while bismuth(V) species are generally electrophilic.”* The
ability of bismuth to manoeuvre between the two oxidations states, a feature
that granted transition metals their prominent position in the organic chemist’s
toolbox, is also what allows the metal to be employed in a variety of organic
transformations, such as the oxidation of an assortment of alcohols'®?3? and the

16,84,127 Degpite this behaviour, which closely

arylation of several enolisable species.
mimics that of d-block metals, the redox chemistry of bismuth is impaired by its

use as a stoichiometric reagent. Only in 2020 has the metal been shown to support
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catalytic manifolds,?31:232 however these have not been extended to the arylation of
carbon nucleophiles, which remains an unresolved challenge, both with catalytic

and traditional, stoichiometric methodologies.

We reasoned that we could contribute to solving both issues and envisaged a
bismuth-catalysed process for the ortho-arylation of phenols. This would ideally
exploit all the bismuth’s strengths demonstrated by Barton and Suzuki, such as
tolerance for non-inert atmospheres, quick conversion to product even at room
temperature, excellent regioselectivity and tunable chemoselectivity. At the same
time some of its weaknesses, such as the inherent wastage of two to four aryl
groups or the poor step economy of the synthesis of any high-valent bismuth
species, would be addressed. Phenols would be suitable substrates, as their bismuth-
catalysed arylation would represent a breakthrough per se, in a field populated by
stoichiometric, expensive or toxic processes. The resulting 2-hydroxybiaryl system

would also be highly valuable.

With these premises a process based on the Bi''l-BiV redox couple was envisaged.
This would provide the required robustness and ability to withstand atmospheric
conditions, while at the same time allowing the use of classic stoichiometric pro-
cesses as a benchmark. In particular the bismuth(III) component was set to be a

triarylbismuth species, for ease of access and stability.

Two possible reaction pathways can be conceived: in the first, the metal centre
of triarylbismuth is oxidised to bismuth(V) and coordinates the nucleophile; the
arylated product is then formed by ligand coupling, while a new ligand is transferred
to the resulting AroBiX species to regenerate ArgBi. The second cycle, depicted in
Scheme 1.26, differs from the first in the order of these steps and, consequently, in
the minimum number of ligands bismuth bears in the process: a fourth ligand is
introduced after the initial oxidation to form a tetraarylated complex, which then
coordinates the nucleophile and reductively eliminates the arylated product, thus
re-forming triarylbismuth. The first possibility involves potentially unstable AroBiX
species and for this reason was considered more challenging. The individual steps of
the second manifold (oxidation of Ar3Bi species, transmetalation at the BiV centre
and bismuth-mediated ligand coupling of phenols), on the other hand, are know
and reliable processes. Therefore the second pathway was embraced and we will

henceforth exclusively be referring to this.

It was reasoned that, if it were possible to oxidise a triarylbismuthine to a suitable
BiV counterpart, we would then be in the condition to introduce the fourth aryl group

by transmetalation, ideally from a boronic acid, as it had already been demonstrated
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Scheme 1.26: Envisaged mechanism for the catalytic arylation of phenol-like
substrates mediated by tetraarylbismuthonium salts. Ox = oxidant.
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by Matano for triarylbismuth difluoride.” At that point, if our hypothesis were
sound, the reaction of a nucleophile with the obtained tetraarylbismuthonium would

lead to the formation of the desired arylated product, re-forming a Bi''l

species,
ready for the next oxidation and subsequent cycle. A judicious choice of reagents
would make this outcome possible.

The research presented in this Thesis will, at first, address the attempts to
develop a catalytic system for the oxidative arylation of C—H bonds through
tetravalent bismuthonium species. Once a working system is established, the
challenging idea of forming catalytic heteroleptic bismuthonium species, comprising
three spectator ligands and a unique group, and chemoselective transfer the latter
to the substrate will then be tackled. Mechanistic investigations will be employed to
understand the individual steps of the transformation and will provide the necessary

insight in the determination and optimisation of such processes.
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The investigation into a catalytic bismuth manifold commenced from the synthesis
and isolation of a stable tetraarylbismuth species, which could be employed in early
tests. This allowed us to have a better grasp of the robustness and reproducibility
of the different approaches available from the literature. We foresaw that, from a
methodological point of view, NMR spectroscopy would be the most effective and
least invasive method for reaction monitoring. In particular, to further simplify the
interpretation of reaction outcomes, the labelling of the majority of the components
with fluorine atoms was decided, so as to enable the use of "F NMR spectroscopy.
Maximum sensitivity to chemical environment with minimal electrostatic perturba-
tion (the Hammett o, value for F is 0.06) would be achieved by the introduction of
a fluorine atom in the para position of the aromatic rings of each of the components

of the system, i.e. bismuth reagents, organometallic species and substrates.

2.1 Synthesis of organobismuth species and early tests

According to what has been discussed in Section 1.1.1, triarylbismuth species are
the precursors of essentially all the higher valent species, so we started off by
synthesising the fluorine-labelled analogue 2 (hereafter ‘Arf’ will represent the
4-fluorophenyl group). This was achieved in excellent yields via the addition of
the corresponding aryl Grignard reagent to a bismuth trihalide salt, as shown in
Scheme 2.1. The electrophile can be either BiCls, which is commercially available
and relatively cheap (£ 55/100 g*), but was often found to be wet and impure, or
BiBr3 (1), which can be easily synthesised by dissolving BioOs in hot HBr and then
removing the resulting water in vacuo. The latter was preferred over the course of

a few reiterations of this reaction, due to both its higher solubility and purity.

)
F
_Bi ArF-MgBr _Bi
. HBr LN & KOFERN
- > S \ B ———
Bi203 80-120 °C Br B{ Br THF, rt ArFAr/F Arf
1 2
99% 93% — AfF
- J

Scheme 2.1: The precursor 2 can be easily synthesised by treating a bismuth
halide (here the bromide) with the desired Grignard reagent.

The bismuthine crystallised from EtOH, which is the preferred isolation method,

especially when the reaction is performed on a 50 g scale. The product was

*From Fluorochem Ltd., URL consulted on the 13/04,/2020.
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successively oxidised to the corresponding triarylbismuth dichloride 3 by treatment
with sulfuryl chloride,** with excellent yields. Finally, anion metathesis was carried
out to convert the dichloride 3 to the corresponding difluoride 4, as per Scheme
2.2.48 The latter was the fundamental starting material to submit to Matano’s
protocol:™® attempts to carry out the transmetalation of the fourth aryl group
directly on the dichloride 3 were unsuccessful, due to the absence of the driving
force embodied by the formation of strong B-F bonds (see Scheme 1.7 for the

proposed mechanism of this reaction).

Cl F
SO2Cl2 ArF,,. ‘ NaF ArF,., ‘
.Bi > _Bi—AfF ———— _Bi—ArF
A F‘\‘/ \ArF DCM ArF( ‘ acetone ArF( ‘
r
ArF Cl F
2 3 4
95% 96%

Scheme 2.2: Synthesis of ArfBiCl; and ArfBiF, according to literature
procedures.***® Both compounds were obtained in excellent yields upon
recrystallisation from cyclohexane/DCM.

Initially, the synthesis of ArfBiF was attempted (see Scheme 2.3), following
the work by Ooi et al.:™® the compound had been obtained by the authors in 80%
yield, by simple anion exchange, i.e. by stirring the BFy4 complex 5a in MeCN

233 source of fluoride ions, such as CsF. This

with a five-fold excess of a soluble
seemed promising in view of the possibility of having a stable and easily accessible
tetrarylbismuth source. The process was attempted several times and only worked
once. The caesium salt seems to be fundamental, since KF did not afford the
desired product, probably due to its limited solubility. Even when the metathesis
worked, the isolation was problematic and the final product contained traces of
fluorobenzene, triarylbismuth and [Ar} Bi|[BFy]. In fact, simply stirring the impure

compound in MeCN for a week resulted in an increased amount of decomposition

T ArFB(OH), A‘rF - A‘rF
ArF,,, BF3-OEt 4 CsI'  aAfF,
B—Ar B X giaF
AT POMLOTE 0 “aF MeCN AT
F Arf F
4 5a
82%

Scheme 2.3: The synthesis of tetraarylbismuth fluoride is hindered by
the difficult crystallisation and was not pursued. On the other hand, the
tetrafluoroborate salt 5a is easily isolated.

44



products. For these reasons, the Ar4FBiF route was abandoned and a step back was
taken: isolation of tetraarylbismuthonium tetrafluoroborate 5a was decided, since
the species had previously been detected as the intermediate product before the
metathesis. Gratifyingly, needle-shaped crystals of 5a were obtained in good yields.

In order to have the full overview of possible methods from which to draw,
we briefly explored the classical synthesis widely employed first by Wittig then

by Barton.!91

This occurs wvia the cleavage of one of the five aryl groups of
pentaaryl bismuth complexes by protodebismuthation, ¢.e. by treatment with
a strong acid, as discussed in Scheme 1.5. Unfortunately, the formation of the
pentavalent species proved challenging. After a careful review of the literature, a
brief mention of the inexplicable instability in solution, even at low temperatures,
of the 4-fluorophenyl analogue of pentaphenylbismuth was found.*! Therefore this
pathway was abandoned, too, and Matano’s approach to make [Ar} Bi|][BF,] 5a was
in conclusion considered more versatile and worth further investigation.

The isolated organobismuth compound 5a was promptly tested in the arylation
of 4-fluorophenol under the conditions that were found to be optimal in related
investigations in the group, i.e. in THF at 60 °C. The reaction was performed
with and without DBU as a base (see Scheme 2.4). The latter was chosen since it

is a relatively strong, non-nucleophilic base with a pK, of 24.3 in acetonitrile?3*

(as a comparison phenol’s pK, in acetonitrile was measured to be 29.1T).235’238
No reaction was observed over 24 h in the absence of base. In the presence of
base, complete consumption of the BiV species occurred in 2 h, producing the
complex mixture of arylation products reported in Scheme 2.4. The O-arylated
phenol 6¢ accounts for just 10% of the products, while the C-arylated species
6a and 6b combined represent 28% of the total (38%, if the number of C-C
bonds formed is considered), showing a certain predilection towards this kind of

transformation. Around 60% of the starting material 4-fluorophenol was found

tAccording to Coetzee, such a high pK. value for phenol in acetonitrile must be attributed to
the three different factors: first, the proton-acceptor power of this solvent is smaller than that
of water by 10°, so the dissociation of Brgnsted acids is less complete, since usually this occurs
through the protonation of the solvent; second, the dielectric constant of acetonitrile is significantly
smaller than that of water (36.0 vs 78.5, respectively), hence, even just from an electrostatic point
of view, ions are less stabilised by this solvent than they are by water; third, the limited capacity
of acetonitrile to stabilise anions by hydrogen bonding causes certain anions, including specifically
phenolates but also carboxylates, to resort to hydrogen bond with the undissociated acid, in the
so-called ‘homoconjugation’ reaction.??® In this case that would be:

2 PhOH + MeCN [MeCN-H| " [PhOH-PhO|~

Hence, the formation of homoconjugation complexes decreases the acidity of phenols in MeCN.
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OH OH OH 0}
Fr: ArF Arf Arf
[Ar;]:i?[BFAL] C5a7 ]EBU + + + AnBi
, 60 °C, 2
F
6a 6b 6¢c 2
18% 10% 10% 100%

Scheme 2.4: Early tests were run to ascertain [Ar} Bi|[BF4] capabilities
in the arylation reactions. No reaction is observed without added base.
Conditions: 1 equiv of phenol, 1 equiv of [Ar} Bi|[BF4], 1.2 equiv of DBU.
Percentages correspond to conversions determined by °F NMR spectro-
scopy. Approximately 60% of fluorophenol was left unreacted, whereas the
bismuthonium was completely consumed. The reaction behaved similarly in
deuterated acetonitrile.

unreacted. Interestingly, formation of fluorobenzene was not detected, even though
the bismuthonium was fully consumed. On the other hand, several unidentified
peaks were detected (ca. 20%). It is not unreasonable to assume that at least some
of them are oxidation and over-arylation products, since both of them were detected
and characterised by Barton.®?98 These results, despite the highlighted flaws, were
considered promising since they showed that bismuthonium 5a is able to mediate
the arylation of phenols.

In order to simplify subsequent analyses, a more appropriate substrate was
sought. Prior work demonstrated that 2-naphthol could fulfil this role.?? Compared
to phenol, it is significantly more reactive and shows complete chemoselectivity
towards C-arylation.”? Moreover, since the two ortho positions are not electronically
equivalent,?4 due to a better ability of the 1-position to delocalise the negative

241 gver-arylation was envisaged to be less

92

charge resulting from deprotonation,
likely, in accordance to what observed by Barton in basic conditions.

Labelling of 2-naphthol with a fluorine atom was required and 6-fluoro-2-naphthol
was targeted because the 6-position can be considered (pseudo-)para to the hy-
droxy group, therefore the reasoning used before for para-fluorophenyl groups still
holds. Synthesis of 6-fluoro-2-naphthol 7 was initially achieved as per Table 2.1.
This exploits an intermolecular Friedel-Crafts acylation of trimethylsilyl acetylene,
followed by an intramolecular Friedel-Crafts alkylation.?*243 Unfortunately, the

239 ranging from 10 to 25%. Polymerisation of the

overall yield proved very poor,
acetylene was thought to be responsible for the poor outcome, so catalytic amounts
of Lewis acid and lower temperatures were considered as potential improvements.

Unfortunately none of the attempted modifications resulted in improved yield.
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7

0 0] LA OH
SOClz DCM, T
neat Cl Me3Si——
F oH 50°C F F

7
99% 19%
# LA mol% T Yield
1 AlCl; 100 rt 19%
2 AlClg 100 —-20 °C 0%
3 AlCl; 10 rt 3%
4 InCl; 10 rt 0%
5! BF3 -OEtQ 10 rt 0%
6 ZnCl, 10 rt 0%

Table 2.1: A tandem Friedel-Crafts acylation-alkylation process was initially
employed to make 6-fluoro-2-naphthol. Optimisation did not provide the
expected improvements. Reactions 2—6 were performed in a sealed MW tube
under inert atmosphere and analysed by '°F NMR spectroscopy.

Currently, the preferred method to synthesise this starting material encompasses
the use of commercially available 2-bromo-6-fluoronaphthalene and is shown in
Scheme 2.5. The halide is subjected to lithium-bromine exchange and the resulting
lithiated species is then quenched with trimethyl borate to form the corresponding
boronic ester, which is finally oxidised with hydrogen peroxide in acetic acid. With
this method, the desired product was obtained in 76% yield.

Br 1) nBuLi B(OMe)3 OH
2) B(OMo)g R
e AcOH
F —78 °C F
7
76%
Scheme 2.5: Improved synthesis of 6-fluoro-2-naphthol.

Fluoronaphthol 7 was then reacted under the same conditions used for fluoro-
phenol (Scheme 2.4) and gratifyingly afforded the expected 1-arylated naphthol 8
selectively (Table 2.2, entry 2). Once again, DBU was fundamental: in its absence
no reaction was observed even over a prolonged time (entry 1). Compared to the
previously tested substrate, naphthol proved to react much faster, with quantitative
conversion to product observed in 5 min. For all these reasons, naphthol was elected
as the substrate of choice and henceforth used in all further investigations.

Different bases were tested in the reaction between [Ar} Bi|[BF4] 5a and naph-
thol 7: results are reported in Table 2.2. Tetrahydrofuran was replaced with
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acetonitrile, due to a greater availability of pK, data in the second solvent. The
pK.H™ values in acetonitrile or water for the bases employed in this screening
are reported for reference. A visual indication of reaction progress was provided
by formation of a bright orange colour. This is in accordance with Barton’s find-
ings, who proposed that this derived from the formation of a substrate-bismuth
complex.'3* The only exception is the reaction with NaOH (entry 10), in which the
colour was light blue.

First, organic bases were assessed (entries 3-9): only DBU and BTMG allowed
full conversion to the arylated product 8 within 5 min. On the other hand, pyridines
(entries 8 and 9) proved extremely slow, with only a low percent conversion after
several hours. Running the arylation in pyridine did not improve the outcome.
Amine bases DABCO and DMAN (1,8-bis(dimethylamino)naphthalene, the parent

ArfF
OH [Ar]Bi][BF4] 5a, base OH
N OO
F F
7 8

+# Base pK.H" yater PK.H vieon Yield t
1 none® / / no reaction
2  DBU® 11.5%44 24.34%34 100% <5 min
3 DBU 11.5%44 24.34234 100% <5 min
4  DBUb 11.5%44 24.34%34 100% <5 min
5 BTMG 14245 26.5%46 100% <5 min
6 DABCO 8.82%47 18.29247,248 7% 2h
7  DMAN 12.1%49 18.62234 2% 3h
8  collidine 7.45250 14.98234 2% 3h
9  pyridine® 5.25%47 12.33251 5% 1d
10 NaOH4 14.0%%2 n.a. 100% <5 min
11 K3PO4 12.3%%3 n.a. 100% <1h
12 KyCO3 10.3%44 n.a. 100% <1h
13 KHCOs; 6.36 n.a. 9% 1h
14 KHCOs3® 6.36 n.a. 54% lh

Table 2.2: 6-Fluoro-2-naphthol was identified as a better substrate than
phenol, since it reacts faster and regioselectively. Over-arylation is also
precluded. Conditions: 1 equiv of naphthol 7 and bismuthonium 5a, 1.5 equiv
of base. Yields determined by °F NMR spectroscopy. For entries 11-14, the
suspensions were stirred at 1000 rpm. The pK, values of the conjugate acid in
water or acetonitrile are reported. For reference those of 6-fluoro-2-naphthol
are 9.46 in water®®* and ca. 26 in acetonitrile.23%2%% 2 In THF at 60 °C; Pin
5% water/CD3CN; ©in pyridine; ¢in 25% water/CD3CN; ©at 80 °C.
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)20 exhibited an intermediate behaviour, reaching around 70%

‘proton sponge’
completion in 2-3 h (entries 6 and 7). Interestingly, 5% water was shown not to
hinder the arylation (entry 4), which occurred in the same amount of time required
in the absence of water.

Inorganic bases were tested as well (entries 10-14). The reaction with NaOH
(entry 10) was performed in an NMR tube in a 1:4 mixture of HoO and MeCN,
which was biphasic and had to be shaken to trigger the transformation. Despite this
phase separation, naphthol 7 was fully arylated in less than 5 min. To avoid this
complication, the remaining experiments (entries 11-14) were run in pure CD3CN.
The suspensions were stirred, since all the bases were insoluble. K3PO4 and K2COg3
yielded the arylated naphthol in less than 1 h, while KHCOj3 converted just 9% of
the original substrate in the same amount of time. Conversion in the presence of
KHCO3 was improved to 54% in 1 h by heating the reaction to 80 °C (entry 14).

To summarise, a clear trend between reaction rate and pK,H™ value of these
bases is evident, with DABCO possibly being an outlier. Moreover, it was pleasing
to find that inorganic bases could be employed, too. Their advantage would be
low toxicity, low cost and high availability. On the other hand, a biphasic (both
liquid-liquid as in the water-acetonitrile mixture and solid-liquid) system introduces
complications in the determination of reaction outcomes so their use was deemed

inappropriate for optimisation studies.

2.2 The oxidation-transmetalation sequence

Having confirmed that all the individual steps of our ideal transformation (oxidation,
transmetalation and ligand coupling) work and having identified a suitable substrate
for testing, we focused on the goal of performing those steps in the same pot, without
isolation of any of the intermediates. We reasoned that, if this stoichiometric
approach were successful elevation to a catalytic regime would then be within reach.

The presence of fluoride counterions in the bismuth(V) species subjected to
transmetalation with boronic acid was demonstrated to be essential for this reaction
to occur.?’” For this reason the possibility of introducing such counterion directly
during the oxidation of triarylbismuth was considered. This would by-pass the
oxidation-metathesis sequence presented in Scheme 2.3. We questioned if electro-
philic fluorinating agents were capable of oxidising Bi'™! to BiV, while at the same
time introducing the desired fluoride counterion.

These reagents allow the exploitation of a reactivity similar to that of elemental

fluorine, minus the serious drawbacks that usually accompany this gas. Such
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reagents typically comprise O—F- and, more recently, N-F-containing species. The
first category was dominated by trifluoromethyl hypofluorite (CF3OF), an extremely
toxic gas (bp —95 °C), which used to be commercially available until the 1980s and
was employed as a milder and more selective F™ source than Fs itself. In time, N-F
species have entirely replaced O-F ones.?%® In fact, most of these newer reagents

are air-stable solids, which makes them more practical reagents for synthesis.??”

In the upcoming Schemes and Figures, these compounds will collectively be
referred to as ‘F* reagents, however it must be noted that this is a non-formal
notation. There is, in fact, controversy regarding the mode of cleavage of the N-F
bond and the two prevailing mechanisms of electrophilic fluorination (see Scheme
2.6). It is hypothesised that homolytic cleavage and Sy2-like displacement can both

be operating, depending on substrate and conditions.25%:260

LN 3
A N 4 F—X — [Nu-FX] — Nu—F + X

RN
B N + F—X —— Nu'[F—X" | —— Nu—F + X~

Scheme 2.6: The two possible mechanisms for the cleavage of N-F bond:
A Sx2 substitution and B homolytic scission, the former initiated by a
nucleophilic attack at the fluorine, the second by a single-electron transfer.

The most common N—F reagents are bench stable solids that are commercially
available at reasonable prices. These include Selectfluor, NFSI and 1-fluoro-2,4,6-
trimethylpyridinium tetrafluoroborate (hereafter referred to as collidinium salt),
whose structures are shown in Fig. 2.1. Each of them represent the parent or
most prominent example of three classes of these reagents, which are based on,
respectively, tertiary amines, sulfonimides or pyridines and were first discovered by
Banks,?61:262 Barnette?% and Umemoto.264:265

The strength of these oxidants can be estimated by cyclic voltammetry (CV):266

irreversible reductions occur at —0.04 V for Selectfluor, —0.78 V for NFSI and
—0.73 V for the collidinium salt (MeCN, [BuyN|[BF4] vs SCE). Interestingly, the
same trend observed for their reduction potential is found in their F chemical
shifts in CD3CN: 448.02 ppm, —15.89 ppm and —38.89 ppm, for Selectfluor, the
collidinium salt and NFSI respectively. A more practical, although less quantitative,
measure of their strength is given by their chemical behaviour: Selectfluor was
shown to oxidise iodide and bromide (but not chloride) salts to the corresponding

elements. This allows its standard reduction potential to be comprised between 2.16
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Figure 2.1: A selection of commercially available electrophilic fluorin-
ating agents. From left to right: Selectfluor, NFSI and 1-fluoro-2,4,6-
trimethylpyridinium tetrafluoroborate. BF; counterions omitted for the
first and the last compounds.

and 2.72 V, double! the standard reduction potentials for Bry and Cly, respectively.
Triphenylbismuth has been reported to have an oxidation peak potential of 1.60 V
(MeCN, [Et4N][OTs] vs SCE),?7 corresponding to the reaction: PhzBi'll + 2e~
— [Ph3BiV]?*. Cyclic voltammetry studies performed within the group showed a
similar value (1.50 V, [Buy|[PFg| vs ferrocene).??® The measured oxidation potential
for tri(p-fluorophenyl)bismuth is 1.66 V (|Buy||[PF¢] vs ferrocene), suggesting that
Selectfluor had to be expected to be able to oxidise this species.

Having established the thermodynamical feasibility of the oxidation, we set
out to test the three commercially available fluorinating agents in the oxidation of
2. Due to its ionic nature, Selectfluor is poorly soluble in most organic solvents,
but readily soluble in water and MeCN.268:269 The collidinium salt is soluble is
MeCN, DCM, Et;0 and THF,?" while NFSI is soluble in an wider variety of
solvents.?”! Acetonitrile thus represents the least common denominator among the
three species and was therefore adopted as the solvent of choice for consistency. This
was considered a reasonable choice, since also the arylation step was demonstrated
to work well in acetonitrile (Table 2.2). Moreover, the availability of a deuterated
version of the solvent at reasonable prices allowed most of the following reactions
to be performed in NMR tubes. This enabled an efficient screening of different
conditions and combinations of reagents: from now on it should be assumed all
the reactions discussed in this Chapter were performed in NMR tubes in CD3CN,
unless specified otherwise.

Submitting triarylbismuthine 2 to these oxidants resulted in the formation of
the corresponding BiV species (see Scheme 2.7), detected as a substantial downfield
change in the chemical shift in ?F NMR spectra (as shown in Fig. 2.2). The nature

of the oxidised species depends on the oxidant, since the moiety (X in Scheme 2.7)

0 take into account the fact that 2 electrons are required to reduce one molecule of halogen
to the halide according to the following half cell reaction: Xs + 2e~ —2X™.
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ArfBiFy + BF3-OEty —| le
Ar3BjF2 (tt)
-148.73
ArfBiF, ks
E(s) D (s) B (m) Ar3Bi (tt)
-105.76 -107.05 -108.51 -114.91
ArfBi + collidinium N Fa
S 4/‘ U ‘\! - %‘\L
A (s) B (s)
-106.24 -107.45
ArfBi + NFSI =
N\
N~
D(s) || C( B)(s)
-104.76 || -105.69 -107.75
ArgBi + Selectfluor ‘J‘\ r2
A I\

S | G ,J)L,,.,,_NN B N
Ar3Bi (1)
-114.96

ArfBi r

T T T T T T T T T T T T 1
-108.5 -109.5 -110.5 -111.5 -112.5 -113.5 -114.5 -115.5

f1 (ppm)
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-102.5 -103.5 -104.5 -105.5 -106.5 -107.5

Figure 2.2: Stacked 'F NMR spectra of the products of the oxidation of
Ar§Bi 2 after 24 h. Only the region where p-fluorophenyl groups usually
resonate is shown. From the bottom: 1) triarylbismuth 2 starting material; 2)
oxidation with Selectfluor; 3) oxidation with NFSI; 4) (incomplete) oxidation
with the collidinium salt; 5) isolated ArfBiF, 4; 6) Arf BiF, with BF3-OFEts,.

resulting from the detachment of the ‘fluoronium’ is expected to maintain some kind
of coordination with the oxidised Bi species. To confirm the successful oxidation,
a few crystals of LiCl were added so as to convert the different ArfBiFX species
to ArfBiCly. Gratifyingly in all three cases, all the peaks which had formed upon
oxidation of ArgBi converged to the peak corresponding to ArgBiClQ, at the same
time confirming the successful oxidation and the fact that the several species present

at the end of the oxidation were species with different counterions equilibrating.

X C
F F
B 1.5 equiv ‘Ft+’ Ar ‘.. E“‘> . 4.0 equiv LiCl Ar ‘.. B‘> .
.bBi i—Ar i—Ar
WL
A A PO |
Ar F C

Scheme 2.7: Oxidation of triarylbismuthine and its in situ trapping with
an excess of LiCl. X = the reduced oxidant.

Despite its reduction potential being higher than that of NFSI, the collidinium

derivative was observed to be significantly slower than both Selectfluor and NFSI,
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X
F
Bi n equiv ‘F*’ A E‘> F
e —> 1—Ar
K N
ArF / AF ODsCNS Tt e \
F

ArF

#  Oxidant n T t for completion

1 Selectfluor 1.5 rt <5 min
2 NFSI 1.5 rt <5 min
3 Collidinium 1.5 rt >1d
4  Collidinium 2.0 rt 18 h
5 Collidinium 3.0 rt 6 h
6 Collidinium 2.0 40 °C <2h

Table 2.3: Selectfluor and NFSI were very effective in the oxidation of Arf Bi,
whereas N-fluorocollidinium tetrafluoroborate required further optimisation.
Reactions were performed in CD3CN in NMR tubes and conversion was
determined by *°F NMR spectroscopy. For entry 3, monitoring was stopped
at 24 h. At that point the yield had reached 91%.

with the latter oxidants completely consuming ArgBi within a few minutes (see
entries 1 and 2 of Table 2.3), while the former required more than 24 h (entry 3). This
behaviour is consistent with the findings of Rozatian and co-workers, who observed
that the pyridine-based fluorinating agent is 100 times slower than NFSI and 1
million times slower than Selectfluor in the fluorination of a malonate derivative.?72
In order to improve the performance of the oxidation with this oxidant, some
reaction parameters were briefly optimised and results are reported in Table 2.3.
Doubling the equivalents of oxidant shortened the reaction time from more than
1 d to just 6 h (entries 3 and 5, respectively). The oxidation is also very sensitive
to temperature, since a 15 °C increment caused the reaction to reach completion in
less than 2 h, versus 18 h at rt (entries 6 and 4, respectively).

Having confirmed that fluorinating agents are capable oxidants for Ar} Bi, the
competence of the resulting BiV species in the transmetalation was tested. We

IT starting material, one of the

were pleased to see that simply combining the Bi
three oxidants discussed above and p-fluorophenylboronic acid in the presence of
BF3-OFEto at rt afforded the desired tetraarylbismuthonium, as shown in Table 2.4.

When Selectfluor and NFSI were used, i.e. when the oxidation was complete
within minutes rather than hours, the formation of ArEBiJr reached completion
after 3 h in the first case and got to 79% yield after 24 h in the second case
(entries 2 and 4, respectively). When BF3-OEty was omitted, the yields at 24 h

dropped to 38% and 13%, respectively (entries 1 and 3), thus showing that the

53



Lewis acid significantly enhances the rates of the transmetalation. It must be noted
that p-fluorophenylboronic acid is only partially soluble in MeCN: saturation is
reached at [Ar"B(OH)z] = 5.0 mM, as measured by “F NMR spectroscopy before
adding the oxidants (this is approximately one sixth of the ArgBi concentration
in this set of reactions). If the rate of the mass transfer is lower than the rate of
the transformation itself (i.e. it is the limiting factor), stirring the suspension is

expected to improve the overall rate.

1.0 equiv ‘F+’
1.1 equiv ArfB(OH)2 ArF
[, BF,
_Bi 1.5 equiv LA _Bi
A aF CD3CN, rt A ar
Ar ArF
2 5a
# ‘FH LA Yield at 24 h
1 Selectfluor 38%
2 Selectfluor BF3-OEt, 98%
3 NFSI 13%
4 NFSI BF3-OEtq 79%
5 NFSI? 23%
6 [F-TEDA|[(PhSO2)2N]s 13%

Table 2.4: In situ oxidation of triarylbismuthine and transmetalation of the
fourth aryl group to form bismuthonium 5a. The transmetalation is twice
as fast when Selectfluor is employed instead of NFSI, possibly due to the
presence of preformed tetrafluoroborate ions. Yields determined by F NMR
spectroscopy using 4,4’-bis(trifluoromethyl)-1,1’-biphenyl 9 as an internal
standard. * With 2 equiv of NaBFy.

The transmetalation is significantly faster if the oxidation is performed with
Selectfluor (entries 2 vs 4 and 1 vs 3). The reason for this possibly lies in the nature
of the species that occupies the vacant coordination position of the oxidised Bi
species: when NFSI is employed, the sulfonimide derived from the oxidant (Fig.
2.3, left) can act as a moderately coordinating ligand for the Bi oxidised species.
When the reaction is performed with Selectfluor, on the other hand, there are two
potential ligands available in solution (Fig. 2.3, centre and right): the tertiary amine
derived from Selectfluor and tetrafluoroborate. Among the two, tetrafluoroborate is
expected to be the ligand of the oxidised Bi species. Differently from the sulfonimide,
tetrafluoroborate is less coordinating, i.e. it donates less electron density into the
bismuth centre, and this presumably makes the transmetalation more facile, by

making the bismuth more electrophilic.
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Figure 2.3: The sulfonimide resulting from the reduction of NFSI (left),
the DABCO derivative resulting from the reduction of Selectfluor (centre)
and tetrafluoroborate (right), the counterion of Selectfluor. Each of them can
occupy the fifth coordinative position of ArfBiF*. It is postulated that the
transmetalation rate depends on the nature of the fifth ligand of bismuth.

It was interesting to notice that, despite the fact that tetrafluoroborate is not
immediately available when NFSI is employed, it was observed to form over the
course of the transmetalation reaction, both by “F and "'B NMR spectroscopy.

Tetrafluoroborate is thought to form as a consequence of the following equilibrium:

3FB(OH); == BF; + 2 B(OH)s

Fluoroboronic acid, FB(OH)2, is the by-product of the transmetalation: it forms
upon coordination of the boron atom of the boronic acid to the bismuth-bound
fluoride, as discussed in Scheme 1.7. The BF3 that forms through this equilibrium
is then able to sequester another fluoride from bismuth. Finally, boric acid, which
is insoluble in most organic solvents, is detected as a white precipitate. From
the stoichiometry of this reaction, four successful transmetalations are required
to provide one tetrafluoroborate ion. This may explain why using Selectfluor
as the oxidant improves the rate of the transmetalation, since it provides a pre-
made counterion for the oxidised Bi species. The same effect is achieved by using
BF3-OFEtqy, which is thought to interact with the bismuth-bound fluoride, making
tetrafluoroborate in situ.

In order to confirm the influence of the counterion of the oxidised species on the
rate of the transmetalation, oxidation of ArgBi with NFSI was performed in the
presence of NaBF, and ArB(OH),, but in the absence of BF3-OEty (see entry 5
of Table 2.4). A significant improvement was observed, compared to the reaction
without the salt (entry 3), with the yield at 24 h rising from 13% to 23%. This figure
is still not quite as good as in the case of Selectfluor being used as the oxidant (38%,
entry 1). This is presumably because the counterion exchange is not fully effective,
due both to the partial solubility of NaBF4 in MeCN, as detected by "F NMR
spectroscopy, and to the fact that the sulfonimide anion is coordinating and, hence,
difficult to replace. Overall there is no strong preference for tetrafluoroborate, that

is to say, an equilibrium between the two is in action.
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An additional experiment was performed to confirm the previous hypothesis. It
was reasoned that since the transmetalation shows an improved rate when BF, is
present (entries 4 vs 6), then the opposite effect may be achieved by removing such
counterion. The most informative experiment would employ an F-TEDA-based
oxidant, in order to rule out any influence from the nature of the oxidant, but with
a different counterion. Such a derivative was synthesised by Wu and colleagues
by replacing the two tetrafluoroborate ions with two bisphenylsulfonylimides (the

273 according to Scheme 2.8. The procedure could

counterion derived from NFSI),
be easily reproduced in our laboratory and, interestingly, shows a unique example

of a stronger oxidant being prepared from a milder one.
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Scheme 2.8: Synthesis of the F-TEDA oxidant 13 was achieved via Wu’s
procedure.?”® Differently from Selectfluor, this compound does not contain
tetrafluoroborate ions, as can be seen in the crystal structure (more details
can be found in Section 6.8).

When the transmetalation was performed after oxidation with this newly syn-
thesised oxidant, the yield measured at 24 h resulted to be comparable to that of
the reaction performed with NFSI (entries 6 and 3 of Table 2.4), with a noticeable
drop compared to the one performed with Selectfluor (13% vs 38%, entries 6 and 1,
respectively), thus corroborating the theory that BF,; has a positive influence on

the overall oxidation and transmetalation process.
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Similarly to the NFSI case, tetrafluoroborate was observed to form over the
course of the reaction. When its '°F NMR integral was plotted against time (Figure
2.4), a sigmoid curve could be seen, which suggests there is an induction period at
the beginning of the reaction, during which fluoroboronic acid accumulates. The
stoichiometry of BF, formation is confirmed by the fact that its concentration
superimposes with the normalised concentration of Ar{Bit after 48 h (Fig. 2.4).
Moreover, the induction period discussed above can also be seen clearly.

Attempts to extrapolate other quantitative data failed, due to the complexity
of the reaction: although the transmetalation in itself can be expected to exhibit
second order kinetics, resulting from the interaction of one molecule of oxidised
ArgBi and one molecule of boronic acid, the overall process is, in reality, the result
of several other background processes that are hard to deconvolute. First of all, two
separate mechanisms for the transmetalation are expected to be active: the one
resulting only from the interaction of Bi and the boronic acid, and the BF3-mediated
one. However, BF3 is initially only produced through the first mechanism, causing
the second one to start later. Since the products of both mechanisms are the same,
there is no way to quantify the independent contribution of each of them.

The speciation of ArgBiF+, which is already complex when only an oxidant is
used, as shown in Fig. 2.2, is now also directly intertwined with the transmetalation.
In fact, the speciation varies with the availability of different counterions, namely
dibenzene sulfonimide and tetrafluoroborate. An additional complication is that
the latter is produced as a co-product of transmetalation. According to the results
presented so far, [Ar§ BiF|[BF,] should be more active in the transmetalation than
the other species, since it is presumably more electrophilic. However, there is
currently no data available on the rate constants or the equilibria involved in the
formation of these two species.

Finally, because of this extremely dynamic behaviour, NMR peaks are often
broad and the presence of extra underlying peaks can often be hinted at, thus
making a full, accurate, quantitative analysis almost impossible. The evolution
of Ar§Bi* over time therefore cannot be easily linearised by first or second order
analyses. Despite the fact that addition of BF can improve the overall rate, the
reaction performs significantly better with BF3-OFEts, so its use for the one-pot
oxidation and transmetalation of ArgBi was taken forward and the following step,
the in situ arylation of 6-fluoro-2-naphthol, was investigated in order to complete

the desired one-pot arylation sequence.
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Figure 2.4: The Selectfluor-like oxidant 13 was used in the one-pot
oxidation-arylation procedure to demonstrate the positive influence of tet-
rafluoroborate ions in the second step of that sequence. In this case, the
overall transformation is affected by the absence of BF, ions, that, however
are generated in situ. If [Ar}fBi*] is divided by 4, the resulting data points
(violet) are shown to superimpose after 48 h to [BF, |, while in early times
an induction period can be spotted. This also confirms the stoichiometry
of the formation of tetrafluoroborate ions: every 4 successively made bis-
muthonium salts, one BF} is made. Concentrations determined by *F NMR
spectroscopy by integration against an internal standard.
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In order to test the feasibility of the arylation under the optimal oxidation-
transmetalation conditions, 6-fluoro-2-naphthol and DBU were added to a solution of
ArEBi and boronic acid. An oxidant (either Selectfluor or NFSI) and BF3-OEts were
then added (Scheme 2.9). In both these experiments, the solutions turned rapidly
black and the interpretation of the resulting '“F NMR spectra proved non-trivial,
due to the presence of 15-20 peaks, most of them unknown and evolving over time.
Notably, considerable amounts of ArgBi were detected, suggesting either a partial
oxidation or a fast successive reduction. Interestingly, a partial conversion to A1“4FBiJr
could be observed as well, demonstrating that at least oxidation and transmetalation
are effective under these conditions. Because of the complex F NMR spectrum,
the reaction mixtures were analysed also by HRMS, showing no formation of the

arylation product.

Ar§Bi, ‘Ft’
ArFB(OH), AF
BF3-OFts
OH DBU OH
——X—
e
F F
7 8

Scheme 2.9: The one-pot oxidation-transmetalation-arylation sequence did
not yield product 8, seemingly stopping at the transmetalation step.

Attempts to split the transformation in two parts, by adding naphthol and base
in a second step, i.e. once bismuthonium was formed, also proved unsuccessful.
Considering the reaction with [Ar} Bi][BF,] and naphthol in the presence of a base
was clean and straightforward when performed using the isolated bismuth species

(see Table 2.2), a more thorough understanding of the reaction outcome was sought.

2.3 Understanding potential side-reactions

In order to deconvolute the complex series of reactions taking place when all the
components were mixed together, the independent interactions between a selected

number of these reagents were investigated.

2.3.1 Ar"B(OH), with oxidants

According to different reports, boronic acids are susceptible to fluorodeboronation

when mixed with the fluorinating agents employed in this work.2"4276 The broadest
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t,27* while the non-

scope is obtained by using stoichiometric silver as a catalys
catalysed process is only effective for moderately electron-rich boronic acids (p-tBu,
p-OR...), with a significant amount of protodeboronation observed (up to 1:1 with
the desired product in certain cases).?’® With this precedent in mind we tested for
potential side-reactions between 4-fluorophenylboronic acid and either Selectfluor

or NFSI, as described in Table 2.5.

OH
| B
"o LA ]
™8 O~ 1T
F CD3CN, rt F F
# Oxidant LA Decomposition
1 NFSI No
2 Selectfluor No
3 NFSI BF3-OFEtq No
4 Selectfluor BF3-OEty Yes, only ArfH identified

Table 2.5: 4-Fluorophenylboronic acid does not react with Selectfluor and
NFSI at rt. Addition of BF35-OEts causes decomposition when used in
conjunction with Selectfluor. The reaction products could not be identified.
All reactions were performed in NMR tubes using 1.5 equiv of oxidant and
1.5 equiv of Lewis acid and were monitored by °F NMR spectroscopy.

These transformations are affected by the scarce solubility of the boronic acid
in acetonitrile, so quantification was not possible. No decomposition was detected
with either oxidants in the absence of BF3-OEts (entries 1 and 2), nor in the
reaction with NFSI and BF3-OEts (entry 3). However, when Selectfluor was used
in conjunction with BF3-OEty (entry 4) several species could be seen forming
over time by '"F NMR spectroscopy. Of these, only one could be identified with
certainty, fluorobenzene, but no traces of 1,4-difluorobenzene (expected to resonate
at —121 ppm, as determined by 'F NMR analysis on an authentic sample) could
be detected. Attempts to gain further insight into this decomposition pathway thus
failed. However, comparison between the reactions performed in the presence of
BF3-OEty and those in its absence highlighted that BF3-OEts indirectly affects the

speciation of the boronic acid, presumably by reacting with trace water:27"

This sequesters water and thus shifts the equilibrium between the boronic acid

(—112.0 ppm) and the corresponding boroxine (—108.3 ppm). Figure 2.5 shows the
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shift towards the boroxine (spectra 1 and 3). However, this happens consistently
in the reactions with both oxidants, so none of the other peaks observed in the
reaction with Selectfluor and BF3-OFEts can be ascribed to the boroxine.

Despite this undesirable reactivity of Selectfluor, the effects on the transmetal-
ation of boronic acid to bismuth are negligible in the one-pot procedure. In fact,
when BF3-OEts is employed, the transmetalation is significantly faster than its
decomposition. However this reaction may become relevant in a catalytic approach,
since the concentrations of boronic acid and oxidant would be significantly higher

than that of bismuth and thus their decomposition may become competitive.

OH
‘ ‘F+7

B.
OH BF3-OEt2
_—
CD3CN, rt
F F

boroyine (tt) 3
-1(8.26
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Figure 2.5: Stacked '>F NMR spectra of the decomposition products of
the reaction between p-fluorophenylboronic acid and Selectfluor or NFSI
measured after 24 h. The reactions were performed in NMR tubes. Only
the region where p-fluorophenyl groups usually resonate is shown. From
the bottom: 1) p-fluorophenylboronic acid speciation in CD3CN: both the
boronic acid and the corresponding boroxine are visible; 2) reaction with
Selectfluor: traces of fluorobenzene detected around —115 ppm; 3) reaction
with NFSI: similarly to the Selectfluor case all the boronic acid in solution is
converted to the boroxine but here decomposition is negligible.
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2.3.2 Ar!Bi with BF;-OEt,

Addition complexes of BF3 to amines,?® phosphines,?™ arsines,?®® and even

81 are known, while, on the other hand, this is not the case for the bismuth

stibines?
analogues. Such adducts are expected to be significantly less stable than those of
lighter pnictogens, due to a poorer overlap of the diffuse 6s orbital of bismuth with
the 2p, of boron. In order to assess the effects of this foreseen instability, ArgBi
and BF3-OEty were reacted together in CD3CN and the reaction outcome was
monitored over time. Complete consumption of ArgBi was observed within 24 h.
Four different species were tracked in the reaction course (Fig. 2.6): AriBi
(—114.95 ppm), fluorobenzene (—114.86 ppm), two new species (—111.41 ppm, tt,
J = 9.6, 5.9 Hz and —108.90 ppm, br, respectively); the mass balance was maintained
throughout the reaction. The unidentified species undergo decomposition when

isolation is attempted, therefore in situ characterisation was performed. Formation

_ BF35-OEts g
_Bi _ > Bi -+  ArFH
WL N
ArF / Arf CD3CN, rt Arf ArF
Arf
1+ x ArgBi
x ArFH
x ‘ArEBit’
0.8 | x ‘ArfBit’/2
x BFn

integral

t (h)

Figure 2.6: Plot of the integrals (normalised against the internal standard)
of the species involved in the decomposition of ArfBi by BF3-OFEt, vs time.
The exact nature of the diarylbismuthinium species drawn in the Scheme
above is not certain. Conversion measured by '°F NMR spectroscopy.
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of the species at —111.41 ppm (teal blue curve, Fig. 2.6) occurred at the same rate
as formation of fluorobenzene (red curve), assuming that the former consist of two
ArF groups. GC-MS (EI) analysis of the reaction mixture revealed a peak with a
fragmentation pattern of a ArfBiX species (Bi**, 209.0 m/z; Ar¥Bi?*, 304.0 m/z;
ArfBit, 399.0 m/z).

Analysis by ESI HRMS was even more informative. In addition to the three peaks
detected by EI, the following ones were found: [(Ar}BiF5)(MeCN)|T (477.0528 m/z)
and [(Ar5Bi)y-F|* (817.0769 m/z). It is worth noting that, despite the absence
of any oxidant in the reaction mixture, the former is a BiV species: its origin is
currently unclear. Nonetheless, these findings pointed towards the existence of
a bismuth-bound fluoride (Scheme 2.10). No further data on the nature of this
compound could be gathered, since attempted isolation destroyed the species. A
careful look in the shielded region of the ”F NMR spectrum revealed the presence
of a peak at —148.95 ppm (cyan curve in Fig. 2.6), which could be tentatively
assigned to a tetragonal BF,, species and integrated approximately 1:2 with the
peak of the species at —111.41 ppm. The tetrahedral nature of this species and the
NMR integration would both be consistent with the ArgBiBF 4 species depicted on
the right hand side of Scheme 2.10.

ArF Arf F
N
Bi+ ‘
3 B~
F F o \F"F
‘. BF3 ;.
/BI\ _ /BI\ /BI\
Arf Arf ArF ArF Arf Arf

817.0769 m/z

Scheme 2.10: Possible products of the decomposition of AriBi when
exposed to BF3-OFEts. The right hand side species is consistent with NMR
observations, whereas the first species on the left with the HRMS result.

The decomposition pathway just described is negligible when the oxidation of
ArgBi is fast but becomes relevant when a milder oxidant, such as 1-fluoro-2,4,6-
pyridinium tetrafluoroborate, is used in conjunction with BF3-OEto, for example
during the one-pot oxidation-transmetalation reaction. In this case, after 18 h at rt
all ArfBi was consumed and the integral ratio for AriBit:ArfBit (corrected for

the number of fluorine atoms in each molecule) was 2:1.
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2.3.3 Oxidants with substrates

The 2-isomer of naphthol is known to be easily oxidised in basic conditions,?®? or,

when fluorinating agents are employed, to undergo mono- or difluorination in the
1-position.?83285 Therefore a series of experiments was undertaken to understand
the degree of reactivity between these reagents under different conditions. The
investigation started with Selectfluor. Simply mixing the two reagents in a 1:1
ratio caused the formation of two new species which could be identified as 1,6-
difluoronaphthalen-2-ol and 1,1,6—triﬂuoronaphthalen—Z—one 14 (Scheme 2.11).

F
OH OH (0]
Selectﬂuor &
CD3CN rt
F F

7

—119.22 ppm —100.60 ppm
—151.45 ppm —108.83 ppm

Scheme 2.11: Oxidation of 6-fluoro-2-naphthol by Selectfluor and NFSI in
CD3CN at room temperature.

Under these conditions, Selectfluor was completely consumed within a few
minutes and the ratio of 6-fluoro-2-naphthol : 1,6-difluoronaphthalen-2-ol : 1,1,6-
trifluoronaphthalen-2-one was 36:51:13 (entry 1 of Table 2.6). Compound 14 could
be isolated performing reaction of 7 with 4 equiv of Selectfluor at 80 °C overnight.
Isolation of the other product, on the other hand, proved challenging, due to the
tendency towards overfluorination, even in the initial phases and with no excess of
oxidant. The latter could be separated from 14 with a basic work-up, but could
not be separated from the naphthol starting material. Isolation was not further
attempted, since this kind of reactivity is known?®3 28> and 1-fluoro-2-naphthol (the
non-6-substituted analogue) is reported in the literature.?®¢ Finally, the reaction
occurred both in the presence of just Selectfluor and BF3-OEto, and with additional
DBU (entries 2 and 3 of Table 2.6), in the first case maintaining the same ratio of
products, while in the second giving rise to the formation of various peaks, among
which the identified fluorination products. These results led to a reconsideration of
Selectfluor as the oxidant of choice in the envisaged catalytic system, given evidence
of substantial incompatibility with the substrate.

NFSI showed a significantly lower reactivity compared to Selectfluor: with no
additives (entry 3), 93% of naphthol was found intact after 3 d at rt, the remaining
mass being 1,6-difluoronaphthalen-2-ol (6%) and 1,1,6-trifluoronaphthalen-2-one

4 (1%). Interestingly, in the presence of BF3-OEty (entry 5), two extra species

were detected and the conversion of 6-fluoronaphthol 7 after 3 d increased to 20%.
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OH
‘F+’, LA, base .
Decomposition products
CD3CN, rt
F

7

# ‘FH LA Base SM Mono-F Di-F BsNHF ArOBs
1 Selectfluor 36% 51% 13% / /

2 Selectfluor BF;3 35% 52% 13% / /

3 Selectfluor BF3 DBU 30% 53% 17% / /

4 NFSI 93% 6% 1% n.d. n.d.

5 NFSI BF; 80% 7% 0% 7% 6%

6 NFSI BF; DBU 0% n.d. n.d. 50% 50%

Table 2.6: Distribution of the indicated decomposition products of naphthol
under different conditions. All reagents used in stoichiometric amounts
compared to 6-fluoronaphth-2-ol 7, with the exception of BF3-OEt2, which
was used in a 1.5 fold excess. In entry 3 several additional species were
observed, too. In entries 1-3 and 6 the oxidant was consumed within minutes.
For entries 4-5 the data point was taken at 3 d. SM = starting material =
6-fluoronapht-2-ol; Mono-F = 1,6-difluoronaphthalen-2-ol; Di-F = 1,1,6-
trifluoronaphthalen-2-one; Bs = benzenesulfonyl; Ar = 6-fluoronaphth-2-yl.

Finally, when DBU was employed in conjunction with BF3-OEts (entry 6), the
naphthol starting material was immediately consumed, forming exclusively the two
new species detected in the previous experiment, in a 1:1 ratio.

NFSI is reported to decompose in the presence of different nucleophiles following
two different pathways:2728% soft nucleophiles react at fluorine, while harder ones
at sulfur. The preference for the first type of reactivity was attributed by Antelo
and co-workers to the ease with which single electrons can be transferred from soft
nucleophiles compared to harder ones.?8” In the latter case, a 2-electron nucleophilic
attack is presumed to occur instead. The presence of a full negative charge localised
on a small, electronegative element such as oxygen, makes naphtholate a hard
nucleophile, which therefore reacts at sulfur making N-fluorobenzenesulfonamide
and 6-fluoronaphthalen-2-yl benzenesulfonate, as reported in Scheme 2.12.287 This

clearly put under consideration the use of NFSI in the one-pot arylation procedure.

OH OBs
N Bs\N/Bs DBU N BS\N/H
B —
] CD3CN, 1t L
F F

Scheme 2.12: NFSI was found to suffer a nucleophilic attack at the sulfur
by the naphtholate, yielding the two products depicted. Antelo reported
analogous products when 2-naphthol was employed.?®” Bs = benzenesulfonyl.

65



2.3.4 Oxidants with bases

Due to the essential role of a base in the ligand coupling reaction (Scheme 2.4 and
Table 2.2), its influence on the stability of oxidants and bismuth(V) species was
investigated. The latter kind of reactivity will be tackled in Section 2.3.5. Selectfluor
and NFSI were reacted with DBU in CD3CN. A plethora of new fluorinated species
formed, essentially destroying both the oxidants upon mixing with the base. These
results, together with those presented in Section 2.3.3, led to a reconsideration
of the F-collidinium derivative as a potential alternative to Selectfluor and NFSI,
despite it being significantly slower than these in the oxidation of triarylbismuth,
as discussed in Table 2.3.

The F-collidinium salt was found to be inert towards naphthol, even over a
three-day period, and even in the presence of BF3-OFEts. However, as soon as DBU
was added to the system (Scheme 2.13), the oxidant was completely and immediately
consumed, while 6-fluoro-2-naphthol 7 remained untouched. Formation of 3-fluoro-
2,4,6-trimethylpyridine and 2-(fluoromethyl)-3.4,6-trimethylpyridine in a 1.2:1 ratio
was detected. Their chemical shifts were, respectively, —138.01 and —217.54 ppm,
in accordance with Umemoto.26%2%9 As reported by this author, both the reactions
involve an ion pair intermediate, resulting from the base-induced detachment of
the fluorine atom, similarly to what is observed for rearrangements of 2- and 4-
methylpyridine N-oxides.?0% Unfortunately, N-fluorocollidinium undergoes the same
decomposition reactions with other bases as well, such as DABCO, collidine, sodium

naphtholate and even KoCOg3. These results are consistent with the literature.??°

= = F =
‘ base ‘
_0e o +
S CD3CN, rt S N F
N N
|+
F 1.2 : 1
—138.01 ppm —217.54 ppm

Scheme 2.13: Decomposition products of 1-fluoro-2,4,6-trimethylpyridinium
tetrafluoroborate (counterion omitted for clarity) upon exposure to various
bases, including DBU, DABCO, collidine and K2COs3. All the reactions were
performed in CD3CN, monitored by °F NMR spectroscopy and showed
complete consumption of the oxidant within minutes.

2.3.5 Bismuthonium with DBU

The reaction of [Ar} Bi][BF4| 5a with DBU was monitored by 'F NMR spectroscopy

and was shown to form ArgBi and fluorobenzene. The reaction exhibited net
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second-order kinetics, showing first-order dependance on both [Ar}Bi|[BF4| and
DBU (k = 3.65 4+ 0.10 x 10~ Mm~!s™!). Deviation from linearity was observed
in the kinetic analysis at early times. In fact, the reaction appeared to be more
complex than suggested by its net kinetic profile: for example, the bismuthonium
peak, that in the isolated material resonates at —107.07 ppm, in the presence of
DBU shifted over time almost to —110 ppm. The origin of this behaviour is unclear.
The top plot in Fig. 2.9 shows the variation of chemical shift for the aforementioned
species over time. It is evident that such variation is not linear at all, nor follows a
similar behaviour with different excesses of base. However, looking at the spectra
reported in Figs. 2.7 and 2.8, the most striking observation is that there appears to
be at least two species, which are likely to have very similar structures (due to the
small difference in chemical shift), and that are presumably involved in some sort
of interconversion process. Interestingly, the two species eventually converge into
one (t = 2.8 h for 1.5 equiv DBU, ¢ = 4.6 h for 1.75 equiv DBU), which proceeds
as such until the end of the reaction. The merge points can be clearly seen both in
Figs. 2.7 and 2.8 and in the chemical shift plot in Fig. 2.9, where they are shown

to form cusps.

The mass balance of the reaction is quite informative, too. In this case, this was
defined as the sum of the integrals of ArfBi*, ArfBi and Ar"H and normalised by
dividing this value by the mass balance at ¢y, so that it could be compared between
two different reactions. This is then plotted against time in the top graph in Fig.
2.10. Although the mass balance is expected to remain constant and equal to 1
throughout the reaction, a deviation from ideality can be seen for both the reactions
with different excesses of base. This is consistent with the fact that several minor
peaks, that do not match any previously encountered species, were observed in the
YF NMR spectra. On the other hand, no precipitate was detected. This indicates
that the decomposition of the bismuthonium involves processes more complex than

just the cleavage of one Bi—C bond.

If the latter occurs, it is suspected to be a homolytic process triggered by a SET
event from DBU to Bi, which is reduced to an unstable Bi'V species (see Scheme
2.14). This then breaks one of the four labile Bi-C bonds, getting reduced to ArgBi
and forming a 4-fluorophenyl radical, which presumably picks up a hydrogen atom
from the environment, finally forming the detected fluorobenzene. Analyses of the
final mixtures of both reactions by GC-MS did not show any trace of 1-deutero-4-
fluorobenzene, the expected product in case the deuterated solvent were the source

of the quenching radical. This is in accordance with 'H NMR spectroscopy results.
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Figure 2.7: Reaction monitoring by *F{*H} NMR spectroscopy of the
decomposition of [Ar] Bi|[BF4] with 1.50 equiv of DBU. Superimposed (above)
and stacked (below) spectra for the first 2.5 h. Only the region with the
bismuthonium peak is shown as an example of the complexity of the reaction.
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Figure 2.8: Reaction monitoring by 'F{*H} NMR spectroscopy of the
decomposition of [Ar] Bi|[BF4] with 1.75 equiv of DBU. Superimposed (above)
and stacked (below) spectra for the first 6 h. Only the region with the
bismuthonium peak is shown as an example of the complexity of the reaction.
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Figure 2.9: The variation over time of the chemical shift of the bis-
muthonium peak when exposed to DBU (top). The process follows second-
order kinetics (bottom). Reactions monitored by 'F NMR spectroscopy.
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Figure 2.10: The mass balance of the reaction is not fully conserved (top).
The ratio of the by-products of the decomposition does not remain constant
through the process (bottom), suggesting the existence of side-reactions.
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Similarly, there is no indication that the fluorophenyl radical was transferred to
the radical cation of DBU. Unfortunately, none of the DBU-derived decomposition
products could be identified.

Arf ArF

N |+ N ‘% B
+ \\‘,Bi\ — “ + \“,Bi\ — AfF- 4+ \\‘,Bi\

Y ArF / ArF N ArF ArF ArF / ArF
" Arf * ArF

Scheme 2.14: Hypothesised mechanism for the decomposition of
[Ar]Bi|[BF4] with DBU. This would explain the formation of fluoroben-
zene and the reduction to ArfBi, however there is no definitive evidence
confirming this.

In order to confirm that the decomposition reaction follows a radical mechanism,
a selection of known radical scavengers was added to a solution of the bismuthonium
salt in CD3CN and the reactions were started by adding 1.5 equiv of DBU (Table
2.7). Diphenylethylene is the most frequently used radical inhibitor in combination

with bismuth.99-125,231

It found application in important work with diaryliodanes
t00.104:105.107 Notably, it was used by McEwen and colleagues to study the alkoxide-
induced decomposition of diaryliodanes.??! 293 The authors found that, when this
inhibitor was used, one of the two possible decomposition pathways could be
discounted. In the case of the decomposition of bismuthonium, no such marked
effect could be detected and several unidentified peaks could still be observed.
However, the consumption of bismuth compound after 18 h was considerably lower
than in the reaction without scavenger (47 vs 84%, entries 1 and 5 of Table 2.7).
The same positive effect was shared by TEMPO (entry 2), while the same could not
be said for 1,3-dinitrobenzene and 1,4-benzoquinone. The former did not seem to
have any effect at all, while the quinone induced instantaneous reduction of A1"4FBiJr
to Arf Bi, with no traces of fluorobenzene detected.

This last result seemed at first surprising, given that quinones are often employed

as oxidants.2%4

However, arylation of quinone can be held responsible for the rapid
consumption of the bismuth(V) species. This is expected to occur through a Morita-
Baylis-Hillman-type intermediate, which forms upon 1,4-conjugate addition of DBU
to the quinone. Despite DBU is usually considered a non-nucleophilic base, it was
found by the Aggarwal group to be extremely effective in this type of reaction, ten
time more than DABCO, a classic example of non-hindered nucleophilic amine.?%°
Moreover, bismuth(V) is know to efficiently arylate enones under Morita-Baylis-
Hillman conditions.??® The occurrence of this reaction was demonstrated by HRMS

analysis, which confirmed the presence in solution of both the benzosemiquinone
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Ar _ DBU

E">i+ BF additive Bi + +
'/ N ¢ CDsCN, rt A :
Ar Ar Ar Ar F
# Additive Conversion of ArfBi*

2 42%
N

0
NO>

) Q 019

NO»

/O
4 /©/ 100%
o”

5 None 84%

Table 2.7: The effect of radical scavengers on decomposition of the bis-
muthonium with DBU was assessed. All the reactions were performed in
CD3CN, using 1.5 equiv of DBU and monitored by '°F NMR spectroscopy.
Conversions measured at 18 h.

intermediate depicted in Scheme 2.15 (261.1594 m/z) and its mono-, di- and tri-
arylation products (355.1813, 449.2033 and 543.2252 m/z, respectively).

Regarding the beneficial effects of 1,1-diphenylethylene and TEMPO, a clear
explanation is currently not available, since no derivative of the two inhibitors could
be detected, nor the decomposition completely prevented. If decomposition was
prevented, one could have argued that these scavengers interacted with a potential
propagation chain. However, since the decomposition was only slowed down, it could
be suggested that the reactions occur through at least two different pathways: one
in which the radical source is DBU itself, the second where the source is different,
for example a 4-fluorophenyl radical. The inhibitor in that case could interact with

that source. This would explain why the decomposition was not fully inhibited,
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Scheme 2.15: Plausible mechanism for the formation of a potential substrate
for the bismuth-mediated arylation of the quinone radical inhibitor through
1,4-conjugate addition, corresponding to the first phases of a Morita-Baylis-
Hillman reaction.

since the first pathway would remain active. However, this is just a hypothesis and

further research would be needed to understand the reaction mechanism properly.

2.4 Synthesis of an ad hoc oxidant

The previous Section explored the incompatibilities between different components
of the system. The most detrimental interaction is that of the oxidant with both
the base and the nucleophile, since in a catalytic system these reagents would be in
excess compared to the bismuth species and therefore would be likely to react with
each other in side reactions. In order to minimise this possibility, a milder oxidant
was sought. Fluorocollidinium tetrafluoroborate would have been a good candidate,
since it is commercially available and was shown not to react with naphthol. At
the same time it is able to oxidise ArgBi, although over a longer time than the
stronger Selectfluor and NFSI. Table 2.3 showed that the rate of the oxidation could
be improved significantly just by using a larger excess of collidinium, a condition
similar to a catalytic set up. Unfortunately, the oxidant undergoes decomposition
in the presence of any base, as discussed in Scheme 2.13.

Other oxidants were then considered, keeping in mind that most of their syn-
theses involved gaseous fluorine and that an alternative approach had to be taken.
According to the experiments outlined in the previous Section, the ideal oxidant

must possess the following characteristics:
1. it should be strong enough to oxidise ArgBi;

2. it should be inert towards both the base employed to activate the naphthol
and the naphthol itself;

3. it must be a fluorinating agent so that the resulting Ar§ BiFX species can be
activated by the favourable formation of B-F bonds either with the boronic

acid or with both the boronic acid and the Lewis acid.
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An extensive examination by Cheng and co-workers reported two computational
scales of more than 130 different N-F species, in which their behaviour as F+,2%9
or F-27 was calculated. These data have been employed as a starting point to
understand the strength of a potential oxidant. Fluorinating species with calculated
Fluorine Plus Detachment Energy (FPDE), defined as the AH® associated to the
detachment of an F*+ from a fluorine-containing species,?*® substantially higher than
that calculated for Selectfluor were excluded from the pool of potential oxidants,

because they would likely not respect point 2 of the previous list.

A series of moderately mild oxidants that should adhere to these principles was
then envisaged. These are a modified version of NFSI in which one of the two
benzenesulfonyl groups is substituted with an aryl ring. A comprehensive overview
is given in Table 2.8. By substituting a sulfonyl group with an alkyl or aryl group, it
was thought that the Sy2 mechanism that brought about the decomposition of the
NFSI scaffold (see Scheme 2.12) could be prevented, due to the poor leaving group
behaviour of the aryl group. These compounds had to be synthesised by fluorination
of the corresponding sulfonamides 15a—f, in turn obtained by condensation of an
amine with benzenesulfonyl chloride (see Scheme 2.16). The newly introduced
aromatic ring can be functionalised so as to modulate the strength of the oxidant.
According to different studies, electron-donating groups depress the fluorinating

reactivity, whereas electron-withdrawing moieties enhance it.3%

The introduction of the ‘FT’ functionality was carried out using Taylor’s

procedure,?%?

i.e. deprotonating the sulfonamide with KH and then reacting
this species with a strong fluorinating agent, such as NFSI. The use of such a strong
and reactive base was justified by the fact that with other analogues formation of
several side products was observed. Moreover, despite Selectfluor being generally

considered stronger than NFSI,259297 only the latter was able to deliver product.
Although there are no reports of N-fluorosulfonamides in which the R group is

an aromatic ring, it was decided to follow Taylor’s method for the preparation of

those compounds too, as discussed in Table 2.8. Entry 1 represents the only example

where R is an aliphatic chain, the idea being to use it as a standard for comparison.

0 0 . 0
I I 1) KH 6 equiv I
S Ho _R S_ _R , S_ R
PR 4 N Py o e oNT 2 NESIS equive g 77~
0 r‘i DCM, 1t, 24 h 0 |j| DCM, 1t 0 \F
15a-f 16a—c

Scheme 2.16: Synthesis of N-fluorosulfonamides.?%°
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The synthesis of 16a was achieved in acceptable yield after purification by flash
column chromatography to remove the excess NFSI. The "F NMR chemical shift
of the compound is upfield (—75 ppm), which suggests the species is decidedly more
electron rich and therefore milder than the parent NFSI (=40 ppm). Its synthesis
could be achieved with NaH instead of KH, with no drop in yield. However, attempts
to switch to Selectfluor in order to simplify the purification (the oxidant could be

removed with an aqueous work-up) failed, confirming Taylor’s results.

Unfortunately, not all the syntheses were successful: referring to Table 2.8, p-
fluoro- (entry 2), p-tert-butyl- (entry 4) and p-methoxy-substituted examples (entry
7) could not be obtained. Fluorine NMR spectra of crude materials reported a large
number of species. A closer inspection of the spectra revealed complete consumption
of NFSI, even though a three-fold excess compared to the sulfonamide was used.
Moreover, the majority of the new peaks appeared in the aryl fluoride region,
suggesting fluorination of the aromatic ring R. This hypothesis is corroborated by
the chemical shift and multiplicity of one of the two major impurities in the crude
for entry 2 (the second is an unresolved multiplet): —109.14 (ddd, J = 27.6, 9.2,
5.2 Hz). The largest coupling constant is indicative of a second fluorine atom ortho
to the first one. This also explains the two other coupling constants, which show the
presence of at least two other protons on the aromatic ring, one ortho to this new
fluorine, the second meta. Admittedly, the number of peaks for entries 4 and 7 is

significantly greater, so a clear identification of all the species formed is unfeasible.

Electron poor analogues (entries 3, 5 and 6) did not suffer from the same
issues and could be synthesised without forming side-products. However, their
stability was sometimes found to be poor. The synthesis of the bis-trifluoromethyl
derivative 16b, was studied in greater detail and identified a series of issues. The
compound was suspected to be unstable to silica, so subjection of the crude mixture
to different conditions was then studied: surprisingly, the compound was found to
be stable towards filtration over silica and celite, as well as to dilution in deuterated
chloroform (that is, exposure to trace water and oxygen). However, both a basic
and a neutral aqueous work-up caused the partial decomposition of the product,
yielding a mixture of starting material 15b and product 16b: in the first case the
amount of starting material corresponded to 36%, whereas in the second case the
amount of decomposition was more limited (13%). To avoid the need for column
chromatography, two contaminants had to be avoided: mineral oil in which KH is
dispersed and the excess NFSI. The first was removed by washing the dispersion

with dry Et2O under inert conditions, the second was simply avoided by using the
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Table 2.8: N-Fluorosulfonamides whose synthesis has been attempted.
Fluorine NMR chemical shifts of the N-F fluorine in CD3CN are reported
only for those species which were successfully isolated. *Oxidation of Arf Bi
was observed, but could not be quantified due to decomposition products.
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compound in slight deficit (0.95 equiv). This optimised procedure provided the
desired product in good yield.

The isolated F—sulfonamides 16a—c were tested in the oxidation of ArgBi. The
isopropyl derivative 16a resulted to be a very poor oxidant for AlrgBi7 converting
just 7% of the bismuth(III) to its higher oxidation counterpart over a three-day
period at room temperature. On the other hand, it proved completely inert towards
naphthol in the same conditions. The scarce reactivity has been ascribed to the
steric hindrance supplied by the isopropyl group.3°! Despite the fact that the rate of
the oxidation with this compound could probably be improved by a slight increase
of temperature, it was set aside, preferring to concentrate our investigations on the
aryl derivatives, whose reactivity, differently from the alkyl species, can be tuned
with the insertion of the appropriate substituent.

The bis-CF3 derivative 16b was only tested in the one-pot oxidation and
transmetalation procedure in the presence of BF3-OEts and was initially thought to
have performed better than the isopropyl analogue, consuming ArgBi in less than
1 h. With the benefit of hindsight however, the consumption of Arg Bi can now be
attributed only partially to the oxidation by 16b, since signs of the decomposition
caused by BF3-OEts and discussed in Section 2.3.2 were detected. Unfortunately
the ratio Art Bit /Ari Bit was only 1:4, as determined by F NMR spectroscopy,
suggesting that the decomposition of ArkBi is significantly faster than its oxidation
by the N-fluorosulfonamide. It is worth noting that such decomposition required a
few hours when only ArgBi and BF3-OEty were reacted together, whereas in this
case all the ArgBi that had not been oxidised already underwent decomposition
within minutes.

To our dismay, when isolated 16b was exposed to BF3-OEts in CDClg3, even
more decomposition products were detected. The major one was identified as
the product of the reaction in Scheme 2.17. The assignment was confirmed both
by F NMR spectroscopy and HRMS. The first technique showed two peaks:
—61.69 ppm (d, *Jp_p = 13.4 Hz) and —119.98 ppm (heptt, *Jp_p = 13.4 Hz,
4Ju_r = 5.5 Hz). The second displayed a peak in negative mode at 386.0101 m/z,
which is consistent with the deprotonated sulfonamide. This instability is a major
drawback, considering that the presence of BF3 is unavoidable, since it is produced

as a side product of the transmetalation of boronic acid to bismuth (Section 2.2).
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16b

Scheme 2.17: N-fluorosulfonamide 16b underwent rapid decomposition
when exposed to BF3-OEta.

On a positive note, further experiments assessed the behaviour of 16b with
bases and confirmed its stability at room temperature. In particular it was tested
both with organic bases and with potassium naphtholate, proving that, differently
from NFSI, no elimination was observable. Moreover, addition of naphthol and base
to the bismuthonium obtained via in situ oxidation and transmetalation showed
formation of traces of product (as confirmed by HRMS). The same result could not
be achieved with either Selectfluor or NFSI (Scheme 2.9).

The p-nitro derivative 16¢ was put to the test, as well. The compound resulted
to be significantly more efficient than the isopropyl analogue 16a, fully oxidising
ArgBi within 15 min. Unfortunately, the oxidant was found to decompose on
standing: storing the solid in a vial for three months caused the consumption of
66% of the species and generated one major product, tentatively assigned to the
ortho-fluorination product depicted in the Scheme 2.18, on the basis of F NMR
spectroscopy alone (—124.87 ppm, dddd, J = 10.2, 7.8, 2.3, 1.2 Hz).

N02 N02
0 0
g neat, 88 d, rt g
Ph"7 N Ph“7 N
o | o]
F F

A
16¢c

Scheme 2.18: N-fluorosulfonamide 16c underwent decomposition upon
standing at rt. The possible decomposition product is reported.

The mechanism for the formation of products of both Schemes 2.17 and 2.18 is
currently unknown. In addition to the fluorination of the aromatic ring, appearance
of BF,, species was detected around —150 ppm by 'F NMR spectroscopy. With
the only source of boron being the glass of the vial in which the oxidant was stored,
this suggests potential etching of glass. Due to this instability and suspecting an

excessive oxidation potential for compound 16¢ further tests were not performed.
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2.5 Reassessing the innocence of BF3;-OEt,

Despite the considerable effort put into minimising side-reactions with oxidants, a
clear-cut solution was not found. Moreover, a reconsideration of previous results led
us to identify an issue that had been overlooked to this point. Section 2.2 mentioned
that arylation of naphthol could not be achieved either when substrate and base
were added before oxidation and transmetalation, or if their addition was done later
on. The latter was performed by adding the naphthol to a solution containing the
bismuthonium obtained in situ by oxidation and transmetalation in the presence of
stoichiometric BF3-OEtq, as per Scheme 2.19. Crucially, both the bismuthonium
and the substrate remained unreacted, essentially ruling out the occurrence of the
following reactions: 1) decomposition of ArgBi by BF3-OEtg, 2) fluorination of
naphthol or base by the oxidant, 3) base-triggered reduction of the bismuthonium.

Arf
‘F+, ArFB(OH)2 ArF BE- naphthol 7 on
BF3-OEt, B\_+ 4 DBU
i s — 1
\\"BI\ CD3CN, rt o ~ E ; é
ArF / Arf Ar Ar E
Arf Arf

Scheme 2.19: The in situ arylation of naphthol does not occur even if the
bismuthonium is pre-formed.

The absence of decomposition pathways 1) and 2) could be rationalised by
assuming that oxidation of ArgBi is fast. This would avoid prolonged contact of
both ArgBi with BF3-OEts, and oxidant with naphthol, outcompeting both reactions.
However, fast formation of bismuthonium would lead to extended exposure to DBU,
which is expected to result in base-induced decomposition (see Section 2.3.5). Yet,
no such decomposition occurred.

It was reasoned that, in comparison to the arylation performed with isolated
bismuthonium (which delivered product, see Table 2.2, entry 3), other species were
present after the one-pot oxidation and transmetalation steps, including: excesses
of BF3-OEts and boronic acid, the reduced oxidant and boric acid. In order to
test if the presence of any of them was actually impeding the arylation, each of
them was added individually to solutions of isolated bismuthonium and naphthol,
finally DBU was added and the reactions were monitored by '"F NMR spectroscopy.
Results are reported in Table 2.9.

At this point, the Lewis acid was suspected to be the most likely culprit, so the

fact that arylation could be achieved in its presence (entry 1) was quite surprising.

80



When BF3-OEts was added, the tetrafluoroborate peak disappeared and was replaced
by a single broad peak, presumably corresponding to a fluoride-bridged BoF;

302 Both the bismuthonium salt and the naphthol were stable over at least a

species.
few hours in the presence of the Lewis acid and no tetrahedral adduct of BF3 could
be detected. Addition of DBU caused the immediate consumption of ca. 70% of
the bismuthonium and correspondingly the arylation of the substrate. After 3 h
the reaction had stalled at ca. 85% conversion. Curiously, the bismuthonium peak,
which usually moves upfield during the arylation, was found to move in the opposite
direction after the initial phase of the arylation. At this stage, it was not clear why
the reaction only worked partially, with a significant rate reduction observed after
the first few minutes.

With this result in hand, other potential Lewis acids were considered for the
same role of inhibitor. However, neither the addition of boronic acid nor boric acid
(entries 2 and 3) prevented the arylation, although it must be noted that the former
is only partially soluble in acetonitrile, while the latter is completely insoluble, as
far as could be determined by "'B NMR spectroscopy.

Finally, complexation of the bismuthonium salt by the reduced oxidant was
considered as a potential cause for the interrupted arylation. The test reaction
(entry 4) was performed as follows: 2 equiv of dibenzenesulfonimide were dissolved in
CD3CN, then DBU (3 equiv) was added; naphthol (1 equiv) was added as well and

was immediately deprotonated by the excess of base, as detected by the variation in

additive Arf
A‘r'jr BF, nal:]):})llt;;})l 7 OH
Bi —_—
ArF\\‘/ I\ArF CD3CN, rt .
ArF

+ Additive Yield at 10 min Notes
1 BF3-OEts 70% 85% at 3 h
2 Ar¥B(OH), 100%
3 B(OH)3 100%
4 BsoNH* 100%
5 none 100%
6 BF3-OEty + Ar'B(OH), 0% no reaction

Table 2.9: Additives (1.5 equiv) were added to isolated bismuthonium 5a
(1 equiv) to understand if any of them was hindering the arylation of naphthol
(1 equiv). DBU: 1.5 equiv. *2 equiv, with 3 equiv of DBU. Yields determined
by °F NMR spectroscopy.
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19F NMR chemical shift from —120.70 to —123.60 ppm; finally the bismuthonium was
added and instantaneous reduction to Arf Bi and complete arylation of naphthol
were detected. An analogous experiment, in which dibenzenesulfonimide was
deprotonated with NaH in THF, before the bismuthonium and the naphthol were
added to the same solution, gave the same result.

These experiments are biased by the fact that coordination of the dibenzenesulf-
onimide anion to the bismuthonium salt could not be proven, hence the influence
of reduced NFSI could not be assessed reliably. Moreover, there was no certainty
that this condition was fully comparable with oxidising Ar}Bi with NFSI, since
in that case the sulfonimide presumably gains access to the inner coordination
sphere of the bismuth(V) species. Therefore, a way to corroborate these results was
sought, but taking the opposite approach. It has been shown that the arylation
does not work when the bismuthonium is prepared in situ from ArkBi using NFSI
as the oxidant (Scheme 2.19). On the other hand, if the arylation had worked in a
situation as close as possible to the one-pot procedure, but in the absence of the
oxidant-derived sulfonimide, this would have proven the existence of a negative
influence of the latter. In order to avoid the presence in solution of sulfonimide, it
was necessary to start from a pre-oxidised Bi species. ArgBiF o was identified as the
candidate of choice, since the transmetalation of boronic acids to this species had
been demonstrated both by Matano™ and ourselves (see first step of Scheme 2.3).

Arf B
ArFB(OH)2 |, BF,

|

SB—AF ——— L BiL
| CHsCN, rt,10d A"/ AfF
F Arf

4 5a

Scheme 2.20: The transmetalation of 4-fluorophenylboronic acid to
ArfBiF; did not proceed in the absence of BF3-OEtq, showing only 10%
conversion after 10 d, as measured by '°F NMR spectroscopy. Conditions:
1.5 equiv of boronic acid, NMR tube.

Given the mixed results obtained when using BF3-OFEty as the additive and
still suspecting a negative influence of the Lewis acid, transmetalation to ArgBiFg
without BF3-OEty was attempted first (see Scheme 2.20). In order to maximise
the conversion rate, the solution was stirred at rt, rather than performing the
reaction in an NMR tube. However, consistent with Matano’s results,” the reaction
performed poorly, forming less than 10% of the bismuthonium after 10 d. For a
comparison, the same reaction carried out with BF3-OEty reaches completion in

ca. 12 h. The transmetalation was, therefore, performed with BF3-OEts to test if
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the arylation occurred in the absence of the reduced oxidant (Scheme 2.21). The
absence of any arylation products suggested that either reagents or side-products of

the transmetalation reaction were to be blamed.

F Al’F

‘ ArFB(OH)2 Arf naphthol 7 OH
Ao b ¢ BF3OED B\_+ BF, DBU

— P —
AFF™ " AT CDsCN, t, 24 b o N . —X—

Ar / Ar S
F ArF
4 5a 8

Scheme 2.21: The arylation did not occur when the bismuthonium was ob-
tained via transmetalation to the isolated Arf BiFs, which requires BF3-OEto,
thus ruling out a negative influence of the reduced oxidant.

Taking into account the results displayed in entries 1-3 of Table 2.9, an additional
experiment was performed, in which both BF3-OEts and the boronic acid were
employed as additives (entry 6). In this case, no sign of arylation could be detected:
neither formation of ArgBi, nor product, nor upfield shift of the bismuthonium
peak. However, addition of an extra 1.5 equiv of DBU triggered instantaneous and
full conversion to product.

A titration was performed to determine the exact amount of base necessary
to trigger the arylation under these conditions. First, full conversion to the bis-
muthonium was obtained, then 6-fluoro-2-naphthol was added. Finally, DBU was
added as a stock solution in increasing amounts up to 5 equiv. A F NMR spectrum
was measured 10 min after each addition, thus allowing time for the reaction to
proceed before analysis. The results are reported in Fig. 2.11. Similarly to the
first iteration of this experiment (Scheme 2.9), the consumption of AlrgBiJr and the
variation in chemical shift were minimal until the first equivalent of DBU had been
added. Both values began to change around 1.2 equiv and the variation became
significant after 1.4 equiv. Interestingly, the reaction did not reach full consumption
of the bismuthonium, instead reaching a plateau around 5% of ArEBi* left. This
behaviour is consistent with the following phenomenon: the first equivalent of DBU
was consumed by a side-reaction, then the excess base triggered deprotonation
of the substrate, enabling the arylation. Differently from the situation where the
bismuthonium reacted exclusively with naphthol and base, in this case the arylation
is not instantaneous and complete, even when a five-fold excess of DBU is used.

With a precise culprit in mind, it was reasoned that, since the transmetalation
would always give fluoroboronic and, eventually, boric acid as side-products, these

species would always be present in solution at the end of the process. On the
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Figure 2.11: Titration with DBU of a solution of bismuthonium 5a made by
transmetalation to Ar} BiF; in the presence of BF3-OEty. The consumption
of ArfBiT was monitored by °F spectroscopy and normalised against 4,4’-
bis(trifluoromethyl)-1,1’-biphenyl (internal standard, 9). The base was added
as a stock solution in CD3CN and each spectrum was acquired after letting
the solution equilibrate for 10 min. The bottom plot suggests a potential
(non-linear) correlation between the conversion and the '°F chemical shift of
the bismuthonium.
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other hand, if the transmetalation could be achieved without the help of BF3-OFEts,
this would at least remove a potentially non-innocent species from the equation.
Unfortunately, as discussed in Table 2.4 and Scheme 2.20, the transmetalation was
significantly slower. Performing the transmetalation at 80 °C in the absence of
BF3-OEty did improve the conversion to the bismuthonium (48% at 24 h versus
10% after 10 d). Formation of the desired species was, however, accompanied by
detection of several side-products, including fluorobenzene, ArgBi, 4-fluorophenol,
and 4,4/-difluorobiphenyl.Y The same conditions (i.e. 80 °C and no BF3-OEts, as in
Scheme 2.22) were then applied to the one-pot oxidation-transmetalation procedure,
gratifyingly providing the bismuthonium salt quantitatively in 24 h, without any
noticeable side-product. Moreover, rapid and quantitative arylation was observed

upon addition of naphthol and DBU to the crude reaction mixture.

Arf
NFSI Arf naphthol 7
ArFB(OH | BFa v OH
5 r*B(OH)2 B DBU

i e —— i —_—

WO CD3CN YA rt, 5 min
F F Arf ArF ’

Ar Ar/F Ar 80°C, 24 h ' Ar/p ' F
99% 99%

Scheme 2.22: By performing the oxidation-transmetalation sequence at
80 °C, the use of BF3-OFEts2 can be avoided. This allows the arylation step to
occur successfully. Yields determined by 'F NMR spectroscopy.

This result was incredibly important for at least two reasons: first of all, the fact
that the one-pot oxidation-transmetalation method outperformed Matano’s step-
wise procedure gives a tangible demonstration that the procedure herein discussed
not only is more convenient from a practical perspective but also activates the system
towards the transmetalation in an unprecedented way. Secondly, and arguably more
importantly, BF3-OEte was finally found to be the reason why the arylation had
not occurred previously.

A definitive explanation for the greater activity of our ArBiFX species in
comparison to Matano’s ArgBiFg cannot currently be provided. However, a plausible
argument would be that in ArgBiFg a strong intervention is required to perturb
the hypervalent and symmetrical F-Bi—F bond. This is achieved with BF3-OFEts,
which, as we discussed several times, forms a strong B-F bond with one of the two
apical fluorines, thus weakening the corresponding Bi—F bond. The removal of one

of the two fluorides by the Lewis acid enables the boronic acid interaction with

$From the oxidation of the boronic acid.
IThis is a rarely observed, although theoretically possible, product of the ligand coupling from
a hypervalent bismuth species, as discussed in Section 1.3.1. This reaction also forms Ar} Bi.
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bismuth, successively delivering the transmetalation product. On the other hand, by
introducing a single fluoride counterion in the oxidation step, the initial activation is
not required. In fact, the other component of the hypervalent bond is (presumably)
a BF anion, which is likely to form a much weaker bond with bismuth than fluoride.
The positive influence of tetrafluoroborate on the transmetalation in comparison to
other ligands was discussed in Table 2.4 and now a possible explanation for that
is also available: when BF) coordinates to the oxidised species, it is essentially
mimicking the product of the interaction of BF3-OEty to ArkBiFs, that is to say
the activated species in Matano’s protocol.

Finally, a rationalisation of the role of DBU in the titration reaction presented
in Fig. 2.11 is as follows: an equilibrium, such as the one in the Scheme below,
would bring about the formation of an adduct between the Lewis acid and the
base. When this occurs, the adduct is not basic anymore and deprotonation of the

substrate is prevented.

DBU + BF3-OEt, DBU-BF;

Three lines of research were born from this important result: first, hindered
bases were investigated with the aim of disfavouring the formation of the adduct;
second, different Lewis acids were tested with the same purpose; third, conditions
for the one-pot oxidation and transmetalation were reinvestigated and re-optimised
to take into account the detrimental influence of BF3-OEty on the arylation step.

Hindered bases were explored at first, starting from 2,6-di-¢t-butyl-4-methyl-
pyridine (DTBMP). The base has been reported in a few instances not to form
adducts with Lewis acids, including BF3.3933% However, when it was employed as
the replacement for DBU in the arylation with the bismuthonium made in situ, no
noticeable transformation occurred (entry 1 of Table 2.10). When the same reaction
was executed with the isolated bismuthonium, formation of product was extremely
slow, with full consumption of the substrate only happening after 2 months at 80 °C.
When exclusively the bismuthonium was exposed to DTBMP, this inertness was
matched with only 12% of decomposition observed after the same amount of time
at the same temperature. This is consistent with DTBMP’s very low pK H™ values
both in water and acetonitrile (see Table 2.10).!

IDTBMP is only slightly more basic than pyridine (pK.HT = 12.8%°¢ vs 12.33%°!) and less
basic than collidine, whose pK,H" is 14.98 in MeCN.?3* These figures seem in first instance
counterintuitive if the classic hyperconjugation argument is applied, that is to say that the
replacement of two methyl groups in the 2- and 6-positions with two tert-butyl groups is expected
to increase the basicity of DTBMP. However, it has been argued that the lower pK,H" must be
attributed to steric inhibition of the solvation, rather than a low proton affinity.3%”
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LFJ,»»

AI“FB(OH)Q A‘rF BE- naphthol 7 Arf
) BF3-OEt2 + 4 base OH
.Bi — > LB ——
ArF\/ \ArF CD3CN, rt ArF\/ \ArF CD3CN, 1t OO
Arf Arf F
2 Ha 8
+# Base Acronym pK,HT aer pKH meon Yield
1 = | DTBMP 4.95308 12.8306 0%*
NS
tBu N tBu
N
2 O\ﬁ MTBD n.a. 25.4234 0%
NS
I‘\l N
N/tBu
3 BTMG 14245 26,52 0%
N N
I
\N/ \N/
DMAN 12309 24.1310 0%

W

Table 2.10: Sterically hindered bases (1.5 equiv) were tested in the arylation
of naphthol 7 with bismuthonium 5a (made n situ). The pK, values of 6-
fluoro-2-naphthol are 9.46 in water?®* and ca. 26 in acetonitrile.?3%255 *100%
after 2 months at 80 °C when performed from isolated bismuthonium 5a.
See Table 2.2 for additional results with the isolated bismuthonium salt.

The three other bases tried (entries 2-4), MTBD, BTMG and DMAN (Pro-
ton Sponge®), were all significantly stronger than DTBMP, with their pK,H*s
being above 24. This, in fact, allowed the arylation reactions when the isolated
bismuthonium was employed. However, when the bismuth compound was made in
situ, no arylation occurred with any of these bases. Similarly to what happened
with DBU, addition of an extra equivalent of base triggered the arylation, indirectly

suggesting the issue remained the same with these bases too.

Since a good alternative for DBU was not found, it was decided to move on to
explore the effect of other Lewis acids on both the transmetalation and the arylation.
The outcome of these tests is presented in Table 2.11. In order to isolate the effects

on the transmetalation, these reactions were performed with ArgBiFg rather than in
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the one-pot procedure. This also carried the advantage that the influence of Lewis
acids would be more evident, since the transmetalation to isolated BiV necessitates
further activation compared to our methodology. Specifically, Lewis acids that form
a strong bond with fluoride were investigated, so as to be able to break one of the
Bi-F bonds and trigger the transmetalation. However, the selection was narrowed
down by the requirement of a substantial inertness towards the other components of
our one-pot system, including the non-water-free conditions. Therefore, extremely
strong Lewis acids that have been employed, for example, to make AlrgBi2+ by
extraction of two fluorides from ArgBiFg were ruled out.3!!

On the other hand, tris(pentafluorophenyl)borane (BCF) is often considered the
‘ideal Lewis acid’, since it is moisture- and temperature-stable, while at the same
time maintaining a Lewis acidity slightly higher than that of BF3,3!? thus matching
our requirements. In this case the feature of interest was a greater steric hindrance
around the boron centre compared to BF3, so as to disfavour the formation of
adducts with Lewis bases. Different triflate salts were explored (TMS, Na and Li),
with the idea that they would form either a volatile or insoluble fluoride species,
while at the same time introducing in solution a non-coordinating anion. The same
principles applied to lithium triflimidate, while for HMDS the formation of a strong
Si—F bond was envisaged as the driving force for the activation of the Bi-F bond.

When no Lewis acid was employed (entry 1), only ca. 10% of the desired
bismuthonium was obtained after 10 d, as discussed previously. Among the Lewis
acids tested, BF3-OFEty was the most efficient, achieving a quantitative conversion
within 12 h to the bismuthonium 5a. BCF (entry 3) followed closely, reaching
82% in the same amount of time. Full conversion was achieved in approximately
36 h. With TMSOTT (entry 4), despite a promising initial rate of conversion, the
transmetalation did not go past 60% conversion even after several days. Sodium and
lithium triflates (entries 5 and 6), possibly showed an improvement in comparison to
the non-Lewis-acid-mediated transformation (entry 1), however this was minimal and
the reactions were not followed to completion. Finally, LiNTfy (entry 7) definitely
improved the conversion compared to the reaction without Lewis acid, however
not enough to allow the transmetalation to reach full conversion in a reasonable
time. Finally, hexamethyldisilazane (HMDS, entry 8) did manage to extract the
fluoride ion (TMS-F detected at —157 ppm by ! F NMR spectroscopy as a resolved
multiplet with J = 7.5 Hz) but caused the immediate reduction of Ar{BiF* to

ArgBi, as observed with other amines, preventing any further transformation.
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F
e ‘ TFQ(OH)Q A‘rF BF; naphthol 7 OH
ho. Bi— A ewis acid Bi DBU
AF” ‘ CD3CN, 1t AN rt
Ar Ar F
F Arf
4 5a 8
# Lewis acid 5a 8
1 none 10% at 10 d /
2 BF3-OEty,  99% at 12h 0% at 3 h
3 BCF 82% at 12h 65% at 3 h
4 TMSOTf 57% at12h 76% at 3 h
5 NaOTf 11% at 1d /
6 LiOTf 9% at 1d /
) 26% at 1d
7 LiNTf
P2 5900 at 10 d /
8 HMDS reduction /

Table 2.11: Different Lewis acids were tested to activate ArgBin towards
the transmetalation with 4-fluorophenylboronic acid. HMDS caused the
complete reduction of the BiV species to Arj Bi. Only when the bismuthonium
had completely formed (entries 2—4), this was subjected to arylation conditions
(1.0 equiv of naphthol 7, 1.5 equiv of DBU). All reactions were performed in
NMR tubes. Yields measured by '°F NMR spectroscopy.

Finally, the arylation of 6-fluoro-2-naphthol was tested for entries 2-4, when the
bismuthonium could eventually be obtained quantitatively. As discussed in Scheme
2.21 the arylation did not occur at all when BF3-OEte and 1.5 equiv of DBU were
used. The reactions with BCF and TMSOTf showed an improvement in this regard,
reaching between 65 and 75% conversion. However, this threshold could not be
overcome in both cases and the conversion plateaued at these values. In the case
of TMSOTT these findings are quite difficult to explain, considering that neither
TMS-F nor the triflate ion were expected to have any influence on the acid-base
equilibrium required for the arylation. However, it can be argued that triflate may
have reacted with boron-containing side-products of the transmetalation, forming
for example TfO-B(OH)s. Upon hydrolysis this would yield triflic acid, which would
protonate DBU. Addition of 5 equiv extra base brought the arylation to completion
in all three cases. This similarity in behaviour demonstrated that, although some of
these Lewis acids were capable of extracting fluorides from bismuth, none of them
outperformed BF3-OFEty. At the same time, the arylation reactions with the three
Lewis acids tested showed only a partial improvement compared to BF3-OEtq, thus

still preventing the elevation to a catalytic regime for our one-pot procedure.
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This Chapter demonstrated that tetraarylbismuthonium salts can be obtained in
a very convenient and practical way from commercially available starting materials.
This was achieved through the use of fluorinating agents as oxidants, thus allowing
an unprecedented one-pot oxidation-transmetalation sequence. Given the excellent
reactivity of the isolated bismuthonium towards the arylation of the chosen test
substrate, 6-fluoro-2-naphthol, several attempts to combine the formation of the
active bismuthonium and the arylation step in a one-pot approach were performed.
Different side-reactions have been explored and their influence on the overall trans-
formation has been discussed. Specifically, two major issues have been highlighted:
first, the three commercially available fluorinating agents all showed a certain in-
compatibility with either the nucleophilic substrate or the base; second, the Lewis
acid employed to mediate the formation of the bismuthonium interacts with the
base, which is strictly necessary for the arylation step. In an attempt to address
these issues, different fluorinating agents have been synthesised in order to modulate
their strength, however, all of them proved either too weak to oxidise ArgBi or
unstable under the reaction conditions or during storage. Secondly, although no
strong evidence of the nature of this interaction could be found, numerous indirect
hints at the existence of an adduct between the base and the Lewis acid have been
provided. This was followed by attempts to disfavour the formation of such adduct,
by increasing the steric hindrance of either the base or the Lewis acid. Although
some promising results were obtained with BCF and TMSOTY, it was deemed that
they were not sufficient to allow the arylation to be performed quantitatively in the
same pot where oxidation and transmetalation had occurred.

As a consequence of these significant challenges, a new approach was adopted: the
oxidation-transmetalation step would be separated from the arylation process. This
would allow investigation of bismuthonium capabilities of selectively transferring a
unique group, installed via transmetalation from a boronic acid. The next Chapter
will build on the fact that the transmetalation can be achieved quantitatively without
Lewis acid at higher temperatures. A re-optimisation of the reaction conditions will
be discussed at first, which will take into account this result. Then, the isolation
and characterisation of heteroleptic bismuthonium salts will be tackled. Finally,

their behaviour in the arylation of selected substrates will be put to the test.
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The previous Chapter discussed the synthesis of tetraarylbismuthonium salts via a
one-pot oxidation-arylation sequence. In particular, one of the latest discoveries
highlighted that this process can avoid the mediation of BF3-OEte, with a moderate
adjustment of the reaction temperature. Herein we will build on that result and
expand the scope, with the ultimate aim of exploiting the possibility of transferring
a unique aryl group, installed on the bismuth compound wia transmetalation from
the corresponding boronic acid, to selected substrates.

The vast majority of the reactions discussed so far was performed in NMR tubes,
in order to maximise throughput. However, since it was observed that boronic
acids sometimes suffered from poor solubility in organic solvents, it was decided to
re-optimise the oxidation-arylation procedure under stirring, so as to minimise mass
transfer issues. All the reactions that will be discussed in the next two Sections were
therefore performed under ambient atmosphere in 10 mL microwave tubes, sealed
with appropriate microwave caps and stirred at 1000 rpm with cross-shaped magnetic
stirrers. Tri(p-fluorophenyl)bismuth 2 was employed as the bismuth(III) starting
material of choice, due to the utility of the p-fluoro substituent for NMR, spectroscopy
analysis and its relatively small electronic effect compared to the non-substituted
counterpart.®3 The NMR yields of its transformation into different bismuthonium
salts were measured against an internal standard: 4,4’-bis(trifluoromethyl)-1,1’-
biphenyl 9. The latter was identified as a good candidate, given its low volatility,
inertness to the reaction conditions and *F NMR chemical shift in a relatively
uncongested region of the spectrum. To quantify the 77 for compounds 2, 5a and
9 9F NMR inversion recovery experiments were run. These determined that the
relaxation delay* should be set to 30 s to achieve complete relaxation of all species

and therefore quantitative integration.

3.1 Synthesis of bismuthonium salts: optimisation

The optimisation was started from a solvent screen. Previously, only acetonitrile had

268 Clommon

been used due to Selectfluor’s poor solubility in other organic media.
organic solvents were tested in both oxidation and transmetalation, with NFSI used

as the oxidant so as to avoid solubility issues. Results are reported in Table 3.1.

* D1, sometimes referred to as ‘recycle delay’, is formally defined as TT = PW + AQ + Ds,
where T'T is the total time required for one scan, PW is the pulse width and AQ is the acquisition
time. Since PW is in the microsecond range this can be ignored. Given a longitudinal relation
time 77 and a pulse angle of 90°, the magnetisation vector M relaxes via exponential decay:
M = e_%. When TT = 5T1, M = 0.006, that is to say it relaxed 99.33%. Given an AQ of 1.53 s
and the greatest T1 of 4.17 s, D1 should be set to > 20 s.
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1.1 equiv NFSI Arf

1.5 equiv Ar¥B(OH)2 ‘_+ BF,
Bi Bi
ArF\“/ \ArF Solvent, 40 °C, 5 h ArF\“/ \ArF
ArF Arf

# Solvent Ratio AriBi : AriBiFX : Ar{Bi
1 EtOAc 0.52 1 0.01
2 THF 0.38 1 0.04
3 dioxane n.d. n.d. 1
4 EtOH 0.03 1 0.09
) iPrOH 0.05 1 0.25
6 acetone 2.69 1 21.0
7 toluene 0.20 1 0.02
8 MeCN/H20 0.04 1 n.d.
9 DCM 1.35 1 n.d.
10 MeCN 3.60 1 n.d.

Table 3.1: Investigation of different solvents for the one-pot arylation
and transmetalation. Conditions: 0.05 mmol of ArfBi, 1.1 equiv of NFSI,
1.5 equiv of p-fluorophenylboronic acid, 1 mL of solvent. Reactions sampled
after 5 h: 0.1 mL of each reaction mixtures was transferred into a vial, 1.5 mL
of water and the same amount of DCM were added; the vials were shaken
and the organic phases transferred into another set of vials, from which the
solvent was removed; the resulting residues were redissolved in CDCl3; and
analyzed by *F NMR spectroscopy.

It must be noted that these preliminary tests were performed without internal
standard, thus integral ratios vs the oxidised species (when available) are reported
instead of yields.

In dioxane and acetone (entries 3 and 6 of Table 3.1) the oxidant presumably
reacted with the solvents, thus ArgBi was recovered quantitatively or almost quant-
itatively, respectively. In alcohols (entries 4 and 5) the oxidation was partially
effective, but only minimal traces of bismuthonium could be detected. The situation
was similar with toluene and the acetonitrile/water mixture (entries 7 and 8): in
those cases the oxidation of ArgBi reached completion but the transmetalation
product proved negligible. Interestingly, tetrahydrofuran, ethyl acetate and di-
chloromethane allowed a reasonable conversion to the bismuthonium, however, all
were substantially worse than acetonitrile. The latter was identified as the best
performing solvent and was employed in all further studies.

Having established acetonitrile could not only still be used but was also the
best solvent, the use of Selectfluor was reconsidered and the oxidant was put to the

test against NFSI at different temperatures. From now on and for the rest of the
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optimisation, sampling was performed by taking 0.1 mL of the reaction mixture and
diluting this with CD3CN. In order to discriminate between the different conditions

the reactions were stopped after 1 h (Table 3.2), before achieving full conversion.

1.1 equiv Oxidant ArF
. 1.5 equiv ArF B(OH)2 ‘_+ BFy
_Bi Bi
ArF\\‘/ \ArF MeCN, T, 1 h ArF\\‘ \ArF
ArF ArF
# Oxidant T/°C Yield/%
1 Selectfluor 80 76
2 NFESI 80 74
3 Selectfluor 60 57
4 NFESI 60 51
5 Selectfluor 40 32
6 NFSI 40 24
7 Selectfluor r.t. 16
8 NFSI r.t. 6

Table 3.2: Screening of the two best commercially available oxidants at
different temperatures. Conditions: 0.05 mmol of Ar}Bi, 1.1 equiv of oxidant,
1.5 equiv of p-fluorophenylboronic acid, 1 mL of MeCN.

Similarly to what was observed in Section 2.2, Selectfluor exhibited slightly
better reactivity throughout this screening, with such effect being accentuated at
lower temperatures (e.g. compare entries 1 and 2 with 7 and 8). In general, yields
at 1 h are acceptable for both oxidants even at low temperatures. Despite the
reactions being faster at 80 °C than at 60 °C, it was decided to proceed with the
lower temperature, since the transformation at 60 °C reached completion within

6 h, which was considered a good trade off between time and temperature.

Once the oxidant and the reaction temperature were identified, the number of
equivalents of boronic acid was assessed. It is worth noting that in our methodology,
especially if applied to late-stage functionalisation, the boronic acid represents the
precious component of the system, since both the bismuth(III) starting material and
the oxidant are commercially available at a limited cost, hence the need to identify
a reasonable stoichiometry. Results reported in Table 3.3 showed that the optimum
was reached with ca. 2 equiv of the boronic acid, whereas further increasing the
equivalents did not improve the yield at all, an effect that may be ascribed to the
saturation of the reaction solution. On the balance of economy and reaction time

1.5 equiv of boronic acid was selected for further studies.
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1.1 equiv Selectfluor Arf

Bi n equiv ArfB(OH), B‘.‘*’ BF4
Bi 7
Al SaF MeONA0C 1R e S
AI’F AI’F

# Equiv Yield/%

1 1.1 23

2 1.3 27

3 1.5 31

4 1.9 35

5 2.9 35

Table 3.3: Screening of different equivalents of p-fluorophenylboronic acid.
Conditions: 0.05 mmol of ArfBi, 1.1 equiv of oxidant, 1 mL of MeCN. Yields
measured by **F NMR spectroscopy.

Interestingly, the reaction rate was shown to be rather insensitive to the variation

of the concentration of reagents, as evident from Table 3.4.

1.1 equiv Selectfluor Arf BE-
Bi 1.5 equiv ArFB(OH)2 B‘fr 4
i i
ArF / Ar’: MeCN, 40 C, 1h /—\rF / /—\rF

Arf Ar"

# [ArEBi]o/M  Yield/%

1 0.050 28
2 0.100 31
3 0.200 31

Table 3.4: Screening of different equivalents of p-fluorophenylboronic acid.
Conditions: 0.10 mmol of Ar§ Bi, 1.1 equiv of oxidant, 1.5 equiv of Arf B(OH)a,
0.5-2.0 mL of MeCN. Yields measured by 'F NMR spectroscopy.

This screening concluded the first phase of the optimisation, which resulted in

the following conditions:

[ArfBi]p = 0.05 M 1.1 equiv Selectfluor Ar BE-
Bi 1.5 equiv Ar'B(OH), B"+ 4
Bl bl
Aro‘/ \Arp CH3CN, 60 °C, 1 d ArF“/ ALF
3

ArF Ar
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The attention was then turned to the bismuth(III) species: although a fluorine
substituent is useful from a reaction analysis point of view, we did not want to incur
the risk of over-optimising the reaction for a very specific triarylbismuth species.
The fluorinated boronic acid was maintained, so that yields could still be calculated

by 'F NMR spectroscopy. Table 3.5 displays these investigations.

1.1 equiv Selectfluor Arf

. 1.5 equiv Ar"B(OH)2 ‘_+ BFy
.Bi Bi
Ar“"/ \Ar CD3CN, 60 °C, 1 h Ar\‘\‘/ \Ar
Ar Ar
# Ar Yield/%
1 p—F—C6H4 a7
2 Phenyl 62
3 p—MeO—C6H4 61
4 p-CF3-CgHy 0
5) p—Cl—CﬁH4 50
6 p-tBu-CgHy 61
7 o-Tolyl 3

Table 3.5: Screening of different triarylbismuth starting materials. Condi-
tions: 0.05 mmol of ArsBi, 1.1 equiv of Selectfluor, 1.5 equiv of Ar*B(OH)a,
1.0 mL of MeCN. Yields measured by 'F NMR spectroscopy.

Gratifyingly, when subjected to the optimised conditions, both the non-substi-
tuted triphenylbismuth (entry 2) and a selection of electron-rich and electron-poor
analogues afforded the corresponding bismuthonium salts. Specifically, p-MeO-,
p-Cl- and p-t-Bu-substituted species (entries 3, 5 and 6, respectively) all performed
similarly to the p-F-substituted case (entry 1). On the other hand, both the tri-
fluorotolyl and the o-tolyl derivatives (entries 4 and 7) did not provide the desired
product in appreciable yields. In the first case this can be ascribed to the incredibly
high oxidation potential (2.2 V)23? of the Bi'll species. For a comparison, the
oxidation potential for the second most electron-poor ring in this series, p-Cl-C4Hy-,
was found to be 1.7 V,239 j.e. very close to the p-F-substituted species (1.66 V).23
This could suggest that, under the test conditions, Selectfluor was not able to
oxidise the trifluorotolyl bismuth(III) species. The poor performance of the o-tolyl
derivative also stems from its resistance to oxidation, in this case presumably due
to sterics at the bismuth centre.

Having confirmed that the results obtained for the oxidation-transmetalation
sequence were not limited to tri(4-fluorophenyl)bismuth, we then briefly explored a

selection of boronic acids. In the majority of cases the optimised conditions proved to
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1.1 equiv Selectfluor Ar’ B
B 1.5 equiv Ar'B(OH)2 E‘>'+ BF,
[ Bi
ArF“" \ArF CH3CN, 60 °C, 1 d AR \ArF
ArF ArF
# ArB(OH); Yield at 1 h/% Yield at 1d/%

1 p—F-CﬁH4 57 99
2 p-Cl-CgHy 27 69
3 p—CF3—CGH4 3 12
4 p—CN—CGH4 2 4
5 p-MeO-CgHy 99 99
6 m—Br—C6H4 7 41
7  m-MeO-CgHy 57 75
8 0—Me—C6H4 77 99

Table 3.6: Screening of different boronic acids. Conditions: 0.05 mmol of
ArfBi, 1 mL of MeCN. Yields measured by F NMR spectroscopy.

be effective for other boronic acids: electron-rich examples, such as p-methoxyphenyl
and o-tolyl derivatives (entries 5 and 13 of Table 3.6) performed better than the
parent p-fluorophenyl analogue (entry 1), regardless of the steric hindrance, whereas
electron-poor boronic acids, such as p-chloro-, p-trifluoromethyl-, p-cyano- and
m-bromo- and m-methoxy-phenyl boronic acids, gave mixed results. In particular,
entries 3 (p-trifluorotolyl) and 4 (p-cyanophenyl) showed a significantly lower yield
at 1 h, reaching only 3% and 2%, respectively. A further distinction can be made by
taking into account the corresponding yields at 24 h: the p-chloro-, m-bromo- and
m-methoxy-substituted species, although slower than the 4-fluorophenyl compound,
were shown to be progressing towards completion. On the other hand, the yield
with extremely electron-poor boronic acids (e.g. p-CF3- and p-CN-subtituted ones)
did not improve over time.

This last set of experiments satisfactorily concludes the optimisation, which
allowed the identification of conditions for the one-pot oxidation and transmetalation.

The next Section will extensively explore the scope of boronic acids.

3.2 Synthesis of bismuthonium salts: scope

As discussed previously, the use of boronic acids containing groups different from the
three already present on the bismuth(III) starting material allows the synthesis of

heteroleptic bismuthonium salts. The overall methodology would become powerful
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if the unique group could then be selectively transferred to a substrate. En route to
this ultimate aim, we have investigated the first part of the transformation for more
than 80 different boronic acids. Isolation and characterisation of a good portion of
these was also performed, even though in an optimal experiment this would usually
not be necessary and the bismuthonium salts could be immediately exposed to the
arylation substrate.

Matano already showcased the transmetalation of carbon nucleophiles from
boronic acids to triarylbismuth difluoride species, however, the scope is some-
what limited to simply substituted phenyl groups, with only two heteroaromatic
examples.”™ 76 More importantly, the migratory aptitude of heteroleptic bismuthoni-
um salts in arylation reactions was only studied for three of them (Ar’ = phenyl,
p-tolyl and p-anisyl).3!* The migratory aptitude is the tendency of one group to
transfer over another group.3'® In this case, when heteroleptic bismuthonium salts
undergo ligand coupling upon reaction with an appropriate substrate, the migratory
aptitude of the unique group can be measured as the ratio of product containing
the unique group and product containing the non-unique group. This value can be
normalised to take into account the number of non-unique groups. By building a
library of heteroleptic bismuthonium salts it was hoped to expand the scope and
identify potential limitations of the transmetalation. In addition, these studies

would also afford a significantly larger data base for migratory aptitude studies.

3.2.1 Para- and meta-substituted boronic acids

First, electronic effects were investigated. Figure 3.1 reports the para- and meta-
substituted boronic acids tested with the associated conversions (for the oxidation-
transmetalation sequence, in brackets) and yields of the isolated bismuthonium
salts, where appropriate.t Optimised conditions were employed at first: Fig. 3.2
shows a Hammett plot in which conversions were plotted against the appropriate
Hammett constants. A progressive drop in conversion can be see for groups with
o > 0.15, particularly for extremely electron-poor aromatic rings, such as those
containing cyano and trifluoromethyl substituents. This prompted a re-evaluation

of the reaction conditions for cases that did not achieve full conversion under the

tIn Figs. 3.1, 3.3, 3.6 and 3.8, the reported NMR conversions are those for the set of conditions
that gave the highest conversion. In case the same conversion were achieved under different
conditions, the mildest condition was preferred, which usually corresponded to the optimised
conditions. Moreover, isolation yields are sometimes significantly lower than conversions. Since
isolation was achieved by crystallisation, occasionally the crystal growth did not allow full recovery
of the desired bismuthonium salts. However, this was not deemed an issue, since, as mentioned
before, isolation of the bismuthonium intermediate would not be necessary.
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1.1 equiv Selectfluor Ar

. 1.5 equiv Ar'B(OH)2 ‘ BFy
.Bi . B|
ArF\\‘/ \ArF CH3CN, 60 °C, 1 d AR \ArF
ArF ArF

NO, CONH; F

/ 5b* 5d* 5a%

/ 46% 37% / 65% 43% 97%

(23%)*  (99%)*  (64%)>  (22%) (95%)°  (T7%)° (99%)

H E NMey
5% 5k
59% / 72% 72% 63% 62% 16%

(99%) 59% (99%) (99%)¢ (99%) (99%) (60%)¢
; . @/ OMe CO,Et

51% / /

46% 64% 66% / /
(99%)P (99%)P (99%)P (99%) (99%)P

; i OH NHMs
/ /
66% 57% / /
(99%) (99%) (99%)f (83%)
69% /
(99%) (85%)"

Figure 3.1: Scope of para- and meta-substituted boronic acids. NMR con-
versions are reported in parentheses, yields of isolated product and compound
numbers are reported when available. Variations from standard conditions:
*microwave, 150 °C, 1 h; PBF35-OEts, 80 °C, 3 d; 80 °C; 925 °C; °0 °C;
fBFg'OEtQ, 5 h. * crystal structure was determined.
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Figure 3.2: Hammett plot of the '°F NMR conversions at 1 d for the
transmetalation from boronic acids of Fig. 3.1 vs ¢ constant. For disub-
stituted groups, the corresponding constants were calculated by addition
of those of mono-substituted groups.®'® p-NO, and m-OH were excluded
from this plot since the corresponding reactions have not been performed
under the standard conditions. p-vinyl and p-NMez were excluded because
the corresponding boronic acids underwent side-reactions, preventing full
conversion (for reasons unrelated to the transmetalation itself).

standard conditions: an increase of temperature from 60 °C to 80 °C was sufficient
to bring the reaction with p-chlorophenylboronic acid to completion, whereas this
increased reaction temperature, together with BF3-OEto, were required to achieve

the same result with more challenging substrates.

A few examples merit further discussion: the p-styrenyl species showed no
conversion under the standard conditions. This was initially attributed to heat-
induced polymerisation, however, BF3-OFEts is reported to catalyse the reaction,
t00.317 Therefore it was decided to perform the reaction at room temperature and
without BF3-OEty. This only gave 59% conversion, suggesting that the impact
of this side-reaction was reduced but not fully mitigated. It was not possible to
tell if polymerisation occurred on the boronic acid or on the bismuthonium. This
result contrasts with Matano’s, which showed full conversion to the heteroleptic

bismuthonium even under Lewis acidic catalysis.”® Curiously, this boronic acid
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was able to deliver the styrenyl group to the bismuth(III) sulfone employed in

318 aven though the reaction was performed at 60 °C,

our recently published paper,
suggesting a prominent role of BF3-OEtg or potentially any of the electrophilic Bi(V)
species in the polymerisation of the vinyl moiety. Different explanations may be:
formation of fluorohydrines upon reaction between the styrenyl moiety, Selectfluor
and trace water,3' or formation of fluoroamides, by reaction with Selectfluor and

acetonitrile.??0 However, none of the possible by-products could be detected.

The p-NMes-substituted boronic acid incurred different issues. Under the
standard conditions no conversion was observed. Interestingly, in this case full
reduction to ArgBi was detected. In order to test the innocence of the amino group,
two additional reactions were performed: in the first, isolated [Ar}Bi|[BF,] was
exposed to N,N-dimethylaniline in acetonitrile at 60 °C and no decomposition could
be detected after 1 d; in the second, ArgBi was oxidised with Selectfluor under the
same conditions and then exposed to the aniline. In this case, immediate reduction
of the oxidised intermediate was observed, thus suggesting that the boronic acid in
question acted as a reductant for the oxidised bismuth species, before transmetalation
could occur. In order to minimise this circumstance and exploiting the increased
activity of the electron-rich boronic acid,” the transmetalation to bismuth was
performed at 0 °C with exactly 1 equiv of boronic acid. Under these conditions 60%

conversion was achieved, with the remaining 40% being ArgBi.

The two boronic acids containing trifluoromethyl groups highlighted a different
issue altogether. When such a group is in the para position, only 64% conversion
could be reached, even when the reaction was performed at 80 °C with BF3-OEts
for 3 d. In this case unreacted ArgBiFX accounted for the remaining mass balance.
On the other hand, with two —CF3 groups in the 3- and 5-positions and contrary
to all expectations, the product of the oxidation of ArgBi was fully consumed,
but two products formed, the desired heteroleptic bismuthonium and ArfBit,
which accounted for the missing 15% conversion. Traces (< 5%) of homoleptic
bismuthonium could also be found in the reaction with p-cyanophenylboronic acid.
The formation of the homoleptic bismuthonium must be the outcome of a ligand
exchange between two BiV species, since no bismuth(III) species could be detected

by F NMR spectroscopy.

This ligand exchange is not a completely unknown phenomenon in bismuth
chemistry and there are at least three notable examples: Wittig observed a Bi-to-B
ligand exchange when he exposed PhsBi to Ph3B, to yield [PhyBi|[PhyB|;'® Suzuki
observed a similar exchange when ArTolyBi (Ar = 2-(tert-butylsulfonyl)phenyl)
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was treated with BF3-OEts, yielding ArTolBiF and TolBFj;3?! Matano, on the
other hand, reported the formation of an amount comprised between 5% and 10%
of PhyBi* when using methylboronic acid in his transmetalation procedure, as
well as the ligand exchange between isolated PhysMeBi™ and TolsMeBi™ to give
mixed Phs_,,Tol,MeBit.25" It is worth noticing that in Suzuki’s work, the most
electron-rich group is transferred. In our case, the ligand exchange was observed only
when the transmetalation had to be carried out under harsh conditions (BF3-OEto,
high temperature, prolonged reaction time), and when the boronic acid contained
electron-poor substituents. On these bases, it would not be unreasonable to suggest

the following mechanism:

ArfAYBiT + BF3-OEt, == ArfArBiFT + ArfBF,

ArfBi + [FY] — ArfBiFX + ArfBF, — ArfBiT

The desired product of the reaction undergoes Bi-to-B transmetalation to BFg
to form ArFBFy, which then transfers the p-fluorophenyl group back to the product
of oxidation of ArgBi, in this instance replacing the role of Ar’B(OH)y. The fate
of Ar§ Ar'BiF T remains uncertain, since this species or any of its derivatives (e.g.
Ar§Ar,Bit) have never been observed. Prolonged reactions times and the presence
of BF3-OEts seem to be key for this process to occur. In fact, the p-cyanophenyl
group could be transmetalated to bismuth quantitatively when the reaction was

performed at 150 °C for 10 min without BF3-OEts under microwave irradiation.

Overall, both electron-rich and electron-poor aryl groups can be installed onto
bismuth via transmetalation from boronic acids. For groups whose ¢ > 0.15 it
was shown that the reactions must be pushed to completion by increasing the
reaction temperature or by employing a Lewis acid. With these adjustments only
groups with o > 0.5 exhibited non-ideal behaviour. Ligand exchange was identified
as a potential side reaction in the presence of BF3-OEty. Pleasingly, among the
aromatic groups transmetalated, several of them allow further functionalisation
(~CN, -CONHg2, -NMes...) or would represent an issue in transition metal-catalysed
cross-coupling (—Cl, —Br, —I...). Interestingly, even hydroxy groups are tolerated
and their corresponding boronic acids are actually among the ones which performed
better. This may at first seem surprising, considering phenols are classic substrates
for bismuth-mediated arylation chemistry, but it should be kept in mind that
bismuthonium salts do not undergo ligand coupling with phenols in neutral or acidic

conditions, such as those of the transmetalation step.
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3.2.2 Ortho-substituted boronic acids

The scope of ortho-substituted boronic acids was then explored (see Fig. 3.3). As
in the previous case, at first mono-substituted groups were considered, then poly-
substituted. Once again, an excellent tolerance was shown, however BF3-OEto was
required more often than with para- and meta-substituted boronic acids. With the
Lewis acid almost any kind of mono-substituted aryl group could be installed, from
very electron-poor, such as 2-trifluorotolyl, to strongly electron-rich, such as the
several examples of 2-alkoxy-substituted groups. Among the groups containing a
2-alkoxy substituent which could be transferred, the trifluoromethoxy-substituted
example is regarded with interest in medicinal chemistry, since this moiety can be
used as a replacement for methoxy groups to mitigate O-demethylation or increase
lipophilicity and membrane permeability.3%?

Similarly to what was observed before, prolonged heating in the presence of
BF3-OEty caused the formation of small amounts of homoleptic Ar§Bi*. This was
detected with groups with the following substituents: o-CN (12%), 0-CF3 (5%),
2,4,6-triisopropyl (TRIP, 26%), 2,6-di-CF3 (16%) and 2,6-dibromo (22%). Once
again, these are groups that were expected to be more difficult to install on bismuth,
either for being electron poor or for bearing sterically demanding substituents.

Notably, unprotected hydroxy and formyl substituents did not prevent the
transmetalation. The only boronic acid that did not provide the corresponding
bismuthonium to any extent is the 2-bromobenzyl-substituted: this reaction was
repeated with or without BF3-OEts, with no difference. In fact, the characteristic
19F NMR signal for bismuthonium species was not detected at any point and HRMS
analysis of the reaction mixture could not identify the outcome of the reaction.

Di-ortho-substitution of the boronic acid does not per se prevent the transmetal-
ation to bismuth: a mesityl group could be installed under the standard conditions,
whereas the 2,6-xylyl analogue required BF3-OFEts to reach full completion. This
implies that the electron-donating effect of the extra methyl present in the mesityl
group, which enhances the nucleophilic character of this boronic acid, slightly favours
the transmetalation. Excellent conversion was achieved with the 2,6-dimethoxy
species, presumably for similar reasons. On the other hand an increase in the
electron-withdrawing character of the two ortho substituents (R) has a negative
and marked impact on the outcome of the transformation: the conversion decreased
from 99% for R = Me, MeO to 95% for R = Cl to 26% when R = CFs.
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1.1 equiv Selectfluor Ar’

. 1.5 equiv Ar'B(OH), |+ BFa
WP CH5CN, 60 °C, 1 d \\"/B'\
F F F F
Ar / Ar AY F AI’
5t%
/ 57% 74% 55% / 83%

(30%)f (95%)P (99%)f (99%)P (99%)P (99%)P

Me g;at 2. BB

5v*

7% 74% / / 75% 58%

(99%) (99%)* (99%) (0%) (99%)f (99%)
5ab”

68% / 81% 75% / 80%

(99%) (99%)* (99%)* (99%)* (99%)* (99%)*

Cl F OMe Me iPPr
Me @Me @Me Me/@me iPr/@iPr
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(99%)* (99%)! (99%)* (99%) (50%)"
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Figure 3.3: Scope of ortho-substituted boronic acids. NMR conversions are
reported in parentheses, yields of isolated product and compound numbers are
reported when available. Variations from standard conditions: PBF3-OEts,
80 °C, 3 d; 'BF3-OFEts, 5 h. * crystal structure was determined.



Analysis of the performance of the transmetalation with ortho-substituted aryl
boronic acids must include both electronic and steric effects. Conversions were
measured under different conditions so a direct quantitative comparison would not
be possible. Nonetheless some qualitative trends were observed, e.g. electron-rich
but sterically hindered groups worked well, whereas electron-poor but moderately
hindering groups were harder to transmetalate, so it would be desirable to identify

the contribution of each factor to the difficulty of the transmetalation.

The separation of steric effects from electronic effects to obtain ‘pure electronic’
or ‘pure steric’ descriptors has always been challenging: in the paper from 1937
where the Hammett equation is first described, the author observed that, if good
linear relationships were obtained by plotting the logarithm of ionisation constants
of para- and meta-substituted benzoic acids against ¢ constants therein defined, the
same equations only provided scattered results when applied to ortho-substituted
benzoic acids. The conclusion was that ortho substituents exert effects that vary
from one reaction to another, because of the presence of variable steric effects that

can be neglected for distal meta and para substituents.??3

Similarly, Taft developed steric descriptors (Eg and E3) based on the rates of
hydrolysis of aliphatic esters and ortho-substituted benzoates, respectively, after
having observed a decrease in rates with the increase of the relative size of the
substituents.??* However, there was a substantial debate in the 1960s and 1970s
regarding the concept that E's was a purely steric descriptor and Charton demon-
strated that only Eg correlated with the Van der Waals radii of the substituent,

whereas g contained also an electronic contribution.325

Nowadays, o, constants can be computationally derived, for example by correla-
tion with the core-electron binding energy (CEBE) of the ipso carbon atom.326:327
Nonetheless, the same limitations discussed by Hammett still stand, that is to say
the transferability of these calculated constants may not necessarily be presumed.
Moreover, recently it has been pointed out that through-space (field) effects, as
opposed to through-bonds (induction and resonance) effects, may make a signific-
ant contribution to the electron-donating/withdrawing capabilities of substituents,

especially when in the ortho position.3%

Given the complexity of factors involved, Sigman and Doyle showed independ-
ently that a more appropriate approach may be to let an algorithm pick the best
combination of computationally-derived descriptors, either through stepwise regres-
sion in the first case or via a random forest algorithm applied to machine learning

in the second.???33Y For each molecule involved in the study, Doyle derived 120
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descriptors, e.g. the electrostatic charge and the NMR chemical shift of every atom,
the molecular volume, the dipole moment, the energies of HOMO and LUMO,
and employed them to find a correlation with, and then predict, the yield of a

Buchwald-Hartwig reaction across a dataset of 4608 individual reactions.

Inspired by these works, a similar approach was attempted. Due to the dearth
of calculated o, constants, a different descriptor for electronics was sought. The 19F
NMR chemical shift of the p-fluorophenyl groups of each heteroleptic bismuthonium
((ﬁfaﬁ) was initially identified for this role, due to its availability for all the compounds
tested. Moreover, compared to o constants, which are related to substituents and
whose additivity in case of poly-substitution is uncertain, it was thought this could

give a more comprehensive representation of the electronics of the unique group.

As far as steric descriptors are concerned, Sterimol parameters were initially

considered. These were defined by Verloop to overcome the limitations of more tradi-

tional parameters (A-values,?33 interference values,33* Taft-Charton parameters32432%),

335

especially for non-spherical /anisotropic substituents.”?? Instead of aggregating all

the spatial information in one parameter, Verloop defined five sub-parameters. The

model eventually simplified to employ only three parameters.33!

With the primary
axis defined as the direction in which the substituent is attached to the parent
molecule, these are (see Fig. 3.4 for a graphical depiction): L, the length of the
substituent along the primary axis; By, the minimum width of the projection of
the substituent on the tangent plane perpendicular to the primary axis; Bs, the
maximum width of the same projection.?3! Robert Paton modernised the way
these parameters are calculated by introducing quantum mechanical optimisation
of the structures and Boltzmann-weighting of the different conformations a flexible

substituent may adopt.336

Figure 3.4: The Sterimol parameters L, By and Bs for a generic substituent
as defined by Verloop.®3! A represents the atom to which the substituent is
connected. Adapted from Falivene.?32
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The most important limitation in classic Sterimol parameters is that they are
substituent-related, so if they are applied in the modelling of the steric hindrance
of substituted arenes, as it is the intention here, it would not be possible to take
into account poly-substitution. One may be tempted to calculate the Sterimol
parameters for the entire Ar’ group but, if, for example, this bears two equal
substituents in the 2- and 6-positions, the calculated parameters would be exactly

337 since Sterimol parameters

the same as those for the mono-substituted analogue,
only measure the minimum and maximum distances from the main axis. For these
reasons, the percent buried volume (% Vi) was deemed more appropriate, since it
could take into account poly-substitution. This is defined as ‘the fraction of the
first coordination sphere around a metal centre that is occupied by the organic
ligand’ and, due to this broad definition, can be applied to the parametrisation
of any class of catalyst and ligand.?3? Often the % Vi, is calculated from crystal
structures but any structure file can be used as the input. The latter had to be the
case in this work, due to the fact that crystal structures were not available for all
the bismuthonium salts discussed.

Thus, even though the Sterimol approach had been abandoned, it was decided
to take advantage of the software written by the Paton group to calculate weighted
Sterimol parameters (wSterimol)* to generate a series of Boltzmann-weighted con-
formers for each Ar’ group, optimised at the PM6-D3H4 level of theory. These were
then subjected in batch to a locally run version of SambVca 2.1,% which calculated
the % Vyyu, for each of the conformers of every group. For every Ar’ group, each
of these % Vi, parameters was weighted with the weights extrapolated from the
initial wSterimol calculation, thus giving the weighted % Vyur: WwVpye. All this
otherwise tedious series of operations has been automated by a bash script, which
can be found in Section 6.10. The parameters for all the aromatic groups mentioned
in this Chapter are reported in Table 6.2 for reference, together with the wSterimol
parameters calculated en route to wVy,, parameters.

With both the descriptors in hand, a plot of WV, vs (5%63ff was generated and
is reported at the top of Fig. 3.5. The plot must be interpreted in a qualitative
way and correlates the ‘ease’ of transmetalation against these two parameters.
Three regions may be identified: in the first, depicted with a green background,
the reaction occurred or is likely to occur under the optimised conditions; in

the second, in yellow, the reaction gave good conversions but harsher conditions

*https://github.com /bobbypaton /wSterimol
Shttps://www.molnac.unisa.it/OMtools/sambvca2.1/index.html
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Figure 3.5: By plotting wVp., against 65 (top plot) or (Sié’so it is possible

to explain and predict which boronic acids did or will perform well in the
transmetalation to bismuth. Ideally conversions or yields should be plotted
on the z axis so as to generate a 3D scatter and obtain a fully quantitative
tool. This was not possible as these reactions were not all performed under
the same conditions (see Fig. 3.3).
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were required (BF3-OEtg, higher temperature...); finally, the remaining area, in
red, is populated with groups whose conversion have been mediocre under all the
conditions tested. The green region is characterised by small wVy,, (< 46) and
spans across almost all the observed chemical shifts. The only group which has a
small wVyy,, (43.7) but does not belong to this region is o-cyanophenyl, which is
likely to be very electron poor (5%“3 = —106.49 ppm). The use of BF3-OEty or
hotter temperatures allowed the transmetalation of some 2,6-disubstituted groups
and mono-substituted but electron-poor groups: the yellow region is comprised
roughly between 46 < wVp, < 49. With wVyy > 49 the process becomes
particularly hard (conversions for 2,4,6-triisopropylphenyl and 2,6-dibromophenyl
reached only 50% and 22%, respectively). It did not come as a surprise that
2,6-di(trifluoromethyl)phenyl did not transmetalate at all, since its calculated wVyy,
is 54.9 and the predicted (S%C&ff is around —106.0 ppm, based on the mono-substituted
analogue. This would place the group in the far top left region of the plot, marking

the unlikeliness of its transmetalation.

Some caveats should be considered when using this plot. First of all (5%‘3&& may
not be able to fully reflect the electronics of the Ar’ group, as the effect is measured
at the fluorine atom, after propagating through the Ar’ group, the bismuth atom and
the ArF group. This explains the observed small dynamic range of the descriptor and
suggests a considerable error may be associated with the measure of the electronics
of the Ar’ group by the F NMR shift. Secondly, additional effects may influence
the chemical shift: an example is given by the o-CHO-substituted group, which is
per se electron-deficient,!? but, due to the coordination of the oxygen atom into

scaff
5F

bismuth (see crystal structure in Section 6.8), the measured would suggest the

group is electron rich. The wVy,, descriptor has overall a greater predicting power.

These issues prompted the search for an alternative descriptor for electronics.
The 3C NMR chemical shift of the carbon atom of the unique group that is ipso
to bismuth (5*°) was thus tested. The resulting scatter is reported in the bottom
plot of Fig. 3.5. This approach is more limited as it relies on the isolation of
the bismuthonium salts, which has not or could not be carried out for some. For
this reason the following groups had to be excluded from the bottom plot: 2,6-
dibromo-, 0-EtO-, 0-iPr-, 0-CN-, 0-OH- and 2-Me-5F-substituted. This prevents a
direct comparison of the two plots, even though the overall idea remains the same.
However, the dynamic range of (52’ *° is significantly greater and is measured for an
atom that is in the same aromatic ring of the substituent, thus preventing potential

distortions due to the propagation through the bismuth atom.

110



3.2.3 Heteroaromatic boronic acids

The scope of heteroaromatic boronic acid was explored next: results are presented
in Fig. 3.6. Furyl and thienyl derivatives are well tolerated, providing excellent
conversions under the standard conditions. The presence of an acyl substituent
in the 2-position of 3-thienylboronic acid significantly impacts the conversion,
which dropped to 50%. Moreover, formation of 13% of Ar}Bi* and 35% of Ar}Bi
should be noted. The origin of the latter is unclear. The pyrrole derivative did
not yield the desired product, instead instantaneous reduction of Bi to ArgBi was
detected, accompanied by a peach black colouring of the reaction mixture, suggesting
possible oxidation of the electron-rich aromatic system. This poor behaviour is in
contrast to that observed with the sulfone bismacycle previously reported by our
group.3!® Gratifyingly, the benzofused analogue 5-methoxy-2-indolylboronic acid
fully converted to the corresponding bismuthonium. The two pyrazole derivatives
did not yield the transmetalation products quantitatively and could not be isolated.
No other species were detected that could suggest any decomposition pathway.
Boron trifluoride did not help either. On the other hand, the isoxazolyl species
reached a similar degree of conversion, but could be crystallised and was obtained
pure nonetheless. All four examples of indolyl- and indazolylboronic acids worked

well in the transmetalation. Notably three of them bore unprotected nitrogen atoms.

Finally, six-membered heterocyclic boronic acids were put to the test. Differently
from the other examples in Fig. 3.6, conversions were in general poor. Both 4- and
3-pyridylboronic acids, as well as the 8-quinolyl analogue gave 0% conversion to
the corresponding bismuthonium salts. Even heating the reactions at 150 °C under
microwave irradiation did not convert any of the products of the oxidation of ArgBi,
which was recovered untouched. Interestingly, the presence of a methoxy group in
the para position allowed a partial conversion (32%). The same fate was shared by
the aminopyrimidine and dimethoxypyrimidine derivatives, which showed 64% and
38% conversions, respectively. The aminopyrimidine example is remarkable for two
reasons: firstly, the amino group in the para position was shown to behave similarly
to the methoxy group and increase the electron richness of the pyrimidine ring and
allow the transformation, secondly, the very same amino group does not cause the
reduction of the products of the oxidation of ArgBi, which, on the other hand, was
the case when a dimethylamino group was installed on a simple phenyl ring (see Fig.
3.1 and discussion earlier in this Section). In short, this aminopyrimidine moiety is

electron rich enough to be transmetalated and electron poor enough not to cause
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Figure 3.6: Scope of heteroaromatic boronic acids. NMR conversions are
reported in parentheses, yields of isolated product and compound numbers are
reported when available. Variations from standard conditions: *microwave,
150 °C, 1 h; {BF3-OEts, 5 h. * crystal structure was determined.
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the reduction of ArgBiFX. Similar results were observed with the sulfone-bridged
bismacycle, for which the methoxy-substituted pyridine was the only pyridinyl
group that could be installed.3!®

The reason for the poor behaviour of pyridyl boronic acids remains unclear. The
primary explanation would involve the electron-deficient nature of these groups. This
is expected to hinder transmetalation, as discussed in Fig. 3.2. The performance
improves with the presence of electron-donating substituents (MeO-) on the pyridyl
rings, which would be consistent with this argument. An alternative explanation
is provided by a closer look to the F NMR spectra measured for aliquots taken
during transmetalation: peaks with higher-order multiplicity were found in the
spectra of the reactions with all the 6-membered ring heterocyclic boronic acids.
Representative spectra are reported in Fig. 3.7. Their chemical shifts vary within
the —137 and —147 ppm region and, when they are at least partially resolved,
their coupling constants could be measured to be around 40-45 and 84-97 Hz. Not
dissimilarly to what was observed in Section 2.5, boron trifluoride was initially
proposed to form adducts with the basic nitrogen of these pyridine derivatives,
further increasing their electron-poor character, to the point that transmetalation
becomes unfeasible. Electron-releasing substituents would have the same role in
this second theory, i.e. to increase the electron density of the aromatic ring, thus
compensating for the formation of the electron-depleting adduct. These adducts are
known in the literature: for instance the pyridine-BF3 adduct is reported to resonate
around —150 ppm in F NMR spectroscopy and its shape strongly resembles the
quartet-like shape of some of the peaks reported in Fig. 3.7.338

In favour of the pyridine-BF3 adduct argument there is the fact that the chemical
shift of the peaks reported in Fig. 3.7 varies for each of the boronic acids employed,
suggesting that the observed peaks arise from the interaction between the boronic
acid, the only variable in these reactions, and a fluorine-containing species. Against
this argument is the fact that none of the reactions whose spectra are reported in
Fig. 3.7 employed BF3-OFEts. If BF3 were present, then it must have originated
from a different route. One would be the transmetalation itself, as discussed in
Section 2.2. However, these ’F NMR peaks were observed also for reactions in
which the product of transmetalation, 7.e. the bismuthonium salt, was not observed
even in trace amount, such as with 3- and 4-pyridyl- and quinolylboronic acids
(see Fig. 3.6). Therefore, in these reactions BF3 did not form as a by-product of
the transmetalation, since the latter did not work. Another pathway may involve
reaction of the Selectfluor-derived BF, with glass. This would cause F~ extraction

and formation of BF3, which could in turn form the adduct with pyridine nitrogens.
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Figure 3.7: When transmetalation of the Ar’ groups depicted here was
attempted, formation of different °F peaks was observed for each of the
boronic acids employed. All reactions were performed in MeCN and diluted
in CD3CN for sampling and subsequent analysis by °F NMR spectroscopy.

An additional possibility was considered, that the Selectfluor-derived BF, can
undergo hydrolysis in wet acetonitrile, thus forming BFsOH~ and fluoride.33%340
The latter can react with borosilicate glass and form SiFgf. The literature *F NMR
chemical shifts for these three species are —143, —163 and —130 ppm, respectively.
Interesting, the reported multiplet shape for BEsOH™ strongly resembles those in Fig.
3.7 (quartet-like structure and similar coupling constants).?** However, no trace of
hexafluorosilicate or fluoride/HF could be observed in any of our reactions. Moreover,
if the observed peaks corresponded to BF3OH™, the observed BF3sOH™:BF ratio
(not shown in Fig. 3.7) in the spectra reported in Fig. 3.7 would be comprised
between 1:1.3 and 1:5, which, at least in certain cases, would suggest an important
degree of decomposition of BF, wvia this pathway. However, this decomposition

has not been observed for any other reaction discussed in this Chapter, suggesting
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it occurs specifically with these boronic acids. Finally, the hydrolysis of BF, is
likely to occur even in the absence of boronic acid. This, however, would not be
consistent with the observed formation of peaks with varying chemical shift when
different boronic acids are employed. All these reasons corroborate the initial idea

that BF3 forms adducts with pyridyl boronic acids, preventing further reactions.

3.2.4 Additional boronic acids

Figure 3.8 concludes the boronic acid scope and contains alkyl and alkenyl boronic
acids and an example of a ‘bidentate’ boronic acid. None of the three aliphatic
boronic acids gave any hint of conversion, instead they all caused complete reduction
of the oxidised bismuth species to ArgBi and fluorobenzene within 24 h. Significant
amounts of A1r4FBiJr were detected in all cases, too, as well as methanol for the
first boronic acid of this series. These outcomes are consistent with Matano’s
findings:2*" the author was able to obtain full conversion of [PhsMeBi|[BF4] by
reacting ArgBiFg with MeB(OH)3 in the presence of BF3-OEty but noted that strict
anhydrous conditions are required to prevent hydrolysis of the bismuthonium, which
would decompose to MeOH, MesO and PhsBi. He also observed formation of the
homoleptic species with yields up to 10% and noted that the reaction could not be
performed with butylboronic acid. Considering that the acetonitrile employed in our
experiments was not subjected to any process of water removal, it is likely that the
transmetalation of MeB(OH)y worked and the product underwent decomposition.

It would be interesting to repeat these reactions under dry conditions.

1.1 equiv Selectfluor A
Bi 1.5 equiv Ar'B(OH)2 E‘;fr BF,
. DBl .bl
ArF\\‘/ \ArF CH3CN, 60 °C, 1.d ArF\\‘ ArF
ArF ArF
Me Bu = / (:E\/O
L WE g
OH
0%)  (0%)  (0%)  (99%) (0%) (~25%)

Figure 3.8: Additional boronic acids assessed. Fluorine NMR conversions
are reported in brackets. Isolation of the corresponding bismuthonium salts
was not achieved in any of these examples.
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Among the two isomers of styrenyl boronic acid only the 2-substituted worked
well, whereas the 1-substituted caused instantaneous reduction to Ar{Bi. Finally,
the outcome of the transmetalation of the benzoxaborol, which contains a masked
benzyl alcohol functionality, was uncertain, since the desired product could be
detected as the most intense ion by HRMS, whereas by 'F NMR spectroscopy the
only well resolved peak resonated at the exact chemical shift of one the oxidation
products of ArgBi, making quantification impossible. Moreover, its chemical shift
(—108.32 ppm) would make it by far the most shielded bismuthonium in the series,
considering that the observed chemical shift range for the bismuthonium salts in this
Section is comprised between —106.8 and —107.8 ppm. This would usually suggest
the peak corresponds to a ArgBiFX species, rather than a bismuthonium salt.
Interestingly the second most shielded species would be the 2-formyl bismuthonium
5x, with a measured chemical shift of —107.76 ppm. At first sight, this does not
correlate well with the electron-withdrawing nature of the 2-formyl substituent.32”
However, a coordination of the benzyl oxygen to the bismuth centre may be
postulated in both cases and is indeed detected in the crystal structure of the formyl
derivative. This coordination is suggested to enhance the electron density on the
Ar" groups connected to the bismuth and explain the upfield chemical shift. Finally,
the effect would be more marked in the case of a -CHyOH group than with a -CHO

group, due to the greater amount of localised charge in that oxygen atom.

3.2.5 Crystallographic analysis

Under the optimised conditions employed in this Section, the isolation of bis-
muthonium salts can be achieved by crystallisation. This in many cases provided
single crystals that were suitable for X-ray crystallographic analysis. The solid-state
structures of 29 bismuthonium salts were thus determined crystallographically. Se-
lected bond lengths are reported in Table 3.7: more details can be found in Section
6.8. Two points are worth of discussion: the geometry of these complexes (trigonal
bipyramidal or tetrahedral) and, in case of a D3y symmetry, the position of the
unique group Ar’ (axial or equatorial).

As discussed in Section 1.1.4, the Lewis basicity of the counterion determines the
molecular geometry of tetraarylbismuth complexes: with basic anions, these adopt
distorted trigonal biypramidal geometries; otherwise tetrahedral geometries are
preferred. Among the tetraphenylbismuth structures deposited in the CCDC, the

77,78

tosylate and the fluoride belong to the first category, , whereas the perchlorate

is tetrahedral.®*! This can be determined quantitatively by measuring the Z-Bi
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# Ar’ Eq. Cl1-Bi C7-Bi C13-Bi C19-Bi Bi-BF,
1 p-F 5ba  n.d.  2.185(5) 2.191(5) 2.177(5) 2.189(6) 3.162(3)
2 p-CN 5b  n.d. 2.192(9) 2.176(9) 2.180(9) 2.190(8) 5.236(6)
3 p-Cl* 56d  n.d. 2.205(5) 2.194(4) 2.196(4) 2.204(4) 2.889(4)
4 p-H* 5f  n.d.  2.197(4) 2.186(4) 2.185(3) 2.188(3) 3.001(2)
) p-TMS 5h N 2.21(10) 2.20(10) 2.18(10) 2.16(10) 2.895(7)
6 m-CN 51  n.d. 2.196(3) 2.209(3) 2.190(3) 2.192(3) 5.515(2)
7 m-Br 5n Y 2.18(20) 2.20(20) 2.16(20) 2.20(20) 3.02(20)
8 m-F* 5m n.d. 2.189(4) 2.197(4) 2.196(4) 2.209(5) 2.83(3)

9 m-Me* 50 n.d. 2.20(20) 2.23(20) 2.14(20) 2.19(30) 3.20(10)
10 3,5-di-Me 5q Y 2.19(20) 2.20(10) 2.20(20) 2.20(20) 3.949(7)
11 o-Cl* 5s  n.d 2.191(5) 2.187(5) 2.189(5) 2.205(5) 4.181(3)
12 o-F 5t Y 2.209(7) 2.194(6) 2.202(7) 2.182(8) 3.061(4)
13 o-Ph5bu Y 2.206(4) 2.219(3) 2.199(3) 2.202(3) 2.971(3)
14 o-Me 5v n.d. 2.190(8) 2.183(9) 2.195(9) 2.20(10) 7.052(6)
15 0-CHO 5x n.d. 2.224(6) 2.202(5) 2.193(6) 2.214(7) 4.493(5)
16 1-naphthyl 5y Y 2.20(30) 2.19(30) 2.18(30) 2.23(30) 3.16(20)
17 0-iPrO baa n.d. 2.22(3) 2.17(4) 2.20(3) 2.20(3)  5.08(3)
18 0-OCF3 5ab N 2.182(6) 2.191(5) 2.187(5) 2.224(7) 2.850(4)
19 2-Me-4-F* 5ae n.d. 2.19(1) 2.17(1) 2.21(1) 2.26(2)  3.05(8)
20 Mesityl bag Y 2.209(3) 2.199(3) 2.209(3) 2.216(2) 2.774(1)
21 TRIP 5ah Y 2.206(3) 2.203(3) 2.210(2) 2.227(3) 2.832(2)
22 2,6-di-Me 5ai n.d. 2.187(4) 2.202(4) 2.208(4) 2.212(4) 4.757(3)
23 2-furyl 5ak N 2.184(3) 2.198(3) 2.199(3) 2.188(4) 2.784(2)
24 3-furyl 5al N 2.189(4) 2.194(4) 2.192(4) 2.181(5) 2.797(3)
25 2-thienyl 5am N 2.19(3)  2.189(3) 2.191(3) 2.195(3) 2.805(2)
26 3-thienyl ban N 2.188(7) 2.173(7) 2.178(9) 2.18(2) 2.871(5)
27 3thien2Ac 5a0 N 2.15(30) 2.19(30) 2.22(30) 2.17(30) 2.93(20)
28 isoxazolyl bap Y 2.187(2) 2.171(2) 2.190(2) 2.158(2) 2.964(1)
29 Ph3BiAr* 5as n.d. 2.195(7) 2.205(6) 2.184(8) 2.191(9) 3.288(7)

Average 2.20(2) 2.19(2) 2.19(2) 2.20(2)

Table 3.7: The ‘Eq.” column indicates if the Ar’ group sits equatorial.
This cannot be determined if the structure is disordered or tetrahedral.
* Disordered aryl groups. Bold values for the BF4—Bi length signify that the
distance is greater than the sum of Bi and F Van der Waals radii: therefore
the tetrafluoroborate is fully dissociated and the bismuthonium is tetrahedral.
For all entries, C19 is the carbon atom ipso to Bi which belong to the Ar’
group, whereas C1, C7 and C13 are the carbon atoms ipso to Bi of the ArF
groups. For entries 1-15, 17-19 and 22 ‘phenyl’ is implied in the Ar’ name.
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distance, where Z is the counterion: if this length is greater than the sum of
the Van der Waals radii of Bi and the atom of the counterion pointing towards
the pnictogen, then the counterion is ion-separated and the bismuth complex
geometry is expected to have a considerable tetrahedral character. This is true for
tetraphenylbismuthonium perchlorate: the Bi~Cl-OCls is 5.266 A, greater than the
sum of Bi and O radii (4.47 A) and all Bi-C bonds have the same length (2.163 A).

The same concept was applied to the crystal structures determined in this Thesis:
in Table 3.7 the Bi-BFy distances that were found to be larger than the sum of Bi
and F Van der Waals radii are highlighted in bold. These complexes, here indicated
by the nature of the Ar’ groups, are: p-cyanophenyl (entry 2), m-cyanophenyl
(entry 6), o-chlorophenyl (entry 11), o-tolyl (entry 14), o-formylphenyl (entry 15),
o-isopropoxyphenyl (entry 17) and 2,6-xylyl (entry 22). It is noticed that complexes
with Ar’ groups bearing electron-withdrawing or sterically hindered substituents are
more prone to maintain an ion-separated interaction with tetrafluoroborate. Entries
15 and 17 are likely to represent exceptions to this observation, since an interaction
between their oxygen atoms and bismuth is present. Oxygen occupies bismuth’s
fifth coordinative position, possibly disfavouring tetrafluoroborate’s contact.

The Ar’ group’s preference for the equatorial position was then explored. The
following complexes, once again identified for brevity by the unique group, were found
to crystallise with said group in the equatorial position of a trigonal bipyramidal
structure: m-bromophenyl (entry 7), m-xylyl (entry 10), o-fluorophenyl (entry
12), o-biphenyl (entry 13), 1-naphthyl (entry 16), mesityl (entry 20), TRIP (entry
21) and isoxazolyl (entry 28). This behaviour reflects the fact that the equatorial
position accommodates bulkier groups, due to a wider angle between equatorial
groups (120°) compared to that between axial groups and the equatorial plane (90°).

The next Section will investigate the behaviour of these complexes when exposed
to the arylating conditions, and in particular will address the selective transfer of
the unique group to the substrate. In this perspective, it will be interesting to
determine if a correlation between the tetrahedral nature and/or the position of the

Ar’ group in the trigonal bipyramid, and the selectivity exists.
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3.3 Arylation with bismuthonium salts: chemoselectivity

One of the principal aims of this Thesis was to optimise a bismuth-based methodology
to enable investigation of the selectivity for transfer of the unique group. Two
works represent the primary sources of migratory aptitudes of heteroleptic bismuth
complexes: the oldest is a paper by Barton in which he studied the behaviour of
unsymmetrical bismuth carbonates (AroAr'BiCOs) in the arylation of 2-naphthol
and dimedone;?? the second is by Matano and Suzuki and only briefly investigated
the arylation of 2-naphthol with heteroleptic bismuthonium salts.?!* With both
types of bismuth complexes and both nucleophiles the migratory aptitude was found
to decrease with increased electron richness, that is to say electron-rich groups are
retained on the bismuth more than electron-poor ones.

In Section 1.4.3, hypervalent diaryl-A3-iodanes were listed as an alternative
to organobismuth complexes for the arylation of phenols. In particular it was
highlighted that, in metal-free conditions, enol-like species undergo O-arylation
with these complexes and the same migratory aptitude of bismuth is followed.
Additionally, sterically hindered ligands were shown to have a greater tendency to
transfer compared to non-hindered ones, even overriding the selectivity dictated
by electronic factors (the so-called ortho effect). The tendency varies dramatically
with the arylation substrate: differently from phenols, anilines do not show any
ortho effect and only electronics dominates the chemoselectivity, whereas malonates
show an anti-ortho effect, that is electron-poor and non-sterically hindered groups
are transferred preferably.'7 In the presence of a transition-metal catalyst, opposite
chemoselectivities were observed, with the most electron-rich and least sterically
demanding group usually being transferred. A comparison with bismuth literature
data could not be performed, since studies involving sterically demanding groups
have not been published for complexes of the heavier element.

With such a vast library of heteroleptic bismuthonium salts in hand, we were able
to fill in this gap in the knowledge of bismuth chemistry. Due to the discrepancies
observed with hypervalent iodine chemistry between different substrates, we decided
to test the chemoselectivity of the arylation with bismuthonium salts with two
different nucleophiles: 6-fluoro-2-naphthol, as a prototype for phenol-like compounds,
and dimethyl-2-fluoromalonate. The presence of a fluorine atom in the latter
has a two-fold purpose: to prevent diarylation of the activated position and to
enable reaction monitoring by 'F NMR. spectroscopy. With both substrates the
chemoselectivity s was determined as the non-normalised '”F NMR ratio of the

arylation product with the unique group and that with the p-fluorophenyl group.
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Ar’:Ar" Selectivity (s)

# Ar’ Cmpd Naphthol Malonate
1 p-F 5a 1.00 1.00
2  p-CN 5b 8.35 3.03
3 p-Cl 5d 1.24 0.85
4 p-l 5e 1.05 1.03
5 p-H 5f 1.35 1.78
6 p-Ph 5g 1.17 1.64
7  p-TMS 5h 2.10 3.27
8 p-Me 5i 0.56 1.06
9 p-OMe 5j 0.19 n.t.
10 m-CN 51 1.61 0.95
11 m-F 5m 1.63 1.13
12 m-Br on 1.86 1.43
13 m-OMe / 2.69 n.t.
14  m-Me 50 1.85 2.16
15 m-OH / 2.39 n.t.
16 m-NMs / 2.46 n.t.
17 3,5-diMe 5q 1.57 2.27
18 0-CFj3 5r 3.91 1.81
19 o-Cl 5s 7.47 0.63
20 o-F 5t 1.07 0.39
21  o-Ph 5u 0.09 n.d.
22 o-Me 5v 7.00 1.74
23 o-Et 5w 6.12 1.28
24  0-CHO 5x n.t. 0.84
25 1-naphthyl 5y 24.4 2.88
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# Ar’ Cmpd Naphthol Malonate

26 0-MeO 5z 4.67 1.00
27  o-EtO / 6.23 n.t.
28  0-iPrO 5aa 5.79 0.56
29 0-OCFj 5ab 1.48 0.38
30  2-MeO-6-F 5ac 3.68 0.39
31 2-Me-4-Cl 5ad 8.58 0.31
32 2-Me-4-F S5ae 11.2 n.t.
33  2-Me-4-MeO 5af 1.81 n.t.
34 2-Me-5-F / 10.4 n.t.
35  mesityl 5ag 27.5 0.92
36 TRIP 5ah 7.11 0.87
37  2,6-diMe 5ai 35.4 1.66
38  2,6-diMeO 5aj 11.2 n.t.
39  2-furyl 5ak 0.12 n.t.
40  3-furyl 5al 0.01 n.t.
41  2-thienyl S5am 0.01 n.t.
42 3-thienyl 5an 0.12 n.t.
43 N-Me-pyrazolyl / 0.25 n.t.
44 isoxazolyl 5ap 0.01 n.t.
45 1-Me-4-indazole S5ar 1.86 n.t.
46 PhsArfBi 5as 0.10 n.t.

Table 3.8: Selectivity study: 0.05 mmol of 6-fluoro-2-naphthol 7 or dimethyl-
2-fluoromalonate were reacted with 1.0 equiv of bismuthonium 5 and 1.5 equiv
of DBU in a NMR tube in CD3CN at rt for 5 min. At reaction completion (the
combined NMR yield was > 99% for all entries), the '°F or F{'H} NMR
peaks corresponding to the two arylation products were integrated yielding
the reported selectivities. Spectra acquired with relaxation delay D; > 30 s
to ensure full relaxation. n.t. = not tested. For entries 1-24, 26-34 and
37-38 ‘phenyl’ is implied in the Ar’ name. TRIP = 2,4,6-tri-isopropylphenyl.

First, since not all the bismuthonium salts had been isolated, it was necessary
to test if the chemoselectivity determined from isolated compounds was the same as
that from compounds made in situ. This was confirmed to be the case and allowed
all the results to be presented in a single data set (Table 3.8). For bismuthonium
salts made in situ, only the compounds that showed full conversion to the tetravalent
bismuth complexes were included in the selectivity determination study. This was
crucial to avoid competition between the Ar§Ar'Bit salt and AriBiFX in the
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arylation reaction, since both complexes are competent in the reaction under basic
conditions, which would bias the selectivity towards the product containing the

p-fluorophenyl group.
3.3.1 Arylation of 6-fluoro-2-naphthol

We will initially discuss the chemoselectivity (s) of the arylation of the 2-naphthol.
Instead of discussing the individual entries we will make use of linear free energy
relationship (LFER) plots when possible. Para-substituted groups were analysed at
first: the Hammett plot of log(s) versus oy, is presented in Fig. 3.9. Unfortunately,
the correlation is poor with the p-cyanophenyl group showing a comparatively high

selectivity and thus being an outlier.
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Figure 3.9: Hammett plots of log(s) against o. The fit is mediocre, sug-
gesting a more complex model is required.

Strongly conjugated substituents, such as -NOy or —CN, are known to have a
greater than expected impact on the stabilisation of the incipient charge when the
reactive site is conjugated with the aromatic ring.32? This led to the definition of
o7 and o~ constants for reactions where the incipient conjugated charge is positive
or negative, respectively.342343 Both these constants provided a better correlation
than o (entries 2 and 3 of Table 3.9), with the first one giving an R? of 0.90 and
high significance. In order to improve the fit even more, the approach of Swain

and Lupton was followed: these authors derived two new constants, F, describing
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the field /inductive effect, and R, for the resonance effect, a linear combination of
which is able to give any o constants. The principle is that the relative influence of
induction and resonance may vary from reaction to reaction, therefore this can be

calculated for each data set as follows:
Onew = fF+TR+1 (3.1)

where f and r are the weights for the two factors and i is the intercept. This approach
enables the determination of the best combination of induction and resonance,
without having to use pre-defined o constants. Since the original definition of F
and R constants, Hansch and other authors praised the concept of determining
the weight of induction and resonance wvia a least-squares regression, however they
argued that a single resonance constant would not suffice to describe all reactions,
especially those where the reaction site is conjugated with the substituent, and
defined Rt and R~ from o+ and o~ .313

Linear least-squares regression analysis was performed on log(s) against F and
each of the three R constants individually. The coefficient of determination (R?) of
each combination is reported in Table 3.9 (entries 4-6), from which it appears that
the combination of F and R is the one that fits log(s) best, in this resembling the

good fit obtained with o (entry 2). The new parameter results defined as follows:
oript =081 F + 1.15RT +0.20 (3.2)

The plot of log(s) against oz, g+ is reported in Fig. 3.10. This result, together
with that obtained with o1, suggests that the transition state of the selectivity-
determining step involves a negative charge conjugated with the para substituent of
the group that is being transferred. In this case the greater the amount of negative
charge that is stabilised by the substituent, the higher the tendency to transfer, i.e.
electron-poor groups tend to transfer more easily, which is in agreement with what
was observed by Barton.?? Before pushing this reasoning too far, it is worth noting
that the goodness of this linear regression may depend on the two data points at
the opposite extremes, that is -MeO and —CN, so additional data points near the

two far ends of the plot may be necessary increase the robustness of this analysis.

Linear regression analysis was then performed for meta-substituted examples
(see Table 3.9, entries 8-10). However, the correlation was poor, with an R? = 0.44
for 7 and R. In fact, looking at the selectivities in Table 3.8 (entries 9-14), all the
meta-substituted groups appear to transfer slightly better than the p-fluorophenyl

group, regardless of their electronic properties.
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Figure 3.10: In order to improve the fit in Fig. 3.9 a new parameter or, ¢+
has been defined via linear least-square regression between F and R as

per Eq. 3.2. This shows a more prominent contribution of resonance to the
measured electronic effect on selectivity.

Next, the arylation with ortho-substituted groups was analysed. Since all the
descriptors employed, with the exception of wVy,,, are substituent-specific and
poly-substitution could not be taken into account, it was decided to discuss mono-
substituted examples separately from poly-substituted, so that a larger pool of
descriptors could be used in that case. As before, a correlation with o, was sought
at first (entry 11 of Table 3.9). However, only six constants were available for
the ten examples constituting the dataset.3?” Correlation was also extremely poor

(R? = 0.22), so this descriptor was excluded from successive analyses.

Two different sets of Sterimol parameters were calculated with the wSterimol
plugin developed by the Paton group:3% the first follows the more conventional
approach by being relative to the substituent and in Table 3.9 is indicated by a
‘sub’ superscript; the second, instead, was calculated for the entire Ar’ group and
is indicated by a ‘grp’ superscript. The latter corresponds to those obtained as a
by-product of the calculation of wVy,,:. The calculated values of both descriptor
for every Ar’ group discussed in this Chapter can be found in Tables 6.1 and 6.2,
respectively. Table 3.10 lists all the descriptors used in this Section and their

respective definitions. Theoretically, the two sets of descriptors should have the
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Dataset

(size) 7 Descriptors R? F
1 1.370 0.72 4.0x1073
2 1.070% 0.90 85x107°
para 3 1.070~ 0.83 1.5x1073
9) 4 0.81F + 1.96R 091 83x107*
5 0.81F + 1.15R* 0.93 4.1x1074
6 0.70F + 1.23R~ 0.88 5.0 x 1073
7 —0.270 0.31 0.19
meta 8 —0.17F — 0.20R 0.44 0.31
(7 9 —0.11F — 0.15R* 0.45 0.41
10 —0.14 F — 0.089R~ 0.28 0.72
11 —0.630 0.22 0.34
12 0.04 wBgP 0.01 0.81
13 —0.26 wLS™ + 2.04 wB5"™ + 0.49 w B 0.47 0.24
14 —0.28 wBE'™ 0.21 0.19
15 —0.05 WV 0.02 0.69
16 ~0.01 6% 0.02 0.73
mono 17 0.002552 0.06 0.49
ortho 18 —0.05 WV, — 0.006 55 0.04 0.88
9) 19 —0.02 WV + 0.02 63 0.07 0.78
20 —0.32wBE™ — 0.004 65 0.28 0.38
21 —0.26 wBE'™P + 0.001 532t 0.22 0.42
22 5.25 WV + 1.7905% — 0.04 WV - 65°°  0.62 0.15
23 22.7WVpy — 9.27 5520 4+ 0.21 WVyy, - 65588 0.15 0.80
24 9.50wWBE™ 4+ 0.1905% — 0.07wBg™ - 55 0.48 0.32
25 8.48 ngrp +0.33 5‘PS° 0.06 ngrP : 5“’50 0.93 25x1073
26 —11. 9ngrP 0.37 5sub +0.08 ngfP 5sub 0.91 46x1073
27 —0.34 wBE"P +0.01 65 0.23 0.18
28  7.29wWBEP +0.2965° — 0.06wBE® - 62 0.65 4.4x 1073
A 29 —0.31 wBE™ — 0.0004 g3calt 0.18 0.25
ortho 30 40.4wBE™ —1.69 6" 4-0.38wBE”™ - 5 0.21 0.37
(a7) 31 0.03 WV + 0.06 65 . 0.03 0.83
32 0.77WVpy + 0.2565% — 0.005 WV, - 65> 0.06 0.86
33 0.04 WV, + 0.001 5388t 0.03 0.79
34 —12.2wWVpye + 5.00 528 — 0.11wVyy, - 65T 0.06 0.85

Table 3.9: Results of the linear regression of log(s) on the descriptors
discussed in the text (intercept coefficients omitted for clarity). Coefficients
of determination (R?) and significance F are reported for each analysis
and give an indication of the goodness-of-fit. Regressions performed with
MATLAB. Table 3.10 reports a summary of the newly defined descriptors.
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Descriptor Meaning

wLs"P  Substituent weighted Sterimol parameter: maximum length
along the main axis
WBTub Substituent weighted Sterimol parameter: minimum width
along the axis perpendicular to main axis
WB?)Ub Substituent weighted Sterimol parameter: maximum width
along the axis perpendicular to main axis
wBE"P  Weighted Sterimol parameter for the whole Ar’ group: max-
imum width along the axis perpendicular to main axis
wVpe Weighted percent buried volume
523 % 13C NMR chemical shift of the carbon atom, within the Ar’
group, which is ipso to Bi
5SC“b 13C NMR chemical shift of the carbon atom, within the Ar’
group, which is ipso to the ortho substituent.
secafl  19F NMR chemical shift of the Arf groups

Table 3.10: A summary of the descriptors defined in this Section.

same meaning for mono-substituted aromatic rings, however the second set allows
parametrisation of any ligand of bismuth and thus inclusion in the treatment also
of heterocyclic rings with variable ring sizes and aliphatic ligands.

This approach has some limitations: a significant variation across the dataset is
observable only for WB%rp, which represents the maximum width of the aromatic
ring along the axis perpendicular to the primary axis, i.e. the Bi-C bond; wB§™
describes the minimum width along the same axis which in this case corresponds to
half the thickness of the aromatic ring, i.e. half the atomic radius of the biggest atom
laying in the aromatic plane; finally wL®™ is in this case the length of the aromatic
ring along the primary bond, which realistically does not have any influence on the
description of the steric effect of an ortho substituent. Therefore only wBE'™? will
be taken into account.

Neither wB§" or wBE™ on their own gave any good correlation with the
observed selectivities (entries 12 and 14, respectively). The weighted percent buried
volume (wVy,,), calculated as discussed in Section 3.2.2, did not provide any good
correlation either (entry 15). This suggested that the observed selectivities are not
a simple function of steric hindrance. When the three substituent-related Sterimol
parameters were considered at the same time (entry 13), an improvement in the
correlation was observed, with an R? = 0.47, however this is probably due to
overfitting, i.e. the inclusion in the regression analysis of too many variables (3)
given the size of the dataset (10).

126



1]
0-Cl ;~ o-Me
..' x
0-Et*  »5iPrO
-M. x .0
R? = 0.93 oMeOX L Ry
0.5 |
" 5-OCF3
X
\% 0 x o-F
S
—0.5 |
1 % o-Ph
-1 0.5 0 0.5 1

O _erp | sipso
wBg +6C

Figure 3.11: In order to account for electronics and sterics at the same

time a new parameter was calculated, o grp | sipso which is defined as per
? “wB +9, ?
5 C

Equation 3.3.

Due to to the lack of better descriptors for electronics, the *C chemical shift of
the carbon atom of the Ar’ group connected to bismuth (65°°) and the 'F chemical
shift of the three p-fluorophenyl groups (55*) were employed (entries 16 and 17,
respectively). Neither of them individually was able to model the selectivity, so
they were combined with the descriptors for sterics discussed above (entries 18-21).
Unfortunately, no combination of wVy,, and WB%Tp with the two sets of chemical

shifts gave any correlation.

Considering the limited size of the dataset, inclusion of too many degrees of
freedom was undesirable, with an empirical threshold set to 2. However, cross-
factors derived by the multiplication of the first variable by the second would not
exceed this threshold. A first positive hit was obtained by including the wVy; - 5?5 50
factor (entry 22, R? = 0.62). A similar regression with the fluorine chemical shift
instead of the carbon did not show the same promising result (entry 23). The best
fit was obtained with wBE'?, (52’ > and the relative cross-term (entry 25, R? = 0.93,

significance F' = 0.0025). The newly derived parameter results defined as follows:

0o g0 = 8ABWBET 03368 — 0.06 wBE™ - 5 — 43.42 (3.3)
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Figure 3.12: Two different views of the curve fitting the 3D scatter resulting
by plotting log (s) against both wBE™ and the **C NMR chemical shift of
the carbon atom of the unique group connected to bismuth (§°°): log(s) =
8.48 wBE'™ + 0.3355°° — 0.06 wBE™ - §%°°. A saddle shape may be noticed.
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It is worth noting that both the coefficients of (52’ @ and for the cross factor are
one and two orders of magnitude smaller than the coefficient of wBE'| respectively.
However, this is offset by the large chemical shifts values (133.7-163.3 ppm). The

plot of log(s) against o, ipso 18 Teported in Fig. 3.11 and allows us to assess

Bgrp
the goodness-of-fit: once ;g;iilc, the outlier (corresponding to the o-Ph group) is
expected to have a significant impact of the high value of R?, so interpretation of
this result must be done carefully. Two different views of the 3D scatter of the
logarithm of the selectivity against both wBE™ and 53’ °° are presented in Fig. 3.12.
The calculated model is plotted as a surface and helps the interpretation.

Electronics dominates this model: optimal selectivity is achieved with electron-
neutral and -positive groups, regardless of their steric hindrance; alkoxy groups,
that are electron donating as far as the carbon ipso to bismuth is concerned, are
at least as sterically hindered as the ethyl group, which increases their selectivity
by compensating for the unfavourable electronics; the o-fluorophenyl group, which
has the smallest ngrp value across this dataset also shows the second poorest
selectivity; finally the o-biphenyl group, the one with the highest calculated steric
hindrance, almost did not transfer. Overall, the ‘high selectivity area’ of the plot
is delimited by 0-Cl and 0-iPrO groups, as far as sterics is concerned, and by the
0-MeO group as the lower threshold for the chemical shift descriptor.

The chemical shift of the carbon ipso to the substituent was trialled as a
descriptor, too (entry 26 of Table 3.9). In fact, a simpler correlation between
the electron-withdrawing nature of the substituent and the chemical shift of the
carbon to which it is connected is present, so the '3C chemical shift can be used
as a descriptor for electronics with more confidence. Gratifyingly, an excellent
correlation (R? = 0.91, Fig. 3.14) was found when this descriptor was employed
in conjunction with the previously used steric descriptor wBE™. Moreover, the 3D
scatter was fit with a surface that retained a very strong resemblance (Fig. 3.13)
with the one which used the '3C shift of the carbon ipso to bismuth (Fig. 3.12).
Therefore, even though the goodnesses-of-fit is slightly worse than with the previous
descriptor, this descriptor may overall be better.

Criticism of the nature of wBE™ may be brought forward: in fact, this only
describes the length of the substituent along the axis perpendicular to the main axis,
however, the branching of that substituent is here neglected, so this descriptor alone
should not be able to differentiate between the steric hindrance of an ortho-ethyl
substituent and that of an ortho-isopropyl. Thus vaiulO was included in all the
relevant regressions to account for this but did not improve the fit in any case. Since

this deficiency does not affect the fits, branching may actually be not relevant.
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Figure 3.13: Two different views of the curve fitting the 3D scatter resulting
by plotting log (s) against both wBE™ and the **C NMR chemical shift of
the carbon atom ipso to the substituent of the unique group connected to
bismuth (68%): log(s) = —11.94 wBE™P — 0.37 58" + 0.08 wBE™ - 53", The
shape of the curve resembles that depicted in Fig. 3.12.
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Figure 3.14: The NMR chemical shift of the carbon ipso to the substituent
retains a predictive power similar to the chemical shift of the carbon ipso to
bismuth, when used in combination with wBg'™ as the steric descriptor.

Finally, an attempt was made to model the selectivity of poly-substituted Ar’
groups bearing at least one ortho substituent. In this case Sterimol parameters for
the substituents had to be excluded from the pool of potential descriptors, due to
their intrinsic non-additivity. Similarly, only the *C NMR chemical shift of the
carbon connected to bismuth (62*°) could be considered because otherwise one value
for each substituent should have been employed. Although an average of the shifts
of the carbon atoms in the 2- and 6-positions could have been employed, that would
not have taken into account a third potential substituent. Therefore this would
have not been a general approach and, for these reasons, was not pursued. Only
wBE'? wVhur, (5%’ > and 5lsfaﬁ survived these considerations. Unfortunately, no good
fit could be obtained with these descriptors (entries 27-34 of Table 3.9): similarly
to mono-substituted cases, the best result was achieved with WB5grp, 5%0 *> and their
cross-term but in this case R? only reached 0.65. Once more, this highlights the

need for a better descriptors, especially for electronics.

For mono-ortho-substituted groups, the combination of the wBE™" and 5?5 50
constants discussed above afford a model that reliably interprets the reaction
selectivity. The 5%3 °° constant requires isolation of the bismuthonium salts and

successive characterisation by '*C NMR spectroscopy, both of which would not
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be desirable in the one-pot arylation approach. Therefore, at the moment, this
model allows an interpretation of the observed selectivity, rather than a prediction.
To maximise this predictive power it would be extremely valuable if one of the
carbon chemical shifts of the corresponding boronic acid could be used instead: this
way one could predict the arylation selectivity before even synthesising the desired
bismuthonium. A further achievement would be to use chemical shift predicted via

commercial software such as ChemDraw or MestReNova.

3.3.2 Arylation of dimethyl-2-fluoromalonate

A strong substrate dependance has been observed in hypervalent iodine chemistry,
so we wanted to explore the selectivity of the arylation of other substrates and
compare them with that of naphthol. Dimethyl-2-fluoromalonate was chosen for the
reasons discussed earlier. Similar analyses to those performed for the first substrate
were performed, however, due to the poor results obtained and essentially to the lack
of any significant correlation with the descriptors employed so far, only a qualitative
discussion will be carried out, with reference again to Table 3.8.

The dynamic range of the selectivity values for the malonate is notably narrower
across all the dataset. The highest value was achieved with the p-(trimethyl-
silyl)phenyl group (3.27). This is surprising, since the substituent is only slightly
electron donating by resonance and does not cause any steric hindrance, since it is in
the 4-position, and therefore would normally be considered rather innocent. While
high selectivity was observed for the arylation of naphthol, the effect is enhanced for
malonate. The p-cyanophenyl group does not share the same electronic properties
but showed the second highest selectivity (3.03). The m-tolyl and m-xylenyl groups
both gave rather high selectivities (2.16 and 2.27), which are higher than in the
naphthol reaction (1.85 and 2.27, respectively).

As far as steric hindrance is concerned, o-tolyl was again a relatively good
performer (1.74). Increase in the length of the aliphatic chain reduces the selectivity
(Et = 1.28), similarly to what was observed for naphthol. The presence of a second
methyl group in the 6-position does not have any effect, whereas with naphthol the
di-substituted group had the highest selectivity ever observed (35.4). A clear cut
anti-ortho effect'®” cannot be identified, although a decrease in selectivity seems to
arise with increase steric hindrance: alkoxy substituents in the 2-position caused a
drop in selectivity, which is always less than or equal to 1 and the effect is more

marked for bulkier groups; alkyl substituents cause the same effect (Me ~ 2,6-diMe
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> Et > Mes ~ TRIP), but the dynamic range of this subset is limited in any case
(0.87 < s < 1.74). An explanation for the drop in selectivity from that observed for
2,6-dimethylphenyl to that of mesityl is forthcoming, especially given that phenyl
is more selective than p-tolyl. Finally, the data collection would be concluded by
considering also the reactions with heteroaromatic groups, which in this initial
screening were excluded because of the poor behaviour showed with naphthol. In
general it would be desirable to acquire more data points to allow more robust

regression analyses.

3.4 Arylation of other substrates

Nucleophiles other than the naphthol and malonate derivatives discussed before
were tested in order to identify substrates for future selectivity studies. Schemes
3.1-3.5 and Table 3.11 contain a selective list of examples investigated. It should
be stressed that the focus was not to build a comprehensive scope table, so in most
cases the bismuthonium compound employed was the homoleptic [Ar} Bi|[BF,] 5a.

The arylation was demonstrated to be quite robust with regard to 3-naphthol
derivatives (Scheme 3.1), showing no particular change in reactivity when going
from electron-rich to electron-poor examples: in all cases quantitative conversion
to the desired product was observed, which could be isolated upon purification
by preparative TLC. Among the naphthol series, the tolerance for a boronic acid
functionality in the 6-position (17g) is particularly striking.

With 2-naphthols the observed product is always the l-arylation isomer, so
the reaction was attempted with derivatives with that position blocked (BINOL
and 1-bromo-2-naphthol): in both cases no ligand coupling occurred. Instead, as
determined by 'F NMR spectroscopy, meta-stable intermediates formed as the
result of the nucleophilic attack by the naphtholates on bismuth. These then
decomposed forming ArgBi and fluorobenzene, plus several additional unidentified
species. With 1-naphthol the arylation afforded two products that proved inseparable
by chromatography. Finally, umbelliferone was tested as a 2-naphthol analogue: one
major product was detected by 'YF NMR spectroscopy but could not be isolated
due to its low solubility, which prevented its recovery from silica.

Phenols were then explored (Table 3.11): differently from naphthols, electron-
poor examples were not well tolerated, with p-bromo- and p-carbomethoxy- examples
(entries 6 and 5, respectively) undergoing slow arylation over 9 d. Even more electron-

poor phenols, such as those bearing p-cyano- and p-nitro- substituents (entries 4
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Scheme 3.1: Naphthols were tested in the bismuth-mediated arylation.
2-naphthols undergo arylation with full regioselectivity for the 1-position.
#If that position is blocked, ligand coupling does not occur (no ArfBi is
formed) and decomposition of the Bi-OAr intermediate is observed only
upon heating. ®Two products formed, that could not be separated chromato-
graphically. “One product detected by °F NMR spectroscopy but isolation
could not be achieved. Conditions: 1.0 equiv of bismuthonium and substrate,
1.5 equiv of DBU;j reactions performed in NMR tubes and monitored by
19F NMR spectroscopy; yields are for isolated products.
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and 3), did not react at all. The last two phenols, together with perfluorophenol

(entry 2), were tested with the aim of isolating the nucleophilic attack intermediate

observed by Barton.”® This, however, was never achieved.

OH [Bi] 5a OH OH o.
Sl RS @@ e
R CD3CN R R aF
rt, ¢
ArF
OH OH OH o. .
| Q 24 h Q A
F F F AFF
6a 18c
i 15% (18%) 7% (10%) (10%)
F OH
2 9d No reaction observed.
F F
F
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3 /©/ 9d No reaction observed.?®
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ArF Arf
OH OH OH (0N .
ol ISh
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135



5 equiv

Ne}
o
T

tBu
5 equiv

OH

e
MeO

5 equiv

Me OH
" Y
Me

OH

OH
. X
Me

6 h

6 h

<1lh

<lh

5 min

5 min

ArF
OH i .OH
Me ArF Me
(11%)
Arf
OH i OH
tBu ArF tBu
(13%)
ArF
MeO MeO ArF MeO

20 18f

(44%) 8% (16%) (0%)

Me

Me Me Me
21a 21b
10% (20%) 33% (40%) (0%)

Di-, tri-, tetra-arylation detected by HRMS.

Ill-defined mixture of unidentified species.

< §\> >
-"FI

o

T

<

(0]
>
{}}

> 0

l T

<

o

ArF

Table 3.11:

Conditions: 1.0 equiv of [Ar}Bi|][BF4] 5a and substrate,
1.5 equiv of DBU;j reactions performed in NMR tubes and monitored by
19F NMR spectroscopy; NMR conversions are reported in parentheses; yields
are for isolated products; E = CO2Me. Reported time is that required to
fully consume the bismuthonium 5a.

Due to the greater availability of phenols compared to naphthols, the former

would be the ideal substrates of this methodology so it was deemed necessary

to attempt an optimisation of their arylation reaction, since under the standard

conditions a considerable amount of di- and O-arylation was observed (see for
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example entries 6 and 11). Firstly, authentic samples of mixed diaryl ethers
(ArF-O-Ar’, 18af) were prepared, so as to facilitate the identification of those
products during the arylation. Secondly, the arylation reaction was performed
using a 5-fold excess of phenol and base relative to the bismuthonium, so as to
disfavour di-arylation, which however could never be entirely suppressed. Similarly
to the early tests presented in Scheme 2.4, the overall yield is mediocre but could be
slightly improved from 38% to 50-60% for electron-neutral /rich examples. Moreover,
differently from before, in all these cases the bismuth species was fully consumed. It
is assumed that competing decomposition pathways, such as by reaction with DBU,
or formation of undetectable amounts of several over-arylation products may be
held responsible for the partial yields. Attempts to impede di-arylation were made
also by blocking one of the two ortho positions (entry 13 of Table 3.11) but to no
avail: over-arylation remained the major outcome. Moreover, the crude mixture
resulted too complex to be successfully purified by chromatography.

Blockage of both ortho positions provided informative results (Scheme 3.2). With
2,6-dimethylphenol (R = Me, R’ = H) a single species formed quantitatively within
minutes, as determined by "F NMR spectroscopy. The compound was isolated and
identified as the meta-arylation product 22. This is thought to form upon migration
of the 4-fluorophenyl group to the meta position, followed by re-aromatisation of
the resulting dienone. Gratifyingly, repetition of this reaction with mesitol (R =
R’ = Me) as the substrate allowed the isolation of the hypothesised de-aromatised

134 however,

intermediate 23. Similar de-aromatised species were reported by Barton,
the successive migration is unprecedented. This process is currently undergoing
extensive investigation by another member of the Ball group, since it enables access

to meta-arylated phenols via a unique C-H activation strategy.

R R ArF R
OH [Ar} Bi][BF4] 5a _0O ArF OH
DBU LA
CD3CN, rt, 5 min
R/ R R/ R R/ R
23 22

Scheme 3.2: Blocking both ortho positions of phenol provided the unex-
pected meta-arylated product 22 (R = Me, R’ = H, 69%). This is suggested
to form through rearrangement of the de-aromatised intermediated shown,
which was successfully isolated as compound 23 in 48% yield (R = R’ = Me).
With R = Ph, R’ = H, a complex and inseparable mixture was obtained.
Conditions: 1 equiv of every component. Reactions performed in NMR tubes
and monitored by F NMR spectroscopy.
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Scheme 3.3: Both cyclic and acyclic diketones are capable substrates
for the bismuth-mediated arylation. Only the dimedone derivative 24 was
isolated upon reaction with [Ar§ (o-tolyl)Bi|][BF4] 5v. The other substrates
were tested with [Ar} Bi|][BF4] 5a. NMR yields are reported in brackets, as
measured by °F NMR spectroscopy. Conditions: 1 equiv of every component,
t = 3-24 h for dimedone, ¢ < 5 min for the other diketones. *Di-arylated
product detected (20%).

Diketones were then explored (Scheme 3.3), starting from cyclic ones and in
particular dimedone. As expected,®” this gave mixtures of mono- and di-arylation
products (3:1). Interestingly, over-arylation could be suppressed by employing a
bismuthonium containing an ortho-substituted group. This group is transferred
selectively and prevents a second arylation, presumably due to the increased steric
congestion around the reactive site of the diketone. Selective transfer of the
hindered group is a significant additional point, as this could not be achieved with
naphthols and non-cyclic diketones. Moreover, this selectivity holds true also for
extremely hindered groups such as 2,4,6-tri-isopropylphenyl, although the NMR
yield dropped significantly (23%). Methods for the functionalisation of diketones
with sterically hindered aromatic rings are particularly desirable, since numerous

agrochemicals contain this moiety.?** Another member of the Ball group is currently
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exploring bismuth as an efficient arylating agent for cyclic diketones. Malonates and
acetylacetone derivatives undergo arylation promptly and, if the activated position
is occupied by a substituent, yield only one product, as described in the bottom

three examples of Scheme 3.3. O-Arylation has not been observed for any diketones.

Nitrogen- and sulfur-based nucleophiles were briefly tested. Indole and indazole
smoothly underwent arylation (Scheme 3.4) but two regioisomers were detected in
both cases. For indazole separation and characterisation of the two species was
achieved and showed a slight preference for 1-arylation over 2-arylation (compounds
25a and 25b, respectively). 4-Fluroaniline was tested as well (Scheme 3.5), but
only decomposition products could be observed after 24 h. These are likely to derive

from the interaction of DBU with the bismuthonium, as discussed in Section 2.3.5.

[Ar}Bi|[BF4] 5a

N DBU N =
N ———> N+ N—ArF
/ CD3CN, rt, 18 h / -~ /

N N\ N

\

H ArF
25a 25b

Scheme 3.4: Arylation of indazole with bismuthonium 5a gave a 63:37
mixture of 1- and 2-arylated products, 25a and 25b, as determined by °F
NMR spectroscopy. Indole (not shown) gave a mixture of two isomers that
could not be separated effectively.

Finally, thiol analogues of phenol were tested (Scheme 3.5) but none of them
yielded arylation products, instead oxidation to the corresponding disulfides was
suggested as a possible side-reaction with these substrates. This pathway may be
enabled either by the aerobic conditions employed for this chemistry or by the
oxidising nature of bismuth(V), as reported by Barton.®”

Arf
[Ar} Bi|[BF4| 5a

. CDsCN,1t, 1d
NH, SH SNa STNHQ

Scheme 3.5: Additional substrates tested in the arylation with bis-
muthonium 5a. None of them provided any arylation products, as determined
by 'H and °F NMR spectroscopies and HRMS. Conditions: 1 equiv of 5a,
1 equiv of DBU for the first two examples, 2 equiv of DBU for the isothiour-
onium (3,5-dinitrobenzoate counterion omitted for clarity).
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3.5 Preliminary mechanistic investigations

Section 1.3.1 presented a list of summarised concepts extrapolated from the literature
regarding bismuth-mediated arylation and in particular it was pointed out that the

‘arylation reaction’ may in reality be constituted of at least five elementary steps:
1. Enol deprotonation equilibrium;
2. Nucleophilic attack of the resulting enolate, which forms a Bi—-O complex;
3. Berry pseudorotation;
4. Axial-equatorial ligand coupling;
5. Re-aromatisation.

Detailed mechanistic investigations are, however, absent in the literature, for example
there is no indication regarding which one of these steps is rate-determining or what
is the observed overall molecularity of the arylation process. In order to perform
some mechanistic investigations, a suitable substrate had to be identified. The high
rates at which naphthols and malonates undergo arylation makes studies of reaction
kinetics by NMR spectroscopy impractical. We therefore focused on phenols, which
were shown in Table 3.11 to undergo arylation in hours, rather than seconds.

Initially, the arylation of 4-fluorophenol with the homoleptic bismuthonium 5a
was studied by ""F NMR spectroscopy. The previous Section discussed the use of a
five-fold excess of phenol and base to prevent di-arylation. Those conditions were
also used in the coming experiments. The following hypothesis was tested: that the
rate-determining step of the arylation is the nucleophilic attack of the phenolate on
bismuth and that, consequently, the reaction follows bimolecular kinetics.

A shown in Fig. 3.15, the reaction exhibits net second-order kinetics, with a first
order dependence on both [Ar}Bi][BF,] and phenol. This holds true even though
the reaction was performed under pseudo-first order conditions in phenol: if the
reaction were overall first order it could not have been modelled as a second order
process. A dependance of the rate on the concentration of phenol and bismuthonium
is consistent with the rate-determining step being the nucleophilic attack.

To investigate the effects of phenol electronics on the rate of the arylation, an
absolute rates study was perfor}r{ned with different phenols and limiting [Ar} Bi|[BF4]
k i

5a. A Hammett plot of log (k‘f{
eff

kR = k[R-CgH4-OH]J, against o, gives an excellent correlation (Fig. 3.16).

), where kog are effective rate constants defined as
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[ArfBi]o — [ArFOH]o

Figure 3.15: The arylation of 4-fluorophenol with [Ar} Bi|[BF4] is overall a
second-order process (kgff =3.56x107° Mflsfl), with first-order dependance
on the two components. Reaction performed in an NMR, tube and monitored
by °F NMR spectroscopy. Conditions: 0.500 mmol of 4-fluorophenol and
DBU, 0.100 mmol of [Ar} Bi|[BF4] 5a in 0.600 mL of CD3CN.
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Figure 3.16: Hammett plot of the bismuth-mediated arylation of phenols.
The existence of a correlation suggests the rate-determining step of the
process involves the build-up of a positive charge. All reactions performed
in NMR tubes and monitored by °F NMR spectroscopy by absolute rates.
Conditions: 0.500 mmol of phenol and DBU, 0.100 mmol of [Ar} Bi][BF4] 5a
in 0.600 mL of CD3CN.

This further corroborates the hypothesis that phenol is involved in the rate-
determining step. A strongly negative p (—3.22) indicates high degree of sensitivity
towards the variation of the electronics of the phenol and the build-up of a positive
charge in the transition state of the rate-determining step, which is consistent with

the phenolate donating its electrons to establish a Bi-O bond.

The proposal that the nucleophilic attack is rate-determining is consistent with
the fact that the complex resulting from the coordination of the substrate could
not be detected by NMR spectroscopy. It has been noticed that the F NMR
bismuthonium peak moves from —107.0 ppm to —110.5 ppm as soon as a phenol
and DBU are added (see also Fig. 2.11 for a similar phenomenon). When a
considerable excess of those two reagents is used, as in the reactions just discussed,

the peak intensity decreases over time and gives the plots above. Interestingly,
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when the excess is small, the peak is observed to move back towards —107.0 ppm
with the reaction progression. A similar but opposite behaviour has been described
in Figs. 2.7-2.9 with regard to the decomposition of the bismuthonium when
exposed to DBU, a process whose rate-determining step was demonstrated to
involve a bimolecular transformation. The decomposition reaches completion in
ca. 18 h. Moderately electron-poor phenols, such as p-bromophenol and methyl
4-hydroxybenzoate, underwent slow arylation over the course of 9 d, with the
bismuthonium showing a significantly longer life span in comparison to the reaction
in the absence of phenol.

A plausible explanation for these observations is presented in Scheme 3.6: DBU
forms an adduct with the bismuthonium, whose chemical shift moves upfield to
—110.5 ppm; the complexation of DBU is reversible but fast on the NMR scale,
so the free bismuthonium and the adduct coalesce and one peak is detected; the
ArEBi*- --DBU adduct is then attacked by the phenolate in the rate-determining
step, releasing the coordinated DBU; the effectively irreversible ligand coupling
consumes phenolate, which is removed from the initial deprotonation equilibrium,
which in turn irreversibly generates DBU-HT; since the latter is less likely to form
an adduct with the bismuthonium, at small excesses of DBU the concentration of
such adduct decreases as the reaction proceeds; the position of the coalesced NMR
peak moves with the variation of the relative concentrations of the components of
the equilibrating reaction, i.e. the free bismuthonium and this adduct. Finally, the
extended life span of the bismuthonium must depend on some kind of inactivation
of DBU caused by the phenol. The most reasonable pathway is the deprotonation
of the latter by the former and production of DBU-H™, which would likely not

form adducts with bismuth.

ArOH

+
DBU-H 1 DBU

ArO~ DBU
. fast
ArfBit + DBU —<== AfBi*DBU M |:Ar4FBI*OAr} BN Products
6 = —107.0 ppm op = —110.5 ppm

Scheme 3.6: DBU is suspected to form adducts with the bismuthonium,
which causes the chemical shift of the bismuth species to move upfield. The
adduct is proposed to break as a consequence of the nucleophilic attack of
phenolate. With small excess of DBU the concentration of its adduct with
Bi decreases over time, which is reflected by the drift of the bismuthonium
chemical shift towards the initial value of —107.0 ppm.
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The complex resulting from the nucleophilic attack then proceeds towards the
ligand coupling step. The ligand coupling is the selectivity-determining step for
both the regioselectivity (O- vs C-arylation) and the chemoselectivity (transfer of
Ar’ vs Ar), since it is effectively irreversible due to the high kinetic barrier of the
reverse reaction. The origin of the imperfect regioselectivity, in which O-arylation
was observed for all phenols, is not yet clear. On the other hand naphthols and
diketones were not observed to undergo O-arylation.

With reference to the chemoselectivity discussed in Section 3.3.1, it is clear that it
is the consequence of several effects, whose separation and impact determination were
not as straightforward as desired. From a synthetic perspective this methodology
would be of limited use as it currently stands, since only five bismuthonium salts
over the forty-four tested managed to transfer the unique group with a selectivity
greater than 10. Separation of the two products by conventional chromatography is
hard most of the times and has never been achieved in satisfactory purity for any
of the examples discussed here. The last Chapter of this Thesis will discuss initial

investigations into a true solution to the chemoselectivity challenges faced hitherto.

144



A

T RIDENTATE
LIGANDS
FOR
BISMUTH







Given that heteroleptic tetra-arylbismuthonium salts undergo ligand coupling with
little selectivity for transfer of the unique aryl group, and that this selectivity could
not be reliably predicted, an alternative strategy was pursued. A brief survey
of the literature showed that, for simpler triaryl bismuth species, similar issues
have been addressed by linking together the ‘spectator ligands’, thus generating a
bipodal structure. The nature of the linker varies, with essentially three classes of

compounds (see Fig. 4.1):

e I no bridging atom between the two spectator ligands, which are thus forming

a biphenylene unit;34%-346

e II, CHyN(alk)CHy as a linker;47

e III, a single atom linker A, where A is CHa, S, SO2,34® or S(=0O)NCF3.34

oo o

|
r Ar A
I 11 111

—X

— We—=

Figure 4.1: Bipodal complexes of bismuth known so far. Three different
linkers are shown.

Fedorov and Finet studied the biphenylene system I in the arylation of phenols:3%%

at first, a trigonal bipyramidal structure is formed from the coordination of the

substrate (see Scheme 4.1). The authors suggested that the selective transfer of

Scheme 4.1: During the arylation, the rigid biphenyl scaffold forces the exo-
cyclic group to be equatorial thus favouring the coupling with the phenoxide

ligand. Adapted from Fedorov and Finet.3%°
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the exocyclic group is then achieved through an equatorial-axial ligand coupling
between the phenoxide, which, due to its apicophilicity, lies in the axial plane, and
the exocyclic group. In fact, the latter is now free to lie in the equatorial plane and
rotate around its bond with Bi, while the biphenyl unit, the spectator ligand, is
blocked in a rigid, and thus unfavourable, conformation across the equatorial and
axial planes.?> The same principle applies to the other classes of bismacycles.
These premises represented the basis of another project that was carried out and
recently published by the Ball group, in which the authors established a convenient
and modular methodology to transfer the exocyclic group to phenolic substrates, in a
completely selective fashion (see Scheme 4.2).318 This was achieved with the support
of a sulfone-bridged bismacycle, onto which the exocyclic group was installed via
transmetalation from a boronic acid. Both the transmetalation and the arylation
steps were conducted under mild conditions, showing a broad tolerance to functional

groups, both on the substrate and the transferred group.

H
o O
\\S// B(OH), \\S//
:: i :: —_— :: i :: —_—
it K2COj3 it mCPBA
OTs

Scheme 4.2: The sulfone-linked scaffold allowed the construction of ca. 50
2-hydroxybiaryl compounds, wvia selective transfer of the exocyclic group.
The latter can be introduced through a modular B-to-Bi transmetalation
process.>!® het = heterocyclic.

Given the success of this concept when applied to the triaryl manifold, a
transposition to the tetra-arylbismuthonium was planned. Bipodal ligands could
be employed in the bismuthonium manifold and preliminary results within the
group showed that they are capable of supporting the introduction of a fourth aryl
group via the standard oxidation/transmetalation protocol discussed in the previous
Chapter. However, despite the fact that they would represent an improvement over
the non-linked system, this would not be a definitive solution to the selectivity
problem, since there would still be competition between two groups. Therefore, we
focused on their tridentate analogues.

Only four examples of tripodal complexes of bismuth are currently present in the

351-356

literature, with only one of them having been characterised crystallographically.

Due to this dearth of precedent, we looked into similar complexes of lighter main
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group elements. We also reasoned that, given the unprecedented nature of our
research, we were in the position to design a tripodal ligand from scratch, following

a rational design approach. A few features were deemed vital:

1. both the ligand and the resulting Bi complex should be isolable and stable to
air and moisture, so that this species could represent a convenient universal

precursor for the bismuthonium manifold;

2. the synthesis of the complex should be as practical and high-yielding as

possible, especially in view of scale-up;

3. the new species should be compatible with the oxidative conditions for bis-

muthonium synthesis;

4. although not strictly necessary, a high degree of symmetry would also be
desirable, so as to simplify characterisation and reaction monitoring, especially

via NMR spectroscopy.

To comply with our first point, we excluded from the list of potential candidates
ligands which would form weak, non-covalent bonds with Bi, such as pincer ligands
(Fig. 4.2), since these compounds normally require strictly inert conditions.3%%:35
Moreover, the pendant arm, normally based on oxygen or nitrogen atoms, is easily
oxidised,?%% and the Bi centre, due to the stabilising donation of electron density
from these heteroatoms, is also more prone to be attacked by acids.?¢! Although
possibly limiting, an additional criterion to restrict the research to complexes
containing three Bi—C bonds was set, on the basis that the only two reported
tripodal complexes for bismuth in which the ligand is not bound to the pnictogen
through C-Bi bonds, but rather via O-Bi bonds, were found to be either unstable

in solution3°6 1,362

or completely insoluble in any solven
We envisaged that we could split the remaining candidates into two classes (see
Fig. 4.3): linearly linked (in some cases, macrocyclic would be the term of choice

in classic coordination chemistry) complexes and bridged complexes, in which the

/
Me

Figure 4.2: Some examples of pincer complexes of bismuth.3*7 359 All of
them require handling in strictly inert conditions.
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\L_/ K J
A
macrocyclic bridged
complexes complexes

Figure 4.3: The two classes of potential tripodal complexes for bismuth, as
envisaged in this Section: macrocyclic, or linearly linked, and bridged. L is a
generic ligand, A is the atom in the second bridge-head position.

Bi atom sits in at least one of the two bridge-head positions. The following Sections

will provide an overview of both systems.

4.1 Linearly linked ligands and their complexes

This class of compounds represents the first obvious approach when a constrained
tripodal ligand is sought. A further distinction within this set can be drawn, whether
all the three possible linkages are in place, or one of them is missing, thus forming
a partially cyclic system. Examples of both the possibilities are found in Figs. 4.4
and 4.10, respectively.

The first sub-type is commonly referred to as ‘(hetero)triangulenes’ and has
been investigated since the early 1970s, when Hellwinkel and Melan synthesised the

parent compound IV (see Scheme 4.3) by intramolecular Friedel-Crafts acylation

3
N PPA
_— >
3 180 °C, 16-18 h
OMe

o

v
46%

of 2,2’,2'"-nitrilotribenzoic trimethyl ester.3

Scheme 4.3: The first synthesis of a heterotriangulene was achieved by
Hellwinkel in 1971.3%3

The reaction was carried out in the presence of PPA at 180 °C for 16-20 h,
forming insoluble crystals with a modest 46% yield, due to the formation of partially

cyclised intermediates. An improved version of this process was published in 2002
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A D/A 8/° Ref. A D/A 8/° Ref.
N 0 180 363,364 B 0 180 365
N 0.59 166 366,367
P 227 121 368
As / / 368
0 0 PhN NPh
A A
0 N
Ph
VI VIII
A D/A 8/° Ref A D/A  8/° Ref.
B 0 180 369 B 0.13 177 372
N 086 156 370 SiMe 1.98 124 372
P 245 114 371 P 1.89 118 372
Sbh / / 351
Bi / / 351

Figure 4.4: Summary of triangules currently reported in the literature.
Excluded from this Figure are compounds that do not possess D3y /Csy
symmetry (depending whether they are planar or concave, respectively), such
as structures with different linking atoms. D is the bowl depth, defined as
the distance in A between the central atom A and the centroid, Q, of the
mean plane passing through the three para-Cg,. atoms. The cone angle, 0, is
defined as the average of 2 -£ Q-Cipso-A for the three Cipso.
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by Field and Venkataraman,?64 who formed the tri-acyl chloride analogue of the tri-
ester used previously and subsequently cyclised it with catalytic SnCly, achieving
an overall 80% yield. This N-triangulene is perfectly planar.

Three years after the first synthesis of a heterotriangulene, the same authors
modified their original approach by reacting their precursor ester with MeLi, so as
to form the corresponding tri-carbinol. This was later cyclised in the presence of
phosphoric acid, affording Va, as per Scheme 4.4.3%6 Interestingly, this compound
possesses a shallow concavity, with a 0.59 A bowl depth and 166° cone angle, as
defined in Fig. 4.4.357 Moreover, the dimethylmethylene linker prevents the tight
facial packing observed for IV and, while still preserving a structural restraint, it
allows a certain degree of flexibility. The combination of these two factors is thought

to be responsible for its excellent solubility in common organic solvents.

N MelLi N H3PO4
5 THF 5 THF
OMe OH 35°C,35h

13% Va
36%

Scheme 4.4: Starting from a tricarbinol, rather than from a triester, grants
access to a less polar, and thus more soluble, triangulene.?5

The B, P and As counterparts Vb—d were obtained by similar transformations,
i.e. a two-fold Brgnsted or Lewis acid (LA) catalysed Friedel-Crafts alkylation on
5-(2,6-di-isopropenylphenyl)-10,10-dimethyl-5,10-dihydroacridophosphine, -arsine,

409 999
Vb—d

Scheme 4.5: A two-fold Friedel-Crafts reaction can be carried out on the
compounds depicted for A = B (Vb), P (Vc) and As (Vd) to give the
corresponding angulenes.3%%3%® Yields were not reported by the authors.
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or the boron analogues (see Scheme 4.5).365368 While the boron complex Vb is
planar, Ve and Vd show a similar degree of concavity /pyramidalisation, which is
significantly more pronounced than for Va, with a 2.27 A bowl depth and a 29.5°
cone angle in the case of the phosphangulene Vc. Although the heteroangulenes
presented so far laid the foundations for a new field of macrocycles, their syntheses
cannot be applied to bismuth, since the strongly acidic conditions employed in the
cyclisation are not tolerated by complexes of the heavier pnictogen, which would

undergo protodebismuthation.

In 1997, Krebs and co-workers optimised the synthesis for the first triangulene
with a heteroatom acting as the linker between the three aryl moieties.?” Specifically,
they focused on phosphorus as the central atom and picked oxygen as the linker.
Their elegant procedure started from 3-fluorophenol (see Scheme 4.6), which was
protected with a THP group. A directed lithiation was then performed between the
two substituents, the resulting organolithium was consequently quenched with PBrs,
S0 as to get to the triaryl phosphine. The protecting group was then hydrolysed
and finally the structure was cyclised by a three-fold intramolecular Sy Ar reaction.
The resulting phosphangulene VIa has the deepest bowl depth and tightest cone
angle (2.45 A and 114°, respectively), among all the triangulenes ever reported (see

Fig. 4.4 for a summary).

OH oTHP 1y "Bubd, THE OTHP
-tsc05h
neat 9 PBrg, THF
rt, 1.5 h ) _78°C. 1h
F
83% 65%
HCI
MeOH
0
P:© KOtBu
O\ij/o 200 c 1h
91%
Via
86%

Scheme 4.6: Krebs’s strategy for the synthesis of a phosphangulene encom-
passes the formation of three C—P bonds followed by macrocyclisation via
three-fold SxAr.*™
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Yamamura and co-workers were interested in understanding the effect of linking
atoms on the geometry of phosphangulenes, so they prepared a series of complexes

373,37 Ag illustrated in

in which one oxygen at a time was replaced by sulfur.
Scheme 4.7 for the fully substituted example VII, this was achieved by selective
functionalisation of the desired number of hydroxide groups of the same tri-ortho-
hydroxyarylphosphine used by Krebs, with thiocarbamoylchloride. This was followed
by Newman-Kwart rearrangement, deprotection of the sulfur and finally cyclisation
in the usual SyAr fashion. They observed that the increase in the number of sulfur
atoms made the bowl shallow, with bowl depths varying progressively from 2.45 A
to 2.01 A. A direct consequence of this could also be noticed in the 3P NMR
chemical shifts, which varied from —133 ppm for the fully oxygenated compound to
—69 ppm for the one with three sulfur atoms. The authors suggested that such a
marked difference is due to the hybridisation change of the phosphorus atom, with
the oxygen phosphangulene having the most pronounced s character. The overall
simplicity of this procedure makes it appealing for a transposition to bismuth, with
only the deprotection in acid conditions requiring adjustment.

S

OH )L o} S
™ NMe, =
DABCO NMe,
3P DMF, 70 °C 3P
F F
7%
220 °C
S
S 0 1) NaOMe
THF, 70 °C
_—
NMe, _ HSiCly, EtsN P
3P toluene, 120 °C S S
F
96%
VII
42%

Scheme 4.7: Through a controlled introduction of 1 to 3 equiv of thiocar-
bamoyl chloride, Yamamura et al. were able to selectively substitute the
linker atoms in phospangulene.?”* The fully substituted compound is shown.

Boron and nitrogen analogues of the parent phospangulene were obtained in
2016 and 2005, respectively.35%370 Both the syntheses followed different approaches
to that used by Krebs: instead of building the three linkers at the same time

in the last step, both Oi and Okada assembled a linear precursor of the desired
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ligand, then installed the central atom, and finally formed the remaining link by
intramolecular SyAr reaction. Scheme 4.8 reports the procedure followed to make
boron triangulene VIb. The justification for this deviation from Krebs’s protocol is
found in the fact that the borylation of the tri-lithiated fluorinated intermediate
proceeded with difficulty, due to elimination of LiF and benzyne formation, before

the desired reaction could be accomplished.

0 OMe
OH I CuI, L
Cs2CO3 ) nBuLi
—+ R — —>

NMP ) BF3-OEt2 oM
o (e} OMe €

110 °C, 20 h OMe

OH OMe

95% 22%
1) BBr3
2) Tf,0
DMF, MW
\@/ 240 C 4 h \©>0Tf
VIb 88%
87%

Scheme 4.8: An alternative to Krebs’s method: the three linkers are formed
in two separate operations to avoid benzyne-derived side-products. Ligand L
in the first step is dipivaloylmethane.35°

A completely different strategy was pursued by Nakatsuka et al. in order to
overcome the fact that, in all the other methods presented so far, the central
atom had to be inserted in early stages thus forcing the following steps to be
atom-specific rather than of broad applicability.3™ The authors envisaged that a
macrocyclic ligand, in which the linkers were based on nitrogen atoms, could be
prepared beforehand, with the central atom being subsequently introduced. The
procedure is presented in Scheme 4.9 and encompasses a series of Buchwald-Hartwig
amination reactions, the last of which represents the final cyclisation. The latter
was required to be conducted at very high dilution (0.007 m), slowly adding the
substrate to the reaction mixture over the course of 17 h. The overall yield for
the ligand synthesis was 24%. This was then subjected to tBuli for a quite rare

Li—Cl exchange* and the resulting intermediate was quenched with the electrophile

*Normally deprotonation of the position ortho to the chlorine is favoured over this, unless there
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Pds(dba)s Pds(dba)s
BINAP tBusP Cl
al NaO¢Bu ’ al u NaO¢Bu
Br Cl PhNH> _N N m-1CgH4Cl
Ph Ph ————>
toluene toluene
100 °C, 3 d rt, 18 h Nepp
Pdaz(dba)s, SPhos
NaOtBu, PhNH2
o-xylene
60 °C, 34 h
Ph Ph
\ H
N tBuLi N Pda(dba)s N\Ph
1) 50 °C SPhos
A 0.5-2h al NaOtBu Cl
2) AX3 toluene
N N _N N . 17 h _N N
Ph Ph Ph Ph ’ Ph Ph
VIIla—c

Scheme 4.9: Nakatsuka and co-workers pre-assembled the macrocyclic lig-
and, installing the central atom only in a later stage:*> A = B (VIIIa), SiMe
(VIIIb), P (VIIIc). Conditions for the last step: BBrs, tert-butylbenzene,
—45 °C, 1 h, followed by, in the same pot, iPraEtN, 165 °C, 14 h gave VIIIa
in 45% yield; MeSiCls, 150 °C, 18 h gave VIIIb in 52% yield; PCls, toluene,
50 °C, 2 h, the solvent was then exchanged for o-dichlorobenzene, then Sg,
110 °C, 12 h. This gave the phosphine sulfide which was reduced to the final
product VIIIc with PEts, o-xylene, 120 °C, 2 d in 58% overall yield.

of choice: BBrg, PClg or MeSiCls.

step was conducted in relatively harsh conditions, depending on the heteroatom

The final electrophilic aromatic substitution

that was incorporated. In a patent application from 2018 by the same research
group the applicability of this procedure to the synthesis of Sb and Bi analogues is
mentioned.?>! Interestingly, the boron compound VIIIa shows a slight deviation
from planarity, which is not discussed by the authors. The phosphangulene VIIlc,
on the other hand, assumes a bowl-shaped geometry, as expected from previous
results, although with a shallower bowl depth (1.89 A) compared to the oxygen-
linked phosphangulene VIa. Despite the originality of this approach, the rather
complex sequence of catalysts and conditions along with the poor overall yields

(11-14%) were deemed detrimental to a practical use of this method.

are no protons there, as in this case. Also, given the peculiarity of the position of that chlorine,
the formation of the incipient lithiated species might also be favoured by the strain release that
takes place by replacing a big chlorine with a small lithium.3"?
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4.1.1 Partially linked complexes

In order to avoid complex syntheses, such as that of Nakatsuka, partially linked
ligands were also considered. Only five compounds of this kind have been described
in the literature.3”>37 Scheme 4.10 shows the only phosphorus complex. The
other four reported compounds contain either a different central atom (B or N)
or a different atom in the linker (O or S). The nitrogen homologues were both
obtained via twofold Sy Ar reactions of appropriately functionalised triarylamines,
similar to Krebs’s method. On the other hand, the boron and phosphorus de-
rivatives were all made by mono-directed lithiation of 1,3-diphenoxybenzene or
1,3-diphenylthiobenzene, followed by transmetalation either to BBrs or PCls and
finally electrophilic aromatic substitution to form the two linkers. Notably, for the
boron compounds, the final borylation was conducted without a Lewis acid, in the

presence of Hiinig’s base.

/@\ 1) nBuLi
o o 2) PCl3 0 o
I

3) Ss
—_—> PCl,
benzene
80 °C S
1) AlCls
2) iProEtN

benzene, 80 °C

0] 0 0] % 0] 0 (0]
EtsP p mCPBA

P — —_— P
o-xylene I DCM I
120 °C 5 0°C
IXa IXb

Scheme 4.10: Partially linked complexes are restricted to boron,3">37®

nitrogen,3”®3™ and phosphorus,®” with no evidence in the literature for
heavier atoms. Nakatsuka’s synthesis of IX illustrates the necessity of
separating the formation of the three P-C bonds in two different operations.?””

Considering that, in order to form three C—A bonds in one step, a triple lithiation
should be feasible, it is interesting to notice that none of the authors attempted
this, deciding instead to separate the formation of the three bonds into two different
operations (see Scheme 4.10 for a representative example). A possible explanation for

pursuing this approach would be that, this way the risk of oligomerisation is reduced:
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once the carbanion is quenched by the electrophile, intramolecular electrophilic
aromatic substitution is favoured over intermolecular. The same argument would
not be possible in case of tri-lithiation, where two different molecules of electrophile

could quench two sites of the same lithiated ligand, thus initiating oligomerisation.

4.1.2 Different macrocycle size

Finally, bigger and smaller macrocycles were examined, since shortening or length-
ening the linker(s) is likely to have the most significant impact on the geometry
and strain of the resulting complex. We reasoned that additional strain would only
be detrimental in the case of bismuth, since the atom is significantly bigger than
its lighter counterparts, and Bi—C bonds are weak and prone to intermolecular
exchange. Moreover, the only synthesis we could find for a complex with shorter
linkers employed extremely harsh conditions (PPA, 180 °C) to form the linkers and
was only optimised for nitrogen as the central atom, heavily relying on its nature
for the complex synthesis.?? For these reasons it was decided to exclude smaller
macrocycles from the pool of potential ligands for bismuth.

On the other hand, considering that the bismuth atom in simple, non-linked or -
bridged triarylbismuth complexes undergoes two structural changes, when going
from Bi'!! to bismuthonium(V) (from trigonal pyramidal, to trigonal bipyramidal, to
tetrahedral), the flexibility granted to a tripodal ligand by longer linkers should be
able to better accommodate these variations. Unfortunately, only one structure could
be found that contained three longer linkers.®? Its synthesis is reported in Scheme
4.11. This encompasses firstly, a double Sy2 reaction, initiated by deprotonation
of the more acidic benzylic position ortho to the sulfonyl group.38! This forms the
core structure of the ligand, which then undergoes reductive desulfonylation using
sodium amalgam. The resulting tri-bromide is then subjected to lithium-halogen
exchange and borylation with BF3-OEts. Finally, bromodemethoxylation with BBrs
enables the Ni(COD), catalysed homocoupling to give the cyclised compound X.382
The yields for some of the steps were not reported, but the borylation is said to be
particularly challenging, with yields between 14 and 45%.381:382

As evidence of the higher flexibility and unlike triangulenes, the structure was
found not to adopt a trigonal planar geometry, with both aryl rings and ethano-
linkers laying out of the plane defined by the boron atom and the three carbon
atoms attached to it. In fact, a Cg, axis that passes through atoms C1 and B
could be identified (see inset of Scheme 4.11). Moreover, the energy required for an
edge inversion is only 8 kcal/mol, as measured by VI-NMR experiments, since the

process requires flipping of a single ethano linker.382
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Scheme 4.11: The currently only reported synthesis of macrocycle con-
taining a main group element in the central position and with linkers longer
than one atom.*®"*%2 In the crystal structure, shown along the C1-B1 axis
C1, C7 and C13 are the sp? carbon atoms directly connected to boron B1.
Thermal ellipsoids data for this structure are not available from the CCDC.

The next Section will cover bicyclic complexes in which at least one bismuth
atom sits in one of the bridge-head positions. Bridged complexes for other elements

of Groups 14 and 15 will be discussed as well.
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4.2 Bridged complexes

Bicyclic systems have always piqued chemists’ interest, due to the great strain
that characterises them and the possibility of peculiar interactions between the
two atoms in the bridge-head positions. Very few compounds without aryl ligands
have been described. The three most significant examples are depicted in Scheme
4.12. The first one is the only bismatrane reported in the literature. It was
made in 1940 by Miller by reacting triethanolamine with bismuth hydroxide in
ethanol.3®3 Despite the simplicity of its synthesis, this compound was soluble
only in water and lower alcohols and was oxygen- and light-sensitive. Moreover,
aqueous solutions of the compound underwent irreversible hydrolysis, which could
not be prevented by the addition of triethanolamine.?®3 One example of aromatic
bismatrane, constituted of three 2-hydroxybenzylamine moieties, was prepared by
Wilson et al. but was found to decompose in solution, so it will not be discussed
any further.?® The second example is the only barrelene-like compound ever

reported in which bismuth sits in one of the bridge-head positions. It was obtained

OH

a) HO HO Bi(OH)s
\V \} EtOH, 65 °C
N

COsMe

b) ‘ ‘ 1) BiBr3 ‘ X CO2/|\/|e [@COQME
Sn 2) DBU = hexanes Bi / CO2Me
o ? e 99%
0
CF3
/ e
F3C
c) P FsC b _cF
"« 200 °C, 8 h F.c b )k
FsC
43%

Scheme 4.12: Bismatrane (a) and two heterobarrelenes with Bi (b) and P
atoms (c) in the bridge-head positions. The first is easy to synthesise but
suffers from limited stability.3¥3 The synthesis of barrelenes is not trivial and
suffers from limited scope.3%%:384
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as the product of a Diels-Alder reaction between the extremely acid sensitive

352,385 and dimethylacetylenedicarboxylate. Bismabenzene, in turn,

bismabenzene
was prepared in situ by treating stannacyclohexa-1,4-diene with BiBrs. Finally,
the third example is a diphosphabarrelene obtained by treating red phosphorus
with the same bistrifluoromethylacetylene.?®* Conditions for this required catalytic
iodine and heating at 200 °C for 8 h in a sealed vessel under autogenous pressure.
The diarsa-analogue was also obtained in a similar way. Both compounds are
very insoluble and quite volatile, but relatively stable due to the strong electron-
withdrawing effect of the six trifluoromethyl groups, which render the phosphorus or
arsenic atoms less basic than usual. Due to the synthetic challenges and limitations,
only aromatic barrelene-like structures will henceforth be considered.

In 1942, in a paper showcasing the synthesis of 9,10-0-benzenoanthracene, Paul
Bartlett proposed to name such compounds ‘triptycenes’, after ‘the triptych of an-

tiquity, a book with three leaves hinged on a common axis’.?® In the 1970s, several

sy

# IX Y  Ref. CCDC # IX Y  Ref CCDC
1 CH CH 386 TRIPCN 13 N p 400401 \BPAZAS
2 BPh~ CH 387 VOZJIG 14 N  As 402 /

3 N CH 38  CEMPAL* 15 P BPh~ 40  CEYRIKO1
4 P CH 389 ASTRPB 16 P SiOH 4%  OWOMAQ
5 As CH 390 ASTRPA 17 P SnPh 3% LOCLIB
6 Sb CH 391 / 18 P As 39335 /

7 SiMe SiMe 35392 HAXSEE! 19 P Sb 353405 KUDCOCS
8 N N 393 / 20 P Bi 354 /

9 P p  3943%  DPTRYP 21 As Ge 406 WIZRIG
10 As  As 396 WIZROM 22 As Sb 39339 /

11 Sb Sh 39739 KATTIJ® 23 Bi SiF 355 RANYIR
12 Bi Bi 399 /

Table 4.1: Most relevant triptycenes know in the literature and their
corresponding reference of first report. For entries 7, 11, 18, 19 and 21 the
first reference corresponds to the synthesis of the perfluoro analogue, which
was chronologically antecedent. CCDC Database Identifier are reported
too for ease of consultation. * Inclusion complex of Cgo fullerene; TIn the
reported crystal structure Y = SiOH; ¥ Crystal structure of the tris-3-methyl
or tris-3,4-dimethyl analogues.

161


https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1275698
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1908093
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=133725
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1905040
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1103729
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1172962
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1145438
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=148473
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=269390
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1209910
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1824471
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1060983
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1870406
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=725597
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=148472
https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=1512906

groups extended the scope to heterocyclic analogues of the parent compound. At

first, bi-cycles with only one heteroatom were investigated, 3391 then the same het-

353,394,396,399 and ﬁnauy) more

354,355,400,402,405

eroatom was inserted in both the bridge-head positions,
recently, two different heteroatoms were included in those positions.

A summary of the most relevant examples can be found in Table 4.1.

4.2.1 Mono-substituted heterotriptycenes

All the mono-substituted heterotriptycenes were originally made by installing the
bicycle structure over a pre-assembled extended aryl system, i.e. by forming a
second bond between a free aryl group and the base ring, as seen in Scheme 4.13.
The third ring can be installed either in the benzylic position, as has been done for

388,390 or on the heteroatom, as for the phospha- and

the aza- and arsatriptycenes,
stiba- analogues.?®?391 The final bicyclisation occurs via intramolecular addition
of either the heteroatom or the benzylic carbanion to the benzyne, formed by
elimination of a conveniently placed chlorine atom beta to the bridge-head position.
The two possibilities were exploited for the azatriptycene, in the former case,3%®
and for phospha- and stiba- compounds, in the latter.389391 Arsatriptycene, on the
other hand, was obtained by PPA-catalysed cyclisation to afford the arsine oxide,
which was subsequently reduced to the final compound with SO /HCL.3% However,
the latter can also be obtained via the benzyne method.3%!

Jongsma, who pioneered the syntheses of the phospha- and stibatriptycenes,
observed that the benzyne intermediate was not easily formed and that the benzylic
carbanion tended to decompose before it could react with it.3?! This explains the
mediocre yields obtained (<35%). Therefore, he envisaged that the use of lithium
piperidide instead of LDA would facilitate benzyne formation, since the former had
been shown to enable higher rate constants, thus making the competition more
favourable.97 Interestingly, he also pointed out that, due to the longer C-Sb bonds,
the carbanion would have been farther from the benzyne, hence making the reaction
less likely and more difficult. Nevertheless, in the end, the desired compound could
be obtained. This argument remains valid for bismuth and could explain the lack of
an analogue with this element. The immediate precursor could in fact be obtained
via Suzuki’s method (see Scheme 4.28), i.e. by quenching the Grignard generated
from bis(2-bromophenyl)methane with BiClg in the presence of KI, in order to
generate the corresponding Bi-1 (obtained by Suzuki only in 12% yield).?4® This
could then be subjected to an appropriate ArMgBr species. It remains uncertain if

the final cyclisation would be feasible.
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1) ZnCly, 260 °C | Cl
o O O
N

: MgBr H
P P
/\ \
Cl Cl
VA

SnMes Cl
S S‘b
a b) or c)
‘\)\‘ 5 min, 100 °C ‘\)\/‘ .:

Scheme 4.13: Almost all the syntheses of mono-heterosubstituted tripty-
cenes relied on the intramolecular addition of the heteroatom to a benzyne
formed with different strong bases: a) KNHz, NHs, 17%;%*® b) LDA, 35%;°
c) LTMP, 20%.3%! The arsatriptycene represents an exception, since it was
obtained via electrophilic aromatic substitution, with the highest yield among
these: d) PPA, 40 min, 110 °C, then SOz, HCl, CHCls, 64%.3%° No viable
route has been reported for the Bi analogue. Z = P, Sb. A = N, P, As, Sh.

163



Only recently was a novel route developed for the formation of phosphatriptycene.
This is discussed in Scheme 4.14. The procedure exploits the directed mono-
lithiation of tri-(3-methoxyphenyl)phosphine oxide. This is followed by quench
with phenylchloroformate to install a phenoxycarbonyl functionality. Successively,
this is attacked by the two carbanions generated by a second directed lithiation
on the other two rings. This affords 1-phospha-6-hydroxymethyl-triptycene in 51%
yield.4%® Deoxygenation could be achieved via the Barton-McCombie reaction, with
a remarkable overall yield of 36%, as demonstrated a few months ago by Hu et
al.A% These authors also showed that it is possible to lithiate the starting material
thrice first, then quench it with 1 equiv of the chloroformate, so as to make the

triptycene in situ. If the chloroformate is replaced with triphenylphosphite, the

process brings forth the corresponding 5,10-diphosphatriptycene oxide.*1?

OMe

tBuLi PRO. -0 O

1) THF
P
~78°C,2h P OMe DA MeO ‘ OH " oMe
3 s — 2 —
CICO2Ph THF b
2) THF —78°C,5h i Q
—78-25°C,
OMe °on OMe g9 52%
NaH
CIC(S)OPh
THF
rt, 2 h
OMe
O 20 mol% AIBN
MeO ‘ OMe  TMSsSiH
i el
toluene
i P Q 110 °C, 3 h
80%

Scheme 4.14: Kobayashi’s approach to the synthesis of phosphatriptycene:
the atom that will be in the second bridge-head position in the product is
installed by addition of phenyl chloroformate to a mono-lithiated triarylphos-
phine. Subsequently, the electrophilic groups undergoes a double attack by
two carbanions, thus yielding an hydroxy derivative of phosphatriptycene.%®
Hu and co-workers recently showed that deoxygenation can occur via the
Barton-McCombie protocol.*%?

4.2.2 5,10-disubstituted triptycenes

With regard to 5,10-disubstituted triptycenes, the landscape is more varied. Con-
trastingly from mono-substituted triptycenes, almost all the procedures build the

desired bicyclic system from simple, appropriately functionalised benzene rings,
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the only exception being azarsatriptycene. This makes such compounds poten-
tially more interesting for our aims. The oldest synthesis dates back to 1927,
when McCleland serendipitously obtained the diarsa compounds by distilling 1,2-
bis(chloro(phenyl)arsaneyl)benzene at 340 °C (see Scheme 4.15).3%

Cl
\\ / \
AsPh AsPh
PhAsO PCI; As
>
340 °C 1 As@
AsPh AsPh AsPh

O OH C‘l

28% 33%

Scheme 4.15: The oldest synthesis for a diheterotriptycene dates back to
1927. Diarsatriptycene was isolated as one of the decomposition products of
1,2-bis(chloro(phenyl)arsaneyl)benzene, during attempts to purify the latter
by distillation.3%¢

When new explorations in the field started again in the 1970s, a distinction was
drawn between ‘direct’ and ‘indirect’ syntheses.*!! The former type encompasses
the reaction between 1,2-dihalobenzene with the desired metal in its elemental
state. This also represents the oldest approach and was pursued predominantly
by three authors (see Scheme 4.16): Weinberg in 1971,3%% Al-Jabar in 1984,3%7
and Humphries in 1987.3% Conditions are normally extremely harsh: Weinberg,
for example, reacted 1,2-dichlorobenzene with 8 equiv of white phosphorus, in the
presence of catalytic FeCls, at 280 °C (the boiling point of white phosphorus) to get
diphosphatriptycene in a 20% yield (see Scheme 4.16a).3°* The latter could also be
oxidised quantitatively to the dioxide by treatment with peracetic acid. Despite the
modest yield, the process can be safely carried out on a decagram scale: the author
performed the reaction on 0.5 mol scale, which required 0.6 Kg of white phosphorus.
Al-Jabar and co-workers, on the other hand, focused on perhalogenotriptycenes,
exploring their substitution with different heteroatoms. Under similar conditions
(250 °C, 4 h) they obtained perfluoro-and perchlorodiarsatriptycene in 60% and
20% yield, respectively (see Scheme 4.16b).397

Finally, Humphries et al. replaced the dihalobenzene with ortho-phenylene-
mercury, a trimeric mercurial made by pyrolysis at 300 °C of mercuric-2,3,4,5-
tetrafluorobenzoate.*!'? Reacting this compound with fine metallic powders of As,
Sb or Bi afforded the corresponding di-substituted triptycenes, as shown in Scheme
4.16¢. Unfortunately the yields were so low that there was only enough material for

IR and GC analyses. Using the perchloro mercurial as starting material increased
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Scheme 4.16: ‘Direct syntheses’ of di-substituted triptycenenes: a) The
strength of this method resides in the wide availability of all the components,
however use of Py is required, A = P, R = H;*** b) Perfluorotriptycenes were
first synthesised by Al-Jabar, A = Sb, R = F;**7 ¢) The use of mercurials
extended the scope to Bi compounds, although yields remain very poor for
non-perchlorinated species, Q = R = H, Cl; A = As, Sb, Bi.?®

the yields to a more acceptable 60-70% for both Sb and Bi. The reason for the
discrepancies in yields between simple and perchloro compounds must be sought in
the fact that these reactions do not occur below 250 °C but, at the same time, non-
halogenated triptycene were shown to decompose above 100 °C. A workaround was
found almost ten years later, when Rot et al. transmetalated the same organomer-
curial previously employed to zinc and reacted the resulting organozinc species with
AsCl3 at —196 °C, as shown in Scheme 4.18. This formed diarsatriptycene in the
highest yield reported to date (49%).406

This last example sits at the cross-over between ‘direct’ and ‘indirect’ methods.
In fact, the second equivalent of the electrophile AsCls was added 36 h after the
first, although in the same reaction vessel and without work-up in between the two
additions.*®® Cullen and Al-Jabar had trialled this approach as well (see Scheme
4.17), in an attempt to gain a practical access to the so-called mixed triptycenes,
substituted with two different heteroatoms in the bridge-head positions.3?3:3%9

A single lithium-halogen exchange on 1,2-dibromoaryl species, followed by quench
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Scheme 4.17: Al-Jabar’s attempts to perform two sequential Li—Br exchange
and quench steps.?®®> A = A’ = P, As, Sb, SiMe; A = P, A’ = As, Sb; A =
As, A’ = Sb. For the bismuth compound, the intermediate was not isolated.
Yields are extremely modest (< 4%). See also Fig. 4.21 for an improved
version of this method.

with a pnictogen trihalide formed the corresponding triaryl pnictogen, which could
generally be isolated in good yields (with the only exception of the Bi species, which
was carried over to the next step without isolation). This was then subjected to a
second lithium-halogen exchange and quench with 1 equiv of the same or different
PnX3 species to give the desired triptycene.

Unfortunately, yields were particularly low, with the highest being 4% for the
diarsa-compound. A reasonable explanation for this poor performance would be
that, since all these reactions were performed on tetrafluorinated substrates, the
carbanion formed in the second lithium-halogen exchange is too stabilised and,
thus, not nucleophilic enough to react readily with the relatively mildly elecrophilic
pnictogen trihalides. In fact, quenching the intermediate with water, yielded the
protonated species quantitatively. The tridentate nature of the electrophile is
also another aspect to take into account: the authors found evidence that, under
their conditions, the lithiated intermediate reacts with different molecules of PnXs,
instead of the single molecule required if triple ring closure was to occur.

The nature of the organometallic intermediate appears to be relevant to the suc-
cess of the reaction, as mentioned above for the synthesis of diarsatriptycene by Rot
and colleagues.*%% In the same publication, the authors also managed to obtain arsa-
and stibagermatriptycenes by reaction of tri-(2-chloromagnesiumphenyl)germanium
in 75 and 68% isolated yields, respectively (see Scheme 4.18). These compounds
represent some of the few examples of triptycenes containing group 14 atoms.*!3
Once again, the ortho-phenylenemagnesium employed to make this intermediate
was prepared by exposing the organomercury analogue to magnesium. Interestingly,

the diarsa-compound could not be obtained at all via the Grignard route.
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Scheme 4.18: Conditions for the final cyclisation of these triptycenes require
careful temperature control: 24 h at —78 °C, then 4-24 h at —20 °C and
finally 18-72 h at rt. Yields are good: A = P (50% conversion, not isolated),

s (75%), Sb (68%). The diarsatriptycene was obtained in 49% yield by two
sequential reactions with AsCls, starting from the organozinc species shown.
The final cyclisation was performed at —196 °C.1%¢

Na
_ LiNEt; _ NaNHz |
"Et20,5d @ HMPA,/ THF Q jij
Ph
| T |

NaNHo c‘) H.O

HMPA /THF \
As
©: NO
Ph

Scheme 4.19: Earley demonstrated that azaarsatriptycene can be obtained
from a starting material similar to what Hellwinkel used for his azatriptycene
synthesis (see Scheme 4.13a).4°2 The base employed to generate the benzyne
intermediate is crucial: while LiNEty affords the desired product, NaNHs2
forms a dimer. The latter is formed also by reacting the triptycene with
NaNHz, followed by aqueous work-up, thus showing that the dimer is a
decomposition product of the azaarsatriptycene.
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Nitrogen-containing mixed triptycenes were developed in the early 1970s by
Earley and Hellwinkel. The former essentially adapted Wittig’s protocol, presented
previously in Scheme 4.13a, to include an As atom in the desired position.*0?
Bicyclisation was performed via the usual benzyne intermediate in EtoO over the
course of 5 d. The choice of base was vital (see Scheme 4.19): LiNEty afforded the
desired product in 48% yield; conversely, sodamide in a mixture of HMPA and THF
gave a completely different compound. This could also be obtained in 85% yield by
treating the desired triptycene with sodamide. The authors managed to identify
this species as the dimeric product of decomposition of a metalation intermediate,
in which the amide had attacked the As atom and cleaved the bicyclic ring. This
triptycene skeleton is exceptionally stable: in Earley and Gallagher’s own words ‘the
outstanding feature of the chemistry of azarsatriptycene is its lack of reactivity’.40?
It did not react with Raney nickel, nor with HCl or HBr; when treated with nitric
acid it oxidised instead of being nitrated; Mel did not alkylate it, with or without
AgBF4; with Bry it formed a unidentified tribromo species, which decomposed back
to the starting material. Similar experiments were performed with the pefluoro
analogues by Al-Jabar, who showed that most of his compounds were similarly
unreactive, with the exception of bismuth derivatives which were instantaneously
cleaved both by concentrated acids and Cly in CCly. 44

Hellwinkel’s synthesis of azaphosphatriptycene, depicted in Scheme 4.20, is very
appealing in the fact that it is based on commercially available materials and uses
conditions that would be perfectly feasible from a modern safety point of view.

Bis(2-bromophenyl)amine was reacted with 1,2-dibromobenzene and copper bronze

: Br
Br ©i nBuLl
2) (PhO)sP @

54% 30%

Ir=
>~
¢
Q
)
&
Q
=]

Scheme 4.20: Azaphosphatriptycene was obtained in 1969 by an appealing
one-pot sequence of lithium-halogen exchange and addition of a trivalent
phosphorus source (triphenylphosphite). Yields of the last step are also
relatively good.%°
in the presence of KoCOs, to give tri-(2-bromophenyl)amine, which was in turn
subjected to lithium-halogen exchange. The tri-carbanion was finally quenched with

triphenylphosphite, affording the desired bicyclic compound in 30% yield.*?° Given
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Hellwinkel’s presence in both the fields of linked and bridged tripodal ligands for
phosphorus, interesting comparisons could be made. For example, in an attempt
to make a turnstile P(V) complex, by treating his azaphosphatriptycene with o-
chloranil, Hellwinkel noticed that the resulting complex surprisingly maintained a
trigonal bipyramidal structure, suggesting that the bridged structure keeps some
degree of flexibility.*'® The same could not be said for the dimethylmethylene
bridged phosphangulene Ve (Scheme 4.5).36%

The following two methods are the current state-of-the-art and represent a
marked improvement compared to what has been presented so far. In fact, they
show broader applicability, with higher yields and tolerance for several heteroatoms
in the bridge-head positions. This is demonstrated, for example, by the variety
of compounds made by Uchiyama and co-workers in the last ten years with these
methods.3%4405416 Ty hoth cases, the key step is a single metal-halogen exchange
with 1,2-dihalobenzenes, which allows the insertion of the first heteroatom, supplied

as the trihalide in 1/3 of an equivalent. The process is then repeated for the other

halogen and the bicyclic structure is thus formed.
Br 1 nBuLi
—~110 °C
2) PCl3
Br

p 1) tBuli
3 —78 °C
> P e
2) SiCly
L iPrMgCl Br
—20 °C
2) PCls
Br

Scheme 4.21: A careful temperature control allows the synthesis of tri-2-
bromophenylphosphine, either via a Li-X%417 or Mg-1*%* exchange (62%
and 57% yield, respectively). This intermediate is then subjected to Li-
Br exchange and the trilithiated species is quenched with an appropriate
electrophile, to give the desired heterophosphatriptycene. Here phosphasilat-
riptycene is shown as an example.*!”

Notwithstanding the apparent similarities to Al-Jabar’s method,?*® greater care
is taken in the first metal-halogen exchange and this grants high reproducibility.
Specifically, Tsuji carried out a lithium-halogen exchange between nBuli and 1,2-
dibromobenzene at —110 °C in 1:1 THF:Et,O solution.*!” Temperature control is
crucial: as pointed out by Chen et al. in 1980, the resulting lithiated species is
only stable below —90 °C.4!8 Above that temperature, benzyne starts to form and
several oligomers form, so that the intermediate is completely consumed within

30 min. Notably, the second lithiation is performed with ¢tBuli. Tsuji showcased
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this protocol for the synthesis of a phosphasilatriptycene, as represented in Scheme
4.21. Tomaschautzky further expanded it to make the bismasila-analogue, which
at the time of writing is the only bismatriptycene whose crystal structure has
been deposited to the CCDC.3%5 On the other hand, Iwai et al. replaced the first
lithiation with Knochel’s magnesium-iodine exchange protocol.#®* Conditions are
much milder than in the previous case, with the temperature kept at —20 °C for a
few hours without any sign of decomposition. Lower temperatures are detrimental
since they would prevent the transformation.?® Appealingly, the procedure employs
commercially available iPrMgCl as the metal source. The magnesiated intermediate

then faces the same fate shown in Tsuji’s procedure.

Br
(jl/ ) sBuli @% ) nBuLi _HSiCly
2) P(OPh)3
; T2) P(OPh)s T2) P(OPh); s,
\

3) H209

Scheme 4.22: An example of heterothiophenetriptycene.*!® The bicylisa-
tion step occurs in very poor yields if the first phosphine is not oxidised to
the corresponding oxide beforehand. Even with these optimised conditions
yields are comprised between 11 and 24%, depending on the substituents on
the thiophene rings. Similar conditions were employed to make the phos-
phasila-#?° and monophospha- (both isomers)421 analogues, with similarly
mediocre yields (10% and 18%, respectively).

For the sake of completeness, it must be noted that there exist a very limited
number of examples of heterotriptycenes which do not contain phenylene groups
but instead 2,3- or 3,4-thiophenylene. The first mention of such compounds is in
a work by Massey, who applied the chemistry discussed in Scheme 4.17 to make
perfluorothiophenetriptycene,*?? however, these were investigated more thoroughly

by Nakayama and colleagues in 1993:419-421

a representative example from their
studies is reported in Scheme 4.22. The process is marred by poor yields, especially
as far as the bicyclisation is concerned and regardless of the alkyl lithium species
employed. It is interesting to notice that all the thiophene rings are oriented in the
same direction. Compared to standard phenylene triptycenes, these compounds
are characterised by lower >'P NMR chemical shifts, e.g. —93 and —87 ppm
(for the P atom closer and farther to the sulfur, respectively) vs —43 ppm for
diphosphatriptycene. The stronger electron-withdrawing nature of the 2-thienyl
group and narrower C-P-C angles were invoked to explain this discrepancy.4??
These examples conclude this brief review. The next two Sections will address our

attempts to synthesise tridentate complexes of bismuth.
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4.3 Bismuth complexes bearing linear ligands

The search for a suitable tridentate ligand for bismuth started from linearly linked
scaffolds and in particular not fully cyclised ones, similar to the examples discussed
in Section 4.1.1. In fact, the literature review presented in the first two Sections
of this Chapter highlighted several potential problems in the transposition of the
synthetic approaches to fully closed macrocycles, i.e. angulenes, to the case when
the central atom was bismuth. When acidic conditions could be avoided, such as in
Krebs’s,3"! Yamamura’s®™ and Nakatskuka’s®>"? works, the requirement for highly
optimised conditions was anticipated. Partially linked systems, on the other hand,
were expected to be simpler to make and more tolerant to variations of the linkers,
opening up possibilities to tune both their synthesis and behaviour.

The first compound that was targeted is the derivative of 1,3-diphenoxybenzene
depicted in Scheme 4.23. This complex was particularly appealing since the starting
material is commercially available. We envisaged that the installation of bismuth
could occur wvia a sequence of a triple directed ortho-metalation and quenching of

the metalated intermediate with BiBrs.

0 (0} i
nBuLi BiBrs 0] 0
THF THF Bi

rt, 1I8h g °C, 5h

Scheme 4.23: The synthesis of the most simple tridentate complex of bis-
muth was envisaged to be based on commercially available diphenoxybenzene
but its bismuthation step only gave oligomeric materials.

The first step was achieved quantitatively with nBuLi in THF at rt, as determ-
ined by a D2O quench after 18 h. Addition of BiBrj3 to the lithiated intermediate
failed in all the three iterations of this experiment: the proton NMR spectrum of
the crude mixtures showed a contiguous unresolved peak spanning from 6 to 8 ppm.
This suggested some sort of oligomerisation occurred.

At first, autometalation was considered as a potential side reaction involving
the lithiated species.*?® This would involve one of the lithiated rings performing
a directed lithiation ortho to a second phenoxy group. Further reaction with an
electrophile would produce a variety of different products, depending on the position
of the lithiated site at the moment of the quench. However, while this would provide

a reasonable explanation, it is not consistent with experimental observations, since
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the tri-deuterated species could be detected by NMR spectroscopy after 18 h at rt,

thus suggesting the corresponding tri-lithiated species formed succesfully.

With hindsight, Nakatsuka’s ‘interrupted’ synthesis of the phosphorus analogue
of this compound (see Scheme 4.10) is quite enlightening.3”” That process entailed
mono-lithiation, quench with PCls, in situ oxidation of the phosphorus atom with
Sg and finally formation of the two remaining P—C bonds under AlCls-mediated
SgAr conditions. A similar tri-lithiation could have been performed but presum-
ably did not yield the desired product. Unfortunately, the procedure cannot be
transplanted as it is to bismuth, due to the acidity of AlCls, which would cause
protodebismuthation. The instability of the mono-arylated ArBiXsy species should

be taken into account too.

One final argument to explain the poor outcome of this reaction might be the
acid-sensitivity of the product, which is rather electron rich, due to the presence of
the ortho-phenoxy groups, and, once again, would be prone to protodebismuthation.
However, if this occurred, 1,3-diphenoxybenzene should have been detected but
this was not the case. Cleavage of one or two Bi—C bonds instead of all three
remains a possibility. Moreover, triarylbismuth species containing two ortho-alkoxy
groups have been synthesised and characterised crystallographically,*?44%> further
downplaying this explanation. This also rules out a potential explanation attributing
the lack of success to the narrow width between the alkoxy substituents and the

consequent difficulty of the installation of a bismuth atom between them.

Given the tendency of heteroangulenes to maintain a rather flat structure, it
was considered that this would constrain bismuth in a potentially unfavourable
conformation in which its three ligands are far from the 90° angles that usually
characterise triarylbismuth species. In order to minimise this risk, the linker length
was extended by placing an additional CHgy in the chain. Efforts to make the

corresponding bismuth complexes are reported in Schemes 4.24 and 4.25.

In the first case the ligand 26 was synthesised from resorcinol and 2-bromoben-
zylbromide. Attempts to achieve halogenation of the central position of the middle
ring failed. These encompassed lithiation with LDA, eventually followed by quench-
ing with NBS (condition b) in Scheme 4.24) or, alternatively, iodination with Io
and AgyS04.420 In the first case metalation could not be detected when an aliquot
of the reaction mixture was quenched with D5O after 2 h. Due to the presence of
several unidentified species already in this early phase, the reaction was stopped.
Commercial LDA had been titrated beforehand, so the failure of the reaction was

ascribed to issues with a contaminated batch of dry THF.
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Scheme 4.24: The linker length was extended by introducing an extra
methylene. Conditions: a) K2COs, acetone, 60 °C, 84%; b) LDA, THF, 0 °C,
then rt for 2 h (at this point NBS should have been added but lithiation
did not work and the sequence was interrupted); c¢) 12, Ag2SO4, MeOH, rt;
d) nBuLi, THF, —78 °C for 15 min, then rt for 2.5 h, finally BiBrs, THF,
—78 °C for 15 min, then rt overnight.

The iodination with the silver salt was similarly unsuccessful (condition c) in
Scheme 4.24): work-up of the reaction after 6 h revealed the presence of at least
six different species, as determined by the diagnostic 'H NMR benzylic signals.
Only traces of the iodinated compound were detected by HRMS analysis, whereas
starting material was not present at all, neither were any other species containing
one or two bromines, due to the absence of the characteristic isotope distribution.
Considering a scale-up of this method would be expensive due to the use of AgsSQOy,
further understanding of the outcome of this reaction was not pursued. Instead,
it was decided to by-pass the challenging halogenation by performing a one-pot
tri-lithiatiation of the di-brominated species via two lithium-bromine exchanges and
a directed lithiation (condition d) in Scheme 4.24). This method did not provide
the desired product.

Our focus then briefly turned to the second bismuth complex with one methylene
in the linker chain, as summarised in Scheme 4.25. Its synthesis was envisaged to
entail an SN2 reaction between 2-bromo-1,3-bis(bromomethyl)benzene 27 and 2-
bromophenol. The former was prepared via radical bromination of the corresponding

2-bromo-m-xylene with NBS.
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Scheme 4.25: Conditions: a) NBS, BPO (3.8%), CCly, 100 °C, 27 h, 22%; b)
2-bromophenol, Ko COs, acetone, 60 °C, 16 h, 68%; c¢) nBuli, THF, —78 °C,
then BiBrs, THF, —78 °C.

Early tests performed the bromination reaction in DCM,*2” but rapid decompos-
ition of the brominating reagent was observed. The solvent was therefore replaced
with carbon tetrachloride, since the majority of the reported conditions employ this.
Benzoyl peroxide (BPO) was also added in catalytic amount, following literature
procedures.*?® Heating the reaction mixture in CCly with a stoichiometric amount
of NBS did not achieve completion. Additional NBS (1 equiv) was employed, which
caused the complete consumption of the xylene starting material but, unfortunately,
also formation of large amounts of over-brominated species. Purification of the
crude mixture by chromatography was attempted but only allowed the isolation of
the over-brominated species 28, which was recrystallised from hot cyclohexane. A
repetition of the reaction with 2.3 equiv of NBS and 3.8% BPO allowed the isolation

of 22% of pure material by crystallisation.

Coupling of 27 with 2-bromophenol was then undertaken. The reaction was
performed in acetone at reflux, in the presence of KoCOgs and gave the desired
product 29 in 68% yield without further purification. Finally, lithiation was
attempted but significant solubility issues were encountered: in THF (0.1 M) the
compound was slightly insoluble at room temperature and heating was required to
fully dissolve it; as soon as nBuLi was added and presumably lithiation occurred,
the metalated species precipitated. Quench of an aliquot with DO after 2 h

showed formation of several species, none of them being the desired tri-deuterated

175



compound. There remain doubts about the representativeness of the aliquot taken,
since the desired intermediate may have not been in solution at the time of sampling.
This reaction has not been explored further.

The synthesis of an analogue complex with two methylenes in the linkers instead
of one was undertaken. This relies on the same starting material, 2-bromo-1,3-
bis(bromomethyl)benzene 27. The tridentate ligand 30 was obtained quantitatively
and without further purification by nucleophilic substitution of the benzylic bromides
by deprotonated (NaH/THF) 2-bromobenzyl alcohol. Bismuthation was then
pursued. Differently form the bismuthation discussed in Scheme 4.25, no solubility
issues were detected at concentrations around 0.5 M at rt. Nonetheless, further
dilution was decided in order to disfavour oligomerisation arising from intermolecular
quench of the lithiated species, therefore the reaction was carried out at [30]p =
0.05 M. Another action taken with the same intent was to add diluted BiBrs (0.1 M)

to the lithiated species instead of the other way around.

Br

Br Br a)

O B O V2 o |
27

30

O

Scheme 4.26: Conditions: a) 2-bromobenzyl alcohol, NaH, THF, 0-25 °C,
18 h, 99%, b) nBuLi, THF, —78 °C, then BiBrs, —78 °C, overnight.

Product formation was detected by HRMS, although not as the main species,
during a sampling performed at 18 h. The corresponding NMR spectrum was
not as rewarding. Once again, the benzylic region of the proton spectrum was
quite diagnostic: two couples of diastereotopic protons, plus two additional non-
diasterotopic ones were detected. Moreover, an unexpectedly densely populated
aliphatic region was noticed. A more in depth look at the HRMS spectrum solved
the conundrum: various butylations of the ligand had occurred during the reaction.
In particular the following species were detected by HRMS: desired product with
an extra butyl group (581.1875 m/z), fully debrominated mono-butylated starting
material (392.2578 m/z, ammonium adduct) and fully debrominated di-butylated
starting material (448.3203 m/z, ammonium adduct), fully debrominated starting
material (336.1951 m/z).

These compounds are all products of the Wurtz-Fittig coupling, which consists

in the reaction of a lithiated species with an alkyl halide to give the corresponding
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alkylated compound. In this case the alkyl halide was butyl bromide, the side-
product of lithium-bromine exchange. This is a well-recognised side-reaction of
lithium-halogen exchange,*?? but was overlooked in this phase. It is reported
to occur more readily in THF than in EtsO and at temperatures higher than
those at which lithium-halogen exchange reactions are performed, e.g. at room
temperature.*3? The formation of this series of side products is thus explained by a
slow reaction between the tri-lithiated species and BiBrs. Upon warming to rt, the
unreacted or partially unreacted lithiated species underwent Wurtz-like coupling

with n-butylbromide, yielding the variety of products observed by HRMS.

The synthesis of one additional complex was attempted (see Scheme 4.27),
which possessed nitrogen atoms instead of oxygens in a doubly benzylic linker
similar to the one characterising the complex just discussed. Synthesis of ligand
33 was achieved quantitatively via Sn2 reaction between amine 31 and fluorinated
of 2-bromo-1,3-bis(bromomethyl)benzene 32. In turn, the amine was obtained
quantitatively by reductive amination of 2-bromobenzaldehyde with isopropylamine.
The dibrominated xylene represented again the weak point of the synthetic sequence,
since the compound was synthesised only in 30% yield. This time, it was possible

to isolate and characterise all the bromination products obtained.

Lithium-halogen exchange was performed as usual with nBulLi in tetrahydrofuran
at —78 °C and a D20 quench of an aliquot taken after 2 h showed full incorporation
of deuterium and absence of any side-products. Addition of BiBrsg caused the
solution to turn dark within minutes. The reaction was allowed to warm up to
rt over the course of 2 h. At that point it was sampled and the corresponding
F NMR spectrum showed a promising resolved peak (—113.7, t, J = 9.9 Hz)
surrounded by several tiny peaks, some of which were broad. The reaction was
then processed with an aqueous work up and the crude was purified by column
chromatography in DCM /Et3N 96:4. Triethylamine was added to minimise the
risk of protodebismuthation on silica. Interestingly, the process yielded not the
bismuth complex that was expected but its butylated counterpart 34 in 18% yield,
as determined by NMR and HRMS analyses.

To negate the Wurtz-Fittig reaction nBuLi was replaced with ¢tBuLi.*31:432 When
treated with tBuli, ligand 33 was fully lithiated, as determined by the usual DoO
quench after 2 h. A bismuth bromide solution in THF was consequently added drop-
wise and the reaction mixture was observed to turn dark after the first few drops.
Addition was continued and no further change was detected. When the process

was concluded, the reaction was left at —78 °C for an additional 1 h, then slowly
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Scheme 4.27: Conditions: a) isopropylamine, EtOH, rt, 18 h, then NaBHy,
rt, 2 h, 98%; b) NBS, BPO (3.8 mol%), CCly, 100 °C, 18 h, 30%; ¢) K2COs,
acetone, 60 °C, 18 h, 99%; d) nBuLi, THF, —78 °C, 2 h, then BiBrs, THF,
—78 °C to rt, 2 h, 18%; e) tBuLi, THF, —78 °C, then BiBrs, THF, —78 °C,
1 h, then rt, 15 h (compound not isolated due to purification issues).
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allowed to warm up to rt. After 15 h an aliquot was taken, worked up and analysed
by NMR spectroscopy. This revealed formation of 66% of the desired bismuth
complex (op = —118.31 ppm, t, J = 9.7 Hz), together with the presence of 33%
of debrominated starting material (dp = —115.20 ppm, t, J = 9.7 Hz), whose
assignment was corroborated by HRMS analysis. Unfortunately, purification could
not be achieved and thus the compound has not been isolated. Recrystallisation was
attempted and some oligomeric material was removed that way. Trituration with
Et2O further improved the purity, which however remained poor. Also, separation
of the two species could not be achieved properly since the compound decomposed
on silica. Moreover, additional species were detected by HRMS, such as the rather
puzzling defluorinated product. The use of ¢tBulLi, certainly improved the overall
performance of the process, however this did not yield the single product that was
hoped for and purification was problematic. Currently this line of research has
been dropped, however, a reinvestigation and optimisation of some of the reactions

presented in this Section may be valuable.

4.4 Bismatriptycenes

Having encountered serious synthetic challenges with the approach discussed in
the previous Section, attention was then turned to bismatriptycene systems. In
an effort to keep the synthesis simple and high-yielding, triptycenes with only one
heteroatom (i.e. bismuth) in the bridge-head positions were excluded a priori.
Their synthesis would potentially rely on procedures similar to those discussed in
Scheme 4.13b—c. However, Suzuki encountered some difficulties in the synthesis
of a compound similar to what would be the starting material for the envisaged

bicyclisation reaction (see Scheme 4.28) 348

anticipating an even poorer outcome of
the desired reaction.

Among 5,10-di-substituted complexes, mixed heterotriptycenes were preferred
over homosubstituted examples, due to the fact that in the second case reported
yields are always extremely poor for non-perhalogenated species, as discussed in
Schemes 4.16 and 4.17.353:398 Moreover, fully fluorinated or chlorinated species are
likely very hard to oxidise,?3? undermining the possibility of successfully subjecting
the corresponding bismatriptycene to the oxidation-transmetalation sequence.

The choice of the second atom in the bridge-head position was dictated by
two factors: the availability or ease of access of the starting material and the

predicted ability to withstand the oxidising conditions required for the oxidation-
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Scheme 4.28: Potential synthetic route for mono-substituted bismatripty-
cenes. For Ar = 4-tolyl the corresponding species was isolated in 12% yield.?4®
If the bicyclisation step were to be performed similarly to that of the cor-
responding phospha- and arsatriptycene analogues, this would require prior
installation of a 2-halosubstituted aryl group, so as to enable lithium-halogen
exchange with LDA or LiTMP.389391

transmetalation sequence. With reference to the second point, the safest way to
ensure that was thought to be using an element in its highest oxidation state.
Several phosphatriptycenes have been made and, in particular, the syntheses en-
visaged by Tsuji and Iwai and discussed in Scheme 4.21 were deemed particularly
appealing. 294417 The combination of these two considerations resulted in the identi-
fication of a phosphine oxide as the bridging unit of choice.

d,*17 modified to employ the desired

Initially, Tsuji’s conditions were attempte
phosphine oxide, according to the following sequence (see Scheme 4.29): lithium-
halogen exchange of 1,2-dibromobenzene at —110 °C, followed by quenching with
PCl3 to provide tri-(o-bromophenyl)phosphine; oxidation of the latter to the corres-
ponding phosphine oxide; triple lithium-halogen exchange of this species, followed
by quenching with BiBrs.

nBuli
Br 1) THF/Et20 Br B Bi

;
. 1) tBuLi
—100 °C H
— H20a -
PCls THF 2) BiBrs
Br 2) THF/Et,0 3P 3 ﬁ 3 ﬁ
0 0

35 36 37
18% 62%

—100 °C

Scheme 4.29: Tsuji’s conditions for the synthesis of 35 were employed at
first,*!” but isolation of the phosphine resulted particularly complex. This
step can be by-passed by oxidising the compound in situ.

Synthesis of phosphine 35 was carried out under strict temperature control, to
prevent decomposition of the lithiated species.*'® This provided the desired product
in 7% yield upon purification by flash column chromatography. More material could

be recovered by subjecting some of the impure fractions to oxidation with HsOs,
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followed by a second chromatographic purification. The pure phosphine 35 was
oxidised as well and the two batches were combined to give 36 in 18% yield. A small
portion of this material was then treated with ¢{Buli in a test-scale reaction and the
resulting tri-lithiated species formed quantitatively, as confirmed by a D2O quench
of a small aliquot of the reaction mixture after 1 h. Quenching with BiBrs provided
the desired bismatriptycene 37 in 62% yield (11% including previous steps).
Gratified by the good yield of the final step, alternative routes to the desired
phosphine oxide 36 were briefly tested, in order to overcome the tedious and low-
yielding synthesis of the phosphine 35. In particular, the phosphine oxide moiety
was employed as directing group in two different directed ortho-metalations (DoMs).
However, it was reasoned that, due to the presence of only two lone pairs on the
oxygen atom of the phosphine oxide, this group could only direct two lithiations,
so an additional directing group on each aromatic ring was required. In the first
case this was chosen to be a fluorine atom. An analogue strategy was employed by
Kobayashi et al. but with a methoxy group instead and for only one of the three
aryl rings, as discussed in Scheme 4.14.4% The fluorine substituent, while providing
a similar ortho direction for the metalation, was expected to be useful also from an
NMR perspective and was preferred for this reason. The required phosphine oxide
38 is easily synthesised via a Grignard reaction on m-bromofluorobenzene followed
by quenching with PCls and oxidation with HoO. Differently from the formation
of tri-(o-bromophenyl)phosphine, in fact, there is no risk of decomposition via a

benzyne intermediate in this phase.

F £ F
BiB Bi
1) Mg, THF, 0 °C nBuli BT
—_—
2) PCls, —78 °C THF THF
B P _7go
r 3) H202 3g 78 C —78 oC 3 ﬁ
38
93%

Scheme 4.30: In order to overcome the issues found in the synthesis of 36
a direct lithiation of a pre-formed phosphine oxide was envisaged. Addition
to BiBrs did not fully provide the desired bismatriptycene.

Tri-lithiation of the fluorine-tagged phosphine oxide 38 occurred at —78 °C in
the 2-position, as confirmed by NMR analysis of a DoO quench performed on a
small aliquot of the reaction mixture. Bismuth bromide was then added and the

reaction was stirred overnight at room temperature. A second D2O quench at that
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point revealed a 7:3 mixture of triptycene and mono-deuterated starting material.
This was interpreted as a sign of slow attack of the tri-lithiated species into bismuth
bromide, which presumably quenched by an unidentified proton source (possibly

)429 when the reaction was left to warm up to room temperature

butyl bromide via Eo
overnight. The existence of a stabilising Li—F interaction in the lithiated species
was held responsible for the slow attack into bismuth and different solutions were
considered. The first one was making the bismuth source more electrophilic, e.g. by
employing a (PhO)3Bi-like species so that the addition of the lithiated species would
be driven by the formation of an even stronger Li—-O bond. However, differently
from phosphorus, triphenylbismuthates are uncommon, with very limited examples
in the literature.?62433 Secondly, forming a harder organopotassium species by
transmetalation from the organolithium to, for example, KO¢tBu. Thirdly, avoiding

the presence of the second directing group in the first place.

In order to avoid falling back to Tsuji’s procedure, the third option had to be
achieved in a different way. List demonstrated that, by performing the directed
metalation with LiITMP in the presence of TMS—CI, the metalated position is
immediately quenched by a TMS group.*3* The two reagents do not react with
each other due the steric hindrance of the piperidide, which, on the other hand, is
absent in the aromatic ring. The silylated aromatic system can then be isolated
and eventually reacted with an electrophilic halogen source, such as NBS, to replace
the TMS groups with the corresponding halide. This could then undergo lithium-
halogen exchange and provide the desired ortho-lithiated species, without the
additional directing group. In order to make the lithium-halogen exchange even
more favourable, it was decided to employ an iodinating species to displace the
TMS group. Iodine monochloride (ICl) was chosen, due to its enhanced electrophilic

character at the iodine, compared to molecular iodine or NIS.*35

TMS I
TMSCI, LDA IC1
e a——— —X—
THF, =78 °C DCM; rt, 48 h
3 ﬂ nﬁ 3 ﬁ
o] 0 o]
39

Scheme 4.31: An expansion of List’s protocol for the in situ directed
lithiation and TMS quench was explored.*** This gave the desired tri-silylated
species 39a in 43% yield (plus an additional 26% of the di-silylated species
39b). Halodesilylation with ICl only provided the di-iodinated species.
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Compared to List’s report, the transformation envisaged was more challenging,
since it involved three sequential lithiation-silylation sequences instead of just one
(Scheme 4.31). Importantly, however, still only one directing group, the phosphine
oxide, was deemed necessary, since once each lithiation is done the directing ability
of the oxide is restored by the TMS quench. Three species were detected in the crude
mixture of the lithiation-silylation sequence, corresponding to desired product, di-
silylated and mono-silylated species in 58:31:11 ratio and identified by three distinct
3P NMR peaks: 40.6, 38.1, 35.2 ppm, respectively. The first two species, 39a and
39b, respectively, could be isolated and characterised. Unfortunately the iodination
step was less successful and only di-iodination was achieved when the tri-silylated
phosphine oxide was exposed to ICl in DCM at rt for 48 h. This approach was
temporarily abandoned but would be interesting to test more extensively, possibly
trying a more user-friendly halogen source, such as NBS. It should also be noted that
in List’s procedure the iodination is achieved with NCS and Nal in AcOH:DCM 6:1
at 80 °C, a fact that was overlooked at the time of the execution of this experiment.

Not satisfied by the less-than-straightforward processes tested so far, we re-
considered the synthesis of the phosphine wvia metal-halogen exchange from a
1,2-dihalobenzene but with Iwai’s modification.?®* This was presented in Scheme
4.21 and involves formation of a magnesiated species instead of a lithiated one. This

allows use of milder cryogenic conditions and thus a better temperature control.

Br 1 iPrMgCl Br 1 tBuLi Bi
THF, —20 °C, 2 h H>05 THF, —78 °C, 1 h
@i 2 PCl3, Cul 10% THF ©; 2) BiBrs;
I THF, —20°C, 18 h  rt,18 h 3 ﬁ THF, —78°C, 18 h 3 ﬁ
36 © 37 ©
67% 62%

Scheme 4.32: Reinvestigation of Iwai’s magnesium-iodine exchange protocol
considerably improved the overall bismatriptycene synthesis (overall yield
increased from 11% to 42%).

The approach was performed as follows (see Scheme 4.32): iPrMgBr was freshly
prepared as a ~0.8 M solution in THF, which was added to a cold (—20 °C) solution
of 1,2-bromoiodobenzene and stirred for 2 h; freshly distilled PCls was then added
neat, instead of as a solution as done in all the previous experiments; finally
catalytic Cul was added, as it was envisaged to form a softer organometallic species
than magnesium, which in turn was expected to favour the reaction with PCls.

The reaction was then allowed to warm up to room temperature overnight and
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after aqueous work-up provided the desired phosphine, which was isolated as the
oxide in 67% overall yield. The reaction was repeated four times, one of them using
1-bromo-2-iodo-4-fluorobenzene as the starting material, but was successful only
when the Grignard reagent was prepared fresh, despite commercial ones had been
titrated before use. Finally, it is noted that the commercial Grignard reagent was
1PrMgCl, whereas the one prepared was iPrMgBr. The different reactivity could
be attributed to different aggregation states.*36:437 It would be worth looking into
this, since at least in one case no reactivity at all was observed with newly bought
and titrated iPrMgCl. Formation of the bismatriptycene was achieved in 62% yield
of isolated product, with an unoptimised 42% yield over two steps.

Single crystals could be grown that were suited for crystallographic analysis.
The resulting crystal structure is shown in Fig. 4.5 in two orientations. A three-fold
symmetry can be seen in the view from the top, along the Bi-P axis (henceforth the
‘main axis’). The phenylene rings do not lie parallel to the main axis, with a larger
average distance between this axis and the carbon atoms #pso to Bi than ipso to
P (1.820 A vs 1.651 A), to accommodate the larger pnictogen. The bismuth atom
adopts a trigonal pyramidal geometry, with C-Bi-C angles that are even narrower
than in Ph3Bi (88.51(10)° vs 93.9(5)°, respectively).?* The Bi-C bond lengths
reflect their weakness (2.259(3) A). The difference with P-C bonds is remarkable
(1.806(3) A) but null in comparison with Ph3Bi (2.260(14) A).3* A comparison
with the only other bismatriptycene with a deposited crystal structure, which has a
Si—F unit instead of a P=0, showed a close similarity with regard to the properties
discussed (average distance main axis—Cipgo Bi 1.859 A, Bi-C bond length 2.273(9) A,
C-Bi-C angle 90.2(3)°).3%

The compound was also characterised by NMR spectroscopy. Proton NMR
spectroscopy revealed an extremely deshielded set of signals (8.66, 8.26, 7.44,
7.35 ppm), especially if compared to ArfBi (7.64, 7.08 ppm), which may be an
indication of the confined nature of the complex. A similar downfield shift is
observed by 3'P NMR spectroscopy, where the phosphine oxide peak has a chemical
shift of 64.7 ppm. As a comparison, tri-(ortho-bromophenyl)-phosphine oxide 36
has a 3'P NMR chemical shift of 31.6 ppm.
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Figure 4.5: Two views of the crystal structure of the bismatriptycene
37. A trifold axis is visible. Selected bond lengths and angles: average Bi-
Cipso = 2.259(3) A; average P-Cipso = 1.806(3) A; P-O = 1.486(1); average
£ C-Bi-C 88.51(10)°%; £ C-P-C 104.75(12)°. See Section 6.8 for further
crystallographic details. This is the second crystal structure ever reported
for a bismatriptycene.
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4.5 Preliminary tests of oxidation and transmetalation

With a satisfactory synthetic sequence in hand, we then proceeded to test the
bismatriptycene under the conditions developed for simple triarylbismuth species.
It is worth noting that, despite examples of triptycenes containing at least one
bismuth atom,3%37355:398:438 these complexes have been employed as reagents for
other reactions only once, to study Wittig reactions of non-stabilised ylides.438:439

No transformation has ever been performed on the bismuth side of these complexes.

Bi
Selectfluor ~ Ar"B(OH)2 2
Solvent, rt ’
P
3
0]
Scheme 4.33: The bismatriptycene was subjected to oxidation-

transmetalation conditions. Conditions: CD3CN or CD3CN:D2O 1:1;
1.2 equiv of Selectfluor, 1.5 equiv of Ar"B(OH)z. Reactions performed
in NMR tubes and monitored by NMR spectroscopy.

Oxidation with Selectfluor in acetonitrile caused the complete precipitation of
the resulting species. The bismatriptycene 37 was not very soluble to start with
(the calculated solubility in acetonitrile is ~25 mg/mL = 0.050 M) but the oxidation
was performed anyway hoping that the reaction would have driven the compound
into solution. This was not the case, so the transformation was attempted again
in a 1:1 acetonitrile:water solution. Similar solubility issues were noticed before
the addition of the oxidant, which worsened when this was added. Moreover, the
solution turned vividly yellow. Partial oxidation (~35%) occurred in both cases,
since two sets of signals were detected by 'H NMR. spectroscopy for Selectfluor, the
second of which corresponds to the reduced oxidant.

Having established that some of the triptycene may have been oxidised, 1.5 equiv
of 4-fluorophenylboronic acid were added to the reaction mixture in acetonitrile.
Interestingly, some unidentified triptycene species were then observed in solution
and, at that point, different peaks were detected by 3'P NMR spectroscopy, the
major one at 70.02 ppm (broad) and two additional ones at 83.68 and 98.47 ppm,
in a 79:18:3 ratio, respectively (Figure 4.6). Interestingly, the peak at 83.68 was a
quartet with J = 7.2 Hz. Fluorine NMR spectroscopy did not give any useful insight,
as only one peak was detected, corresponding to the boronic acid. Leaving the
reaction to stand for three weeks did not change the product distribution, suggesting

that the species are rather stable. HRMS analysis performed at that point showed
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Figure 4.6: Phosphorus NMR peaks observed for the reaction discussed
in Scheme 4.33, 30 min after the addition of boronic acid. None of them
correspond to known species.

formation of the desired arylated bismuthonium (579.0707 m/z) plus an additional
species tentatively assigned to the 4-fluorophenol adduct to the bismatriptycene

(595.0659 m/z). The phenol could originate from oxidation of the boronic acid.

Attempts to increase the solubility of the oxidised triptycene were made by
replacing Selectfluor with NFSI (Scheme 4.34), as this was expected to reduce the
ionic strength of the solution and enable the use of different solvents. Reacting the
triptycene with NFSI in acetonitrile did not result in any variation of the NMR
spectra. Upon heating at 85 °C, partial consumption (70%) of NFSI was detected
by "F NMR spectroscopy after 1 h and was complete after 2 h. As it can be seen
in the first spectrum in Fig. 4.7, this corresponded to the formation of two new 3'P
NMR peaks at 76.74 and 73.45 ppm (sharp), which are in a 72:6:22 ratio with the
starting material 37 (65.7 ppm). At 2 h (Fig. 4.7, second spectrum) the peak at
76.7 ppm, which was the major species at 1 h, disappeared leaving only the other
two in a 16:84 ratio. This suggests a considerable portion of material was reduced

back to the starting material, which at that point was the major species.

Bi
NFSI Ar"B(OH);

Solvent, 85 °C

P
3]

Scheme 4.34: Solvent: CD3CN or CDCls. Conditions employed are the
same as in Scheme 4.33. Reaction monitored by NMR spectroscopy.
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Fluorophenylboronic acid was added and the solution was heated at 85 °C for
1.5 h. Formation of the characteristic peak of BF, was detected in a 14% yield by
9F NMR spectroscopy. The assignment was confirmed by "B NMR spectroscopy.
As the anion can only derive from the transmetalation of the boronic acid to bismuth,
as discussed in Section 2.2, this was taken as an indication of an at least partially
working transmetalation.

Curiously, the 3'P NMR peak corresponding to starting material 37 had com-
pletely disappeared at that point. That peak was replaced by five different peaks
(Fig. 4.7, third spectrum): 83.63 (encountered in the reaction with Selectfluor,
here no multiplicity was evident), 81.58, 76.28 (major species after 1 h during the
oxidation), 73.53 (the sharp peak detected during the oxidation) and 73.42 ppm.
The ratio between these species was: 3:15:54:5:23. HRMS analysis confirmed the
formation of arylated triptycene but it was not possible to determine which of the
3P NMR peaks corresponded to that. Disappointingly, no peak corresponding to
this species was detected by *F NMR spectroscopy either.

A (s) B (s) d|(s) Dy (s) k3
83.63 81.58 bi28 73.53

A(s) B(s) Lo
73.53 65.69

|
N
%

76.74 73.45 66.15

s

5 84 8 8 8 8 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63
P31 (ppm)
Figure 4.7: Phosphorus NMR peaks observed for the reaction in Scheme
4.34. 1) Spectrum measured 1 h after the addition of NFSI; 2) 2 h after
the addition of NFSI; 3) 1.5 h after the addition of Ar"B(OH),. The only
known species is the bismatriptycene 37 which resonates around 66 ppm.
This species is absent in the third spectrum.
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The last experiment was repeated in CDCls (Scheme 4.34). In this solvent
the triptycene was fully soluble at the concentration employed (80 mM). While no
reaction was observed at rt, NFSI was completely consumed upon heating at 85 °C
for 2 h. At that point a new broad peak was visible by 3'P NMR spectroscopy,
which integrated 88:12 against the starting material. At the same time NFSI had
been fully consumed, so a side reaction may be occurring. A broad peak, possibly
corresponding to a fluorine atom directly connected to bismuth could be seen by 17F
NMR spectroscopy at —100.9 ppm. The chemical shift would be consistent with a
BiF signal of a bismuth species containing only one fluoride,”® and the broadness
would be explained by the quadrupolar nature of bismuth.

The boronic acid was added and the reaction was heated at 85 °C for 1.5 h.
Only three species were observable by 3'P NMR spectroscopy at that point: 83.3
(q, J = 7.1 Hz), 80.5 and 75.5 ppm (very broad). The same coupling constant (J =
7.1 Hz) was measured for a 'F NMR peak at —142.84 ppm. This peak also showed
the usual tetrahedral boron pattern, as corroborated by a sharp peak observed by
1B NMR spectroscopy, therefore the peaks observed by the three different NMR
analyses was assigned to a BF3 adduct of a phosphine oxide. It is unclear which
triptycene formed the adduct: the starting material or any of the intermediates.

Independent experiments demonstrated the ease of formation of these adducts
(Scheme 4.35). Phosphine oxide 38 was used for these tests, due to the similarity to
the bismatriptycene and availability in large amounts. When 4-fluorophenylboronic
acid was reacted with Selectfluor at 85 °C in the presence of the phosphine oxide,
decomposition of the first species was observed over the course of 24 h and formation
of traces of fluorobenzene, 1,4-difluorobenzene and, more importantly, the BFg
adduct to the phosphine oxide, as confirmed by 3'P and ''B NMR spectroscopies.
The 3'P NMR peak resonated at 42.5 ppm, approximately 17 ppm more deshielded

ArFB(OH)2 Selectfluor
F CD3CN, 85 °C 85 °C F
] —> =
3h 3h
) BF3-OEtg g
CDCl3 BF3
38 40

Scheme 4.35: In order to compare the effects of the formation of an adduct
between BF3 and the phosphine oxide moiety in the triptycene 37, a similar
authentic compound was made by adding BF3-OFEt2 to phosphine oxide 38.
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than phosphine oxide 38. Curiously, the adduct did not form when the phosphine
oxide was exposed only to Selectfluor, suggesting that BF3 does not form favourably
from BF, and implying that the boron source is ultimately the boronic acid.
Phosphine oxide 38 was finally reacted with BF3-OEts and formed the BF3 adduct
40 quantitatively (Scheme 4.35). The compound could also be crystallised and the
structure determined by X-ray diffractometry (inset of Scheme 4.35). The analogue
adduct 41 to bismatriptycene 37 was synthesised in the same way, i.e. by exposing
a CDCl3 solution of the latter to BF3-OFEts. The desired species formed instantly
and was shown to resonate at 82.4 ppm by 3'P{*H} NMR spectroscopy as a quartet
(J = 6.9 Hz). Correspondingly, a '°F NMR. peak resonating at —142.48 showed
the same coupling constant (d, J = 6.9 Hz), corroborating the assignment. Upon
standing for 10 d crystals formed that were suitable for SC-XRD analysis. A crystal
structure of the adduct could be determined and is reported in Fig. 4.8. Compared
to the free bismatriptycene 37 the following variations are noteworthy: the Bi-C
bond length increases from 2.259(3) to 2.266(11) A, conversely, the P-C bond length
decreases from 1.806(3) to 1.787(11) A, finally the coordination of BF3 increases the
P-O bond length from 1.486(1) to 1.527(5) A. The increased Bi-C length, although

minimal, may be suggestive of a greater weakness of those bonds.

Figure 4.8: Crystal structure of the BFs adduct (41) to bismatriptycene 37.
The species was found to resonate at 82.4 ppm by 3P NMR spectroscopy.

Slow evaporation of the reaction mixture corresponding to Scheme 4.34 over
some weeks allowed the growth of two independent sets of single crystals that were

suited for crystallographic analysis. One corresponded to the internal standard 9
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Figure 4.9: Crystal structure of dimer 42 obtained as a side product of the
oxidation of bismatriptycene 37 with NFSI (here depicted with wireframes).
The nature of the two bridging atoms, here depicted as oxygens, is uncertain,
as solution of the structure with fluorides instead of oxygens gave similarly
good results. Cubes indicate negative electron density.

and will not be discussed any further: more details can be found in Section 6.8. A
preliminary solution of the second in depicted in Fig. 4.9. This shows a dimer, with
two bismuth atoms bridged by two other atoms, whose exact identity remains at
the moment unclear. In fact, both fluorine and oxygen gave reasonable solutions
and are chemically meaningful, in the first case because of the use of a fluorinating
agent as the oxidant, in the second because the reaction was performed in non-inert

conditions, so water may have been included in the crystal.

The average Bi-A, where A is the bridging atom, bond length of 2.25(1) A did
not provide any further insight, since similar structures deposited in the CCDC
have similar bond lengths with the two possible atoms (see for example CCDC
entries EBOTOE,*? QOWZEH*! and IGETIA3'® for oxygen-bridged dimers and
FUBKIZ?3! for the most relevant fluoride-bridged dimer). In the structure reported
in Fig. 4.9 it was decided to assign the electron densities to two oxygen atoms, but
there remain some unassigned electron density around those atoms, which seems
too large for protons. If this was the case, a hydrogen bond with the oxygen of the

sulfonimide may be in place.
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A dibenzophospholene oxide moiety is well distinguishable, with a bismuth
atom coordinating to the its oxygen atom (O4). The phosphorus atom also bears a
1,2-di-substituted phenylene ring, whose second substituent is the bismuth atom.
The negative charge of the sulfonimide, the species resulting from the reduction of
NFSI, is stabilised by an interaction with the bismuth(III) atom. The latter overall
adopts a very distorted trigonal pyramidal geometry, with the three ligands being
the phenyl ring, connected to bismuth through carbon C6, and the two oxygen
atoms of the bridge. Secondary interactions are present with the oxygen atom of
the oxaphosphetane O4, and with the nitrogen atom and one of the oxygen atoms
of the sulfonimide.

The unexpected formation of this compound must occur through an unusual
equatorial-equatorial coupling of two of the three aryl groups that constitute the
triptycene structure, that consequently forms a new C—C bond between carbons
C11 and C17 (Scheme 4.36). This is envisaged to occur before the transmetalation,
potentially as a side effect of heating the reaction at 85 °C and certainly as a way to
release some strain in the triptycene structure. The existence of a ligand coupling
product requires prior oxidation of bismuth, therefore the bridging atoms in the
crystal structure are expected to be fluorines. This of course does not exclude a

ligand exchange before crystallisation occurs, replacing the fluorides with hydroxides.

|
ﬁg@
jues

42

Scheme 4.36: The envisaged mechanism for the formation of the monomer
of compound 42. X is the sulfonimide resulting form the reduction of NFSI;
Y can be either an OH unit or a fluoride.

Finally, the arylation of 6-fluoronaphthol was tested (Scheme 4.37) and this
indeed occurred, even though only trace amounts (<5%) of product were detected,
as confirmed both by '"F NMR spectroscopy and HRMS. Despite the extremely
modest yield, the result is of the utmost importance, since it demonstrated that
the bismuthonium is capable, first of all, of undergoing nucleophilic attack from
the naphtholate and, second, performing the desired ligand coupling to deliver the
arylation product, both of which were not taken for granted, given the constrained

structure of the triptycene.
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Bi naphthol 7 OH
4+ ArB(OH), Selectfluor DBp
CD3CN 5 min
3 ﬁ 85°C, 2 h F

37 © 8
<5%

Scheme 4.37: The bismatriptycene 37, upon oxidation and transmetalation,
is capable of arylating naphthol 7. Reaction performed in an NMR tube and
monitored by NMR spectroscopy. Product formation was also confirmed by
high-resolution mass spectrometry.

A possible reason for the low yield may be attributed, once again, to BFj.
The addition of DBU to trigger the arylation consumed the 3'P NMR quartet at
83.7 ppm (assigned to the BF3 adduct 41 to the phosphine oxide moiety of the
bismatriptycene, see Fig. 4.8), which reappeared at the chemical shift corresponding
to the free bismatriptycene (65.6 ppm) This is consistent with DBU interacting
with BF3 and releasing the triptycene. It is suggested that a considerable amount
of triptycene 37 is trapped as the adduct with BF3 and does not undergo the
oxidation-transmetalation sequence. This is the case at least when the boronic acid
is added before the oxidant. If the oxidation is carried out beforehand this issue may
be minimised. The ‘inverted’ order of addition had been tested in an attempt to
prevent the formation of the dibenzophospholene oxide side product (Scheme 4.37).
Therefore a good compromise might be to perform the sequence with the standard
order of addition but employing a lower temperature. Alternatively a sacrificial
phosphine oxide or any other Lewis base may be added before the oxidation, so
that the triptycene remains free from BF3 throughout the transformation.

Given the sparing solubility of the oxidation product of the reaction with
Selectfluor, attempts have been made to isolate the oxidised triptycene, with
the intent of employing that as a stable advanced precursor. These were not
successful, since an aqueous work-up yielded the reduced starting material. Isolation
could potentially be performed differently, so as to avoid water, for example by

precipitation with an anti-solvent.
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Tetraarylbismuthonium salts were explored as arylating agents for phenols and
phenol-like compounds. Excellent performance was shown with a 2-naphthol test
substrate. The requirement for base was highlighted. The synthesis of bismuthonium
salts, traditionally achieved wvia multi-step protocols, was demonstrated to occur
quantitatively in a one-pot methodology which employed bench-stable, commercially
available triarylbismuth species. Key to this approach was the use of fluorinating
agents as oxidants: these allowed the introduction of a fluoride moiety in the
oxidised bismuth species, consequently enabling transmetalation. The fast and
quantitative arylation showcased with isolated bismuthonium salts, together with
the newly achieved facile access to the latter, were promising foundations for the
investigation of a catalytic manifold for the arylation of phenols. For this to occur,
the compatibility of all components of the system was crucial. Preliminary results
showed that this was not the case, with the overall process seemingly stopping once
transmetalation was completed. Possible side-reactions were extensively studied,
indicating the interactions between the nucleophilic substrate, the required base
and the fluorinating agent as potentially deleterious. Similarly, BF3-OEts, the
Lewis acid hitherto employed to mediate the transmetalation, was shown to prevent
arylation. Measures, such as the use of sterically hindered bases and Lewis acids,
were taken to prevent this from occurring, to no avail. Finally, the discovery that the
transmetalation could occur without Lewis acid, provided higher temperatures were
maintained, led to a re-evaluation of the approach towards bismuthonium-mediated
arylation. This resulted in the separation in time of the formation of the active

bismuth species and the ligand coupling.

The formation of heteroleptic bismuthonium salts by the introduction of a unique
group via transmetalation was explored for approximately eighty different boronic
acids. The methodology was demonstrated to tolerate the vast majority of them,
including several heteroaromatic examples. Excellent tolerance was demonstrated
for moderately sterically hindered groups. The most significant limitations were
found with extremely electron-poor or sterically demanding aryl groups, as well
as with alkyl and pyridyl boronic acids. In the first two cases, BF3-OEty was
proposed as a solution to expand the boronic acid scope to more challenging groups.
Semi-quantitative models were proposed to determine a priori the ease of these
transmetalation reactions. This required the identification of suitable descriptors
for electronics and sterics. The NMR chemical shift of appropriate nuclei was
proposed in the first case, whereas Boltzmann-weighted buried volume (wVy,,) was

defined and calculated through an original script in the second case. The migratory
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aptitude of the unique group was then studied in the arylation of a 6-fluoro-2-
naphthol and dimethyl-2-fluoromalonate. Interpretation of the results required the
combination of steric and electronic effect, which was accomplished with linear
regression analysis using different descriptors, including the two mentioned above.
Two satisfactory models were identified for the interpretation of the chemoselectivity
for the arylation of the naphthol. To explore the substrate-dependence of the
chemoselectivity, other substrates were explored, including naphthols, phenols,
diketones and N-nucleophiles. Phenols were also employed in some preliminary
mechanistic investigations which suggested that with these substrates the rate-
determining step of the ligand coupling is a bimolecular process involving both

substrate and bismuthonium.

Chemoselectivity studies highlighted the difficulty in controlling the transfer
of the desired group through variations of the electronic and/or steric properties
of such group. A tridentate system was then envisaged to overcome these issues,
by presenting the substrate with only one transferrable group. A literature review
revealed dearth of precedent, thus a rational design approach was followed and
two different classes of ligands were targeted. Different linearly-linked ligands were
tried first, however, severe difficulties were encountered in either the synthesis or
isolation of the corresponding bismuth complexes. Heterotriptycenes were explored
next: an optimised synthetic procedure was presented that allowed isolation of a
novel bismatriptycene, whose structure was determined by X-ray analysis. The bis-
matripycene was exposed to the oxidation-transmetalation and arylation conditions
discussed in the first Chapters. Arylation of the substrate was achieved, although
in poor yield, demonstrating the overall feasibility of the process. Solubility issues

in the oxidation-transmetalation sequence were held responsible for the low yield.

Despite the chemoselectivity being less than satisfactory, the ligand coupling
step is worth further consideration. In particular it would greatly benefit from
computational investigations. In fact, there remains several unanswered questions
regarding the mechanism. First of all the origin of the regioselectivity is still
unclear: Barton proposed O-arylation to occur through an Sy2 mechanism, with
the substrate attacking one of the aryl groups connected to bismuth. This could
not be fully ruled out or corroborated by the brief mechanistic study presented in
Chapter 3, since the process is kinetically identical to the one involving coordination
of the substrate to bismuth prior to ligand coupling. Since O-arylation could
also occur via axial-axial ligand coupling, it would be interesting to determine

whether both mechanisms are active. This may also give some insights also on
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the reasons behind the observed greater activity of naphthols compared to phenols.
The role of base in the arylation should be modelled too, in particular whether
deprotonation of the substrate occurs on the free species or upon coordination to
bismuth. The intervention of the 3-component adduct between substrate, base and
bismuthonium hypothesised in Section 3.5 should be ascertained. Regarding the
regioselectivity of the arylation with heteroleptic bismuthonium salts, determination
of computationally derived descriptors (especially for the electronic component)
and creation of a model should be attempted. This should then be compared to
the two models employed in Chapter 3. A greater understanding of the reasons
governing the chemoselectivity would be highly enlightening.

The most considerable room for improvement lies within the bismatriptycene
study. Initial efforts should focus on increasing the solubility of the species. This
could be achieved by a solvent optimisation, although this may be limited by
the fluorinating agent employed. A possibly more rewarding approach would be
to modulate the lipophilic character of the triptycene by introducing non-polar
substituents on the aromatic rings. The existence of a BF3 adduct to the phosphine
oxide moiety and its influence on solubility and reactivity of the bismatriptycene
should then be assessed. In case of a detrimental effect, mitigation of the pathway
resulting in this adduct should be considered. A sacrificial Lewis base was proposed
for this. Establishment of a working system should, once again, trigger studies
to elevate organobismuthonium chemistry to a catalytic regime, which remains

the ultimate goal.
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Unless noted otherwise, all reagents were purchased from commercial suppliers and
used as delivered. DCM, MeCN, EtoO and THF were dried using an Inert PureSolv
Grubbs-type system (alumina columns, argon atmosphere). Reactions requiring
inert conditions were carried out in flame-dried glassware under an atmosphere of
dinitrogen using standard Schlenk-techniques. Analytical thin-layer chromatography
was performed on pre-coated aluminium-backed plates (Silica Gel 60 F254, Merck),
and visualised either by UV light (254 nm) or aqueous acidic potassium perman-
ganate stain. Preparative TLC was performed on pre-coated aluminium-backed
analytical plates (Silica Gel 60 F254, Merck) or pre-coated glass-backed preparative
plates (Silica Gel 15 F254, Analtech). Column chromatography was performed
using Scharlab 60 silica gel (35-70 mesh).

NMR spectra were recorded at 298 K, unless otherwise specified, on the following
spectrometers: Bruker Avance I11-400 and Bruker Avance-III-500. Reaction monitor-
ing by 19F NMR spectroscopy was performed on the 400 MHz spectrometer: spectra
were recorded at 298.0 K operating the spectrometer at 376.50 MHz. Fluorine
NMR spectra were acquired using a recovery delay of 30 s followed by a 17.4 ps 90°
pulse. Each spectrum consisted of 8 free induction decays (FIDs) collected into 24 K
complex data points with a spectral width of 85227 Hz and an acquisition time of
1.538 s. FIDs were multiplied by an exponential window function (line broadening =
0.3 Hz) and zero-filled to 32 K before Fourier Transform. The resulting spectra were
manually phased and baseline corrected using MestReNova (versions 11.0.4-14.2.0).
Chemical shifts (§) are given in ppm and coupling constants in Hz. All 3C NMR
spectra were measured with !H-decoupling (**C{'H}). 'H and !3C spectra are

referenced to the deuterated solvent residual peaks, namely:

e CDCl;3 (7.260 ppm; 77.16 ppm),

CeDg (7.160 ppm; 128.06 ppm),

CD3CN (1.940 ppm; 1.32 ppm),

CD3OD (3.310 ppm; 49.00 ppm),

(CD3)2CO (2.050 ppm; 29.84 ppm),
e CD3S0 (2.500 ppm; 39.52 ppm).

Spectra of other nuclei were referenced via direct measurement of the absolute

frequency of the lock signal, provided by the 2H resonance of the deuterated solvent,
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and consequent conversion with ITUPAC ‘unified scale’.44? The following abbrevi-
ations were used for NMR, spectra to indicate the signal multiplicity: s (singlet),
br (broad signal), d (doublet), t (triplet), q (quartet), quint (quintet), hept (hep-
tet) and m (multiplet) as well as combinations of them. When combinations of
multiplicities are given, the first character noted refers to the biggest coupling
constant. Coupling constants were extrapolated also from multiplets containing
second order phenomena. These multiplets are indicated as following: m!erd-,
When the detected multiplicities were not in accordance with the expected ones
(e.g. a triplet of triplets with the same coupling constants) the notation ‘mapp. " was
used. For the assignments of 'H, 13C NMR and F NMR spectra, DQF-COSY,
HSQC-ME, HMBC, H2BC, NOESY, PSYCHE*? and ""F-HSQC experiments were
also performed. The assignment are reported, for all nuclei, as an italicised number
which refers to the numbered carbon atom to which they are connected in the
drawn molecular structure. For the tetrafluoroborate ion, the reported *F NMR
peak correspond to HBFZ, which accounts for 79% of the total BF signal, the
remaining 21% being °BF; .

High-resolution mass spectrometry (HRMS) analyses were performed on a Bruker
micrOTOF II mass spectrometer, interfaced to an Agilent 1200 HPLC. A 1 uL
aliquot of the sample was injected into the ion source of the instrument along with
a flow of 0.2 mL/min of 70% methanol /water eluent. The mass spectrometer was
operated in electrospray ionisation (ESI) mode. The ion peak is always given as
that of lowest isotopic mass.

Infrared spectra of neat compounds were recorded over the range 4000-400 cm ™
on a Bruker Alpha FTIR spectrometer fitted with a Bruker Platinum ATR Quick-
snap™ diamond cell. Melting points were measured using Stuart SMP20 melting
point apparatus in open capillaries. [IUPAC names of compounds were determined

with the program ChemDraw Professional® (versions 16.0-19.1).
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6.1 Compounds discussed in Chapter 2

Bismuth tribromide (1)

. HBr _

2% TR0 Br“"/BI\Br
Br

Hydrobromic acid (85 mL of a 48% w/w solution in water, 61 g, 750 mmol,
6.0 equiv) was added to a 500 mL round-bottom flask and heated at 70 °C. Bismuth
oxide (58.2 g, 125 mmol, 1.0 equiv) was then added and the resulting suspension was
stirred for 15 min. Additional HBr was added until all the material dissolved. The
round-bottom flask was equipped with a distillation bridge, connected to a liquid
nitrogen-cooled 250 mL Schlenk round-bottom flask. This was in turn connected
to a Schlenk line and excess HBr and water were carefully distilled off. When the
solids were dry, the bridge was disconnected and the flask was connected directely
to the Schlenk line and put under vacuum for 18 h at 120 °C. The bright yellow
solids (55.6 g, 124 mmol, 99%) were scraped off the flask and used without further
purification. Bismuth bromide could be conserved in a desiccator under nitrogen

for months without signs of decomposition. m.p. (°C): 217-219.444

Tri(4-fluorophenyl)bismuthine (2)
Bi ArF MgBr ) 5
Dl o
5/ g, ~ THF,66-25°C,2h
Br

Magnesium turnings (1.60 g, 66.0 mmol, 3.3 equiv) were stirred in a 100 mL two-neck
round-bottom flask, together with a couple of iodine crystals and gently heated until
the development of purple vapours. Dry THF (30 mL) was then added, followed
by drop-wise addition of 1-bromo-4-fluorobenzene (6.70 mL, 10.6 g, 62.0 mmol,
3.1 equiv): heat developed. This mixture was left to stir for 1 h, until it cooled down
to rt again. In the meanwhile, another 100 mL round-bottom flask was charged
with BiBrg 1 (8.97 g, 20.0 mmol, 1.0 equiv) and evacuated three times. Bismuth
bromide was then suspended in THF (20 mL) and the Grignard reagent was finally
added to this suspension® and left to stir for 2 h. The reaction was carefully

quenched with HoO (30 mL) and filtered through silica to remove magnesium

*Better reproducibility was found when the Grignard reagent is added to the bismuth halide,
rather than the other way around.
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residues. The organic component was extracted with EtoO (3 x 20 mL) and the
resulting organic phases were collected and washed with HoO (3 x 20 mL), then
dried over MgSQO4 and concentrated under reduced pressure. The resulting crude
material was recrystallised from EtOH, yielding the desired product as a colourless
solid (9.21 g, 18.6 mmol, 93%), whose characteristic data are in agreement with
the literature.**> The resulting crystals were suitable for X-ray diffraction analysis:
details can be found in Section 6.8. 'H NMR (500.13 MHz, CDCl3): § 7.64
(da'terd- J =8.6,6.2 Hz, 6H, 2), 7.08 (t}Lord, J = 9.3 Hz, 6H, 3)."*C{'H} NMR
(125.76 MHz, CDCl3): ¢ 163.0 (d, J = 247.0 Hz, 4), 149.6 (br, 1), 139.3 (d, J =
7.2 Hz, 2), 118.1 (d, J = 19.9 Hz, 3). YF NMR (470.59 MHz, CDCl3): § —112.76
(tt, J = 9.3, 6.1 Hz). HRMS (ESI~, m/z) Caled. for C1oHgBiFo™ (M—CegHyF):
399.0403. Found: 399.0410. Error: 1.75 ppm.t  viax (neat, cm_l): 1572, 1481,
1382, 1209, 1156, 1015, 811, 504, 411. m.p. (°C): 92-93.

Dichlorotri(4-fluorophenyl)bismuth (3)

S02Clo F

i B
\©\ DCM, 1 h, rt \
F F

Tri(4-fluorophenyl)bismuthine 2 (4.94 g, 10.0 mmol, 1 equiv) was loaded into a 50 mL

two-neck round-bottom flask and dissolved in 50 mL of dry DCM under nitrogen.
Sulfuryl chloride (800 ul, 1.35 g, 10.0 mmol, 1 equiv) was then added drop-wise
and the resulting mixture was stirred for 1 h. The solvent was then removed under
vacuum and the crude thus obtained was recrystallised from cyclohexane, yielding
the desired product (5.35 g, 9.47 mmol, 95%) as a colourless solid. 'H NMR
(500.13 MHz, CDCl3): 6 8.54 (dd" o, J = 9.1, 5.1 Hz, 6H, 2), 7.35 (7.08 (t}Lord,
J = 8.7 Hz, 1H, 8). BC{'H} NMR (125.76 MHz, CDCl3): § 164.6 (d, J =
254 Hz, 4), 149.9 (d, J = 3 Hz, 1), 136.8 (d, J = 8 Hz, 2), 119.0 (d, J = 23 Hz, 3).
YF NMR (470.59 MHz, CDCl3): § —106.37 (tt, J = 8.2, 5.1 Hz). HRMS (ESI~,
m/z) Caled. for C1gH19BiCIF3T (M—Cl): 529.0378. Found: 529.0418. Error:
7.56 ppm. Vmax (neat, cm~1): 1567, 1471, 1388, 1223, 1155, 999, 821, 562, 493,

415. m.p. (°C): 136-137.

fThe molecular peak is notoriously difficult to detect, probably due to the small Bi~-C bond
dissociation energy.”
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Difluorotri(4-fluorophenyl)bismuth (4)

|

F

NaF

2 " Bi F
acetone ‘ 1 4
rt, 1 h E 2 3

F

In a 50 mL round-bottom flask dichlorotri(4-fluorophenyl)bismuth 3 (1.13 g, 2 mmol)
was dissolved in acetone (15 mL). In another 50 mL flask NaF (420 mg, 10 mmol,
5 equiv) was dissolved in 15 mL of water and this solution was added to the
previous flask. The resulting mixture was let to stir 1 h, then acetone was removed
by evaporation from the mixture and the aqueous phases were extracted with
DCM (3 x 20 mL). The organic phases were collected and concentrated in vacuo
and the resulting crude was recrystallised from cyclohexane to yield the desired
product (1.02 g, 1.92 mmol, 96%) as a colourless solid. 'H NMR. (500.13 MHz,
CDCl3): 6 8.22 (dd'ord- J = 9.1, 5.4 Hz, 6H, 2), 7.36 (tapp., J = 8.7 Hz, 6H, 3).
BC{'H} NMR (125.76 MHz, CDCIl3): § 165.1 (d, J = 253.4 Hz, 4), 147.7 (td,
J =10.3,2.9 Hz, 1), 136.3 (dtapp, J = 8.1, 4.0 Hz, 2), 118.7 (d, J = 21.8 Hz, 3).
YF NMR (470.59 MHz, CDCl3): § —106.13-—106.34 (m, 3F), —157.81 (s, 2F).
HRMS (ESI™, m/z) Calcd. for C;gH19BiF,T (M—F): 513.0674. Found: 513.0662.
Error: 2.34 ppm. Vpay (neat, cm™1): 1573, 1476, 1392, 1216, 1155, 1010, 828, 802,
572, 500. m.p. (°C): 111-112.

Tetra(4-fluorophenyl)bismuthonium tetrafluoroborate (5a)

F
BF,
ArFB(OH)Q
BF3-OEtsy )
—_—
DCM, rt, 3 h 1 3
4
F F

Difluorotri(4-fluorophenyl)bismuth 4 (1.06 g, 2.00 mmol, 1.0 equiv) and 4-fluo-
rophenylboronic acid (308 mg, 2.20 mmol, 1.1 equiv) were dissolved in dry DCM
(20 mL). This solution was cooled down to 0 °C, then BF3-OEty (380 pL, 426 mg,
3.00 mmol, 1.5 equiv) was added. The reaction mixture was stirred at rt for 3 h, then

sodium tetrafluoroborate (1.1 g, 10 mmol, 5.0 equiv) and water (20 mL) were added.
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The organic phase was separated, dried over MgSO,4 and concentrated to dryness.
The resulting crude material was recrystallised from a 10:1 EtoO/DCM mixture,
providing the named compound in 82% yield (1.11 g, 1.64 mmol). 'H NMR
(500.13 MHz, CDClg): & 7.79 (dd" o, J = 8.7, 5.2 Hz, 8H, 2), 7.38 (tL,o%, J =
8.5 Hz, 8H, 3). BC{'H} NMR (125.76 MHz, CDCl3): § 165.2 (d, J = 255.6 Hz,
4), 138.0 (d, J = 8.6 Hz, 2), 1332 (d, J = 3.6 Hz, 1), 120.1 (d, J = 21.9 Hz, 3).
YF NMR (470.59 MHz, CDCl3): § —103.87 (tt, J = 8.4, 5.2 Hz, 4F), —147.63 (s,
4F). HRMS (ESI™, m/z) Caled. for Co4H16BiF4T (M—BF4): 589.0987. Found:
589.0986. Error: 0.17 ppm. Vpax (neat, cm™1): 1589, 1574, 1483, 1392, 1303,

1230, 1160, 1056, 1002, 819, 570, 500, 413. m.p. (°C): 241-242.

4’,5-Difluoro-[1,1’-biphenyl]-2-ol (6a) and 4,4'’,5’-trifluoro-[1,1':3",1"'-
terphenyl]-2’-o0l (6b)

[Ar} Bi][BF4]
DBU
CD3CN
rt, 24 h

F

Tetra(4-fluorophenyl)bismuthonium tetrafluoroborate 5a (306 mg, 0.453 mmol,
1 equiv) and 4-fluorophenol (50.8 mg, 0.453 mmol, 1 equiv) were added to an
NMR tube and dissolved in CD3CN (0.6 mL). DBU (100 pL, 103 mg, 0.675 mmol,
1.5 equiv) was then added and the solution turned bright orange. The reaction was
monitored by NMR spectroscopy at 3 h intervals and after 24 h was quenched with
a few drops of TFA? until disappearance of the colour. The reaction mixture was
diluted with DCM (2 mL) and transferred to a 10 mL round-bottom flask, then
all the volatiles were evaporated under reduced pressure. The resulting crude was
diluted with EtOAc (0.5 mL), loaded on a preparative TLC plate with a 100 pL
micro-syringe and eluted with 250 mL of a 9:1 CyH:EtOAc mixture. Two different
bands could be separated and each of them was isolated by scraping the silica off
the TLC plate. The material thereon adsorbed was solubilised by stirring the silica
in DCM for 1 h, then filtering off the solids and removing the solvent under reduced
pressure. The first band (R = 0.14-0.30) contained the mono-arylated product
6a, isolated as an off-white solid (14.0 mg, 68.0 nmol, 15%) whose characteristic
data are reported below and are consistent with the literature (!H NMR and
mp).446 'TH NMR (500.13 MHz, CDCl3): § 7.48-7.42 (m, 2H, 2'), 7.21-7.14 (m,

#This causes the decomposition of Ar}Bi, simplifying the separation of the different products.
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2H, &'), 7.00-6.87 (m, 3H, 2, 5 and 6), OH signal not detected. 3C{'H} NMR
(125.76 MHz, CDCl3): 6 162.8 (d, J = 248.0 Hz, 4'), 157.2 (d, J = 238.8 Hz, 1),
148.6 (d, J = 2.7 Hz, 4), 132.4 (d, J = 3.9 Hz, 1), 131.0 (d, J = 8.2 Hz, 2),
128.3 (d, J = 8.1 Hz, 3), 117.0 (d, J = 8.1 Hz, 5), 116.6 (d, J = 23.3 Hz, 2),
116.4 (d, J = 21.1 Hz, &), 115.6 (d, J = 22.7 Hz, 6). F NMR (470.59 MHz,
CDCly): 6 —113.43 (tt, J = 8.5, 5.3 Hz, 1F, /'), —123.83-—124.10 (m, 1F, 1).
YF{1H} NMR (376.50 MHz, CDCl3): § —113.47 (s, 1F, 4), —123.95 (s, 1F, 1).
HRMS (ESI~, m/z) Calcd. for C;oH7F20™ (M—H): 205.0470. Found: 205.0472.
Error: 0.98 ppm. Vpax (neat, cm™—1): 2926, 1605, 1515, 1500, 1434, 1398, 1261,
1224, 1177, 839, 776, 589.

The second band (R¢ = 0.41-0.51) contained the di-arylated product 6b, which
was isolated as a pale yellow oil (9.51 mg, 31.7 pmol, 7%) and whose characteristic
data are reported below: 'H NMR (500.13 MHz, CDCl3): 6 7.51 (dd" o) J =
8.7,5.3 Hz, 4H, 2'), 7.18 (tlLord- J = 8.6 Hz, 4H, 8'), 6.97 (d, J = 8.7 Hz, 2H, 3),
5.05 (s, 1H, OH). BC{'H} NMR (125.76 MHz, CDCl3): § 162.7 (d, J = 248.0 Hz,
4", 156.8 (d, J = 239.7 Hz, 4), 145.5 (d, J = 2.3 Hz, 1), 132.6 (br, 2), 131.2 (d,
J =82Hz, 2),129.0 (d, J = 8.1 Hz, 1), 116.3 (d, J = 23.3 Hz, 3), 116.1 (d, J =
21.2 Hz, &'). F NMR (470.59 MHz, CDCls): § —113.51 (tt, J = 8.6, 5.3 Hz,
4", —123.76 (t, J = 8.7 Hz, 4). HRMS (ESI~, m/z) Calcd. for C;gH;oF30~
(M—H): 299.0689. Found: 299.0694. Error: 1.67 ppm. Vpax (neat, cm™1): 3551,
1606, 1510, 1445, 1442, 1396, 1228, 1160, 837, 784, 548.

6-Fluoronaphthalen-2-ol (7)

0 AlICI3 8 & A OH
SOCla, DMF ¢at, TMS——== ! >
OH neat, 50 °C, 1h  DCM, 0 °C, 2 h 6 5
F F T

Under an atmosphere of nitrogen, thionyl chloride (7.1 mL, 12 g, 98 mmol, 1.5 equiv)
and a drop of DMF were added to 4-fluorophenylacetic acid (10 g, 65 mmol,
1.0 equiv). The reaction mixture was stirred at 50 °C for 1 h, then excess thionyl
chloride was removed n vacuo. The resulting acid chloride was then added to a
stirred suspension of aluminium chloride (12 g, 98 mmol, 1.5 equiv) in dry DCM
(25 mL) at 0 °C. Trimethylsilyl acetylene (9.7 mL, 7.7 g, 78 mmol, 1.2 equiv) was
then added drop-wise to the resulting red solution over the course of 1 h. The
resulting black solution was stirred at room temperature for an additional 1 h.
The reaction mixture was then poured onto ice and the organic component was

extracted with DCM (3 x 200 mL). The combined organic fractions were then
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extracted with aqueous sodium hydroxide (2.0 M, 3 x 150 mL). The aqueous
fractions were combined, acidified with concentrated hydrochloric acid until pH<1
and then extracted with DCM (3 x 200 mL). The combined organic fractions
were then dried over MgSQy, filtered and the solvent was removed in vacuo. The
resulting crude residue was purified by silica gel column chromatography (5-10%
EtOAc/CyH) to yield the title compound as a pale yellow® crystalline solid (2.05 g,
12.4 mmol, 19%).

1) nBuLi

Br OH
2) B(OMe)g HQOQ7 AcOH
THF water, 4 h
F F

—78°Ctort, 18 h

A more effective procedure to synthesise 6-fluoronaphthalen-2-ol is reported
below. 2-Bromo-6-fluoronaphthalene (3.00 g, 13.3 mmol, 1.0 equiv) was loaded
in a 100 mL Schlenk round-bottom flask and three cycles of vacuum/nitrogen
were performed, then dry THF (50 mL) was added and this solution was cooled
down to —78 °C, then nBuli (7.0 mL of a 2.3 M solution in hexanes, 16 mmol,
1.2 equiv), was added drop-wise. The resulting solution was stirred for 15 min, then
trimethylborate (2.25 mL, 2.08 g, 20.0 mmol, 1.5 equiv) was added over the course
of 10 min and the solution went through the following colour changes: from yellow
to green, to pale blue, to colourless. The reaction was let to slowly warm up to room
temperature and was then stirred overnight. Water (5 mL), acetic acid (5 mL) and
hydrogen peroxide (4.5 mL of a 30% solution in water, corresponding to 40 mmol,
3.0 equiv of pure reagent) were added. After 3 h the completion of the reaction was
determined by NMR spectroscopy and thus the reaction mixture was diluted with
Et2O and water and extracted thrice. The organic phases were merged, dried over
MgSOy4 and concentrated under reduced pressure, yielding a crude material that
was purified by flash column chromatography (5-10% EtOAc/CyH). The desired
product 7 was finally isolated in 76% yield (1.64 g, 10.1 mmol, Ry = 0.38 in 20%
EtOAc/CyH). Its characteristic data are reported below and are consistent with
the literature (‘H and *C NMR and HRMS).#47 'H NMR . (500.13 MHz, CD3CN):
§ 7.73 (ddapp, J = 8.9, 5.7 Hz, 2H, 4 and 8), 7.46 (dd, J = 10.3, 2.5 Hz, 1H,
5), 7.25 (td, J = 8.9, 2.6 Hz, 1H, 7), 7.20 (d, J = 2.4 Hz, 1H, 1), 7.17 (br, 1H,
OH), 7.14 (dd, J = 8.7, 2.4 Hz, 1H, 3). BC{'H} NMR (125.76 MHz, CD3CN):

$This could be further purified by sublimation using a cold finger apparatus at a severe expense
of the yield. In fact, the compound decomposes upon heating. Also, it was observed that the
naphthol oxidises over time and darkens, however, even after two years under air, no impurity
could be detected by *F NMR spectroscopy.
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§ 158.9 (d, 'J = 239.9 Hz, 6), 154.3 (d, 6J = 2.7 Hz, 2), 131.9 (8a), 128.78 (d,
4] = 5.4 Hz, 4), 128.74 (d, 3J = 9.0 Hz, 4a), 128.6 (d, 3J = 8.7 Hz, 8), 119.3
(3), 116.3 (d, 2J = 25.4 Hz, 7), 110.5 (d, 2J = 20.2 Hz, 5), 109.1 (1). F NMR
(470.59 MHz, CD3CN): § —120.70 (tdapp. 9.5, 5.6 Hz). HRMS (ESI—, m/z) Calcd.
for C10H¢FO™ (M— H): 161.0408. Found: 161.0410. Error: 1.24 ppm. vpax (neat,
em™1): 3241, 1602, 1511, 1453, 1394, 1378, 1360, 1278, 1224, 1140, 1107, 958, 940,
870, 806, 680, 652, 578, 525, 481, 471, 425. m.p. (°C): 114-115.

6-Fluoro-1-(4-fluorophenyl)naphthalen-2-ol (8)

OH  |AMBi|[BE]
DBU
CD3CN
F rt, 5 min

In an NMR tube, 6-Fluoronaphthalen-2-ol (7, 13.0 mg, 80.0 pmol, 1.0 equiv)
and tetra(4-fluorophenyl)bismuthonium tetrafluoroborate (5a, 54.1 mg, 80.0 pmol,
1.0 equiv) were dissolved in CD3CN, then DBU (18 pL, ca. 18 mg, 120 pmol,
1.5 equiv) was added. The solution turned immediately orange but the colour faded
within 5 min, indicating reaction completion. The reaction mixture was worked-up
as discussed for compound 6 and isolated by preparative TLC (5% EtOAc/CyH) as
a colourless oil (17.0 mg, 66.4 pmol, 83%). 'H NMR (400.13 MHz, CD3CN): § 7.74
(d, J =89 Hz, 1H, 4), 7.48 (dd, J = 10.0, 2.8 Hz, 1H, 5), 7.37-7.30 (m, 3H, 8, 2/),
7.29-7.21 (m, 3H, 8, &), 7.13 (ddd, J = 9.3, 8.6, 2.7 Hz, 1H, 7). BC{'H} NMR
(100.61 MHz, CD3CN): § 163.2 (d, J = 243.9 Hz, /'), 160.0 (d, J = 240.7 Hz, 6),
152.0 (d, J = 2.8 Hz, 2), 134.0 (d, J = 8.1 Hz, 2), 132.7 (d, J = 3.1 Hz, 1'), 131.8,
(s, 8a), 130.0 (d, J = 9.2 Hz, 4a), 129.4 (d, J = 5.1 Hz, 4), 127.8 (d, J = 8.8 Hz,
8),121.9 (s, 1), 1204 (s, 3), 117.1 (d, J = 25.0 Hz, 7), 1164 (d, J = 21.8 Hz,
3", 111.8 (d, J = 20.6 Hz, 5). YF NMR (376.50 MHz, CD3CN): § —116.7 (tt,
J =9.1,5.6 Hz, 4'), —121.4 (tdapp., J = 9.3, 5.6 Hz, 6). "H NMR (500.13 MHz,
CD3OD): 6 7.73 (d, J = 8.9 Hz, 1H, /), 7.46 (dd, J = 9.9, 2.7 Hz, 1H, 5), 7.39 (dd,
J =94, 56 Hz, 1H, 8), 7.37-7.32 (m, 2H, 2'), 7.27-7.20 (m, 3H, 3, 3’), 7.12 (ddd,

= 9.3, 8.4, 2.7 Hz, 1H, 7), OH peak not detected. 'H{'H} NMR (500.13 MHz,
CD3OD): 6 7.73 (s, 4), 7.46 (d, 3Jp_ug = 9.8 Hz, 5), 7.39 (d, *Jp_u = 5.6 Hz, 8),
7.35 (d, *Jp_u = 5.5 Hz, 2), 7,244 (s, 8), 7.236 (d, 3Jp_g = 8.9 Hz, &), 7.12
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(d, 3Jp_pg = 8.5 Hz, 7), OH peak not detected. 3C{'H} NMR (125.76 MHz,
CD30D): § 163.6 (d, 'J = 244.3 Hz, 4'), 160.3 (d, 'J = 241.6 Hz, 6), 152.4 (d,
6] = 2.7 Hz, 2), 134.0 (d, 3J = 8.1 Hz, 2'), 133.7 (d, *J = 3.6 Hz, 1), 132.4 (s,
8a), 130.5 (d, 3J = 8.3 Hz, 4a), 129.3 (d, *J = 5.3 Hz, 4), 127.9 (d, 3J = 8.3 Hz,
8),122.4 (s, 1), 120.4 (s, 3), 117.0 (d, 2J = 25.4 Hz, 7), 116.2 (d, 2J = 21.7 Hz,
8, 111.7 (d, 2J = 20.3 Hz, 5). YF NMR (470.59 MHz, CD30D): § —117.67 (tt,
J = 89,55 Hz, 4'), —122.32 (ddd, J = 9.9, 8.4, 5.5 Hz, 6). HRMS (ESIT, m/z)
Caled. for CigHy1FoOT (M+H): 257.0772. Found: 257.0773. Error: 0.39 ppm.
vmax (neat, cm™1): 3544, 2924, 1608, 1520, 1507, 1375, 1230, 1169, 1106, 961, 867,
836, 816, 631, 580, 498.

4,4'-Bis(trifluoromethyl)-1,1'-biphenyl (9)

1) Mg

2 3
e . 2) FeCl; X L
—_—
3 " OThE, w156 3C CFs

Following a procedure by Zhang,*4® magnesium turnings (4.00 g, 165 mmol, 6.6 equiv)
were stirred in a 100 mL Schlenk tube overnight, then dry THF (30 mL) was added,
followed by 1-bromo-4-(trifluoromethyl)benzene (7.0 mL, 11 g, 50 mmol, 2.0 equiv).
Heat developed and and the solvent started to reflux. This solution was left to stir
for 1.5 h, then transferred with a cannula into a THF (40 mL) solution of FeCls
(243 mg, 1.50 mmol, 3 mol%) and 1,2-dibromoethane (2.6 mL, 5.6 g, 30 mmol,
1.2 equiv). The resulting solution was left to stir overnight and then the reaction
was quenched with 1 M HCI and diluted with DCM. The organic layer was separated,
dried over MgSQO4 and concentrated to dryness. The crude mixture was purified by
flash column chromatography on silica gel (CyH, Ry = 0.57), yielding the desired
pure product as a white solid (4.27 g, 14.7 mmol, 59%). A crystal structure for this
compound was determined from single crystals grown by slow evaporation of the
solvent in a reaction where this compound was used as an internal standard (see Fig.
4.9). Crystallographic detail can be found in Section 6.8. 'H NMR. (500.13 MHz,
CDCl3): § 7.75 (Qapp., J = 8.3 Hz, 8H). BC{'H} NMR (125.76 MHz, CDCl3):
0143.4 (1), 130.5 (q, J = 32.7 Hz, 4), 127.8 (2), 126.1 (q, J = 3.7 Hz, 3), 124.3
(q, J = 272.1 Hz, 5). F NMR (470.59 MHz, CDCl3): § —62.57. HRMS (EI*,
m/z) Caled. for C14HgFg'™ (M+): 290.0525. Found: 290.0538. Error: 4.48 ppm.
vmax (neat, cm™1): 1593, 1580, 1548, 1374, 1215, 1147, 1117, 1080, 1028, 1011, 873.
m.p. (°C): 85-87.
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1-(Chloromethyl)-1,4-diazabicyclo|2.2.2]octan-1-ium chloride (10)

//CI
+ ~
N 40 °C, 2 h N

According to Wu’s procedure,?™ in a 100 mL round-bottom flask, DABCO (2.50 g,
22.3 mmol) was dissolved in DCM (45 mL) and stirred for 2 h at reflux, then the
reaction mixture was let to cool down to rt and solids were transferred on a Biichner
filter and washed with additional DCM. The desired compound 10 was isolated as
a colourless solid (3.10 g, 15.7 mmol, 71%) whose characteristic data correspond to
those reported in literature.?® 'H NMR (400.13 MHz, D20): 6 5.05 (s, 1H), 3.48
(t, J = 7.5 Hz, 3H), 3.19 (dd, J — 8.9, 6.2 Hz, 3H).

Sodium bis(phenylsulfonyl)amide (11)

I QTR O
_ >
Ph"7 N \Ph  acetone/H2O  Ph” 7 N7 \Ph
O H O O - 0©
I‘t, 15h Na+

Dibenzenesulfonimide (1.00 g, 3.36 mmol, 1.0 equiv) was dissolved in a 1:1 acet-
one/water mixture, then NaOH (135 mg, 3.36 mmol, 1.0 equiv) was added and the
reaction mixture was stirred for 15 h at rt. The solvent was then removed under
reduced pressure and the product was isolate without further purification (1.01 g,
3.16 mmol, 94%) as a colourless solid. 'H NMR (400.13 MHz, D20): 7.59-7.50 (m,
2H), 7.50-7.40 (m, 1H), 7.32 (t, J = 7.9 Hz, 2H). ¥C{'H} NMR (100.61 MHz,
D-0): 141.0, 132.3, 128.9, 126.1.

1-(Chloromethyl)-1,4-diazabicyclo|2.2.2]octan-1-ium bis(phenyl-
sulfonyl)amide (12)

0} 0]
[
Cl NN cl
Ph”// "N” \\"Ph 0] o
/: _ o - ©O /: I I
N cl Na* N S_ S
NJ NJ Ph/ "N\ Ph
acetone/H20O o - O
rt, 24 h

7

According to Wu’s procedure,?™ compound 10 (493 mg, 2.50 mmol, 1.0 equiv) was

stirred in MeCN (50 mL) until the solution got clear, then compound 11 (800 mg,
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2.50 mmol, 1.0 equiv) was added and the resulting mixture was stirred overnight.
The suspension was then passed through a filter to remove NaCl and the resulting
solution was concentrated, causing the crystallisation of the desired product, which
was isolated quantitatively (1.12 g, 2.45 mmol, 98%). 'H NMR (400.13 MHz,
CD3CN): 7.81-7.67 (m, 4H), 7.49-7.28 (m, 6H), 4.99 (d, J — 1.7 Hz, 2H), 3.37 (t,
J = 7.4 Hz, 6H), 3.16 (t, J = 7.4 Hz, 6H).

1-(chloromethyl)-4-fluoro-1,4-diazabicyclo|2.2.2]octane-1,4-diium bis-
(bis(phenylsulfonyl)amide) (13)

Cl Cl
O (0]
/: I I /:L/ I I
b NN —>NFSI N P NN
Ph 7 N Ph J A N
N g =~ ° MeCN, rt, 8 d /N+ g ~ °
F 2

According to Wu’s procedure,?"

compound 12 (1.09 g, 2.38 mmol, 1.0 equiv)
and NFSI (7.52 g, 23.8 mmol, 10 equiv) were dissolved in MeCN (76.8 mL) and
this solution was stirred for 8 d at rt. The solvent was then removed under
reduced pressure and the crude solid was washed with EtOAc to recover the excess
NFSI. Finally the product was obtained with 95% purity by recrystallisation from
EtOAc/MeCN (1.72 g, 2.23 mmol, 94%). The resulting crystals were suitable for X-
ray diffraction analysis: details can be found in Section 6.8. 'H NMR (500.13 MHz,
CD3CN): 0 7.81-7.68 (m, 8H), 7.47-7.39 (m, 4H), 7.39-7.31 (m, 8H), 5.60-5.45
(m, 2H), 5.04-4.83 (m, 6H), 4.67-4.47 (m, 6H). BC{'H} NMR (125.76 MHz,
CD3CN):  145.3, 130.6, 128.1, 126.4, 69.0, 57.4 (d, J = 15.1 Hz), 53.8. YF NMR
(470.59 MHz, CD3CN): ¢ 48.82.

1,1,6-Trifluoronaphthalen-2(1H )-one (14)

F F
OH >0
Selectfluor 7 {
MeCN, 85 °C, 12 h 6 3
F F : 4a :

In an NMR tube, Selectfluor (283 mg, 800 pmol, 4 equiv) was added to a solution of 6-
fluoronaphthalen-2-ol 7 (32.4 mg, 200 pmol, 1 equiv) in CD3CN (0.6 mL), which was
heated at 85 °C for 12 h. Formation of a 72:28 mixture of 1,1,6-trifluoronaphthalen-
2(1H)-one and 1,6-difluoronaphthalen-2-ol was detected by F NMR spectroscopy,
as well as full consumption of the naphthol starting material. The reaction mixture
was diluted with Et2O (10 mL) and extracted with 1 M NaOH (3 x 10 mL) to
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remove the mono-fluorinated species. Purification was achieved by preparatory
TLC, eluting with 1:9 CyH:EtOAc (R = 0.56) and the desired product was isolated
as a dark yellow oil (14.9 mg, 75.2 mmol, 38%). 'H NMR (500.13 MHz, CDCl3):
§ 7.83 (ddt, J = 8.5, 5.2, 1.6 Hz, 1H, 8), 7.38 (d, J = 10.1 Hz, 1H, 4), 7.22 (td, J =
8.3, 2.5 Hz, 1H, 7), 7.09 (ddt, J = 8.3, 2.5, 1.2 Hz, 1H, 5), 6.29 (dtd, J = 10.2, 2.7,
0.8 Hz, 1H, 3). '"H{'H} NMR (500.13 MHz, CDCls): § 7.86-7.81 (m, 8), 7.38 (s,
4),7.22(d,3J =84 Hz, 7),7.09 (d, 3] = 7.8 Hz, 5), 6.29 (s, 3). 3C{'H} NMR
(125.76 MHz, CDCl3): 6 187.16 (t, 2J = 24.9 Hz, 2), 164.76 (dt, 15J = 253.4,
2.0 Hz, 6), 144.17 (s, 4), 132.84 (dt, 33J = 8.3, 5.6 Hz, 4a), 130.24 (dt, 33J = 9.0,
3.2 Hz, 8), 129.30 (td, >*J = 23.8, 3.7 Hz, 8a), 124.87 (t, 3J = 2.2 Hz, 3), 117.78
(dt, 24J = 22.0, 1.7 Hz, 7), 116.93 (d, 2J = 22.8 Hz, 5), 105.36 (t, !J = 244.8 Hz,
1). ¥F NMR (470.59 MHz, CDCl3): § —100.12-—100.30 (m, 2F, 1), —106.77 (tq,
J = 8.6, 4.2 Hz, 1F, 6). YF{'H} NMR (376.50 MHz, CDCl3): § —100.21 (d,
6] =3.9Hz, 2F, 1), —106.77 (t, ¢J = 3.9 Hz, 1F, 6). HRMS (ESI*, m/z) Calcd.
for C1oH5F3NaO™ (M+ Na): 221.0185. Found: 221.0206. Error: 9.50 ppm. Vmax
(neat, cm~1): 3070, 2921, 2851, 1668, 1579, 1509, 1298, 1264, 1128, 1047, 887, 837.

6.2 Sulfonamides

R
~ B — S
6/ a /© DCM, 0 °C, 16 h Y
H,N 0 |‘4

GP-1: benzenesulfonyl chloride (1.1 equiv) was added to a solution of aniline
(1.0 equiv) and pyridine (3.0 equiv) in DCM (0.2 M) at 0 °C. The reaction was
gradually warmed to room temperature and stirred for 16 h before quenching with
water. This solution was then extracted with DCM (3 x 20 mL) and the resulting
the organic phases were collected and washed with HCI (1 M), NaHCO3 (45, and

brine, dried over MgSO4 and the solvent removed under reduced pressure.

N-(4-fluorophenyl)benzenesulfonamide (15a)

According to GP-1, 4-fluoroaniline (222 mg, 2.00 mmol,

7 F 10 equiv), pyridine (490 nL, 476 mg, 6 mmol, 3.0 equiv)

, 2 //‘S‘\N : ” and benzenesulfonyl chloride (280 pL, 389 mg, 2.2 mmol,
4©/0 |-‘| z 1.1 equiv) were reacted together, yielding the desired
product (485 mg, 1.93 mmol, 97%) as a white solid. Its

characteristic data are consistent with the literature.**?
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'H NMR (500.13 MHz, CDCl3): § 7.80-7.67 (m, 2H, 2), 7.55 (tt'lord- J = 7.5,
1.3 Hz, 1H, 4), 7.50-7.41 (m, 2H, 3), 7.10-6.99 (m, 2H, 2’), 6.93 (t4 0%, J = 8.7,
8.3 Hz, 2H, 8'), 6.75 (br, 1H, NH). 3C{'H} NMR (125.76 MHz, CDCl3): § 160.9
(d, J = 245.7 Hz, 4'), 138.7 (s, 1), 133.1 (s, 4), 132.1 (d, J = 3.0 Hz, 1), 129.1 (s,
3),127.2 (s, 2), 124.9 (d, J = 8.1 Hz, 2'), 116.2 (d, J = 22.9 Hz, &'). 19F NMR
(470.59 MHz, CDCl3): 6 —115.9 (tt, J = 8.5, 4.7 Hz). HRMS (ESI~, m/z) Calcd.
for C1oHgFNO9S™ (M— H): 250.0344. Found: 250.0348. Error: 1.60 ppm. Vmax
(neat, cm™'): 3246, 1505, 1469, 1444, 1392, 1324, 1284, 1225, 1147, 1089, 1019, 922,

848, 754, 717, 688, 572, 520. m.p. (°C): 106-108.

N-(3,5-Bis(trifluoromethyl)phenyl)benzenesulfonamide (15b)

According to GP-1, 3,5-bis(trifluoromethyl)aniline

(310 pL, 458 mg, 2.00 mmol, 1.0 equiv), pyridine

4 (490 pL, 476 mg, 6.00 mmol, 3.0 equiv) and benzenes-

3©///S\N N ulfonyl chloride (280 pL, 389 mg, 2.20 mmol, 1.1 equiv)

g were reacted together, yielding the desired product

(694 mg, 1.88 mmol, 94%) as a white solid. 'H NMR

(500.13 MHz, CDCl3): 6 7.89-7.81 (m, 2H, 2), 7.65-7.57 (m, 2H, 2 and 16), 7.56—

7.48 (m, 4H, 3 and 2'), 7.25 (s, 1H, NH). B3C{'H} NMR (125.76 MHz, CDCl3):

§138.3 (1), 138.3 (1), 134.1 (4), 133.1 (q, 2J = 33.9 Hz, &), 129.7 (3), 127.4 (2),

122.8 (q, 'J = 273.1 Hz, CF3), 120.3 (q, 3J = 3.9 Hz, 2'), 118.7 (p, J = 3.9 Hz,

4. YF NMR (470.59 MHz, CDCl3): § —63.18. HRMS (ESI~, m/z) Calcd.

for C14HgFgNO2S™ (M— H): 368.0185. Found: 368.0182. Error: 0.82 ppm. Vpax

(neat, cm™1): 3258, 1621,1509, 1469, 1421, 1375, 1333, 1276, 1124, 1088, 1001, 974,
877, 834, 752, 735, 717, 696, 682, 553. m.p. (°C): 107-108.

N-(4-(tert-Butyl)phenyl)benzenesulfonamide (15c)

According to GP-1, 4-tert-butylaniline (800 pL, 746 mg,
5.00 mmol, 1.0 equiv), pyridine (1.20 mL, 396 mg,
15.0 mmol, 3.0 equiv) and benzenesulfonyl chloride

(700 pL, 971 mg, 5.50 mmol, 1.1 equiv) were reacted to-

gether, yielding the desired product (1.31 g, 4.52 mmol,
90%) as a cream-white solid. Its characteristic data are
consistent with the literature.#? TH NMR (500.13 MHz, CDCl3): § 7.81-7.74
(m, 2H, 1), 7.54 (ttapp., J = 7.5, 1.2 Hz, 1H, 4), 7.45 (tL o J = 8.0 Hz, 2H,

3), 7.32-7.20 (m, 2H, &), 7.03-6.92 (m, 2H, 2'), 6.44 (s, 1H, NH), 1.28 (s, 9H,
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6'). BC{'H} NMR (125.76 MHz, CDCl3): § 149.0 (4'), 139.5 (1), 133.6 (1'),
133.0 (4), 129.1 (8), 127.4 (2), 126.4 ('), 122.1 (2'), 34.5 (&), 31.4 (6'). HRMS
(ESI~, m/z) Calced. for C16H1sNO2S™ (M— H): 288.1064. Found: 288.1069. Error:
1.74 ppm.  Vmax (neat, ecm™1): 3200, 2962, 1510, 1448, 1395, 1363, 1328, 1266,
1227, 1153, 1090, 1019, 914, 820, 724, 686, 658, 574, 529. m.p. (°C): 154-155.

N-(4-nitrophenyl)benzenesulfonamide (15d)

no, According to GP-1, 4-nitroaniline (700 mg, 5.00 mmol,
1.0 equiv), pyridine (1.20 mL, 396 mg, 15.0 mmol,
3©/O//S SN Y 3.0 equiv) and benzenesulfonyl chloride (700 pL, 971 mg,
H 5.50 mmol, 1.1 equiv) were reacted together, yielding

the desired product (1.26 g, 4.54 mmol, 91%) as a tanned solid. Its characteristic
data are consistent with the literature.*® 'H NMR. (500.13 MHz, CDCl3): ¢ 8.13
(aferd- 7 = 9.1 Hz, 2H, &), 7.97-7.86 (m, 2H, 2), 7.66 (s, 1H, NH), 7.61 (ttapp.,
J =17.6,1.1Hz, 1H, 4), 7.52 (t40%, J = 8.2, 7.4 Hz, 2H, 3), 7.29-7.19 (m, 2H, 2').
BC{!H} NMR (125.76 MHz, CDCl3): § 144.2 (4'), 142.7 (1), 138.5 (1), 134.1
(4), 129.7 (8), 127.4 (2), 125.6 (&), 118.9 (2). HRMS (ESI~, m/z) Calced. for
C12H9N2O4S™ (M— H): 277.0289. Found: 277.0292. Error: 1.08 ppm. Vpax (neat,
cm~1): 3234, 1594, 1518, 1494, 1447, 1341, 1286, 1233, 1180, 1157, 1111, 1087, 898,

855, 821, 747, 719, 694, 681, 646, 625, 578, 562, 500, 452. m.p. (“C): 138 140.
N-(4-(trifluoromethyl)phenhyl)benzenesulfonamide (15€)

According to GP-1, 4-(trifluoromethyl)aniline (640 pL,
800 mg, 5.00 mmol, 1.0 equiv), pyridine (1.20 mL,
396 mg, 15.0 mmol, 3.0 equiv) and benzenesulfonyl chlor-

3 1 )
©/0 \ ? ide (700 pL, 971 mg, 5.50 mmol, 1.1 equiv) were reacted
together, yielding the desired product (1.47 g, 4.89 mmol,

98%) as a white solid. Its characteristic data are consistent with the literature.*5!
'H NMR (500.13 MHz, CDCl3): § 7.91-7.81 (m, 2H, 2), 7.62-7.55 (m, 1H, 4),
7.53-7.45 (m, 4H, 3 and 3'), 7.19 (d, J = 8.4 Hz, 2H, 2’), 7.13 (br, 1H, NH).
BC{!H} NMR (125.76 MHz, CDCl3): § 139.8 (17), 138.9 (1), 133.7 (4), 129.5
(3),127.3 (2), 127.1 (q, J = 32.6 Hz, 4'), 126.8 (q, J — 3.7 Hz, 3'), 124.0 (q, J =
271.8 Hz, 5'), 120.1 (2'). ¥F NMR (470.59 MHz, CDCl3): § —62.31. HRMS
(ESI~, m/z) Caled. for C13HgF3NOS™ (M— H): 300.0312. Found: 300.0316.
Error: 1.33 ppm. Vmax (neat, cm=1): 3277, 1617, 1517, 1466, 1401, 1320, 1287,
1226, 1157, 1108, 1089, 1067, 1012, 911, 845, 754, 718, 685, 658, 590, 556, 506, 437.

m.p. (°C): 100-102.
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N-(4-methoxyphenhyl)benzenesulfonamide (15f)

o According to GP-1, 4-methoxyaniline (615 mg,

, (‘3‘ /@4/ >~ 5.00 mmol, 1.0 equiv), pyridine (1.20 mL, 396 mg,
3©/(§/S\N - ¥ 15.0 mmol, 3.0 equiv) and benzenesulfonyl chloride
4 H (700 pL, 971 mg, 5.50 mmol, 1.1 equiv) were reacted to-
gether, yielding the desired product (1.31 g, 4.97 mmol,

99.5%) as a black solid. Its characteristic data are consistent with the literature.!
'H NMR (500.13 MHz, CDCl3): § 7.76-7.66 (m, 2H, 2), 7.54 (tt, J = 7.6, 1.1 Hz,
1H, 4), 7.43 (terdJ — 8.1, 7.6 Hz, 2H, 3), 7.01-6.92 (m, 2H, 2), 6.82-6.73 (m,
2H, 8'), 6.39 (br, 1H, NH), 3.78 (s, 3H, 5'). 3C{'H} NMR (125.76 MHz, CDCl3):
§ 158.3 (4'), 139.1 (1), 133.0 (4), 129.1 (3), 128.7 (1), 127.4 (2), 125.9 (2'), 114.6
(8), 55.6 (5). HRMS (ESI—, m/z) Calcd. for C13H12NO3S™ (M— H): 262.0543.
Found: 262.0540. Error: 1.14 ppm. vpax (neat, cm_l): 3253, 1505, 1465, 1445,
1399, 1332, 1287, 1248, 1148, 1086, 1036, 914, 823, 759, 720, 686, 630, 579, 540, 512.

m.p. (°C): 93-95.
6.3 N-Fluorosulfonamides

0 0
S_ _R KH NFSI S_ _R
g DCM, rt 6h g N

H F

GP-2: Following Taylor’s procedure,?? in a two-neck round-bottom flask under

argon KH was added, without removing the mineral oil in which it was dispersed, to
a 0.1 M DCM solution of sulfonamide kept at rt. The resulting solution was stirred
for 1 h. A 0.1 M solution of NFSI was then added to the first flask and the slurry
was stirred for other 6 h. The reaction was then quenched with a NaOH-NH,OH
solution (6.5 g of NaOH and 7.2 mL of 35% NH4OH solution, in 100 mL of distilled
water), then extracted with EtoO (3 x 20 mL). The resulting organic layers were
collected and washed with the NaOH-NH4OH solution (3 x 20 mL), 1 M saturated
NaOH (3 x 20 mL) and 1 m HCI (3 x 20 mL). The organic phase was then dried
over MgSQOy4 and the solvent was removed under pressure. The resulting crude was
purified by flash chromatography (20% EtOAc/CyH) affording the pure product.
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N-fluoro- N-isopropyl-4-methylbenzenesulfonamide (16a)

According to GP-2, N-isopropyl-4-methylbenzenesulfonam-
2l J\ ide (213 mg, 1.00 mmol, 1 equiv), KH (ca. 800 mg of 30%

o | 0y dispersion in mineral oil, 241 mg of KH, 6.00 mmol, 6 equiv)
and NFSI (950 mg, 3.00 mmol, 3 equiv) were reacted together
to yield the desired product (126 mg, 0.545 mmol, 55%) as a colourless oil, whose
characteristic data are consistent with the literature.?? 'H NMR (500.13 MHz,
CDCl3): 6 7.87 (d, J = 8.4 Hz, 2H, 2), 7.40 (d, J = 8.1 Hz, 2H, %), 4.11 (dhept, J =
34.2, 6.8 Hz, 1H, 6), 2.49 (s, 3H, 5), 1.34 (dd, J = 6.6, 1.2 Hz, 6H, 7). *F NMR
(470.59 MHz, CDCl3): 6 —75.49 (d, J = 34.2 Hz).

N-(3,5-bis(trifluoromethyl)phenyl)- N-fluorobenzenesulfonamide (16b)

According to GP-2;, compound 15b (185 myg,
0.500 mmol, 1 equiv), KH (ca. 400 mg of 30% dispersion
in mineral oil, 120 mg of KH, 3.00 mmol, 6 equiv) and
3©/6/S\N UN7¥cFs NFSI (473 mg, 1.50 mmol, 3 equiv) were reacted together
F to yield the desired product (81.0 mg, 0.248 mmol, 50%)
as a white solid. 'H NMR (500.13 MHz, CgDg): & 7.49
(br, 1H, 4), 7.31 (br, 2H, 2'), 7.30-7.24 (m, 2H, 2), 6.89-6.75 (m, 1H, /), 6.70-6.56
(m, 2H, 2). BC{!H} NMR (125.76 MHz, C¢Dg): § 141.8 (d, J = 9.9 Hz, 1),
138.8 (1), 134.9 (4), 132.0 (q, J = 33.7 Hz, ), 129.8 (2), 128.7 (3), 122.5 (q,
J = 273.2 Hz, CF3), 122.3 (ddapp., J = 9.7, 3.3 Hz, 2'), 122.1 (p, J — 3.8 Hz, /).
YF NMR (470.59 MHz, CgDg): § —38.18 (1F), —63.05 (6F). HRMS (ESI—, m/z)
Caled. for C14H7F7NO2S™ (M— H): 386.0091. Found: 386.0104. Error: 3.37 ppm.
Vinax (neat, cm~1): 1450, 1367, 1277, 1174, 1135, 1089, 970, 893, 750, 728, 682.

CF3

N-fluoro- N-(4-nitrophenyl)benzenesulfonamide (16c¢)

NO, According to GP-2, compound 15d (835 mg, 3.00 mmol,

, ﬁ) /@4/ 1 equiv), KH (ca. 800 mg of 30% dispersion in mineral oil,

3 AN ¥ 240 mg of KH, 3.00 mmol, 6 equiv) and NFSI (846 mg,
©/ F 3.00 mmol, 3 equiv) were reacted together to yield the
desired product (172 mg, 0.581 mmol, 58%) as an ivory

solid. '"H NMR (500.13 MHz, CDCl3): 6 8.27-8.19 (m, 2H, &), 7.78 (ttord J =

7.4,1.3 Hz, 1H, /), 7.74-7.67 (m, 2H, 2), 7.56 (dd"°"d- | J = 8.3, 7.4 Hz, 2H, 3), 7.32
(allord- " j — 8.8 Hz, 2H, 2'). BC{'H} NMR (125.76 MHz, CDCl3): § 147.3 (4'),

app.
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145.0 (d, J = 8.8 Hz, 1), 135.7 (4), 130.8 (1), 130.1 (2), 129.2 (3), 124.2 (d, J =
2.6 Hz, 9'),122.0 (d, J = 10.1 Hz, 2'). '9F NMR (470.59 MHz, CDCl3): § —40.41.
HRMS (ESIt, m/z) Caled. for C19HgN2O4SNa™ (M+ Na — F): 300.0303. Found:
300.0309. Error: 2.00 ppm. vaax (neat, cm—1): 1609, 1589, 1517, 1485, 1445, 1381,
1347, 1311, 1185, 1168, 1109, 1084, 939, 872, 853, 753, 728, 691, 608, 568, 535.

6.4 Bismuthonium salts

Selectfluor 1.1 equiv, Ar’ BE-
Bi Ar'B(OH)2 1.5 equiv B"'+ 4
i i
RN B _ WS
A [ af MeONG0°C. 320k o) S
Arf ArF

GP-3: tri(4-fluorophenyl)bismuthine 2, Selectfluor (1.05 equiv) and the boronic
acid of choice (1.25 equiv) were loaded in a 10 mL microwave tube and suspended
in MeCN (0.1 M). This suspension was stirred with a cross-shaped stirrer bar at
400 rpm and heated at 60 °C for 3-24 h. The reaction was checked by 'YF NMR
spectroscopy, by taking a small aliquot and diluting it in 0.5 mL of CD3CN. At
completion, the solvent was evaporated under reduced pressure and the residues
dissolved in DCM and water and transferred into a separatory funnel, where the
organic phase was extracted three times with water. The resulting organic phase
was then dried over MgSQy, filtered over filter paper and evaporated to dryness
under vacuum. The crude was purified by crystallisation. Crystals were grown
either by slow diffusion of an anti-solvent into a solvent carefully layered one over the
other, or by adding the anti-solvent to a swirled solution of the crude in a solvent,
until the resulting solution turned cloudy. The resulting crystals were filtered on a

Biichner funnel, washed with the anti-solvent, then dried in vacuo and analysed.

Selectfluor 1.1 equiv,

Ar'B(OH)2 1.5 equiv, Ar BE-
Bi BF3-OEty 1.5 equiv E‘%% 4
i i
YN . —
ArF / ArF MeCN, 60 °C, 3-24 h ArF / ArF
Ar Arf

GP-4: tri(4-fluorophenyl)bismuthine 2, Selectfluor (1.05 equiv) and the boronic
acid of choice (1.25 equiv) were loaded in a 10 mL microwave tube and suspended
in MeCN (0.1 Mm). BF3-OEty (1.25 equiv) was finally added and this solution stirred,
heated, worked-up and purified as per GP-3.
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Tetra(4-fluorophenyl)bismuthonium tetrafluoroborate (5a)

The compound was synthesised according to GP-3, by re-

F acting 2 (4.94 g, 10.0 mmol) with Selectfluor (3.72 g,
BFs  10.5 mmol) and 4-fluorophenylboronic acid (1.75 g,
12.5 mmol). Recrystallisation from DCM /CyH yielded the

2 desired pure product (6.56 g, 9.70 mmol, 97%), whose char-
acteristic data were in accordance with the literature.”™
£ The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, CDCl3): 6 7.79 (dd" o J = 8.7, 5.2 Hz,
8H, 2), 7.38 (tiord, J = 8.5 Hz, 8H, 8). *C{'H} NMR
(125.76 MHz, CDClg): 6 165.2 (d, J = 255.6 Hz, 4), 138.0 (d, J = 8.6 Hz, 2), 133.2
(d, J = 3.6 Hz, 1), 120.1 (d, J = 21.9 Hz, 3). 'F NMR (470.59 MHz, CDCl3):
5 —103.87 (tt, J = 8.4, 5.2 Hz, 4F), —147.63 (s, 4F). HRMS (ESI*, m/z) Calcd.
for CoqHiBiF4T (M+): 589.0987. Found: 589.0986. Error: 0.17 ppm. vpax (neat,
em™1): 1589, 1574, 1483, 1392, 1303, 1230, 1160, 1056, 1002, 819, 570, 500, 413.

m.p. (°C): 241-242.

(4-Cyanophenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5b)

The compound was synthesised according to GP-4,
N by reacting 2 (103 mg, 0.209 mmol) with Select-
4 fluor (74.4 mg, 0.210 mmol), 4-cyanophenylboronic acid
(44.1 mg, 0.250 mmol) and BF3-Et2O (37 pL, 0.30 mmol).
Recrystallisation from DCM /CyH yielded the desired pure
! 3 product (66.0 mg, 0.965 mmol, 46%). The resulting crys-
4 tals were suitable for X-ray diffraction analysis: details
can be found in Section 6.8. 'H NMR. (500.13 MHz,
(CD3)2S0): § 8.14 (dd'Merd | J = 8.5 Hz, 2H, '), 8.08
(dderd " j — 8.3 Hz, 2H, 2), 7.96 (dd°rd J = 8.5,
5.6 Hz, 6H, 2), 7.58 (thord, J = 9.2 Hz, 6H, 3). *C{'H} NMR (125.76 MHz,
(CD3)2S0): 6 163.7 (d, J = 249.8 Hz, /), 151.8 (1), 140.8 (d, J = 3.3 Hz, 1), 138.1
(d, J =8.2Hz, 2),136.5 (2'), 134.4 (8'), 118.7 (d, J = 21.7 Hz, 3), 117.9 (5’), 113.8
(4"). F NMR (470.59 MHz, (CD3)2S0): § —107.64 (tt, J = 9.2, 5.6 Hz, 3F),
—148.28 (s, 4F). HRMS (ESI", m/z) Calcd. for Cy5Hy6BiF3sNt (M+): 596.1033.
Found: 596.1037. Error: 0.67 ppm. vpax (neat, cm_l): 2234, 1574, 1484, 1392,
1231, 1161, 1031, 1002, 965, 816, 570, 499. m.p. (°C): 271-272.
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Tri(4-fluorophenyl) (4-(trifluoromethyl)phenyl)bismuthonium tetrafluorob-

orate (5c¢)
The compound was synthesised according to GP-3, by
5(;IF3 reacting 2 (103 mg, 0.207 mmol) with Selectfluor (74.4 mg,
& 0.210 mmol) and 4-(trifluoromethyl)phenylboronic acid

(47.5 mg, 0.250 mmol). Recrystallisation from DCM/Et20O
yielded the desired pure product (55.7 mg, 0.0767 mmol,
N 3 37%). 'H NMR (500.13 MHz, CDCl3): § 7.94 (d, J =
4 8.2 Hz, 2H, 2), 7.89 (d, J = 8.1 Hz, 2H, &), 7.78 (dd,
J = 8.4, 5.2 Hz, 6H, 2), 7.36 (t, J = 8.4 Hz, 6H, 3).
BC{'H} NMR (125.76 MHz, CDCl3): § 165.2 (d, J =
256.1 Hz, 4), 142.9 (1'), 138.1 (d, J = 8.8 Hz, 2), 136.4
(2"),134.6 (q, J = 33.5 Hz, 4'), 133.2 (d, J = 3.6 Hz, 1), 129.0 (q, J = 3.6 Hz, &'),
123.2 (q, J = 273.4 Hz, 5'), 120.1 (d, J = 22.1 Hz, 3). "F NMR (470.59 MHz,
CDCl3): § —63.30 (s, 3F, 5'), —103.64 (tt, J = 8.4, 5.2 Hz, 3F, /), —147.24 (s, 4F).
HRMS (ESIT, m/z) Caled. for CosHigBiFgt (M+): 639.0955. Found: 639.0954.
Error: 0.16 ppm. Vpayx (neat, cm™1): 1575, 1484, 1394, 1322, 1276, 1261, 1230,
1161, 1116, 1062, 1045, 1001, 819, 764, 750, 502. m.p. (°C): 98-100.

(4-Chlorophenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5d)

The compound was synthesised according to GP-3, by

reacting 2 (103 mg, 0.207 mmol) with Selectfluor (74.4 mg,

BFs  0.210 mmol) and 4-chlorophenylboronic acid (39.1 mg,

0.250 mmol). Recrystallisation from DCM/Et20O yielded

2 the desired pure product (93.3 mg, 0.135 mmol, 65%).

The resulting crystals were suitable for X-ray diffraction

r analysis: details can be found in Section 6.8. 'H NMR

(500.13 MHz, CDCl3): § 7.82-7.73 (m, 6H, 2), 7.73-7.68

(m, 2H, 2'), 7.66-7.58 (m, 2H, 3'), 7.41-7.30 (m, 6H, 3).

BC{'H} NMR (125.76 MHz, CDCl3): § 165.2 (d, J = 255.3 Hz, 4), 139.6 (4),

138.0 (d, J = 8.8 Hz, 2), 137.0 (2'), 136.2 (1), 132.9 (d, J = 3.5 Hz, 1), 132.6 (3'),

120.0 (d, J = 21.8 Hz, 3). '9F NMR. (470.59 MHz, CDCl3): § —103.91 (tt, J =

8.4, 5.1 Hz, 3F), —147.75 (s, 4F). HRMS (ESI", m/z) Calcd. for Co4H16BiCIF3™

(M+): 605.0691. Found: 605.0712. Error: 3.47 ppm. Vpax (neat, cm=1): 1572,
1484, 1391, 1220, 1163, 1067, 997, 805, 569, 503, 482. m.p. (°C): 211-212.
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Tri(4-fluorophenyl) (4-iodo)bismuthonium tetrafluoroborate (5e)

The compound was synthesised according to GP-3, by re-
| acting 2 (103 mg, 0.207 mmol) with Selectfluor (74.4 mg,
¥ BFy0.210 mmol) and 4-iodophenylboronic acid (62.0 mg,
2 0.250 mmol). Recrystallisation from DCM /Et20O yielded

2 the desired pure product (70.3 mg, 0.0897 mmol, 43%).
'H NMR. (500.13 MHz, CDCl3): ¢ 7.99 (d"erd j —
F 8.3 Hgz, 2H, &), 7.77 (dd" o4 J — 8.6, 5.2 Hz, 6H, 2),
7.48 (dMerd- | J = 8.3 Hz, 2H, 2/), 7.36 (tp,0%, J = 8.6 Hz,
6H). BC{'H} NMR (125.76 MHz, CDCl3): ¢ 165.2 (d,
J = 255.5 Hz, 4), 141.4 (%), 138.04 (d, J = 8.3 Hz, 2),
137.97 (17), 137.0 (2'), 133.0 (d, J = 3.5 Hz, 1), 120.1 (d, J = 21.8 Hz, 3), 100.4
(4"). ¥YF NMR (470.59 MHz, CDCl3): § —103.82 (tt, J = 8.3, 5.2 Hz, 3F), —147.62
(s, 4F). HRMS (ESI", m/z) Calcd. for CoqHsBiFsIt (M+): 697.0047. Found:
697.0042. Error: 0.72 ppm. Vmayx (neat, cm™1): 1573, 1484, 1224, 1162, 1060, 985,
801, 764, 750, 500, 466. m.p. (°C): 220-222.

Tri(4-fluorophenyl) (phenyl)bismuthonium tetrafluoroborate (5f)

The compound was synthesised according to GP-3,
y  BF, by reacting 2 (99.5 mg, 0.201 mmol) with Selectfluor
(74.4 mg, 0.210 mmol) and phenylboronic acid (30.5 mg,
0.250 mmol). Recrystallisation from DCM /Et20O yielded
N 3 the desired pure product (78.0 mg, 0.119 mmol, 59%).
4 The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, CDCl3): 6 7.80 (dd" - J = 8.7, 5.3 Hz,
6H, 2), 7.77-7.73 (m, 2H, 2'), 7.72-7.66 (m, 2H, &'), 7.66—
7.61 (m, 1H, 4'), 7.37 (t{Lor%, J = 8.7 Hz, 6H). *C{'H} NMR (125.76 MHz,
CDCl3): § 165.2 (d, J = 254.8 Hz, 4), 138.3 (1’), 138.1 (d, J = 8.7 Hz, 2), 135.8
(2/),133.1 (d, J = 3.1 Hz, 1), 132.9 (4'), 132.7 (%), 120.0 (d, J = 21.9 Hz, 3).
YF NMR (470.59 MHz, CDCl3): § —104.15 (tt, J = 8.4, 5.2 Hz, 3F), —148.08
(s, 4F). HRMS (ESI*, m/z) Caled. for CoyHy7BiF3™ (M+): 571.1081. Found:
571.1101. Error: 3.50 ppm. vpax (neat, cm_l): 1573, 1483, 1391, 1225, 1161,
1044, 1004, 818, 733, 501. m.p. (°C): 180-182.
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(4-Biphenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5g)
The compound was synthesised according to GP-3, by re-
acting 2 (103 mg, 0.207 mmol) with Selectfluor (74.4 mg,
0.210 mmol) and 4-biphenylboronic acid (49.5 mg,

gr, 0.250 mmol). Recrystallisation from DCM/Et;0 yiel-
ded the desired pure product (110 mg, 0.150 mmol, 72%).
'H NMR. (500.13 MHz, CDClz): ¢ 7.87 (d'erd:| J =

3 8.5 Hz, 2H, 3'), 7.85-7.78 (m, 8H, 2 and 2'), 7.62-7.55

4 (m, 2H, 6'), 7.51-7.44 (m, 2H, 7), 7.43-7.40 (m, 1H,
8, 7.36 (thord, J = 8.6 Hz, 6H, 3). 'H{'H} NMR

(500.13 MHz, CDCl3): 6 7.87 (&), 7.82 (2'), 7.82 (d, J =

5.1 Hz, 2), 7.57 (6'), 7.47 (7'), 7.41 (8'), 7.36 (d, J = 8.5 Hz, 3). BC{'H} NMR

(125.76 MHz, CDCl3): 6 165.2 (d, J = 255.2 Hz, 4), 145.9 (4/), 139.1 (5'), 138.1 (d,

J = 8.8 Hz, 2), 136.3 (1'), 136.2 (2'), 132.7 (d, J = 3.2 Hz, 1), 131.0 (%), 129.3

(7, 128.8 (8'), 127.5 (6), 120.0 (d, J = 21.9 Hz 3). YF NMR. (470.59 MHz,

CDCl3): § —104.09 (tt, J = 8.4, 5.1 Hz, 3F), —148.25 (s, 4F) HRMS (ESI*,

m/z) Caled. for C3gHoBiF3™ (M+): 647.1394. Found: 647.1387. Error: 1.08 ppm.

Vmax (neat, cm~1): 1574, 1484, 1393, 1226, 1163, 1051, 998, 941, 823, 760, 697, 501.

m.p. (°C): 192-193.

Tri(4-fluorophenyl) (4-(trimethylsilyl)phenyl)bismuthonium tetrafluorob-
orate (5h)

The compound was synthesised according to GP-3, by re-

acting 2 (103 mg, 0.207 mmol) with Selectfluor (74.4 mg,

BFs 0.210 mmol) and 4-(trimethylsilyl)phenylboronic acid

(48.5 mg, 0.250 mmol). Recrystallisation from DCM/Et2O

2 yielded the desired pure product (109 mg, 0.150 mmol,

Ng®

72%). The resulting crystals were suitable for X-ray dif-
r fraction analysis: details can be found in Section 6.8.

'H NMR (500.13 MHz, CDCl3): 6 7.87-7.75 (m, 8H, 2

and 8'), 7.72 (d, J = 7.7 Hz, 2H, 2'), 7.36 (t{Lord, J =
8.6 Hz, 6H, 3), 0.30 (s, 9H, 5'). BC{'H} NMR (125.76 MHz, CDCl3): § 165.1 (d,
J = 255.2 Hz, /), 147.3 (4'), 138.7 (1'), 138.1 (d, J = 8.3 Hz, 2), 137.3 (3), 134.9
(2'),133.0 (d, J = 3.6 Hz, 1), 119.9 (d, J = 21.8 Hz, 3), —1.3 (5'). YF NMR
(470.59 MHz, CDCl3): § —104.24 (tt, J = 8.5, 5.2 Hz, 3F), —148.29 (s, 4F). HRMS
(ESIT, m/z) Caled. for CorHasBiF3Sit (M+): 643.1476. Found: 643.1468. Error:
1.24 ppm. Vpax (neat, cm~1): 1575, 1485, 1394, 1228, 1163, 1058, 1000, 844, 821,

802, 760, 502, 482. m.p. ("C): 188-189.
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Tri(4-fluorophenyl) (p-tolyl)bismuthonium tetrafluoroborate (5i)

The compound was synthesised according to GP-3, by

reacting 2 (103 mg, 0.207 mmol) with Selectfluor (74.4 mg,

¥ BF;  0.21 mmol) and p-tolylboronic acid (34.0 mg, 0.25 mmol).

o Recrystallisation from DCM/Et20 yielded the desired

) pure product (87.5 mg, 0.130 mmol, 63%). 'H NMR

T : (500.13 MHz, CDCl3): 6 7.78 (dd"od | J = 8.7, 5.2 Hz,

¢ 6H,2),762(d, J="79Hz 2H, 2),7.49 (d, J = 7.9 Hz,

2H, 8'), 7.35 (tiord, J = 8.8, 8.4 Hz, 6H, 3), 2.4 (s, 3H,

5"). BC{IH} NMR (125.76 MHz, CDCl3): § 165.1 (d,

J = 255.1 Hz, /), 143.8 (4'), 138.1 (d, J = 8.8 Hz, 2), 135.6 (2'), 134.3 (1'), 133.4

(3, 132.7 (d, J = 3.4 Hz, 1), 119.9 (d, J = 21.8 Hz, 3), 21.7 (5'). YF NMR

(470.59 MHz, CDCl3): § —104.29 (tt, J = 8.6, 5.2 Hz, 3F), —148.53 (s, 4F). HRMS

(ESIT, m/z) Caled. for CosHigBiFs™ (M+): 585.1237. Found: 585.1242. Error:

0.85 ppm. Vmax (neat, cm™1): 1574, 1484, 1392, 1231, 1161, 1032, 1002, 823, 795,
570, 519, 502. m.p. (°C): 182-182.

(4-(Methoxy)phenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5j)

Tri(4-fluorophenyl)bismuthine 2 (100 mg, 0.202 mmol,
1.00 equiv), Selectfluor (72.4 mg, 0.204 mmol, 1.01 equiv)
gr; and 4-(methoxy)phenylboronic acid (31.2 mg, 0.205 mmol,
1.01 equiv) were loaded in a 10 mL microwave tube and
suspended in MeCN (1.0 M). This suspension was stirred
3 with a cross-shaped stirrer bar at 400 rpm at rt for 1 h.
¢ At completion, the solvent was evaporated under reduced

pressure and the residues dissolved in DCM and water and

transferred in separatory funnel, where the organic phase
was extracted three times with water. The resulting organic phase was then dried
over MgSQy, filtered over filter paper and evaporated to dryness under vacuum. The
crude material was purified by recrystallisation from CyH/DCM and the desired
pure compound was isolated by filtration on a Biichner funnel as colourless crystals
(86.5 mg, 0.126 mmol, 62%). '"H NMR (500.13 MHz, CDCl3): § 7.79 (dd" ord- J =
8.4,5.1 Hz, 6H, 2), 7.68 (d"*d-, J = 8.7 Hz, 2H, 2'), 7.36 (t}Lrd, J = 8.8 Hz, 6H,
3), 7.18 (d'ord | J = 8.8 Hz, 2H, 3'), 3.86 (s, 3H, §’). 3C{'H} NMR (125.76 MHz,
CDCl3): 6 165.2 (d, J = 255.2 Hz, 4), 163.0 (4'), 138.1 (d, J = 8.9 Hz, 2), 137.3
(2", 1329 (d, J = 3.6 Hz, 1), 127.8 (1), 119.9 (d, J = 21.8 Hz, 3), 118.3 (3'),
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55.8 (5'). 19F NMR (470.59 MHz, CDCl3): § —104.26 (tt, J = 8.4, 5.2 Hz, 3F),
—148.31 (s, 4F). HRMS (ESI", m/z) Calcd. for Co5H19BiF301 (M+): 601.1186.
Found: 601.1183. Error: 0.50 ppm. vpax (neat, Cm_l): 2924, 1575, 1486, 1393,
1298, 1257, 1230, 1183, 1163, 1054, 820, 571, 504.

(4-(N,N-Dimethylamino)phenyl)tri(4-fluorophenyl)bismuthonium tetra-
fluoroborate (5k)

Tri(4-fluorophenyl)bismuthine 2 (103 mg, 0.208 mmol)
and Selectfluor (74.9 mg, 0.211 mmol) were loaded in a
¢ ” gr, 10 mL microwave tube and dissolved in MeCN (2 mL,
0.1 M). This solution was stirred with a cross-shaped
stirrer bar at 400 rpm at 0 °C for 1 h. At that point
N 3 (4-(N,N-Dimethylamino))phenylboronic acid (34.4 mg,
¢ 0.208 mmol) was added and this solution stirred for an ad-

ditional 1 h at 0 °C. The solvent was then evaporated and

the crude triturated with hot toluene and then purified by
recrystallisation from DCM /Et20. The crystals were finally isolated by filtration on
a Biichner funnel, washed with EtoO and dried under vacuum, yielding the desired
pure product (23.4 mg, 0.0334 mmol, 16%). 'H NMR (500.13 MHz, CDCl3):
§7.79 (dd"erd- J = 8.8, 5.3 Hz, 6H, 2), 7.54 (d, J = 8.8 Hz, 2H, 2'), 7.35 (t o,
J = 8.6 Hz, 6H, 3), 6.88 (d, J = 9.1 Hz, 2H, &), 3.04 (s, 6H, 5'). 3C{'H} NMR
(125.76 MHz, CDCl3): § 165.1 (d, J — 255.1 Hz, 4), 152.8 (4'), 138.1 (d, J —
8.3 Hz, 2), 136.7 (2'), 132.7 (d, J = 3.5 Hz, 1), 120.8 (17), 119.8 (d, J = 21.8 Hz,
3), 115.1 (&), 40.1 (5"). YF NMR (470.59 MHz, CDCl3): § —104.66 (tt, J = 8.4,
5.2 Hz, 3F), —149.18 (br, 4F). HRMS (ESIt, m/z) Calcd. for CogHgoBiFsN™
(M+): 614.1503. Found: 614.1510. Error: 1.14 ppm. V. (neat, cm™—1): 3092,
1573, 1483, 1377, 1222, 1162, 1033, 1000, 794, 502, 414. m.p. (°C): 166-167.

(3-Cyanophenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (51)

The compound was synthesised according to GP-4,
by reacting 2 (98.6 mg, 0.199 mmol) with Select-
fluor (83.1 mg, 0.235 mmol), 3-cyanophenylboronic acid
(45.7 mg, 0.311 mmol) and BF3-Eto0 (37 pL, 0.30 mmol).
Recrystallisation from DCM/CyH yielded the desired pure
product (62.1 mg, 0.0909 mmol, 46%). The resulting crys-

tals were suitable for X-ray diffraction analysis: details
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can be found in Section 6.8. TH NMR (500.13 MHz, (CD3)20): 6 8.55 (br, 1H,
2'),8.41 (d, J = 7.9 Hz, 1H, 6¢'), 8.24-8.17 (m, 6H, 2), 8.14 (dt, J = 7.8, 1.4 Hz,
1H, 4"), 7.99 (t, J = 7.9 Hz, 1H, &), 7.60 (t, J = 8.8 Hz, 6H, 3). BC{'H} NMR
(125.76 MHz, (CD3)20): 6 164.9 (d, J = 251.6 Hz, 4), 141.5 (1’), 140.5 (¢"), 139.5
(2),138.7 (d, J — 8.8 Hz, 2), 135.7 (4'), 135.1 (d, J — 2.8 Hz, 1), 132.4 (5'), 119.2
(d, J = 22.2 Hz, 3), 117.3 (7'), 115.6 (&'). 1°F NMR. (470.59 MHz, (CD3)50):
§ —107.34 (tt, J = 8.9, 5.3 Hz, 3F), —151.12 (s, 4F). HRMS (ESI*, m/z) Calcd.
for CosHiBiF3NT (M+): 596.1033. Found: 596.1040. Error: 1.17 ppm. Viax
(neat, em™1): 1574, 1484, 1393, 1227, 1162, 1054, 1001, 820, 677, 570, 502, 430, 415.
m.p. (°C): 192-193.

(3-Fluorophenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5m)

The compound was synthesised according to GP-4,
by reacting 2 (99.9 mg, 0.202 mmol) with Select-
fluor (74.4 mg, 0.210 mmol), 3-fluorophenylboronic acid
(42.0 mg, 0.250 mmol) and BF3-Et20 (37 pL, 0.30 mmol).
. Recrystallisation from DCM/Eto0O yielded the desired
F pure product (87.3 mg, 0.129 mmol, 64%). The resulting
crystals were suitable for X-ray diffraction analysis: de-
tails can be found in Section 6.8. '"H NMR (500.13 MHz, CDCl3): § 7.79 (dd' ord
J = 8.6, 5.1 Hz, 6H, 2), 7.67 (td, J = 8.1, 5.3 Hz, 1H, 5’), 7.54 (d, J = 7.7 Hz,
1H, ¢'), 7.50-7.43 (m, 1H, 2), 7.36 (t5,5"", J = 8.6 Hz, 6H, 2), 7.30 (td, J = 8.5,
2.5 Hz, 1H, 4/). 'H{'H} NMR (500.13 MHz, CDCl3): 6 7.79 (d, J = 5.1 Hz, 2),
7.67 (d, J = 5.4 Hz, 5'), 7.54 (6'), 7.46 (d, J = 6.9 Hz, 2'), 7.36 (d, J = 8.4 Hz,
3), 7.31 (d, J = 8.4 Hz, 4'). BC{'H} NMR (125.76 MHz, CDCl3): ¢ 165.2 (d,
— 255.5 Hz, /), 164.7 (d, J — 257.5 Hz, ), 139.1 (d, J — 5.0 Hz, 1), 138.1 (d,
J =84 Hz, 2),1338 (d, J = 7.2 Hz, 5), 133.1 (d, J = 3.3 Hz, 1), 131.6 (d, J =
3.7 Hz, ¢'),122.8 (d, J = 23.1 Hz, 2/), 120.2 (d, J = 21.2 Hz, 4'), 120.1 (d, J =
21.9 Hz, 3). 'F NMR . (470.59 MHz, CDCl3): § —103.83 (tt, J = 8.9, 5.2 Hz, 3F,
4), —105.42-—105.56 (m, 1F, 8'), —147.54 (s, 4F). HRMS (ESI*, m/z) Calcd.
for CoqH16BiF4T (M+): 589.0987. Found: 589.0996. Error: 1.53 ppm. vpax (neat,
em~1): 1573, 1484, 1470, 1220, 1163, 1067, 994, 817, 778, 672, 520, 502, 430, 415.
m.p. (“C): 183-184.
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(3-Bromophenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5n)

The compound was synthesised according to GP-4, by re-
acting 2 (106 mg, 0.214 mmol) with Selectfluor (78.9 mg,
0.223 mmol), 3-bromophenylboronic acid (65.5 mg,
0.326 mmol) and BF3-EtoO (37 pL, 0.30 mmol). Re-
crystallisation from DCM/CyH yielded the desired pure
product (104 mg, 0.141 mmol, 66%). The resulting crys-
tals were suitable for X-ray diffraction analysis: details
can be found in Section 6.8. 'H NMR. (400.13 MHz,
(CD3)20, —50 °C): 6 8.30 (s, 1H, 2'), 8.21 (tapp., J = 6.9 Hz, 6H, 2), 8.08 (d, J =
7.8 Hz, 1H, ¢"), 7.93 (dd, J = 7.9, 1.9 Hz, 1H, 4'), 7.75 (t, J = 7.9 Hz, 1H, &),
7.63 (t, J = 8.8 Hz, 6H, 3). BC{'H} NMR (125.76 MHz, (CD3)20): § 165.8 (d,
J = 252.0 Hz, 4), 142.2 (17), 139.6 (br, 2), 139.0 (br, 2'), 136.3 (4'), 135.7 (d, J =
3.3 Hz, 1), 135.7 (br, 6'), 134.5 (br, 5'), 126.3 (br, 3/), 120.1 (d, J — 22.0 Hz, 3').
YF NMR (470.59 MHz, (CD3)20): 6 —107.63 (dt, J = 8.9, 4.0 Hz, 3F), —150.60
(s, 4F). HRMS (ESI*", m/z) Caled. for CoqH16BiBrF3™ (M+): 649.0186. Found:
649.0209. Error: 3.54 ppm. Vvmax (neat, cm~!): 1573, 1556, 1484, 1455, 1393,
1222, 1163, 1065, 988, 818, 777, 670, 570, 501, 414. m.p. (°C): 190-191.

Tri(4-fluorophenyl) (m-tolyl)bismuthonium tetrafluoroborate (50)

The compound was synthesised according to GP-3,
by reacting 2 (98.4 mg, 0.199 mmol) with Selectfluor
(78.9 mg, 0.223 mmol) and m-tolylboronic acid (42.5 mg,
0.312 mmol). Recrystallisation from DCM /Et20O yielded
the desired pure product (88.9 mg, 0.132 mmol, 66%).
F The resulting crystals were suitable for X-ray diffraction
! analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, CDCl3): ¢ 7.80 (dd'erd J — 85, 5.3 Hz, 6H, 2), 7.57 (br, 1H,
2"), 7.55 (dapp., J = 7.6 Hz, 1H, 5’), 7.50 (d, J = 7.8 Hz, 1H, 6'), 7.43 (d, J =
7.5 Hz, 1H, 4'), 7.36 (th,9"%, J = 8.6 Hz, 6H, 3), 2.42 (s, 3H, 7). *C{'H} NMR
(125.76 MHz, CDCls): 6 165.2 (d, J — 254.9 Hz, 4), 143.4 (8'), 138.1 (d, J —
8.4 Hz, 2), 137.5 (1'), 136.0 (2'), 133.8 (4'), 132.7 (d, J = 3.3 Hz, 1), 132.6 (6'),
132.2 (5), 120.0 (d, J = 21.8 Hz, 3), 21.8 (7). ¥F NMR (470.59 MHz, CDCl3):
§ —104.25 (tt, J = 8.5, 5.2 Hz, 4, 3F), —148.40 (s, 4F). HRMS (ESI", m/z) Calcd.
for CosH19BiFst (M+): 585.1237. Found: 585.1243. Error: 1.03 ppm.  Viax
(neat, cm~1): 1574, 1484, 1392, 1230, 1161, 1054, 998, 824, 775, 679, 570, 502, 413.

m.p. (°C): 151-152.
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Tri(4-fluorophenyl) (3-hydroxy-4-methylphenyl)bismuthonium tetrafluo-
roborate (5p)

The compound was synthesised according to GP-3, by
reacting 2 (97.1 mg, 0.196 mmol) with Selectfluor (76.1 mg,
0.215 mmol) and 3-hydroxy-4-methylphenylboronic acid
(47.8 mg, 0.314 mmol). Recrystallisation from DCM /Eto0
3 yielded the desired pure product (76.4 mg, 0.111 mmol,
. 57%). 'H NMR (500.13 MHz, CDCl3): 6 7.75 (dd! ord-,
J = 8.5, 5.2 Hz, 6H, 2), 7.49 (s, 1H, OH), 7.43 (s, 1H,
2"), 7.36-7.30 (m, TH, 3 and 5'), 6.96 (d, J = 7.8 Hz,
1H, 6'), 2.22 (s, 3H, 7). BC{'H} NMR (125.76 MHz,
CDCl3): § 165.3 (d, J = 255.5 Hz, 4), 158.8 3’ 138.03 (d, J = 8.9 Hz, 2), 134.2
(5), 131.9 (17), 131.5 (4), 130.3 (d, J = 3.5 Hz, 1), 125.9 (6'), 121.6 (2'), 120.2 (d,
J =219 Hz, 3), 16.3 (7). '9F NMR. (470.59 MHz, CDCl3): § —103.60 (tt, J =
8.5, 5.1 Hz, 3F), —148.70 (s, 4F). HRMS (ESI", m/z) Calcd. for Co5H19BiF30T
(M+): 601.1186. Found: 601.1202. Error: 2.66 ppm. vpax (neat, cm™—1): 3425,
1574, 1484, 1392, 1223, 1160, 1001, 813, 765, 750, 498. m.p. (°C): 179-180.

(3,5-Dimethylphenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate
(59)
The compound was synthesised according to GP-3, by
BF.  reacting 2 (103 mg, 0.208 mmol) with Selectfluor (82.5 mg,
0.233 mmol) and 3,5-dimethylphenylboronic acid (45.1 mg,
0.301 mmol). Recrystallisation from DCM/Et20O yielded
the desired pure product (99.1 mg, 0.144 mmol, 69%).
F The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, CDCl3): 6 7.80 (dd" o J = 8.7, 5.3 Hz,
6H, 2), 7.36 (thord-, J = 8.6 Hz, 6H, 3), 7.32 (s, 2H, 2'), 7.24 (s, 1H, 4'), 2.37
(s, 6H, &). BC{!H} NMR (125.76 MHz, CDCl3): § 165.1 (d, J = 255.2 Hz, 4),
142.9 (8'), 1382 (d, J = 8.8 Hz, 2), 137.1 (1'), 134.7 (4), 132.8 (2'), 132.7 (d,
J =33 Hz, 1), 119.9 (d, J = 21.8 Hz, 3), 21.7 (5'). YF NMR (470.59 MHz,
CDCl3): 6 —104.32 (tt, J = 8.4, 5.1 Hz, 3F), —148.60 (s, 4F). HRMS (ESI*,
m/z) Calcd. for CogHaBiF3t (M+): 599.1396. Found: 599.1394. Error: 0.33 ppm.
vmax (neat, cm™!): 1575, 1486, 1393, 1228, 1163, 1051, 1003, 819, 673, 570, 501,

413. m.p. (°C): 152-154.
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Tri(4-fluorophenyl) (2-(trifluoromethyl)phenyl)bismuthonium tetrafluorob-

orate (5r)
w The compound was synthesised according to GP-4,

& s BF. by reacting 2 (104 mg, 0.210 mmol) with Selectfluor
¢ (80.6 mg, 0.228 mmol), 2-(trifluoromethyl)phenylboronic
2 acid (59.2 mg, 0.312 mmol) and BF3-EtoO (37 pL,
0.30 mmol). Recrystallisation from DCM /CyH yielded
r  the desired pure product (87.6 mg, 0.121 mmol, 57%).
'H NMR (500.13 MHz, CDCl3): 6 8.02 (br, 1H 3'), 7.84
(br, 1H, 6), 7.82-7.70 (m, 8H, 2, 4’ and 5), 7.38 (t, J —
8.3 Hz, 6H, 3). BC{'H} NMR (125.76 MHz, CDCl3): § 165.2 (d, J = 255.5 Hz,
4), 1382 (d, J = 8.5 Hz, 2), 137.0 (6'), 136.8 (q, J — 2.8 Hz, 1'), 135.6 (5'), 134.5
(1), 133.7 (q, J = 32.0 Hz, 2'), 132.9 (4), 129.9 (q, J = 3.8 Hz, 3'), 123.5 (q,
J = 2739 Hz, 7'), 120.1 (d, J = 21.7 Hz, 3). YF NMR (470.59 MHz, CDCl3):
0 —58.71 (s, 3F, 7'), —104.03 (tt, J = 8.7, 5.2 Hz, 3F, 4), —148.06 (s, 4F). HRMS
(ESIT, m/z) Calcd. for CosHi6BiFg™ (M+): 639.0955. Found: 639.0945. Error:
1.56 ppm.  Vmax (neat, cm™1): 1484, 1320, 1228, 1162, 1045, 1000, 817, 772, 500.
m.p. (°C): 159-160.

(2-Chlorophenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5s)

The compound was synthesised according to GP-4,
by reacting 2 (100 mg, 0.202 mmol) with Select-
fluor (81.4 mg, 0.230 mmol), 2-chlorophenylboronic acid
2 (38.8 mg, 0.248 mmol) and BF3-Et20 (37 pL, 0.30 mmol).
4 Recrystallisation from DCM/CyH yielded the desired pure
F product (102 mg, 0.147 mmol, 74%). The resulting crys-
tals were suitable for X-ray diffraction analysis: details
can be found in Section 6.8. 'H NMR (500.13 MHz, CDCl3): § 7.85 (dd' °rd:
J = 8.6, 5.2 Hz, 6H, 2), 7.694 (d, J = 8.0 Hz, 1H, 3’), 7.691 (d, J = 8.0 Hz, 1H,
6'), 7.61 (td, J = 7.7, 1.6 Hz, 1H, &), 7.55 (td, J = 7.6, 1.5 Hz, 1H, 4'), 7.38
(thord:, J = 8.6 Hz, 6H, 3). *C{*H} NMR (125.76 MHz, CDCl3): § 165.1 (d,
J = 255.3 Hz, 4), 142.0 (2'), 138.4 (1), 138.1 (d, J = 8.6 Hz, 2), 137.5 (3'), 134.4
(5", 133.7 (d, J = 3.5 Hz, 1), 131.3 (¢’), 130.6 (4'), 120.0 (d, J = 21.9 Hz, 3).
YF NMR (470.59 MHz, CDCl3): 6 —104.12 (tt, J = 8.3, 5.1 Hz, 3F), —148.10
(s, 4F). HRMS (ESIt, m/z) Calcd. for Co4H16BiCIFt (M+): 605.0708. Found:
605.0691. Error: 2.81 ppm. Vmax (neat, cm™1): 1573, 1486, 1392, 1229, 1162,
1049, 1028, 998, 827, 761, 570, 503, 410. m.p. (°C): 191-192.
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(2-Fluorophenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5t)

y 4 y oF; The compound was synthesised according to GP-4,
by reacting 2 (99.5 mg, 0.201 mmol) with Select-
fluor (78.9 mg, 0.229 mmol), 2-fluorophenylboronic acid
i~ (44.9 mg, 0.321 mmol) and BF3-Et20 (37 pL, 0.30 mmol).
4 Recrystallisation from DCM /CyH yielded the desired pure
P product (75.0 mg, 0.111 mmol, 55%). The resulting crys-
tals were suitable for X-ray diffraction analysis: details
can be found in Section 6.8. 'H NMR. (500.13 MHz, CDCl3): 6 7.84 (dd, J = 8.8,
5.1 Hz, 6H, 2), 7.70 (ddd, J = 7.6, 4.2, 1.5 Hz, 1H, ¢"), 7.66 (ddd, J = 8.2, 6.2,
1.7 Hz, 1H, /'), 7.47 (td, J = 7.6, 1.0 Hz, 1H, 5'), 7.43 (td, J = 8.2, 7.4, 1.0 Hz, 1H,
3", 7.38 (t, J = 8.5 Hz, 6H, 3). 'H{'H} NMR (500.13 MHz, CDCl3): § 7.84 (d,
J =51Hz, 2),7.70 (d, J = 4.2 Hz, ¢"), 7.67 (d, J = 6.2 Hz, 4'), 7.47 (s, 5'), 7.43
(d, J = 7.4 Hz, 8'), 7.38 (d, J = 8.5 Hz, 1H, 3). BC{'H} NMR (125.76 MHz,
CDCl3): 6 165.2 (d, J = 255.3 Hz, 4), 163.3 (d, J = 241.7 Hz, 2), 138.0 (d, J =
8.5 Hz, 2),136.3 (d, J = 6.7 Hz, 6'), 135.2 (d, J = 8.0 Hz, /'), 132.9 (d, J = 3.4 Hz,
1),128.3 (d, J = 2.6 Hz, '), 126.0 (d, J = 33.2 Hz, 17), 120.0 (d, J = 21.9 Hz,
3),117.4 (d, J = 23.6 Hz, 8'). F NMR (470.59 MHz, CDCl3): § —93.88 (ddd,
J = 74,62, 4.2 Hz, 1F, 2), —103.98 (tt, J — 8.5, 5.1 Hz, 3F), —147.78 (s, 4F).
HRMS (ESI, m/z) Caled. for CogHgBiF4™ (M+): 589.0986. Found: 589.0993.
Error: 1.19 ppm. Vpayx (neat, cm™1): 1574, 1484, 1468, 1443, 1393, 1228, 1162,
1004, 816, 570, 501, 434, 414. m.p. (°C): 177-178.

(2-Biphenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5u)

The compound was synthesised according to GP-4, by re-

BF. acting 2 (99.4 mg, 0.201 mmol) with Selectfluor (78.7 mg,
0.222 mmol), 3-bromophenylboronic acid (62.0 mg,

2 0.313 mmol) and BF3-Et2O (37 pL, 0.30 mmol). Re-
crystallisation from DCM/CyH yielded the desired pure

F  product (122 mg, 0.166 mmol, 83%). The resulting crys-
tals were suitable for X-ray diffraction analysis: details
can be found in Section 6.8. 'H NMR (500.13 MHz,
CDCl3): § 7.79 (d, J = 7.6 Hz, 1H, ¢"), 7.74-7.66 (m, 2H, &' and 4'), 7.67-7.60
(m, 1H, 5'), 7.50 (dd, J = 8.9, 5.3 Hz, 6H, 2), 7.32-7.20 (m, 9H, 3, 8 and 10'),
712 (t, J = 7.7 Hz, 2H, 9). '"H{'H} NMR (500.13 MHz, CDCl3): § 7.79 (s,
6"), 7.69 (s, 3" and 4"), 7.66 (s, 5'), 7.49 (d, J = 5.0 Hz, 2), 7.28 (s, §'), 7.26 (d,
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= 8.4 Hz, ), 7.24 (s, 10'), 7.12 (s, 9'). BC{'H} NMR (125.76 MHz, CDCl3):
§164.8 (d, J = 254.4 Hz, 4), 147.7 (2'), 143.8 (1"), 141.6 (7'), 137.9 (d, J = 8.2 Hz,
2), 135.1 (6"), 134.7 (d, J = 3.5 Hz, 1), 133.0 (&), 132.6 (4'), 131.0 (&), 129.5 (&),
129.4 (9" and 10), 119.6 (d, J = 21.7 Hz, ). "F NMR (470.59 MHz, CDCl3):
§ —104.93 (tt, J = 8.4, 5.2 Hz, 3F), —148.33 (s, 4F). HRMS (ESI*, m/z) Calcd.
for C30H21BiFs™ (M+): 647.1394. Found: 647.1413. Error: 2.94 ppm. vpax (neat,
em~1): 1576, 1485, 1223, 1162, 1053, 991, 818, 746, 706, 506. m.p. (°C): 173-174.

Tri(4-fluorophenyl) (o-tolyl)bismuthonium tetrafluoroborate (5v)

The compound was synthesised according to GP-4, by
reacting 2 (994 mg, 2.01 mmol) with Selectfluor (716 mg,
2.02 mmol), o-tolyllboronic acid (280 mg, 2.06 mmol)
and BF3-Et2O (370 pL, 3.00 mmol). Recrystallisation
4 from DCM/CyH yielded the desired pure product (1.03 g,
1.54 mmol, 76%). The resulting crystals were suitable for

¢ X-ray diffraction analysis: details can be found in Section
6.8. 'H NMR (500.13 MHz, CDCl3): ¢ 7.80 (ddapp., J = 8.6, 5.2 Hz, 6H, 2),
7.61-7.54 (m, 1H, &'), 7.54-7.48 (m, 2H, 5" and ¢"), 7.48-7.40 (m, 1H, 4'), 7.35
(thhord, J = 8.6 Hz, 6H, 3), 2.39 (s, 3H, 7'). *C{'H} NMR (125.76 MHz, CDCl3):
6 165.1 (d, J = 255.2 Hz, 4), 142.7 (1), 141.1 (2), 138.1 (d, J = 8.4 Hz, 2), 135.5
(6"), 133.5 (3'), 133.1 (&), 132.6 (d, J = 3.3 Hz, 1), 129.8 (4'), 120.1 (d, J =
21.8 Hz, 3), 25.4 (7'). YF NMR (470.59 MHz, CDCl3): 6 —104.28 (tt, J = 8.4,
5.4 Hz, 3F), —149.05 (s, 4F). HRMS (ESI*, m/z) Calcd. for CosHigBiFst (M+):
585.1237. Found: 585.1253. Error: 2.73 ppm. Vmayx (neat, cm™!): 1573, 1485,
1228, 1162, 1034, 1000, 828, 756, 505. m.p. (°C): 160-161.

(2-Ethylphenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5w)

The compound was synthesised according to GP-4,
by reacting 2 (95.6 mg, 0.193 mmol) with Selectfluor
(72.9 mg, 0.206 mmol), (2-ethylphenyl)boronic acid
(36.3 mg, 0.242 mmol) and BF3-Et20 (370 pL, 3.00 mmol).
4 Recrystallisation from DCM/CyH yielded the desired
F pure product (101 mg, 0.148 mmol, 76%). 'H NMR
(500.13 MHz, CDCl3): 6 7.81 (dd" o J = 8.5, 5.2 Hz,

6H, 2), 7.64 (t, J = 7.3 Hz, 1H, &), 7.61 (d"°"d J = 7.4 Hz, 1H, 4'), 7.54 (d'ord,
J = 7.7 Hz, 1H, 6, 7.47 (t, J = 6.9 Hz, 1H, &), 7.37 (tlLord ] — 8.4 Hz, 6H,

app.
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3), 2.66 (q, J = 7.5 Hz, 2H, 7'), 1.09 (t, J = 7.5 Hz, 3H, §'). BC{'H} NMR
(125.76 MHz, CDCls): 6 165.1 (d, J = 255.4 Hz, /), 148.3 (2/), 141.8 (1), 138.1
(d, J = 8.3 Hz, 2), 135.3 (6'), 133.4 (d, J — 3.5 Hz, 1), 133.2 (4'), 131.8 (),
130.1 (5'), 120.0 (d, J = 21.8 Hz, 8), 33.1 (7), 15.1 (8'). "YF NMR (470.59 MHz,
CDCly): 6 —104.36 (tt, J = 8.5, 5.2 Hz, 3F), —148.66 (s, 4F). HRMS (ESI™,
m/z) Caled. for CagHooBiF3™ (M+): 600.1472. Found: 600.1441. Error: 5.17 ppm.
Vimax (neat, cm~1): 1574, 1484, 1394, 1224, 1161, 1031, 1001, 832, 817, 756, 570.
m.p. (°C): 120-122.

(2-Formylphenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5x)

The compound was synthesised according to GP-4, by re-

acting 2 (125 mg, 0.252 mmol) with Selectfluor (93.5 mg,

0.263 mmol), (2-formylphenyl)boronic acid (41.4 mg,

2 0.276 mmol) and BF3-Et2O (370 pL, 3.00 mmol). Re-
4 crystallisation from DCM/CyH yielded the desired pure

F product (129 mg, 0.187 mmol, 75%). The resulting crys-

tals were suitable for X-ray diffraction analysis: details

can be found in Section 6.8. 'H NMR. (500.13 MHz, CDCl3): § 10.12 (d, J =
1.1 Hz, 1H, 7'), 8.29 (dd, J = 7.3, 1.6 Hz, 1H, 3'), 7.96 (td, J — 7.5, 1.6 Hz, 1H, §),
7.90 (td, J = 7.4, 1.1 Hz, 1H, 4'), 7.85 (d, J = 7.6 Hz, 1H, ¢'), 7.75 (dd'1ord- J —
8.6, 5.3 Hz, 6H, 2), 7.33 (t1Lord, J = 8.6 Hz, 6H, 3). *C{'H} NMR (125.76 MHz,
CDCl3): 6 192.8 (7'), 164.9 (d, J = 254.3 Hz, 4), 139.3 (5'), 138.5 (2/), 138.3 (&'),
138.02 (d, J = 8.3 Hz, 2), 136.4 (6'), 136.0 (17), 135.63 (d, J = 3.1 Hz, 1), 133.4 (4'),
119.7 (d, J = 21.6 Hz, 3). 19F NMR. (470.59 MHz, CDCl3): § —105.21 (tt, J =
8.5, 5.3 Hz, 3F), —148.80 (s, 4F). HRMS (ESI™, m/z) Calcd. for CosH17BiF30™
(M+): 599.1030. Found: 599.1069. Error: 6.51 ppm. vpax (neat, cm~!): 1666,
1573, 1485, 1390, 1227, 1161, 1051, 1036, 1001, 821, 768, 504. m.p. (°C): 224-226.

Tri(4-fluorophenyl) (1-naphthyl)bismuthonium tetrafluoroborate (5y)

The compound was synthesised according to GP-3, by re-
acting 2 (98.7 mg, 0.200 mmol) with Selectfluor (78.4 mg,
0.221 mmol) and 21l-naphthylboronic acid (56.0 mg,
0.326 mmol). Recrystallisation from DCM/Et2O yiel-
. ded the desired pure product (81.8 mg, 0.115 mmol, 58%).
The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
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(500.13 MHz, CDCl3): 6 8.16 (d, J = 8.1 Hz, 1H, 4'), 8.06 (d, J = 8.2 Hz, 1H, 5'),
7.90 (d, J = 7.3 Hz, 1H, 2'), 7.84 (dd'T°rd- J — 8.5, 5.2 Hz, 6H, 2), 7.68 (dd, J =
8.1, 7.3 Hz, 1H, &), 7.63 (dt, J = 8.2, 4.0 Hz, 1H, ¢'), 7.51 (d, J = 3.8 Hz, 2H, 7'
and §'), 7.35 (t1Lr%, J = 8.6 Hz, 6H, 3). *C{'H} NMR (125.76 MHz, CDCls):
§165.2 (d, J = 255.9 Hz, 4), 138.4 (4a’), 138.3 (d, J = 8.4 Hz, 2), 136.8 (2'), 136.2
(1), 135.4 (8a’), 133.6 (4'), 132.4 (d, J = 3.0 Hz, 1), 130.4 (5'), 129.1 (7'), 128.1
("), 127.8 (6), 126.9 (8'), 120.1 (d, J = 21.9 Hz, 3). F NMR (470.59 MHz,
CDCl3): 6 —103.97 (tt, J = 8.4, 5.2 Hz, 3F), —148.86 (s, 4F). HRMS (ESI*,
m/z) Calcd. for CogH19BiF3" (M+): 621.1237. Found: 621.1205. Error: 5.15 ppm.
Vmax (neat, cm™1): 1576, 1485, 1276, 1260, 1226, 1161, 1024, 816, 790, 750, 500.

m.p. (°C): 203-204.

Tri(4-fluorophenyl) (2-methoxyphenyl)bismuthonium tetrafluoroborate (5z)

The compound was synthesised according to GP-3, by re-
acting 2 (104 mg, 0.210 mmol) with Selectfluor (74.9 mg,
0.211 mmol) and 2-methoxyphenylboronic acid (49.4 mg,
0.325 mmol). Recrystallisation from DCM/Et2O yiel-
4 ded the desired pure product (98.4 mg, 0.143 mmol,
F68%)."H NMR (500.13 MHz, CDCl3): § 7.78 (dd' ord
J = 8.6, 5.3 Hz, 6H, 2), 7.68-7.61 (m, 2H, 4/ and ¢'),

F

7.36 (thord, J = 8.6 Hz, 6H, 3), 7.31-7.25 (m, 2H, & and 5'), 3.79 (s, 3H, 7).

BC{'H} NMR (125.76 MHz, CDCl3): § 165.1 (d, J = 255.1 Hz, 4), 159.3 (2'),
1/

)
138.0 (d, J — 8.7 Hz, 2), 135.7 (6"), 134.9 (4'), 132.4 (d, J = 3.6 Hz, 1), 128.5 (1'),
125.2 (5'), 119.8 (d, J = 21.8 Hz, 8), 113.3 (%), 56.9 (7). 9F NMR (470.59 MHz,
CDCls): & —104.58 (tt, J = 8.6, 5.2 Hz, 3F), —149.66 (s, 4F). HRMS (ESI*, m/z)
Caled. for Co5H19BiF30T (M+): 601.1186. Found: 601.1179. Error: 1.16 ppm.
Vmax (neat, Cm_l): 1590, 1573, 1484, 1435, 1392, 1225, 1162, 1035, 1003, 822, 502.
m.p. (°C): 172 173.

Tri(4-fluorophenyl) (2-isopropoxyphenyl)bismuthonium tetrafluoroborate
(5aa)

The compound was synthesised according to GP-4, by reacting ArgBi 2 (99.1 mg,
0.201 mmol) with Selectfluor (74.4 mg, 0.210 mmol), (2-isopropoxyphenyl)boronic
acid (40.4 mg, 0.224 mmol) and BF3-Et2O (37 pL, 0.30 mmol). Recrystallisation
from DCM /CyH yielded the desired pure product (116 mg, 0.162 mmol, 81%).
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The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. '"H NMR
(500.13 MHz, CDCl3): ¢ 7.83 (ddT o J = 8.6, 5.2 Hz,
2 6H, 2), 7.66 (d, J = 7.7 Hz, 1H, ¢’), 7.62 (ddd, J = 8.6,
. 74,15 Hz, 1H, 4'), 7.36 (t,0"%, J = 8.6 Hz, 6H, 3), 7.23
F(dd, J = 7.5, 1.1 Hz, 1H, 5'), 7.21 (d, J = 8.3 Hz, 1H,
F 3"), 4.65 (hept, J = 6.1 Hz, 1H, 7’), 0.98 (d, J = 6.0 Hz,
6H, 8. BBC{'H} NMR (125.76 MHz, CDCl3): 6 165.1 (d, J = 255.1 Hz, 4),
157.6 (2'), 138.0 (d, J = 8.3 Hz, 2), 136.4 (6'), 134.8 (4'), 132.7 (d, J = 3.0 Hz,
1),128.8 (1), 124.6 (5'), 119.7 (d, J = 21.7 Hz, &), 113.9 (3), 72.1 (7'), 21.5 (&').
YF NMR (470.59 MHz, CDCl3): § —104.68 (tt, J = 8.5, 5.2 Hz, 3F), —149.38
(s, 4F). HRMS (ESI*, m/z) Caled. for CoyHagBiF30™ (M+): 629.1499. Found:
629.1452. Error: 7.47 ppm. vmax (neat, cm™1): 1574, 1485, 1466, 1394, 1279,
1221, 1162, 1051, 1000, 941, 819, 761, 504. m.p. (°C): 177-178.

Tri(4-fluorophenyl) (2-(trifluoromethoxy)phenyl)bismuthonium tetrafluo-
roborate (5ab)

The compound was synthesised according to GP-4, by
reacting 2 (95.3 mg, 0.192 mmol) with Selectfluor (72.0 mg,
0.203 mmol), (2-(trifluoromethoxy)phenyl)boronic acid
(51.3 mg, 0.249 mmol) and BF3-Et20 (37 pL, 0.30 mmol).
4 Recrystallisation from DCM/CyH yielded the desired pure
P product (108 mg, 0.145 mmol, 75%). The resulting crystals
were suitable for X-ray diffraction analysis: details can be
found in Section 6.8. 'H NMR (500.13 MHz, CDCl3): ¢ 7.89-7.75 (m, 7H, 2 and
6'), 7.71 (ddd, J = 8.8, 7.4, 1.6 Hz, 1H, /'), 7.63-7.52 (m, 2H, &' and 5'), 7.38
(thhord-, J = 8.6 He, 6H, 3). *C{'H} NMR (125.76 MHz, CDCl3): § 165.2 (d,
J = 255.3 Hz, 4), 150.9 (2), 137.9 (d, J = 8.4 Hz, 2), 137.0 (¢"), 134.7 (4'), 133.1
(d, J = 3.6 Hz, 1), 131.6 (1), 129.7 (5), 119.99 (d, J = 21.9 Hz, 8), 119.95 (q,
J = 262.9 Hz, 7), 119.0 (d, J = 2.8 Hz, 3'). YF NMR (470.59 MHz, CDCl3):
§ —56.91 (d, J = 2.0 Hz, 3F, 7'), —103.97 (tt, J = 8.4, 5.1 Hz, 3F, /), —147.76
(s, 4F). HRMS (ESI", m/z) Calcd. for Co5H16BiFgO™ (M+): 655.0904. Found:
655.0850. Error: 8.24 ppm. vy (neat, cm’l): 1576, 1485, 1234, 1186, 1159,
1067, 1001, 987, 818, 572, 502. m.p. (°C): 122-124.
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(2-Fluoro-6-methoxyphenyl)tri(4-fluorophenyl)bismuthonium tetrafluorob-

orate (5ac)
The compound was synthesised according to GP-4, by re-

acting 2 (97.7 mg, 0.198 mmol) with Selectfluor (74.6 mg,
0.211 mmol), (2-fluoro-6-methoxyphenyl)boronic acid
(44.2 mg, 0.260 mmol) and BF3-Et20 (37 pL, 0.30 mmol).
4 Recrystallisation from DCM/CyH yielded the desired
F pure product (112 mg, 0.159 mmol, 80%). 'H NMR
(500.13 MHz, CDCl3): § 7.83 (dd°rd- J — 8.5, 5.3 Hz,

6H, 2), 7.60 (td, J = 8.3, 6.8 Hz, 1H, 4'), 7.35 (t1Lor%, J = 8.6 Hz, 6H, 3), 7.09-7.00
(m, 2H, 8" and 5'), 3.73 (s, 3H, 7). BC{'H} NMR (125.76 MHz, CDCl3): § 165.0
(d, J = 254.5 Hz, 4), 164.0 (d, J = 246.2 Hz, 2'), 161.3 (d, J = 10.8 Hz, 6'), 137.7
(d, J = 8.4 Hz, 2),136.4 (d, J = 9.2 Hz, 4), 134.2 (d, J = 3.4 Hz, 1), 119.6 (d,
J = 21.9 Hz, 8), 117.0 (d, J = 33.2 Hz, 1), 110.4 (d, J = 23.2 Hz, %), 109.2 (d,
J = 2.6 Hz, 5'), 57.1 (7). YF NMR. (470.59 MHz, CDCl3): § —96.62 (t, J =
7.0 Hz, 1F, 2/), —104.78 (tt, J = 8.4, 5.2 Hz, 3F, /), —149.18 (s, 4F). HRMS
(ESIt, m/z) Calced. for CosHy9BiF4OT (M+H): 620.1171. Found: 620.1139. Error:
5.16 ppm. Vmay (neat, cm™!): 1595, 1574, 1485, 1470, 1393, 1324, 1163, 1063, 999,

819, 780, 568, 502. m.p. (°C): 158-1509.

(4-Chloro-2-methylphenyl)tri(4-fluorophenyl)bismuthonium tetrafluoro-
borate (5ad)

The compound was synthesised according to GP-3, by re-
BF; acting 2 (124 mg, 0.251 mmol) with Selectfluor (95.0 mg,

0.268 mmol) and 4-chloro-2-methylphenylboronic acid

(45.5 mg, 0.267 mmol). Recrystallisation from DCM/CyH
3 yielded the desired pure product (95.4 mg, 0.135 mmol,
4 54%). 'H NMR (500.13 MHz, CDCl3): ¢ 7.81 (dd' o<,

J =8.7,52Hz, 6H, 2),7.56 (d, ] = 2.3 Hz, 1H, 3'), 7.50

(d, J = 8.4 Hz, 1H, ¢’), 7.44 (dd, J = 8.4, 2.4 Hz, 1H, &),
7.38 (thod, J = 8.6 Hz, 6H, 3), 2.39 (s, 3H, 7). C{'H} NMR (125.76 MHz,
CDCl3): § 165.2 (d, J = 255.7 Hz, 4), 144.2 (2'), 140.4 (1'), 139.4 (4'), 138.1 (d,
J =85 Hz, 2),1364 (6'), 133.3 (d, J = 3.5 Hz, 1), 133.2 (&), 129.7 (&), 120.1 (d,
J = 21.9 Hz, 3), 25.2 (7). 1F NMR . (470.59 MHz, CDCl3): 6 —103.96 (tt, J =
8.3, 5.1 Hz, 3F), —147.95 (s, 4F). HRMS (ESI", m/z) Calcd. for C25H18BiClF§'
(M+): 619.0848. Found: 619.0861. Error: 2.10 ppm. Vpay (neat, cm=1): 1574,
1483, 1392, 1226, 1162, 1050, 1000, 823, 504. m.p. (°C): 210-212.
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(4-Fluoro-2-methylphenyl)tri(4-fluorophenyl)bismuthonium tetrafluoro-

borate (5ae)
The compound was synthesised according to GP-4,

BF; by reacting 2 (1.00 g, 2.03 mmol) with Selectfluor
(724 mg, 2.04 mmol), (4-fluoro-2-methylphenyl)boronic
acid (318 mg, 0.207 mmol) and BFj3-EtoO (37 pL,

3 0.30 mmol). Recrystallisation from DCM /CyH yielded

& the desired pure product (1.16 g, 1.68 mmol, 82%). The
resulting crystals were suitable for X-ray diffraction ana-
lysis: details can be found in Section 6.8. 'H NMR

(500.13 MHz, CDCl3): 6 7.80 (dd™°rd J — 85, 5.2 Hz, 6H, 2), 7.55 (dd, J —

8.7, 5.4 Hz, 1H, ¢'), 7.37 (ti, 0%, J = 8.5 Hz, 6H, 3), 7.27 (dd, J = 9.1, 2.7 Hz,

1H, &), 7.16 (tdapp., J = 8.3, 2.8 Hz, 1H, '), 2.39 (s, 3H, 7). BC{!H} NMR

(125.76 MHz, CDCls): 6 165.21 (d, J = 254.9 Hz, 4'), 165.19 (d, J = 256.0 Hz, /),

145.6 (d, J = 8.2 Hz, 2/), 138.1 (d, J = 8.3 Hz, 2), 137.5 (d, J = 9.0 Hz, ¢’), 136.6

(d, J = 2.8 Hz, 1), 133.0 (d, J = 3.2 Hz, 1), 120.6 (d, J = 22.0 Hz, 3'), 120.1 (d,

J =21.8 Hz, 8), 117.1 (d, J = 21.9 Hz, &), 25.3 (7). YF NMR. (470.59 MHz,

CDCl3): 6 —104.02 (tt, J = 8.4, 5.1 Hz, 3F, 4), —105.27 (ddd, J = 9.2, 8.1, 5.3 Hz,

1F, /'), —148.23 (s, 4F). HRMS (ESI*, m/z) Calced. for CosHisBiF, (M+):

603.1143. Found: 603.1198. Error: 9.12 ppm. vpax (neat, cm™1): 1574, 1486,

1395, 1227, 1163, 1002, 820, 503. m.p. (°C): 202-204.

Tri(4-fluorophenyl) (4-methoxy-2-methylphenyl)bismuthonium tetrafluorob-

orate (5af)
The compound was synthesised according to GP-4, by re-

acting 2 (125 mg, 0.254 mmol) with Selectfluor (93.3 mg,
0.263 mmol), (4-methoxy-2-methylphenyl)boronic acid
(44.3 mg, 0.267 mmol) and BF3-Et20 (37 pL, 0.30 mmol).
Recrystallisation from DCM/CyH yielded the desired
4 pure product (128 mg, 0.182 mmol, 72%). 'H NMR
F (500.13 MHz, CDCls): 6 7.81 (dd, J = 8.7, 5.2 Hz, GH,
2), 7.46 (d, J = 8.6 Hz, 1H, 6), 7.37 (t, J = 8.6 Hz, 6H,

), 7.07 (d, J = 2.8 Hz, 11, 3'), 6.97 (dd, J = 8.6, 2.8 Hz, 1H, 5'), 3.85 (s, 31, &),
2.35 (s, 3H, 7). BC{'H} NMR (125.76 MHz, CDCl3): § 165.2 (d, J = 255.3 Hz,
4), 163.1 (4'), 144.4 (2'), 138.1 (d, J = 8.5 Hz, 2), 137.0 (6"), 132.9 (d, J = 3.3 Hz,
1), 131.6 (1), 120.0 (d, J = 21.8 Hz, 3), 119.3 (&), 115.0 (5'), 55.8 (8'), 25.4 (7).
YF NMR (470.59 MHz, CDCl3): § —104.37 (td, J — 8.7, 4.4 Hz, 3F), —148.96
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(s, 4F). HRMS (ESI*, m/z) Calcd. for CogHoBiF50T (M+): 615.1343. Found:
615.1415. Error: 11.70 ppm. vpax (neat, cm_l): 1587, 1575, 1562, 1485, 1393,
1300, 1284, 1227, 1162, 1051, 1003, 833, 818, 795, 501. m.p. (°C): 193-195.

Tri(4-fluorophenyl) (mesityl)bismuthonium tetrafluoroborate (5ag)

The compound was synthesised according to GP-3,
by reacting 2 (99.3 mg, 0.201 mmol) with Selectfluor
(78.6 mg, 0.222 mmol) and mesitylboronic acid (52.3 mg,
0.319 mmol). Recrystallisation from DCM /CyH yielded
the desired pure product (101 mg, 0.144 mmol, 71%).
The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, CDCl3): § 7.84 (dd'erd: J — 8.7, 5.4 Hz,
6H, 2), 7.33 (thord, J = 8.6 Hz, 6H, 3), 7.17 (s, 2H, &), 2.36 (s, 3H, 6'), 2.31
(s, 6H, &). BC{!H} NMR (125.76 MHz, CDCl3): 6 164.8 (d, J = 254.5 Hz, 4),
144.3 (1'), 143.2 (4'), 142.8 (2'), 137.7 (d, J = 8.3 Hz, 2), 136.9 (d, J = 3.5 Hz, 1),
132.0 (8'), 119.8 (d, J = 21.7 Hz, 3), 26.0 (5'), 21.2 (6'). "F NMR (470.59 MHz,
CDCl3): 6 —105.18 (tt, J = 8.5, 5.2 Hz, 3F), —148.92 (s, 4F). HRMS (ESI*,
m/z) Calcd. for Ca7Ho3BiF3™ (M+): 613.1550. Found: 613.1539. Error: 1.79 ppm.
vmax (neat, cm~1): 1575, 1484, 1392, 1233, 1161, 1075, 984, 817, 569, 505, 417.
m.p. (°C): 187-188.

Tri(4-fluorophenyl)(2,4,6-triisopropylphenyl)bismuthonium tetrafluorobor-
ate (5ah)

The compound was synthesised according to GP-4,
by reacting 2 (203 mg, 0.381 mmol) with Selectfluor
(158 mg, 0.446 mmol), (2,4,6-triisopropylphenyl)boronic
acid (105 mg, 0.423 mmol) and BFj3-Et2O (55 pL,
0.45 mmol). Recrystallisation from DCM/CyH yielded
the desired pure product (123 mg, 0.157 mmol, 41%).
The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, CDCl3): 6 7.85 (dd" o4 J = 8.8, 5.2 Hz,
6H, 2), 7.33 (thord, J = 8.6 Hz, 6H, 3), 7.30 (s, 3H, &), 2.96 (hept, J = 6.9 Hz,
1H, 7'), 2.78 (hept, J = 6.6 Hz, 2H, 5'), 1.29 (d, J = 6.9 Hz, 6H, &), 1.04 (d, J —
6.6 Hz, 12H, ¢'). BC{'H} NMR (125.76 MHz, CDCl3): 6 164.7 (d, J = 254.4 Hz,
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4), 154.1 (4'), 153.3 (2'), 145.7 (1), 138.1 (d, J = 3.4 Hz, 1), 137.5 (d, J = 8.2 Hz,
2),126.1 (3'), 119.6 (d, J = 21.7 Hz, 3), 38.6 (&), 34.3 (7'), 24.4 (6"), 23.9 (&).
YF NMR (470.59 MHz, CDCl3): § —105.31 (tt, J = 8.4, 5.2 Hz, 3F), —148.65
(s, 4F). HRMS (ESI*, m/z) Caled. for C33HssBiF3™ (M+): 697.2489. Found:
697.2480. Error: 1.29 ppm. vy (neat, cm~1): 1573, 1483, 1393, 1223, 1161,1058,
1002, 820, 765, 570, 500, 413. m.p. (°C): 178-179.

(2,6-Dimethylphenyl)tri(4-fluorophenyl)bismuthonium tetrafluoroborate (5ai)

The compound was synthesised according to GP-4, by re-
acting 2 (202 mg, 0.408 mmol) with Selectfluor (150.0 mg,
0.423 mmol), 2,6-dimethylphenylboronic acid (67.0 mg,
0.447 mmol) and BF3-Et2O (55 nL, 0.45 mmol). Recrystal-
4 lisation from DCM/CyH yielded the desired pure product

P (267 mg, 0.389 mmol, 92%). The resulting crystals were
: suitable for X-ray diffraction analysis: details can be found
in Section 6.8. 'H NMR (500.13 MHz, CDCl3): § 7.87 (dd'°rd- J — 8.5, 5.2 Hz,
6H, 2), 7.41 (td, J = 7.4, 1.4 Hz, 1H, 4'), 7.38-7.29 (m, 8H, 3 and &), 2.36 (s, 6H,
5. BC{'H} NMR (125.76 MHz, CDCl3): § 164.9 (d, J = 255.0 Hz, 4), 147.8
(1), 143.2 (2), 137.6 (d, J = 8.2 Hz, 2), 137.1 (d, J = 3.5 Hz, 1), 119.8 (d, J =
21.8 Hz, 3), 26.2 (5'). YF NMR (470.59 MHz, CDCl3): § —105.06 (tt, J = 8.5,
5.2 Hz, 3F), —148.84 (s, 4F). HRMS (ESI", m/z) Caled. for CogHag1BiFs™ (M+):
599.1394. Found: 599.1397. Error: 0.50 ppm. Vpax (neat, cm™1!): 1576, 1484,
1463, 1392, 1224, 1161, 1096, 1055, 1004, 931, 831, 813, 787, 762, 568, 502, 412.
m.p. (°C): 230-231.

(2,6-Dimethoxyphenyl)tri(4-fluorophenyl)bismuthonium tetrafluorobor-
ate (5aj)

The compound was synthesised according to GP-3,
by reacting 2 (133 mg, 0.250 mmol) with Selectfluor
(95.0 mg, 0.268 mmol) and 2,6-dimethoxyphenylboronic
acid (48.4 mg, 0.266 mmol). Recrystallisation from
DCM/CyH yielded the desired pure product (124 mg,
F0.173 mmol, 69%). 'H NMR (500.13 MHz, CDCls):
§ 7.77 (dd'terd " J = 8.5, 5.3 Hz, 6H, 2), 7.55 (t, J =
8.2 Hz, 1H, 4'), 7.32 (tlLord-j — 8.7 Hz, 6H, 3), 6.86 (d, J = 8.3 Hz, 2H, 3), 3.68

app.

(s, 6H, 5'). BC{*H} NMR (125.76 MHz, CDCl3): § 164.8 (d, J = 253.7 Hz, 4),
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161.2 (2), 137.7 (d, J = 8.4 Hz, 2), 136.1 (4'), 135.4 (br, 1), 119.2 (d, J = 21.7 Hz,
3),119.2 (1'),1 106.4 ('), 56.6 (5'). “F NMR (470.59 MHz, CDCl3): § —105.74
(br, 3F), —150.45 (s, 4F). HRMS (ESI™, m/z) Calcd. for CogHoBiF302™ (M+):
631.1292. Found: 631.1308. Error: 2.54 ppm.

Tri(4-fluorophenyl) (2-furyl)bismuthonium tetrafluoroborate (5ak)

BF, The compound was synthesised according to GP-3,
by reacting 2 (98.3 mg, 0.199 mmol) with Selectfluor
(71.7 mg, 0.202 mmol) and 2-furylboronic acid (33.9 mg,

3 0.303 mmol). Recrystallisation from DCM /Et20O yielded

¢ the desired pure product (66.2 mg, 0.102 mmol, 51%).
The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR

(500.13 MHz, CDCl3): § 7.95 (dd" °rd-| J = 8.9, 5.2 Hz, 6H, 2), 7.92 (d, J = 1.8 Hz,

H, 5'), 7.37 (4%, J = 8.6 Hz, 6H, 3), 6.96 (d, J = 3.4 Hz, 1H, §'), 6.74 (dd,

J = 3.5, 1.8 Hz, 1H, 4'). BC{*H} NMR (125.76 MHz, CDCl3): 6 165.2 (d, J =

255.2 Hz, 4), 154.1 (2'), 151.3 (5'), 137.9 (d, J = 8.4 Hz, 2), 135.1 (d, J = 3.5 Hz,

1), 126.7 ('), 119.8 (d, J = 22.0 Hz, 3), 112.1 (4). F NMR (470.59 MHz,

CDCl3): 6 —103.01-—105.28 (br, 3F), —147.12 (s, 4F). HRMS (ESI*, m/z) Calcd.

for CooHy5BiF30T (M+): 561.0873. Found: 561.0889. Error: 2.85 ppm. Viax

(neat, cm™1): 1574, 1482, 1393, 1276, 1261, 1226, 1162, 1056, 1000, 822, 750, 498.

m.p. (°C): 185-186 (decomp.).

Tri(4-fluorophenyl) (3-furyl)bismuthonium tetrafluoroborate (5al)

BF, The compound was synthesised according to GP-3,
by reacting 2 (95.6 mg, 0.194 mmol) with Selectfluor
(74.9 mg, 0.211 mmol) and 3-furylboronic acid (35.4 mg,
3 0.316 mmol). Recrystallisation from DCM /Et20O yielded
N the desired pure product (82.1 mg, 0.127 mmol, 65%).
The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, CDCl3): § 7.82 (dd™ o J = 9.0, 5.1 Hz, 6H, 2), 7.82-7.81 (m,
2H, 2’ and 5'), 7.35 (tlLordJ — 8.7 Hz, 6H), 6.67 (dd, J — 1.7, 1.2 Hz, 1H, 4/).

app.

BC{'H} NMR (125.76 MHz, CDCl3): § 165.2 (d, J = 255.3 Hz, 4), 151.8 (2'),

YHidden underneath the previous peak: only detected via indirect observation by HMBC
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146.2 (5'), 137.7 (d, J = 8.3 Hz, 2), 132.8 (d, J = 3.5 Hz, 1), 119.8 (d, J = 21.9 Hz,
3), 115.9 (5'), 113.8 (4/). "F NMR (470.59 MHz, CDCl3): § —103.96 (tt, J =
8.3, 5.1 Hz, 3F), —147.18 (s, 4F). HRMS (ESI*", m/z) Calcd. for CooH15BiF30™
(M+): 561.0873. Found: 561.0886. Error: 2.32 ppm. vpax (neat, cm_l): 1574,
1484, 1394, 1276, 1261, 1222, 1163, 764, 750, 598 569 499. m.p. (°C): 157-158.

Tri(4-fluorophenyl) (2-thienyl)bismuthonium tetrafluoroborate (5am)

BF, The compound was synthesised according to GP-3,
by reacting 2 (101 mg, 0.205 mmol) with Selectfluor
(79.4 mg, 0.224 mmol) and 2-thienylboronic acid (42.8 mg,

3 0.335 mmol). Recrystallisation from DCM/Et20O yielded

N the desired pure product (98.1 mg, 0.148 mmol, 72%).
The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR

(500.13 MHz, CDCl3): 6 7.94 (dd, J = 4.9, 1.0 Hz, 2H, 5'), 7.91 (ddlord J —

8.8, 5.1 Hz, 6H, 2), 7.48 (dd, J = 3.6, 1.0 Hz, 1H, 3'), 7.44 (dd, J = 4.9, 3.6 Hz,

1H, 4), 7.37 (thord, J = 8.5 Hz, 6H, 8). *C{'H} NMR (125.76 MHz, CDCl;):

0 165.2 (d, J = 255.2 Hz, 4), 140.0 (3'), 137.8 (d, J = 8.9 Hz, 2), 136.0 (&), 135.0

(d, J = 3.4 Hz, 1), 132.1 (2'), 130.3 (4'), 119.8 (d, J = 22.3 Hz, 3). F NMR

(470.59 MHz, CDCl3): § —103.94 (tt, J = 8.6, 5.1 Hz, 3F), —147.02 (s, 4F). HRMS

(ESIT, m/z) Calced. for CooHysBiF3ST (M+): 577.0645. Found: 577.0653. Error:

1.39 ppm.  Vmax (neat, cm~1): 1573, 1483, 1392, 1276, 1261, 1220, 1163, 998, 820,

764, 750.0, 569, 502. m.p. (°C): 185-186.

Tri(4-fluorophenyl) (3-thienyl)bismuthonium tetrafluoroborate (5an)

BF, The compound was synthesised according to GP-3,
by reacting 2 (97.2 mg, 0.197 mmol) with Selectfluor
(81.0 mg, 0.229 mmol) and 3-thienylboronic acid (39.9 mg,
3 0.312 mmol). Recrystallisation from DCM /Et20O yielded
$ the desired pure product (81.6 mg, 0.123 mmol, 63%).
The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, (CD3)2S0): § 8.25 (dd, J = 2.7, 1.2 Hz, 1H, 2'), 8.04 (dd, J = 5.0,
2.7 Hz, 1H, 5'), 7.96 (dd" 4, J = 8.5, 5.6 Hz, 6H, 2), 7.57 (ti5'd, J = 8.9 Hz, 6H,
8), 7.47 (dd, J = 5.0, 1.2 Hz, 1H, 4/). BC{'H} NMR (125.76 MHz, (CD3)2S0):
0 163.6 (d, J = 249.7 Hz, 4), 1404 (d, J = 3.3 Hz, 1), 137.8 (d, J = 8.3 Hz, 2),
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136.4 (2'), 135.2 (), 131.8 (4), 129.2 (5'), 118.6 (d, J = 21.6 Hz, 3). 9F NMR
(470.59 MHz, (CD3)2S0): 6 —107.77 (tt, J — 9.1, 5.4 Hz, 3F), —148.27 (s, 4F).
HRMS (ESI*, m/z) Caled. for CooHy5BiF3S™ (M+): 577.0645. Found: 577.06449.
Error: 0.02 ppm. Vpax (neat, cm™1): 1573, 1484, 1393, 1276, 1221, 1163, 1057,
1000, 821, 764, 569, 501. m.p. (°C): 177-178.

(2-Acetylthiophen-3-yl)tri(4-fluorophenyl)bismuthonium tetrafluorobor-

ate (5ao0)
BF, The compound was synthesised according to GP-3, by re-

acting 2 (98.8 mg, 0.200 mmol) with Selectfluor (76.8 mg,

0.217 mmol) and (2-acetylythiophen-3-yl)boronic acid
3 (55.4 mg, 0.326 mmol). Recrystallisation from DCM/Et20O
yielded the desired product.! The resulting crystals were
suitable for X-ray diffraction analysis: details can be found
in Section 6.8. 'H NMR (500.13 MHz, CDCl3): § 8.05
(d, J = 5.0 Hz, 1H, 5), 7.79 (dd'T°d J = 8.6, 5.4 Hz, 6H, 2), 7.41 (d, J =
4.9 Hz, 1H, 4'), 7.34 (tlord, J = 8.7 Hz, 6H, 3), 2.66 (s, 3H, 7). *C{'H} NMR
(125.76 MHz, CDCl3): 6 191.2 (6'), 165.0 (d, J = 254.6 Hz, 4), 145.6 (2’), 139.3
(8), 138.1 (5'), 137.8 (d, J = 8.3 Hz, 2), 135.7 (d, J = 3.3 Hz, 1), 134.0 (4'), 119.6
(d, J = 21.7 Hz, 3), 27.6 (7). YF NMR (470.59 MHz, CDCl3): § —104.99 (tt, J =
8.6, 5.3 Hz, 3F), —149.27 (s, 4F). HRMS (ESI", m/z) Calcd. for Co4H17BiF30S™
(M+): 619.0751. Found: 619.0773. Error: 3.55 ppm. Vpax (neat, cm=1): 1645,
1575, 1483, 1386, 1231, 1160, 1060, 1001, 749, 505.

(3,5-Dimethylisoxazol-4-yl)tri(4-fluorophenyl)bismuthonium tetrafluoro-

borate (5ap)

BF, The compound was synthesised according to GP-3, by re-
acting 2 (103 mg, 0.208 mmol) with Selectfluor (74.9 mg,
0.211 mmol) and 3,5-dimethylisoxazol-4-ylboronic acid

3 (45.5 mg, 0.323 mmol). Recrystallisation from MeCN /Tol

yielded the desired pure product (79.2 mg, 0.117 mmol,

56%). The resulting crystals were suitable for X-ray dif-

fraction analysis: details can be found in Section 6.8.
'H NMR (500.13 MHz, CDCl3):** § 7.84 (dd" o4 J — 8.6, 5.0 Hz, 6H, 2), 7.40
(tllord- 7 — 8.5 Hz, 6H, 3), 2.24 (s, 3H, 6'), 1.99 (s, 3H, 7). BC{'H} NMR

app.

I'The compound co-crystalised with 12% of compound 5a.

** Assignment achieved by comparison with other 3,5-disubstituted isoxazoles in the literature.*>?
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(125.76 MHz, CDCl3):** 6 177.6 (5'), 165.4 (d, J = 256.2 Hz, 4), 161.8 (&), 137.8
(d, J = 8.8 Hz, 2), 131.9 (d, J = 3.4 Hz, 1), 120.3 (d, J = 22.2 Hz, 3), 109.7
(4), 13.6 (6"), 12.6 (7). 19F NMR (470.59 MHz, CDCl3): § —103.08 (tt, J = 8.6,
4.9 Hz, 3F), —147.29 (s, 4F). HRMS (ESI*, m/z) Calcd. for Co3HigBiF3NO™
(M+): 590.1139. Found: 590.1161. Error: 3.73 ppm. vy (neat, cm=—1): 1576,
1484, 1395, 1227, 1162, 1114, 1066, 1001, 834, 817, 744, 503. m.p. (°C): 190-191.

Tri(4-fluorophenyl) (1 H-indazol-4-yl)bismuthonium tetrafluoroborate (5aq)

The compound was synthesised according to GP-3, by
reacting 2 (102 mg, 0.206 mmol) with Selectfluor (77.0 mg,
0.217 mmol) and 1H-indazol-4-ylboronic acid (49.1 mg,
0.303 mmol). Recrystallisation from DCM /Et20O yielded
s the desired pure product (80.1 mg, 0.115 mmol, 56%).
F1TH NMR (500.13 MHz, (CD3)20): § 12.82 (s, 1H, NH),
8.35-8.09 (br, 6H, 2), 8.04 (d, J = 8.3 Hz, 1H, 7'), 7.89~
7.63 (br, 1H, 5), 7.76 (s, 1H, '), 7.71 (t'*d- J — 7.7 Hz, 1H, 6'), 7.60 (t, J —
8.8 Hz, 7H, 8). BC{'H} NMR (125.76 MHz, (CD3)20): § 165.9 (d, J = 252.2 Hz,
4), 143.0 (7a’), 139.6 (br, 2), 135.3 (d, J = 3.4 Hz, 1), 134.2 (3’), 131.2 (4'), 130.9
(5'), 128.8 (6'), 127.9 (3a’), 120.3 (d, J = 21.5 Hz, 3), 115.9 (7). YF NMR
(470.59 MHz, (CD3)0): § —107.23 (tt, J — 9.1, 5.3 Hz, 3F), —151.32 (s, 4F).
HRMS (ESI*, m/z) Caled. for CosHy7BiF3Ng (M+): 611.1135. Found: 611.1142.
Error: 1.15 ppm. vpax (neat, cm_l): 3371, 3092, 1573, 1483, 1393, 1222, 1162,
1056, 1002, 819, 792, 764, 750, 571, 502. m.p. (°C): 223-224.

Tri(4-fluorophenyl) (1-methyl-1 H-indazol-4-yl)bismuthonium tetrafluorob-

orate (5ar)
The compound was synthesised according to GP-3, by
BF;  reacting 2 (97.0 mg, 0.196 mmol) with Selectfluor (69.8 mg,
0.197 mmol) and 1-methyl-1H-indazol-4-ylboronic acid
(55.4 mg, 0.315 mmol). Recrystallisation from DCM /Eto0
3 yielded the desired pure product (98.7 mg, 0.139 mmol,
4 71%). 'H NMR (500.13 MHz, CDCl3): § 7.85 (dd! °rd,
J = 8.6, 5.2 Hz, 6H, 2), 7.71 (dt, J = 8.3, 0.8 Hz, 1H,
7, 7.58 (dd, J = 8.3, 7.1 Hz, 1H, ¢'), 7.53 (d!erd:, J =
7.1 Hez, 1H, 5'), 743 (d, J = 0.9 Hz, 1H, '), 7.35 (t4 0%, J = 8.6 Hz, 6H, 3),
4.13 (s, 3H, 1'). BC{'H} NMR (125.76 MHz, CDCl3): § 165.2 (d, J = 255.4 Hz,
4), 141.4 (7a’), 138.2 (d, J = 8.3 Hz, 2), 132.7 (d, J = 3.6 Hz, 1), 131.8 (3),
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130.2 (5), 129.6 (4'), 128.2 (6'), 127.7 (3a’), 120.08 (d, J = 21.9 Hz, 3), 114.0 (7),
36.3 (). F NMR (470.59 MHz, CDCl3): 6 —103.87 (tt, J = 8.4, 5.1 Hz, 3F),
—148.04 (s, 4F). HRMS (ESI", m/z) Caled. for CosH1gBiF3Ny (M+): 625.12987.
Found: 625.1299. Error: 0.05 ppm. vpax (neat, Cm_l): 1572, 1483, 1393, 1320,
1219, 1162, 1050, 1000, 902, 824, 782, 504. m.p. (°C): 208-200.

(4-Fluorophenyl)triphenylbismuthonium tetrafluoroborate (5as)

F The compound was synthesised according to GP-3, by react-
y  BF; ing triphenylbismuthine (88.1 mg, 0.200 mmol) with Select-
fluor (74.4 mg, 0.210 mmol) and 4-fluorophenylboronic acid
. _1/ , (35.0 mg, 0.250 mmol). Recrystallisation from DCM /Et2O
N B'\©3 yielded the desired pure product (77.0 mg, 0.124 mmol, 62%).
e @ 4 The resulting crystals were suitable for X-ray diffraction
analysis: details can be found in Section 6.8. 'H NMR
(500.13 MHz, CDCl3): § 7.83 (dd™M o J = 8.4, 5.2 Hz, 2H, 2), 7.78 (d, J =
7.6 Hz, 6H, 2), 7.68 (t, J = 7.5 Hz, 6H, 3), 7.65-7.58 (m, 3H, 4), 7.36 (tLLo, J =
8.6 Hz, 2H, 3'). BC{'H} NMR (125.76 MHz, CDCl3): 6 165.1 (d, J = 254.5 Hz,
4", 138.3 (d, J = 8.6 Hz, 2'), 138.0 (1), 136.0 (2), 132.8 (d, J = 3.6 Hz, 1'),
132.7 (4), 132.6 (3), 119.9 (d, J = 21.8 Hz, 8'). "F NMR (470.59 MHz, CDCl3):
§ —104.65 (tt, J = 8.4, 5.2 Hz, 1F), —149.14 (s, 4F). HRMS (ESI*, m/z) Calcd.
for CoqH1gBiFT (M+): 535.1269. Found: 535.1261. Error: 1.49 ppm. vpax (neat,
em~1): 1575, 1563, 1485, 1474, 1436, 1230, 1164, 1048, 989, 822, 728, 683, 504, 434.
m.p. (°C): 171-172.
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6.5 Arylation products

OH [ArY Bi|[BF4] OH
DBU
CD3CN
R rt, 5 min R

GP-5: tetra(4-fluorophenyl)bismuthonium tetrafluoroborate 5a (1 equiv) and a
naphthol derivative (1 equiv) were added to an NMR tube and dissolved in CD3CN
(0.6 mL). DBU (1.5 equiv) was then added and the reaction was monitored by
NMR spectroscopy. At completion it was quenched with a few drops of TFA. The
reaction mixture was then transferred into a 10 mL round-bottom flask with some
DCM and all the solvents were evaporated under reduced pressure. The resulting
crude was diluted with EtOAc (0.5 mL), loaded on a preparative TLC plate with a
100 pL micro-syringe and eluted with 250 mL of the appropriate solvent mixture.

6-Bromo-1-(4-fluorophenyl)naphthalen-2-ol (17a)

According to GP-5, 6-bromonaphthalen-2-ol (44.6 mg,
0.200 mmol), tetra(4-fluorophenyl)bismuthonium tetrafluorob-
orate 5a (135 mg, 0.200 mmol) and DBU (46 pL, 0.30 mmol)
were reacted together. The desired product was isolated upon
purification by preparative TLC as a colourless oil (57.7 mg,
0.182 mmol, 91%), whose characteristic data are in accordance
with the literature.3'® TH NMR (500.13 MHz, C¢Dg): 6 7.75
(d, J = 2.1 Hz, 1H, 5), 7.30 (dd, J = 9.0, 2.1 Hz, 1H, 7), 7.25 (d, J = 8.9 Hz,
1H, 4), 7.10 (d, J = 8.9 Hz, 1H, 3), 7.05 (d, J = 9.0 Hz, 1H, 8), 6.86-6.70 (m,
4H, 2' and &'), 4.30 (s, 1H, OH). 'H{*H} NMR (500.13 MHz, C¢Dg): & 7.75
(s, 5), 7.30 (s, 7), 7.25 (s, 4), 7.10 (s, 3), 7.05 (s, 8), 6.79 (d, *Jp_g = 5.5 Hz,
2),6.75 (d, 3Jp_g = 8.5 Hz, &'). BC{'H} NMR (125.76 MHz, C¢Dg): § 163.0
(d, 'J = 247.1 Hz, 4'), 151.2 (2), 133.0 (d, 3J = 8.2 Hz, 2'), 132.5 (8a), 130.52
(5),130.49 (4a), 130.1 (7), 129.8 (d, *J = 3.6 Hz, 1'), 129.2 (4), 126.6 (8), 120.5
(1), 118.8 (3), 117.5 (6), 116.7 (d, 2J = 21.6 Hz, 3'). YF NMR (470.59 MHz,
CgDg): § —113.01 (tt, J = 8.4, 5.9 Hz). 'H NMR. (500.13 MHz, CD3CN): § 8.00
(d, J = 2.1 Hz, 1H, 5), 7.73 (d, J = 8.9 Hz, 1H, 4), 7.39 (dd, J = 9.1, 2.2 Hz,
1H, 7), 7.36-7.31 (m, 2H, 2), 7.30-7.23 (m, 4H, 3, 8 and 3'), 7.09 (br, 1H, OH).
BC{'H} NMR (125.76 MHz, CD3CN): § 163.3 (d, J = 244.0 Hz, 4), 152.7 (2),
133.9 (d, J = 8.0 Hz, 2), 133.3 (8a), 132.3 (d, J = 3.3 Hz, 1’), 130.72 (), 130.71
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(4a), 130.2 (7), 129.3 (4), 127.3 (8), 121.7 (1), 120.2 (3), 117.1 (6), 116.4 (d, J —
21.5 Hz, 3). YF NMR (470.59 MHz, CD3CN): § —116.48 (tt, J = 9.0, 5.6 Hz).
HRMS (ESI™, m/z) Calcd. for C16HgBrFO™ (M—H): 314.9826. Found: 314.9839.
Error: 4.13 ppm.  vpay (neat, cm™1): 3521, 1705, 1585, 1500, 1337, 1220, 1166,
1146, 933, 835, 817, 809, 503.

6-Iodo-1-(4-fluorophenyl)naphthalen-2-ol (17b)

According to GP-5, 6-iodonaphthalen-2-ol (27.0 mg,
0.100 mmol), tetra(4-fluorophenyl)bismuthonium tetrafluorob-
orate 5a (67.6 mg, 0.100 mmol) and DBU (23 pL, 0.15 mmol)
were reacted together. The desired product was isolated upon
purification by preparative TLC as a colourless oil (32.1 mg,
0.0882 mmol, 88%), whose characteristic data are in accord-
ance with the literature.3'® 'H NMR (500.13 MHz, CDCl3):
6818 (d, J = 1.9 Hz, 1H, 5), 7.69 (d, J = 8.9 Hz, 1H, 4), 7.56 (dd, J = 8.9,
1.8 Hz, 1H, 7), 7.37 (dd" % J = 8.7, 5.4 Hz, 2H, 2'), 7.29 (t1 "%, J = 8.7 Hy,
2H, '), 7.25 (d, J = 8.9 Hz, 1H, 3), 7.09 (d, J = 8.9 Hz, 1H, 8), 5.07 (s, 1H, OH).
BC{!H} NMR (125.76 MHz, CDCl3): § 163.1 (d, J = 248.6 Hz, 4'), 150.9 (2),
136.8 (5), 135.2 (7), 133.1 (d, J = 7.9 Hz, 2), 132.4 (8a), 130.8 (4a), 129.4 (d,
J = 3.5 Hz, 1),128.8 (4), 126.4 (8), 120.3 (1), 118.4 (3), 117.0 (d, J = 21.5 Hz,
3", 88.5 (6). YF NMR (470.59 MHz, CDCl3): § —112.50 (tt, J = 8.6, 5.5 Hz).
HRMS (ESI™, m/z) Calcd. for C16HgFIO™ (M—H): 362.9688. Found: 362.9685.
Error: 0.83 ppm. vpax (neat, Cmfl): 1612, 1579, 1509, 1459, 1379, 1338, 1307,
1272, 1222, 1168, 1149, 947, 881, 837, 818, 670, 547, 527, 500, 436.

6-Deutero-1-(4-fluorophenyl)naphthalen-2-ol (17c)

According to GP-5, 6-deuteronaphthalen-2-ol (14.5 mg,
0.100 mmol), tetra(4-fluorophenyl)bismuthonium tetrafluorob-
orate 5a (67.6 mg, 0.100 mmol) and DBU (23 pL, 0.15 mmol)
were reacted together. The desired product was isolated upon
purification by preparative TLC as a colourless oil (21.3 mg,

0.0890 mmol, 89%). The compound was initially characterised

by NMR spectroscopy in CDCls, however, protons 7 and 8
resonated at the same frequency (but the corresponding carbon atoms were easily
distinguishable, i.e. 124.5 and 126.6 ppm, as determined by HSQC) and a full

assignment could not be achieved, so CgDg was employed instead. This solvent
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change allowed for the deconvolution of the two aforementioned proton signals and
the full assignment of the structure. 'H NMR. (500.13 MHz, CDCl3): § 7.83 (s,
1H, 5), 7.82 (d, J = 8.9 Hz, 1H, 4), 7.41 (dd" o J — 8.8, 5.3 Hz, 2H, 2), 7.36
(dapp., J = 1.1 Hz, 2H, 7 and 8), 7.30 (t}Lord, J = 8.6 Hz, 2H, &), 7.26 (d, J =
8.9 Hz, 1H, 3), 5.10 (br, 1H, OH). 3C{'H} NMR (125.76 MHz, CDCl3): § 163.0
(d, J = 248.0 Hz, 4'), 150.4 (2), 133.5 (8a), 133.2 (d, J — 8.1 Hz, 2'), 130.1 (d,
J = 3.5 Hz, 1), 129.9 (4), 129.1 (4a), 128.1 (5), 126.7 (717), 124.5 (&'1), 123.28
(t, J = 24.4 Hz, 6), 120.1 (1), 117.5 (8), 116.9 (d, J = 21.7 Hz, &'). YF NMR
(470.59 MHz, CDCl3): § —113.10 (tt, J = 8.6, 5.4 Hz).'"H NMR (500.13 MHz,
CgDg): 6 7.61 (s, 1H, 5), 7.54 (d, J = 8.9 Hz, 1H, 4), 7.36 (dt, J = 8.5, 0.8 Hz, 1H,
8),7.21(d, J = 8.9 Hz, 1H, 3), 7.18 (dd, J = 8.3, 1.0 Hz, 1H, 7), 6.87 (dd! o<,
J = 87,55 Hz, 2H, 2/), 6.75 (t40%, J = 8.7 Hz, 2H, §'), 4.78 (s, 1H, OH).
BC{'H} NMR (125.76 MHz, CgDg): & 163.0 (d, J = 247.1 Hz, 4'), 151.0 (2),
134.1 (8a), 133.2 (d, J = 8.0 Hz, 2/), 130.4 (d, J = 3.9 Hz, 1'), 130.1 (4), 129.5
(4a), 128.4 (5), 126.8 (7), 124.8 (8), 123.4 (t, J = 23.9 Hz, 6), 120.4 (1), 117.8
(3),116.6 (d, J = 20.9 Hz, &'). YF NMR (470.59 MHz, CgDg): § —113.48 (tt,
J =8.7,55 Hz). HRMS (ESI~, m/z) Calcd. for C;6HgDFO~ (M—H): 238.0784.
Found: 238.0793. Error: 3.78 ppm. vpax (neat, cm_l): 3538, 1617, 1589, 1500,

1459, 1381, 1211, 1163, 1155, 835, 817, 794, 686, 657, 490.

1-(4-Fluorophenyl)naphthalen-2-ol (17d)

According to GP-5, naphthalen-2-ol (10.8 mg, 0.0750 mmol),
tetra(4-fluorophenyl)bismuthonium tetrafluoroborate 5a (50.7 mg,
0.0750 mmol) and DBU (16 pL, 0.11 mmol) were reacted together.
The desired product was isolated upon purification by preparat-
ive TLC as a colourless oil (17.1 mg, 0.0720 mmol, 96%), whose
characteristic data are in agreement with the literature (*H, *F
NMR in CDCl3 HRMS and IR).3!® The structure was assigned
by NMR spectroscopy in CgDg. The C NMR spectrum of the deuterated analogue
17c was used to univocally determine the C NMR chemical shift of carbon 6.

Without this, the assignment of carbons 6 and 8 would have been ambiguous.
The characterisation and assignment in CD3CN is reported for completeness. The
assignment relied on the identification of a crucial correlation between proton 5
and carbon 6 by H2BC, an NMR experiment that was not originally available.
'H NMR (500.13 MHz, C¢Dg): 6 7.65-7.58 (m, 1H, 5), 7.54 (d, J = 8.8 Hz, 1H,

f Assignment confirmed by similarity with the unambiguous spectrum in Cg¢Dg (vide infra).
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4), 7.40-7.32 (m, 1H, 8), 7.20 (d, J = 8.9 Hz, 1H, 3), 7.22-7.12 (m, 20 6 and 7),
6.90-6.83 (m, 2H, 2'), 6.80-6.72 (m, 2H, &), 4.72 (s, 1H, OH). BC{'H} NMR
(125.76 MHz, C¢Dg): 6 163.0 (d, J = 247.7 Hz, 4'), 151.0 (2), 134.1 (8a), 133.2
(d, J = 8.3 Hz, 2'), 130.4 (d, J = 4.0 Hz, 17), 130.1 (4), 129.5 (4a), 128.5 (5),
126.9 (7), 124.8 (8%9), 123.7 (6), 120.4 (1), 117.8 (8), 116.6 (d, J = 21.6 Hz, 3').
YF NMR (470.59 MHz, CgDg): § —113.48 (tt, J = 8.6, 5.5 Hz). 'H NMR
(500.13 MHz, CD3CN): § 7.83 (ddd, J = 7.6, 1.4, 1.1 Hz, 1H, 5), 7.81 (d, J =
9.0 Hz, 1H, 4), 7.37 (dd" o J = 8.8, 5.7 Hz, 2H, 2), 7.35-7.30 (m, 3H, 6, 7 and
8), 7.28 (th ot J = 8.9 Hz, 2H, &), 7.22 (d, J = 8.9 Hz, 1H, 3), 6.73 (s, 1H, OH).
BC{'H} NMR (125.76 MHz, CD3CN): § 163.3 (d, J = 243.7 Hz, 4'), 152.2 (2),
134.8 (8a), 134.1 (d, J = 8.3 Hz, 2'), 132.9 (d, J = 3.2 Hz, 1'), 130.3 (4), 129.7
(4a), 129.0 (5), 127.5 (7), 125.2 (8), 124.1 (6), 121.5 (1), 119.0 (3), 116.4 (d, J =
21.4 Hz, 8'). YF NMR (470.59 MHz, CD3CN): § —116.88 (tt, J = 9.1, 5.6 Hz).
HRMS (ESI~, m/z) Calced. for C16H1oFO~ (M—H): 237.0721. Found: 237.0717.
Error: 1.69 ppm. vpax (neat, cm™!): 1574, 1479, 1433, 1316, 1289, 1227, 1155,
1131, 1088, 1023, 1008, 909, 825, 763, 740, 713, 587, 564, 498. m.p. (°C): 111-112.

6-Methoxy-1-(4-fluorophenyl)naphthalen-2-ol (17e)

According to GP-5, 6-methoxynaphthalen-2-ol (20.2 mg,
0.116 mmol), tetra(4-fluorophenyl)bismuthonium tetra-
fluoroborate 5a (77.9 mg, 0.116 mmol) and DBU (26 pL,
0.17 mmol) were reacted together. The desired product was
isolated upon purification by preparative TLC as a colour-
less o0il (29.6 mg, 0.110 mmol, 95%), whose characteristic
data are in agreement with the literature.*®> '"H NMR
(500.13 MHz, CD3CN): § 7.70 (d, J — 8.8 Hz, 1H, 4), 7.35 (dd"°rd J — 8.8,
5.6 Hz, 2H, 2'), 7.26 (15", J = 9.0 Hz, 2H, &), 7.27-7.22 (m, 1H, 5 and 8), 7.18
(d, J = 8.8 Hz, 1H, &), 7.00 (dd, J = 9.3, 2.6 Hz, 1H, 7), 6.55 (s, 1H, OH), 3.86
(s, 3H, 9). BC{'H} NMR (125.76 MHz, CD3CN): 6 163.3 (d, J = 243.8 Hz, 4’),
156.7 (6), 150.6 (2), 133.9 (d, J = 8.2 Hz, 2), 133.1 (d, J = 3.3 Hz, 1’), 130.7
(4a), 129.9 (8a), 128.9 (4), 126.7 (8), 121.8 (1),119.7 (7), 119.4 (8), 116.4 (d, J =
21.6 Hz, 8'), 107.5 (5), 56.0 (9). F NMR (470.59 MHz, CD3CN): § —116.91 (tt,
J =9.1,56 Hz). HRMS (ESI™, m/z) Calcd. for C17H;12FO2~ (M—H): 267.0827.
Found: 267.0831. Error: 1.50 ppm.

Hgignals partly hidden beneath the solvent peak.
$8 Assigned by comparison with compound 17¢ (i.e. by matching this signal with the distinctive
triplet generated by C-D coupling).
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1-(4-Fluorophenyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
naphthalen-2-ol (17g)

According to GP-5, 6-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)naphthalen-2-ol (27.0 mg, 0.100 mmol),
tetra(4-fluorophenyl)bismuthonium tetrafluoroborate

5a (67.6 mg, 0.100 mmol) and DBU (23 nL, 0.15 mmol)

were reacted together. The desired product was isolated

upon purification by preparative TLC as a colourless

oil (30.0 mg, 0.0822 mmol, 82%), whose characteristic

data are in agreement with the literature.>'® TH NMR

(500.13 MHz, CDCl3): 6 8.33 (d, J = 1.2 Hz, 1H, 5), 7.85 (d, J = 8.9 Hz, 1H, 4),
7.70 (dd, J = 8.5, 1.3 Hz, 1H, 7), 7.39 (dd, J = 8.7, 5.4 Hz, 2H, 2’), 7.34-7.27 (m

3H, 8 and 3'), 7.24 (d, J = 8.9 Hz, 1H, 3), 5.10 (br, 1H, OH), 1.38 (s, 12H, 2").
UB NMR (160.46 MHz, CDCl3): § 30.7. ¥C{'H} NMR (125.76 MHz, CDCl3):
5 163.0 (d, J = 248.1 Hz, 4'), 151.5 (2), 136.6 (5), 135.2 (8a), 133.2 (d, J = 8.1 Hz,
2", 131.5 (7), 130.8 (4), 129.9 (d, J = 3.6 Hz, 17), 128.5 (4a), 123.6 (8), 120.0

(1), 117.4 (3), 116.9 (d, J = 21.5 Hz, 3'), 84.0 (1"), 25.0 (2"). Carbon 6 not

detected either by direct or indirect observation. 'YF NMR (470.59 MHz, CDCl3):
d —113.01 (tt, J = 8.7, 5.4 Hz). HRMS (ESI~, m/z) Calcd. for CooHo1 BFO3

(M—H): 363.1573. Found: 363.1590. Error: 4.68 ppm.

OH
[Arf Bl][BF4]
CD3CN
R rt, 24 h

GP-6: tetra(4-fluorophenyl)bismuthonium tetrafluoroborate 5a (1 equiv) and a
phenol of choice (5 equiv) were added to an NMR tube and dissolved in CD3CN
(0.6 mL). DBU (5 equiv) was then added and the solution turned bright orange. The

reaction was monitored by NMR spectroscopy at 3 h intervals and at completion

was quenched with a few drops of TFA. The reaction mixture was transferred to a
10 mL round-bottom flask with the help of some DCM and all the solvents were
evaporated under reduced pressure. The resulting crude was diluted with EtOAc
(0.5 mL), loaded on a preparative TLC plate with a 100 pL. micro-syringe and eluted

with 250 mL of an appropriate solvent mixture.
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4'-Fluoro-[1,1’-biphenyl]-2-0l (19a) and
4,4"'-difluoro-[1,1':3’,1"'-terphenyl]-2’-ol (19b)

F According to GP-6, phenol (49.5 mg, 0.526 mmol), tetra(4-
fluorophenyl)bismuthonium tetrafluoroborate 5a (67.7 mg,
0.100 mmol) and DBU (75 pL, 0.50 mmol) were reacted to-
gether for 48 h. The crude mixture was purified by preparatory

TLC which allowed the separation of two bands. The first band (R¢ = 0.2) contained

the mono-arylation product 19a contaminated with traces of starting material. The

latter was fully removed by sublimation affording the pure material as a colourless
oil (7.00 mg, 0.0370 mmol, 37%), whose characteristic data are in accordance with
the literature.3'® '"H NMR (500.13 MHz, CD3CN): § 7.54 (dd o*d- J — 8.5, 5.7 Hz,
2H, 2), 7.26 (dd, J = 7.6, 1.7 Hz, 1H, 6), 7.20 (td, J = 7.7, 1.7 Hz, 1H, 4), 7.16
(thord, J = 8.9 Hz, 2H, &), 6.96 (t, J = 7.5 Hz, 1H, 5), 6.92 (d, J = 8.2 Hz, 1H, 3).
BC{'H} NMR (125.76 MHz, CD3CN): § 162.9 (d, J = 243.5 Hz, 4'), 154.5 (2),
135.7 (d, J = 3.2 Hz, 17), 132.1 (d, J = 8.1 Hz, 2’), 131.6 (6), 129.8 (4), 128.4 (1),
121.4 (5), 117.0 (3), 115.8 (d, J = 21.4 Hz, 3'). YF NMR (470.59 MHz, CD3CN):
0 —117.64 (tt, J = 9.2, 5.5 Hz). HRMS (ESI™, m/z) Calcd. for CjoHgFO™
(M—H): 187.0565. Found: 187.0569. Error: 2.14 ppm. vy (neat, cm™1): 3426,
2922, 2851, 1706, 1515, 1483, 1453, 1225, 1159, 834, 754.

The second band (R¢ 0.55) contained the di-
arylation product 19b, which was isolated as a col-

ourless oil (2.00 mg, 7.09 pmol, 7%), whose charac-
143

teristic data are in accordance with the literature.
'H NMR (500 13 MHz, CDCl3): § 7.52 (dd™ o' J = 8.8, 5.4 Hz, 4H, 2), 7.24
(d, J = 7.5 Hz, 2H, 3), 7.17 (t4,0%, J = 8.7 Hz, 4H 8", 7.05 (t, J = 7.6 Hz, 1H,
4). BC{'H} NMR (125.76 MHz, CDCIl3): § 162.6 (d, J = 247.4 Hz, 4'), 149.4
(1),133.5 (d, J = 3.4 Hz, 1), 131.2 (d, J = 8.0 Hz, 2), 130.2 (8), 128.0 (2), 121.0
(4), 116.0 (d, J = 21.4 Hz, 3'). YF NMR (470.59 MHz, CDCl3): § —114.36 (tt
J =8.7,54Hz). vmax (neat, cm™1): 3560, 1510, 1450, 1264, 1225, 792, 733, 550.

4,4"'-Difluoro-5'-methoxy-[1,1":3’,1"'-terphenyl]-2’-o0l (20)

F According to GP-6, 4-methoxyphenol (63.6 mg,
© 0512 mmol), tetra(4-fluorophenyl)bismuthonium tet-
rafluoroborate 5a (67.2 mg, 0.100 mmol) and DBU
(75 nL, 0.50 mmol) were reacted together for 6 h.
The crude mixture was purified by preparatory TLC,

250



which allowed the separation of two bands. The first band (Rf = 0.2) contained the
mono-arylation product and the unreacted starting material. The latter could not
be separated satisfactorily from the desired mono-arylation product. The second
band (Ry = 0.35) contained the di-arylation product 20, which was isolated as a
colourless oil (2.6 mg, 8.3 pmol, 8%) whose characteristic data are reported below:
'H NMR (500.13 MHz, CD3CN): § 7.56 (dd"' o4, J = 8.8, 5.5 Hz, 4H, 2), 7.20
(tiord- J = 8.9 Hz, 4H, &), 6.82 (s, 2H, 2), 3.78 (s, 3H, 5). C{'H} NMR
(125.76 MHz, CD3CN): 6 163.2 (d, J = 244.3 Hz, 4'), 154.3 (4), 144.8 (1), 135.5
(d, J = 3.2 Hz, 1'), 132.5 (d, J = 8.2 Hz, '), 130.7 (2), 116.2 (3), 116.1 (d, J =
21.6 Hz, 2'), 56.4 (5). F NMR (470.59 MHz, CD3CN): § —116.89 (tt, J = 9.0,
5.5 Hz). HRMS (ESI™, m/z) Calcd. for C19H13F20; (M—H): 311.0889. Found:
311.0891. Error: 0.64 ppm.

4’-Fluoro-4,6-dimethyl-[1,1’-biphenyl]-2-o0l (21a) and
4,4'-difluoro-4’,6’-dimethyl-[1,1':3",1"'-terphenyl]-2’-ol (21b)

F Tetra(4-fluorophenyl)bismuthonium tetrafluoroborate 5a
(67.6 mg, 0.100 mmol, 1 equiv) and 3,5-dimethylphenol
(12.2 mg, 0.100 mmol, 1 equiv) were added to an NMR tube
and dissolved in CD3CN (0.6 mL). DBU (22 pL, 0.15 mmol,

1.5 equiv) was then added and the solution turned bright orange. The reaction was

monitored by NMR spectroscopy and after 1 h was quenched with a few drops of
TFA. The reaction mixture was transferred to a 10 mL round-bottom flask with the
help of some DCM and all the solvents were evaporated under reduced pressure. The
resulting crude was diluted with EtOAc (0.5 mL), loaded on a preparative TLC plate
with a 100 pL. micro-syringe and eluted with 250 mL of a 9:1 CyH:EtOAc mixture.
Two bands were separated. The first band (R; = 0.2) contained the mono-arylated
product 21a, which was isolated as a colourless oil (2.18 mg, 10.1 pmol, 10%) whose
characteristic data are reported below. 'H NMR. (500.13 MHz, CDCl3): § 7.28
(dd'erdJ =8.7,5.4 Hz, 2H, 2'), 7.21 (£ 0%, J = 8.7 Hz, 2H, &), 6.71 (s, 1H, 4),
6.70 (s, 1H, 3), 4.64 (s, 1H, OH), 2.34 (s, 3H, 7), 2.05 (s, 3H, 8). BC{'H} NMR
(125.76 MHz, CDCl3): § 162.5 (d, J = 247.0 Hz, 4'), 152.8 (2), 138.8 (4), 137.1 (6),
132.2 (d, J = 8.1 Hz, 2), 131.3 (d, J = 3.6 Hz, 17), 124.2 (1), 123.0 (4), 116.4 (d,
J = 21.5 Hz, 3'), 113.3 (3), 21.2 (7), 20.3 (8). *F NMR . (470.59 MHz, CDCl3):
5 —113.91 (tt, J = 8.6, 5.5 Hz). HRMS (ESI", m/z) Calcd. for C14H4FO*
(M+H): 217.1023. Found: 217.1025. Error: 0.92 ppm.

251



The second band contained the di-arylation
product 21b, which was isolated as a colourless oil
(10.3 mg, 33.1 pmol, 33%), whose characteristic data
" are reported below. 'H NMR (500.13 MHz, CDCl3):
6 7.28 (dd™erd J = 8.8, 5.5 Hz, 4H, 2'), 7.16 (t}10%, J = 8.7 Hz, 4H, 3'), 6.82 (s,
1H, 4), 4.61 (s, 1H, OH), 2.09 (s, 6H, 5). BC{'H} NMR (125.76 MHz, CDCl3):
§ 1624 (d, J = 247.0 Hz, 4'), 150.2 (1), 136.7 (3), 132.2 ()11, 132.1 (d, J =
7.4 Hz, 2/), 125.1 (2), 123.7 (4), 116.1 (d, J = 21.1 Hz, &), 20.4 (5). 1"F NMR
(470.59 MHz, CDCl3): § —114.54 (tt, J = 8.8, 5.5 Hz). HRMS (ESI~, m/z)
Calcd. for CooHy5F20~ (M— H): 309.1096. Found: 309.1099. Error: 0.97 ppm.

Vmax (neat, cm™1): 3549, 2923, 1601, 1512, 1487, 1450, 1210, 1157, 835, 547, 512.

4'-Fluoro-2,4-dimethyl-[1,1’-biphenyl]-3-o0l (22)

Tetra(4-fluorophenyl)bismuthonium tetrafluoroborate 5a
(82.5 mg, 0.122 mmol, 1.03 equiv) and 2,6-dimethylphenol
(14.5 mg, 0.119 mmol, 1.00 equiv) were added to an NMR tube
and dissolved in CD3CN (0.6 mL). DBU (27 pL, 0.18 mmol,
1.5 equiv) was then added and the solution turned bright

orange. The reaction was monitored by NMR spectroscopy and after 1 h was
quenched with a few drops of TFA. The reaction mixture was transferred to a 10 mL
round-bottom flask with the help of some DCM and all the solvents were evaporated
under reduced pressure. The resulting crude was diluted with EtOAc (0.5 mL),
loaded on a preparative TLC plate with a 100 plb micro-syringe and eluted with
250 mL of a 9:1 CyH:EtOAc mixture. The above-named product 22 was isolated
as a colourless oil (17.7 mg, 82.1 pmol, 69%) whose characteristic data are reported
below. '"H NMR (500.13 MHz, CDCl3): § 7.36-7.23 (m, 2H, 2'), 7.11 (t1 o't J =
8.4 Hz, 2H, §'), 7.05 (d, J = 7.6 Hz, 1H, 5), 6.77 (d, J = 7.6 Hz, 1H, 6), 4.76 (s, 1H,
OH), 2.33 (s, 3H, 7), 2.17 (s, 3H, 8). 'H{'H} NMR (500.13 MHz, CDCl3): § 7.28
(d, J =5.5Hz, 2'),7.11 (d, J = 8.9 Hz, &), 7.05 (s, 5), 6.77 (s, 6), 4.76 (s, OH),
2.33 (s, 7), 2.17 (s, 8). BC{*H} NMR (125.76 MHz, CDCl3): § 162.0 (d, J =
245.4 Hz), 152.5, 140.5, 137.9 (d, J = 3.6 Hz), 131.0 (d, J = 7.8 Hz), 127.9, 122.1,
122.0, 121.0, 115.0 (d, J = 21.6 Hz), 16.1, 13.3. 19F NMR. (470.59 MHz, CDCl3):
d —116.23 (tt, J = 8.9, 5.5 Hz). HRMS (ESI~, m/z) Calcd. for C;4H;2FO™
(M—H): 215.0878. Found: 215.0883. Error: 2.32 ppm. Vpax (neat, cm™!): 2923,
2870, 1612, 1513, 1486, 1462, 1219, 1195, 1178, 1157, 1113, 993, 839, 809, 533.

TExpected to be a doublet but the second peak of the multiplet is partly hidden beneath the
peak at 132.1 ppm
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4'-Fluoro-1,3,5-trimethyl-[1,1’-biphenyl]-2(1H)-one (23)

Tetra(4-fluorophenyl)bismuthonium tetrafluoroborate 5a
(70.8 mg, 0.0923 mmol, 1.00 equiv) and mesitol (13.5 mg,
0.0991 mmol, 1.07 equiv) were added to an NMR tube and
dissolved in CD3CN (0.6 mL). DBU (22 nL, 0.14 mmol,

1.5 equiv) was then added and the solution turned bright orange. The reaction

was monitored by NMR spectroscopy and after 1 h was quenched with a few drops
of AcOH. The reaction mixture was transferred to a 10 mL round-bottom flask
with the help of some DCM and all the solvents were evaporated under reduced
pressure. The resulting crude was diluted with EtOAc (0.5 mL), loaded on a
preparative TLC plate with a 100 pLh micro-syringe and eluted with 250 mL of a 9:1
CyH:EtOAc mixture. The above-named product 23 was isolated as a colourless oil
(10.3 mg, 44.7 pmol, 48%) whose characteristic data are reported below. 'H NMR
(500.13 MHz, CDCl3): 6 7.25 (dd™od-| J = 8.9, 5.3 Hz, 2H, 2), 6.96 (t, J = 8.7 Hz,
2H, 3'), 6.76 (dq, J = 2.9, 1.5 Hz, 1H, 4), 6.01 (dqq, J = 2.9, 1.5, 0.8 Hz, 1H, 6),
1.99 (d, J = 1.5 Hz, 3H, 9), 1.88-1.84 (m, 3H, 7), 1.56 (s, 3H, 8). 3C{'H} NMR
(125.76 MHz, CDCls): § 203.5 (2), 162.1 (d, J = 245.3 Hz, /'), 142.6 (4), 139.4
(6), 137.5 (d, J = 3.5 Hz, 1'), 132.1 (8), 1285 (d, J = 8.1 Hz, 2'), 1275 (5),
115.4 (d, J = 21.7 Hz, 8'), 52.9 (1), 24.6 (7), 21.4 (8), 15.7 (9). "F NMR
(470.59 MHz, CDCl3): § —116.02 (tt, J = 8.7, 5.3 Hz). HRMS (ESIt, m/2)
Caled. for Ci5H16FOT (M+H): 231.1180. Found: 231.1182. Error: 0.87 ppm.
vmax (neat, cm~1): 2972, 2921, 2871, 1666, 1649, 1504, 1229, 1162, 830.

6-Hydroxy-2',4,4-trimethyl-4,5-dihydro-[1,1'-biphenyl]-2(3 H )-one (24)

Tri(4-fluorophenyl)(o-tolyl)bismuthonium tetrafluoroborate 5v
(78.5 mg, 0.134 mmol, 1.07 equiv) and dimedone (17.5 mg,
0.125 mmol, 1.00 equiv) were added to an NMR tube and dis-
solved in THF (0.5 mL). To allow locking of the NMR spectrometer,
0.1 mL of C¢Dg were added. DBU (24 pL, 0.16 mmol, 1.2 equiv)

was then added and the solution turned bright orange. The reaction

was m(;nitored by NMR spectroscopy and after 2.5 h was quenched with a few
drops of 1 M HCI. The reaction mixture was transferred to a separatory funnel,
diluted with Et2O and extracted with water three times. The organic phase was
dried over MgSQy, filtered and concentrated to dryness under reduced pressure.
The oily material was dissolved in DCM, acidified with concentrated HCl and
extracted three times with DCM to remove ArgBi. Drying over MgSQy, filtration

and evaporation provided a crude material that was loaded on a preparatory TLC
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plate with a 100 pL micro-syringe and eluted with a 3:97 MeOH:DCM mixture.
The desired product was isolated from the band with Ry = 0.35-0.55 as a colourless
oil (15.0 mg, 0.0651 mmol, 49%), whose characteristic data are in accordance with
the literature.*®* 'H NMR. (500.13 MHz, CDCl3): § 7.38-7.27 (m, 2H, &' and
4", 7.27-7.15 (m, 1H, 5"), 7.09-7.00 (m, 1H, 6’), 5.69 (s, 1H, OH), 2.52 (d, J =
17.6 Hz, 1H, 5b), 2.46 (d, J = 17.6 Hz, 1H, 5a), 2.38 (s, 2H, 3), 2.13 (s, 3H, 7'),
1.19 (s, 3H, 7), 1.18 (s, 3H, 8). Correlations between 7’ and 7 and between 7 and 5a
determined by NOESY (d8 (mixing time) = 700 ms) 3C{'H} NMR (125.76 MHz,
CDCl3): 6 196.7 (2), 169.2 (6), 139.0 (2'), 131.3 (6'), 131.1 ('), 130.0 (1), 129.1
(4),126.9 (1), 116.7 (1), 51.0 (3), 41.6 (5), 29.0 (8), 28.3 (7), 18.9 (7'). No traces
of the diketone tautomer were detected by NMR spectroscopy. HRMS (ESIT,
m/z) Caled. for C15H1902" (M+H): 231.1380. Found: 231.1385. Error: 2.16 ppm.
vmax (neat, cm~1): 2961, 2925, 2854, 1703, 1459, 1410, 1372, 1260, 739.

1-(4-Fluorophenyl)-1 H-indazole (25a) and
2-(4-fluorophenyl)-1H-indazole (25b)

s Tetra(4-fluorophenyl)bismuthonium tetrafluoroborate 5a (71.0 mg,
5 a
\/N2 0.0925 mmol, 1.00 equiv) and indazole (11.7 mg, 0.0987 mmol,
° 2Ny 1.07 equiv) were added to an NMR tube and dissolved in CD3CN

1/ o

(0.6 mL). DBU (22 pL, 0.14 mmol, 1.50 equiv) was then ad-

¥ ded and the solution turned bright orange. The reaction was

U

E monitored by NMR spectroscopy and after 12 h was quenched
with a few drops of TFA. The reaction mixture was transferred to a 10 mL round-
bottom flask with the help of some DCM and all the solvents were evaporated
under reduced pressure. The resulting crude was diluted with EtOAc (0.5 mL),
loaded on a preparative TLC plate with a 100 pL. micro-syringe and eluted with
250 mL of a 8:2 CyH:EtOAc mixture. Two bands separated. The first band (Rf =
0.30-0.40) contained the 1-arylated product 25a, which was isolated as a colourless
oil (11.3 mg, 53.3 pmol, 58%) and whose characteristic data are in accordance with
the literature.*>> 'H NMR. (500.13 MHz, CDCl3): ¢ 8.20 (d, J = 1.0 Hz, 1H, 3),
7.81 (dt, J = 8.0, 1.0 Hz, 1H, 4), 7.72-7.64 (m, 3H, 7 and 2'), 7.44 (ddd, J = 8.3,
6.9, 1.1 Hz, 1H, 6), 7.27-7.20 (m, 3H, 5 and 3'). 3C{'H} NMR (125.76 MHz,
CDCl3): § 161.3 (d, J = 246.6 Hz, 4'), 139.0 (7a), 136.5 (d, J = 3.2 Hz, 17), 135.6
(8), 127.4 (6), 1254 (3a), 124.7 (d, J = 8.2 Hz, 2'), 121.7 (5), 121.5 (4), 116.5
(d, J = 23.3 Hz, §'), 110.2 (7). YF NMR (470.59 MHz, CDCl3): § —115.12 (tt,
J = 8.2, 4.7 Hz). HRMS (ESIT, m/z) Caled. for C13H;oFNg (M+H): 213.0823.
Found: 213.0828. Error: 2.35 ppm. Vpax (neat, cm_l): 2926, 1513, 1229, 1198, 835.
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4 3 3 The second band (Rf = 0.50-0.60) contained the 2-

5 3a ,
— /ﬁ ! # F arylation product 25b, which was isolated as a colourless
PN oil (6.0 mg, 28pmol, 31%) and whose characteristic data

were in accordance with the literature.*® 1H NMR. (500.13 MHz, CDCl3): 6 8.36
(d, J = 1.0 Hz, 1H, 3), 7.88 (dd, J = 9.0, 4.6 Hz, 2H, 2'), 7.78 (dqapp., J = 8.8,
1.0 Hz, 1H, 7), 7.71 (dtapp., J = 8.5, 1.1 Hz, 1H, 4), 7.33 (ddd, J — 8.8, 6.6, 1.1 Hz,
1H, 6), 7.23 (dd, J = 9.1, 8.0 Hz, 2H, 8'), 7.13 (ddd, J = 8.4, 6.5, 0.8 Hz, 1H, 5).
BC{!H} NMR (125.76 MHz, CDCl3): 6 162.2 (d, J = 248.0 Hz, 4), 150.0 (7a),
137.0 (d, J = 3.4 Hz, 1), 127.1 (6), 122.98 (8a)***, 122.94 (d, J = 8.9 Hz, 2'),
122.8 (5), 120.6 (3), 120.5 (4), 118.0 (7), 116.6 (d, J = 22.8 Hz, &'). 9F NMR
(470.59 MHz, CDCl3): § —113.80 (tt, J = 8.1, 4.6 Hz). HRMS (ESIt, m/z)
Caled. for Cy3H1oFNS (M+H): 213.0823. Found: 213.0828. Error: 2.35 ppm.

6.6 Authentic samples of diaryl ethers

Diaryl ethers are sometimes formed as side-products of the bismuth-mediated
arylation of certain phenols. In order to correctly assign the corresponding 'F NMR
peak when the arylation is performed with AlrEBPL these compounds were synthesised

independently via Ullmann coupling according to the following procedure:

5 mol% Fe(acac)s

| HO (0}
+ 5 mol% Cul
K2CO3, DMSO
F R F R

140 °C, 5-12 h

GP-T7: the phenol (2.0 mmol, 1.0 equiv), Fe(acac)s, Cul and KoCO3 were added to
a flame-dried Schlenk tube equipped with a stirrer bar. A series of three cycles of
vacuum and dinitrogen was performed, then degassed DMSO (4.0 mL) was added,
followed by the aryl iodide (2 mmol, 1.0 equiv). The reactions were heated at 140 °C
for 5-12 h, then heating was turned off and the reaction were quenched with 2 M
HCI and extracted 3 times with Et2O. The organic phases were combined, dried
over MgSQOy4 and concentrated under reduced pressure, yielding the desired products

without further purification.

***This carbon signal was hidden underneath the peak at 122.94 ppm. Its existence was
determined via HMBC, however, addition of two drops of C¢Dg revealed it, as well.
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1-Fluoro-4-phenoxybenzene (18a)

GP-7 was executed for phenol (188 mg, 2.00 mmol), yielding

3 2 O A , the name compound (356 mg, 1.89 mmol, 95%) as a col-
@ \©4 ourless oil. 'H NMR (500.13 MHz, CD3CN): § 7.42-7.32
F (m, 2H, 3), 7.16-7.07 (m, 3H, 4 and 8'), 7.02 (dd, J = 9.1,
4.5 Hz, 2H, 2'), 7.00-6.96 (m, 2H, 2). 3C{*H} NMR (125.76 MHz, CD3CN):
§ 158.7 (d, J = 259.7 Hz, 4), 157.9 (1), 153.1 (d, J = 2.4 Hz, 1’), 130.0 (3),
123.3 (4), 120.7 (d, J = 8.4 Hz, 2'), 118.2, 116.3 (d, J = 23.7 Hz, &'). 19F NMR
(470.59 MHz, CD3CN): § —121.76 (tt, J = 8.7, 4.6 Hz).

1-Bromo-4-(4-fluorophenoxy)benzene (18b)

GP-T7 was executed for 4-fluorophenol (224 mg, 2.00 mmol),

5 yielding 373 mg of 90% pure product. 'H NMR

/©/ \©\ (500.13 MHz, CD3CN): ¢ 7.51 (d, J = 8.8 Hz, 2H, 3),
7.16 (t, J = 8.7 Hz, 2H, &'), 7.07 (dd, J = 8.9, 4.5 Hz,

2H, 2'), 6.92 (d, J = 8.7 Hz, 2H, 2). '9F NMR (470.59 MHz, CD3CN): § —120.98
(tt, J = 8.6, 4.5 Hz).

4,4'-Oxybis(fluorobenzene) (18c)

GP-T7 was executed for 4-fluorophenol (224 mg, 2.00 mmol),

5 Y yielding the name compound (374 mg, 1.82 mmol, 91%) as
4 \©\ a colourless oil. 'H NMR (500.13 MHz, CD3CN): § 7.11
P (t,J =86 Hz, 1H, 8), 7.00 (dd, J = 9.2, 4.5 Hz, 1H, 2).

BC{'H} NMR (125.76 MHz, CD3CN): § 159.7 (d, J =

239.3 Hz, 4), 154.6 (d, J = 2.5 Hz, 1), 121.1 (d, J = 8.3 Hz, 2), 117.3 (d, J =
23.6 Hz, 3). F NMR (470.59 MHz, CD3CN): § —121.91 (tt, J = 8.5, 4.6 Hz).

1-Fluoro-4-(p-tolyloxy)benzene (18d)

GP-7 was executed for 4-methylphenol (216 mg,

4 210 P 5 2.00 mmol), yielding the name compound (382 mg,
@ \Q 1.89 mmol, 95%) as a colourless oil. 'H NMR
F Me  (500.13 MHz, CD3CN): § 7.18 (d, J = 8.5 Hz, 2H, 3),
7.09 (t, J = 8.6 Hz, 2H, 8'), 6.98 (dd, J = 9.1, 4.5 Hz, 2H,
2), 6.88 (d, J = 8.5 Hz, 2H, 2), 2.31 (s, 3H, Me). BC{'H} NMR (125.76 MHz,
CD3CN): 6 159.6 (d, J = 238.9 Hz, 4'), 156.2 (1), 154.6 (d, J = 2.3 Hz, 1'), 134.1
(4), 121.1 (d, J = 8.4 Hz, 2), 119.4 (2), 117.2 (