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Abstract

ABSTRACT

In the growing field of polycyclic aromatic hydrocarbons, the doping by heteroatoms has
emerged as one of the most versatile approaches to tune the optoelectronic properties of the
materials. In particular, borazine derivatives attracted a lot of attention in the last years. While their
synthesis, functionalisation and possible use in a broad spectrum of applications have previously
been investigated, the effect of different substituents on the formation of the borazine ring and its
functionalisation at the boron site has yet to be addressed. This doctoral thesis aims at filling this

gap through an in-depth study of the synthesis of novel borazines derivatives.

Before addressing the detailed investigations of this thesis work, Chapter I of this
manuscript introduces a brief insight into the history and generalities of borazines in the literature
since its discovery in 1926 by Stock and Pohland. This Chapter also includes the description of the
synthetic approaches used for their production, as well as the chemical properties, stability and

material applications.

The Chapter II of this manuscript describes the investigations developed toward the
elucidation of the substituent’s effect during the functionalisation at the boron site of the borazine
core. Following a [1+1°+1+1°+1+1°] hexamerisation route toward the formation of the borazine core
(using an amino precursor and boron trichloride), the latter can be further functionalised by the
addition of a nucleophile, which leads to the formation of stable borazine derivatives. Accordingly,
the synthesis of multiple borazine moieties has been performed, using only one type of amino-
precursor (aniline) and different organometallic derivatives during the functionalisation step. These
organometallic moieties consist of aryl groups that contain one or two ortho-substituents, which
allow for a partial- or full-protection of the borazine core, respectively. In the first case, the control
of the stereoselectivity in a reaction in which two different isomers (cc and ¢f) can be formed, is the
main focus of this study. Finally, the chemical compatibility and the stability of this novel class of
partially-protected borazine moieties developed along this doctoral thesis is also discussed

(Figure A.1).
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Abstract

Encouraged by the results obtained in Chapter 11, the study developed in Chapter 1] aims
at bringing light to the effect of the substituents on the formation of the borazine core together
with the subsequent functionalisation toward the preparation of stable borazine moieties. For this
purpose, the formation of the borazine core has been followed by reaction of different amino-
precursors with boron trichloride. The later functionalisation at the boron site can lead to the
formation of stable borazine derivatives, depending on the nature of the amino precursor

(Figure A.1).
Chapter 2 Chapter 3

BN
I’B _N\
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Figure A.1 — Schematic representation of the work developed in this doctoral thesis.
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Riassunto

RIASSUNTO

All’interno del campo di studio degli idrocarburi policlici aromatici, il doping con
eteroatomi ¢ emerso come uno degli approcci piu versatili per modificare le proprieta
optoelettroniche dei materiali. In particolare, i derivati di borazine hanno attratto molta attenzione
negli ultimi anni. Mentre la loro sintesi, funzionalizzazione, e possibile impiego in una vasta gamma
di applicazioni ¢ stato gia investigato, il ruolo che diversi sostituenti hanno nella formazione
dell’anello borazinico e nella funzionalizzazione degli atomi di boro deve ancora essere assegnato.
Questa tesi di dottorato ha lo scopo di rimediare a questa mancanza attraverso lo studio della sintesi

di nuovi derivati borazinici.

Prima di focalizzarsi nella ricerca svolta in questo lavoro, il Capitolo I di questo manoscritto
¢ volto all’introduzione di informazioni generali riguardanti la storia della borazina nella letteratura
scientifica dal momento in cui fu scoperta da Stock e Pohland nel 1926. Il Capitolo I include anche
la descrizione delle proprieta chimiche, stabilita, applicazione per la fabbricazione di materiali e

approcci sintetici usati per la produzione di derivati borazinici.

Il Capitolo II descrive I’investigazione dell’effetto dei sostituenti durante la
funzionalizzazione degli atomi di boro del nucleo borazinico. Utilizzando un precursore amminico
e tricloruro di boro, la formazione dell’anello borazinico avviene seguendo una esamerizzazione di
tipo [1+1°+1+1°+1+1"]. 1l nucleo borazinico formatosi pud essere ulteriormente funzionalizzato
tramite addizione di un nucleofilo, che conferisce stabilita al derivato borazinico. A questo scopo,
una serie di borazine ¢ stata sintetizzata usando lo stesso precursore amminico (anilina) e utilizzando
diversi derivati organometallici per la funzionalizzazione finale. I reagenti organometallici scelti
consistono in gruppi arilici contenenti uno o due sostituenti in posizione orto, consentendo cosi una
protezione parziale o intera del nucleo di boro e azoto. Nel caso dei derivati parzialmente protetti,
I’oggetto principale dello studio ¢ costituito dal controllo della stereoselettivita nella reazione in cui
due isomeri (cc e ct) possono essere formati. Un’ulteriore discussione viene inoltre intrapresa a
riguardo della compatibilita chimica e la stabilita di questa nuova classe di derivati borazinici con

protezione parziale (Figura A.1).
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Riassunto

Incoraggiati dai risultati ottenuti nel Capitolo 1, lo studio intrapreso nel Capitolo 111 & volto
alla delucidazione dell’effetto dei sostituenti nella formazione del nucleo borazinico e alla seguente
funzionalizzazione di questo verso la preparazione di borazine stabili. Per questo motivo, la
formazione di diverse borazine ¢ stata ottenuta tramite reazione di diversi precursori amminici con
tricloruro di boro. In questo caso la funzionalizzazione finale puo portare alla formazione di derivati

stabili a seconda del precursore amminico inizialmente usato (Figura A.1).

Chapter 2 Chapter 3

v, Ry Ry

R

Bis-Substituted N-aryl rings

- Bis-Protected Borazines ‘ Mono-Substituted N-aryl rings
Mono-Protected Borazines -

Bis-Protected Borazines

Mono-Protected Borazines

Figura A.1 — Rappresentazione schematica del lavoro sviluppato in questa tesi di dottorato.



Chapter 1

CHAPTER 1
Introduction

1.1. Generalities

Borazine (H3B3;N3;H3, molecule 1-1, Scheme 1.1), firstly isolated by Stock and Pohland in
1926, is often named “inorganic benzene” due to its similarities with its carbon analogue, benzene.
It is a planar hexagonal ring, consisting of three boron atoms and three nitrogen atoms in alternate
positions of a regular cycle. Each of its atom presents a sp’-hybridisation, where the nitrogen atom
has five electrons with a lone pair, and the boron atoms has three, with an empty p orbital available.
As benzene, borazine is liquid at room temperature, shows equalised bond lengths (1.40 A for
benzene, and 1.44 A for borazine, with the latter being between B—N single bond at 1.51 A and B-N

double bond at 1.31 A) and shares a planar hexagonal structure.!'!

H
\m/i{/ H. _B. _H Ho+
i\ d ’\Il/
B

1W-T

NN
| | -
/B\ /B\ 4
G H " N""H H
N2 )
H

I-Z+

Scheme 1.1 — Left: ORTEP representation of borazine 1-1,4! right: resonance forms for borazine 1-1.

Notwithstanding, borazine shows only a weakly aromatic character,>® thus displaying
lower intrinsic stability that favour its hydrolysis to boric acid and ammonia under typical
atmospheric moisture conditions. Another difference between borazine and its all-carbon analogue
resides in the strong polar character of the B-N bonds with a dipole of 5.2 D and bond dissociation
energy of 27.2 kcal mol,[™! resulting from the electron donation of the nitrogen atoms to the
electrophilic boron centres. This strong polar bond imparts a series of peculiar physical and
structural properties to the H3B3;N3;Hs. Namely, a widening of the HOMO-LUMO gap (6.2 eV

compared to 6.0 eV for benzene) along with an increase of the HOMO energy level with respect to



Chapter 1 — Introduction

that of benzene (ionization potentials measured by photoelectron spectroscopy as 10.1 eV for

101 This makes borazine a good UV emitter,

borazine, compared to 9.25 eV for benzene).
displaying a significantly blueshifted absorption spectra if compared to those of oligophenylenes.['?!
Similarly, the change in the electron density on the nitrogen atoms dictates a peculiar reactivity of
the borazine core that greatly differ from that of classical aromatic compounds.['!

After a series of publications during the 1960’s and 1970’s, where borazine’s fundamental

147161 it was only in

structural, reactivity and electronic properties were firstly approached in depth,!
the 1990’s that substituted borazines started to gather interest from the scientific community as
precursors for boron nitride (BN) ceramics, in particular hexagonal boron nitride (h-BN), the
insulating analogue of graphene.l'”") In 2005, the first investigations of borazine derivatives as
active materials in optoelectronic devices started to appear.”

Following vigorous synthetic developments of polyaromatic hydrocarbons (PAHs),!?!
nanoribbons® 2 and graphene,*3!! the substitution (i.e. doping) of sp’-carbon atoms with

32-35

heteroatoms®> has emerged as one of the most versatile approaches to tune the optoelectronic

properties of graphitic materials. This has prompted a deep research in the field, rediscovering the
use of the isoelectronic and isostructural B-N couples as doping units to trigger the electronic

3641

propertiest®*#!) of the all-sp’-carbon materials, leading to hybrids CBN monolayers. [+’

In particular, borazine derivatives and BN-doped PAHs (e.g., azaborines,!***”

[48,49] 50,51]

borazapyrene, borazaphenanthrene,! borazanaphthalene®>¢l) is now increasingly
attracting the chemists’ attention for their exploitation in a broad spectra of applications like UV-
emitting OLEDs, materials for H» storage, ceramics, coatings, and in supramolecular chemistry for
engineering new functional architectures both in solution and at interfaces. Figure 1.1 summarises
the evolution of the yearly publication concerning borazine and its derivatives, with a clear steady

increase in the recent years (sourced from SciFinder).
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Figure 1.1 - Histogram representation of the yearly appearance of publication about borazine and its derivatives until
December 2016 (data taken from SciFinder).

This Chapter aims to give a general, yet concise, overview about the synthesis, organic
reactivity and materials applications of borazine and its derivatives.®” In particular, through a
detailed description of the most significant examples coming from our group and others, we intend
to show that, despite the intrinsic sensitivity of the borazine core towards hydrolysis, borazine
derivatives can be rationally functionalised through a large variety of organic reactions (e.g., metal-
catalysed cross-coupling, nucleophilic addition and/or substitutions, photocyclisation, thermal
dehydrogenation, electrophilic substitutions) being compatible with commonly used organic
transformations employed in the Chemistry of protecting groups (e.g., hydrogenation, fluoride, weak
bases, metal-based reductions, hydrides, thermal cleavages to name a few).

This allowed the preparation of a large selection of scaffolds that has expanded the spectrum
of different applications where borazine derivatives can be exploited. To ease the description of the
different substitution patterns around the borazine core, the nomenclature depicted in Figure 1.2 will
be used throughout this manuscript. Being the central core of the molecule composed of a substituted
B:N; motif, each nitrogen and boron atom can bear different functional groups that, depending on
their chemical nature, can form an ‘inner’ and an ‘outer shell’, with the latter decorating the
peripheral rim of the molecule. In accordance with this general scheme, a labelling nomenclature is
proposed as (ACD)BsN3;(EFG), where A, C, D and E, F, and G are the boron and nitrogen
substituents, respectively. B was kept as the boron atom label for clarity. Whenever the substituents
are the same, the letter with higher grade in the alphabet will be used to describe the substitution
pattern (e.g., AsBsN3E3; when the substituents on the B and N atoms are the same, either with A=E
or A+E).
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F

Figure 1.2 - General representation of a borazine derivative, displaying the different substitution regions along with the
labelling, as will be used in this manuscript.

1.2 Synthesis of the Borazine Core

As shown in Figure 1.3, the borazine core can be prepared following two cyclisation
approaches: either via a [1+1°+1+1°+1+1°] hexamerisation route from a mixture of the selected
borane (i.e., hydro or halide) and amine precursors, or through a [2+2+2] trimerisation strategy using
a pre-formed imino or aminoborane derivative. Depending on the borane chemical nature, different
reactions have been used: thermal or metal-catalysed dehydrogenation with boron hydrides, or

condensation reactions with BXs.

R
N [2+2+2] (141741417 +141°] 0—R1
| trimerisation iz hexamerisation
B_ O~
R;

Figure 1.3 - Synthetic strategies toward the synthesis of the borazine core, with R1 = Rz or R1 # Rz being an aryl, alkyl
or hydrogen substituent.
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1.2.1 [1+1’+1+1°+1+1’] Hexamerisation via Dehydrogenation Reactions

Historically, the thermal dehydrogenation of ammonia-borane complexes, firstly described
by Stock and Pohland, was the very first method used to prepare borazine 1-1 (H;B3N;H;).!! The
reaction firstly comprises the formation of a NH3;-BH3 adduct that, upon thermal dehydrogenation
at 200 °C, undergoes formation of H3B3;N3Hs. In spite of the required high temperatures and the
anhydrous conditions, this seminal protocol inspired further synthetic developments and
exploitations, like for H» storage applications. Following this method, other procedures were further
developed (Scheme 1.2), which employed higher pressure (11 atm),®! lower temperatures (140-
160 °C),5*%% or different precursors as a mixture of NH4Cl and LiBH4®" or (NH4).SOs and
NaBH,.%%

R23,12-CN + BoHg

R1 = Me
NH3 + BZHG l (NH4)2SO4 + NaBH4 22 f Et
3=n-Pr
R, = i-Pr
\ $ / R5=n-Bu
Hop No o H R = s-Bu
B B R7 =t-Bu
Rig-NHp + MeySHBH;  —— | | = Ris57,1013-NHz*BHs Rg = neo-Pen
R B "R Rg = Hex
| R4g = Hept
/ H \ R = CHoPh
R12 = CH20C|3
NH5+BH; T NH,4CI + LiBH,4 Ri3=Ph
Ris=H

R1.4-NHCl + MBH,
M= Li, Na

Scheme 1.2 - Different protocols and precursors used for the thermal dehydrogenation of amino-borane complexes.

In a similar venue, both N-substituted alkyl- and aryl-borazines could also be synthesised
(Scheme 1.2). Treatment of a ~-BuNH,-BH3; adduct in a sealed tube at 360 °C for 5 h gives
tri-N-tert-butylborazine (HsB3N3z-Bus) in nearly quantitative yield,!®” as well as aromatic amino-
borane adducts lead to tri-N-arylborazines.®”) Notably, tri-N-methylcyclotriborazane
(H3B3N3;H3;Mes) could be selectively obtained from MeNH>-BH;3 at 120 °C, that could be further
converted into the corresponding tri-N-methylborazine (H3;BsN3;Mes) at 200 °C. 1%

Analogously, alkylammonium chlorides were used to prepare tri-N-ethyl-, tri-N-propyl-,
and tri-N-isopropylborazine in high yields (94%, 92%, and 84%, respectively).!®>64

Nitriles precursors were also found to be a valid alternative to amines.!'! For instance, tri-
N-methyl, tri-N-ethyl, and N-(2,2,2,-trichloroethyl)borazine were obtained with 50-60% yield by

heating at 85 °C in dimethoxyethane solutions of the corresponding alkylnitriles and B,Hg.['>65]
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Remarkably, the nitrile-borane adducts decomposed at room temperature in few days to give
N-alkylborazines with comparable yields.

In a different work, Me>S-BH3 was also proposed as boron source for borazines.[*! Several
alkylamines were used to form borane adducts in solution that, after evaporation and heating at 120
°C, were transformed into a mixture of N-alkylcycloborazanes (HsB3N3H3Alks) and
N-alkylborazines (H3B3N3Alks). By further eliminating H» at 200 °C, N-alkylcycloborazanes were
converted into the corresponding N-alkylborazines with yields between 73% and 85%, with the
dehydrogenation rates depending on the steric demand of the N-substituents. /n situ preparation
protocols of the borane derivative, e.g. MeNH,-BH; from NaBH4 in the presence of BF3-Et,O and
MeNH, in THF, also quantitatively yielded the corresponding methylborazine. %!

In the last years, metal catalysed processes have also been used for preparing borazine by
the dehydrogenation reaction. For example, using [Rh(1,5-cod)(n-Cl)], as catalyst, Manners and co-
workers prepared borazines from NH;-BH; or CH;NH,-BH; at lower temperatures (45 °C).1°)
Kinetic studies showed that the rate-determining step for both substrates is the loss of the last H»
molecule, which has been demonstrated to be fast only at high temperature.[®! Tri-N-phenylborazine
(H3B3N3Phs) could be obtained from PhNH>-BH3 in 56% yield after 16 h at 25 °C with the same
rhodium complex. The higher tendency towards dehydrogenation of the tri-N-phenylcycloborazane
with respect to the tris-N-methyl and to the all-hydrogen analogues is rationalised by the steric
hindrance of the N-substituents. In other words, the greater the steric hindrance is, the faster the
dehydrogenation reaction. Several Cr'V, Mo, and WV complexes were studied as catalysts, with
the Cr'V complexes displaying the highest dehydrogenation activities with NH3;-BH; or
t-BuNH,-BH3.[¢¥]

Hexacarbonyl complexes of such metals (Cr’, Mo°, W% were also employed for the
synthesis of N-alkylborazines from alkylamine-borane complexes.!®® The catalyst and the boron-
nitrogen precursors were dissolved in benzene and irradiated for 8 h with a Hg lamp, then left in the
dark at room temperature for further 24 h. Similarly to the previously discussed works, the best
results were obtained using Cr’ complexes.[® MeNH,'BH; and EtNH,'BH3 gave comparable
transformations in very high yields, whereas ~-BuNH,-BHj3 yielded tri-N-tert-butylborazine in low
yield. Moderate dehydrogenation yields (53%) were also obtained using nickel nanoparticles as
catalysts in tetraglyme at 80 °C."%7!]

The last example of borazine formation via dehydrogenation is by Lewis acid-catalysed
reaction.[”! Indeed, by reacting (NH4),SO4 with NaBH, in tetraglyme in the presence of a catalytic
amount of AICl;3, borazine 1-1 was formed in 67% yield (recovered by vacuum distillation), while

in the absence of the catalyst only 30% yield was obtained.
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1.2.2 [1+1’+1+1°+1+1’] Hexamerisation via Condensation Reactions

In 1955, a new methodology for the synthesis of cyclic condensed boron-nitrogen systems
has been described using boron halides (BX3) as precursors. Reacting BCI; with NH4Cl at high
temperatures, tri-B-chloro-borazine 1-2 (Scheme 1.3) could be synthesised in good yields,’*! and
the structure was confirmed by X-ray diffraction.

Similarly, B,B’,B "-trichloro-N,N’,N ’-tri(phenyl)borazine 1-3 can be prepared from BCl;
and aniline in anhydrous toluene heating under reflux (110.6 °C).I"¥ This product could be used for
further functionalisation at the boron sites by nucleophilic substitution reactions (see Subsection

1.3.3 and Section 1.4).

H
|
| N.__.ClI N
C\II3/ ? C Cl\l?/N ? Cl
NC NS Ny
Cl Cl
1-2 1-3

Scheme 1.3 - Molecular structures of trichloro-borazine derivatives 1-2 and 1-3.

Besides aniline, different aryl amines have been used to prepare a large numbers of
N-substituted borazines polymers (Scheme 1.4). For instance, by reacting para-
phenylenediamine,”> 1-3-5-tris-(4-aminophenyl)benzene,!””! or tetra-(4-aminophenyl)methane!’)
with BCIs of BBr3, different amorphous polymers (1-4, 1-5, and 1-6) could be prepared for gas

storage applications (see also Section 1.5).

X.__N.__X
i OO
| |
N. N _B. _B.
% B }*ﬁ ﬁéN N NN Clen-N<pCl
X 5 b b b o
X“TNTTX XTNTTX N.g-N
- b T e
cl
1-4a,b 1-5a,b 1-6

Scheme 1.4 - Linear and branched borazino-linked polymers prepared with aryl di, tri and tetraamines.[”>771 1-4a X = Cl,
1-4b X = Br, 1-5a X = C, 1-5b X = Br.
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1.2.3 [2+2+2] Trimerisation Reaction

As alternative to the hexamerisation approach, borazine derivatives can be prepared by
trimerisation of already prepared boron-nitrogen precursors, as proposed firstly by Paetzold and co-

workers, later rediscovered by Liu and co-workers, and finally used by Bettinger and co-workers.

1.2.3.a Via Formation of Iminoboranes as Precursors

Paetzold has based his investigations on the study of dialkyliminoboranes (R-B=NR’), as
the boron-nitrogen analogues to alkynes.[’® From these iminoboranes, depending on the steric
hindrance of the alkyl groups and on the presence or not of catalyst, stable borazine derivatives could
be synthesised.

The synthesis of this precursor starts from dialkylchloroborane, which can be transformed
into azidoboranes or borane derivatives. Upon thermolysis of those intermediates, elimination of N»
or (MesSi),0, respectively, and by the migration of one of the alkyl groups from the boron to the

nitrogen atom, the corresponding iminoboranes could be obtained (Scheme 1.5).1"")

Rl
Me3SiN \
A B:N\
R! - Me3SiCl R/ N, N,
\
/B—CI RB=NR'
R L} .
(Me3Si)oN(OSiMe;3) R\ ~N/OSIMe3
 B— ]
- MesS(El 4 \SiMe3 - (Me3Si),0

Scheme 1.5 - Formation of iminoborane precursors.m]

As happens with alkynes, iminoboranes are thermodynamically unstable towards
cyclooligomerisation or polymerisation reactions, and they just can be isolated under moist
conditions by making the oligomerisation unfavourable (low temperature, high dilution, or/and in
the presence of bulky alkyl groups).

Cyclomerisation of these iminoborane derivatives can lead to the formation of a borazine
cycle (cyclotrimerisation) or to the formation of a four-membered ring (via cyclodimerisation).
During the process, linear B-N-structures can be also obtained.”® Therefore, thermal
oligomerisation yields four-membered rings (A) when the alkyl groups are big enough (i.e. R =R’=
tert-butyl), and otherwise, six-membered rings (borazines B) are obtained (i.e. R=R’=Me)

(Table 1.1).17
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Table 1.1 - Products obtained from the thermal stabilisation of RB=NR’.

[79]

Entry R/IR’ Product R R
Borazine B i B R~ .B. .R
1 Me/Me RB=NR' —= R'—=NON-R' andlor N° N
2 Me/Bu Borazine B 2 R ENER
3 Et/Et Borazine B .
A B
4 Et/'Bu Borazine B
5 Pr/Pr Borazine B Entry R/IR’ Product
6 Pr/‘Bu Borazine B 11 Bu/iPr Cycle A
7 Pr/Pr Borazine B 12 'Bu/BU Cycle A
8 Bu/'Bu Borazine B 13 ‘Bu/Ph Cycle A
9 Bu/Bu Borazine B 14 Bu/Mes Cycle A
10 sBu/sBu Borazine E:\and Cycle 15 'Bu/SiMe; Cycle A

The presence of a catalyst can drastically change the result. Some of these iminoboranes,
such as RB=NrBu (R = Et, Pr, iPr, Bu) can yield cyclodimer A, instead of borazine B, upon
stabilisation in the presence of catalytic amounts of the isonitrile C=N¢Bu.”®!

This catalyst can also govern the cyclotetramerisation of MeB=N/Bu 1-7 to give the
corresponding eight-membered ring (C). Paetzold and co-workers have postulated a mechanistic
proposal for the formation of this cycle. Firstly, catalysed cyclodimerisation of the iminoborane
precursor yields a four-membered ring, which can later dimerise at room temperature toward the
formation of the eight-membered cycle. This results as a reversible equilibrium for two particular
sets (R/R” = Me/fBu 1-7 and iPr/iPr 1-8) and has been followed kinetically and thermodynamically
by NMR methods. The cyclotetramer predominates at room temperature, while the four-membered
ring predominates at higher temperatures (70-100 °C). The cyclotetramer is more favourable in
energy, presumably because of a lower ring tension, but it is obviously disfavoured in entropy.
Paetzold hypothesised the possible interconversion mechanism between these two species, as shown

in Scheme 1.6:

\ / ' R
B=N R Ry R R '
R\N/ \B/R '\N/B\N_B/R N-B-N—-B’ 2 R A '
L R T W AR = ge == fRTNQNR
R/ A :/ \R' e ~ s - 4 I'I \l I

N8 RNR R R rrR R R
R" R R
c D E A

Scheme 1.6 - Possible mechanism for the interconversion between eight and four-membered rings.[”®!
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To postulate this mechanism, it was assumed the BN-analogues of bicyclo[4,2,0]octa-2,4,7-
triene (D) and the Diels-Alder adduct of two molecules of the cyclodimer (E) to be the intermediates
in this equilibration process. The all-carbon analogue, cyclooctatetraene, CsHs, is known to be in
equilibrium with a small amount of bicyclo-[4,2,0]octatriene. In addition, cyclobutadiene gives
irreversibly the Diels-Alder dimer. Nevertheless, this complete reversibility (as shown is Scheme
1.6) is unknown for the all-carbon analogues.!”!

Besides, interconversion between four-membered rings (A) and six-membered rings
(borazine type B) can be observed, upon addition of an external iminoborane. In particular, a four-
membered ring undergoes [4+2] cycloaddition reaction when RB=N¢Bu is added. Therefore, [4+2]
cycloaddition reaction is faster than the [2+2] cyclodimerisation of the iminoborane itself. The
mechanistic proposal entails the formation of an intermediate, known as Dewar-borazine.

(Scheme 1.7).178

7 R R
R._N%N_ , R'BENR" R\ BnR” R By R
\B/ R —_— | | - . é é
l R/B\N/B\R" R/ \N/ \R"

R o o

Scheme 1.7 - Interconversion between four-membered B-N-cycle (1-a) and six-membered borazine ring (1-b).[78!

The generalisation of this [4+2] cycloaddition reaction might allow the synthesis of borazine
derivatives with a mixed set of ligands. Note that an interconversion of four-membered rings into
thermodynamically more favourable six-membered rings has been never observed in the absence of
iminoboranes, apparently because of a high activation barrier.

More recently, the same group has published the synthesis of four-membered rings or six-
membered rings using cyclic iminoboranes as precursors.”” Starting by the hydroboration of
1,5-hexadiene 1-9 with H.BCI(OEt,), chloroborane derivatives have been synthesised. The main
product 1-10 can be separated from the others isomers thanks to its easy ring-opening polymerisation
at 20-80 °C. Afterwards, the polymeric form gives pure compound 1-10 upon depolymerisation at
160 °C. The azidation of 1-10 gives monomeric 1-11, that can yield 1-12 in boiling hexane by the
azidoboration of iminoborane 1-11. Conversely, in the gas phase at 285 °C, borazine 1-14 could be

synthesised (Scheme 1.8).

10
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> HaBCIOEL)
.
=

1-9 110

j Me3SiN3 (—j
IBiN\
———> N3 B

69 °C, hexane

285 °C, 112
gas phase
B=N Q Q
1-13

Scheme 1.8 - Formation of borazine 1-14 via cyclic iminoboranes in the gas phase.[”]

The role of the steric hindrance in the formation of the possible cycles was clearly
demonstrated in the next example. Using 1-azidoboracyclooctanes 1-15 as precursors, four-
membered or six-membered rings can be obtained. Cyclic iminoboranes are formed as described
before, but it can evolve to borazine 1-18 just in the cases with no substituents close to the

iminoboranes groups, otherwise four-membered rings are formed (Scheme 1.9).

R g
100 °C, toluene - R BN R=H

115 Ns B
285 °C, 141
gas phase

) (o Q”J
e D
Hy

o) O

1-19a 1-19b 1-19¢

Scheme 1.9 - Selective formation of four-membered ring or six-membered ring, depending on the substituents on the
cyclic iminoboranes.!”’]

11
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1.2.3.b Via Formation of Aminoboranes as Precursors

Starting from aminoboranes 1,2-BN-cyclopentane!’! 1-22 and 1,2-BN-cyclohexane!®"! 1-26,
Liu and co-workers were able to prepare borazines 1-23 and 1-27 (Scheme 1.10) in quantitative
yields via fast thermal or catalytic dehydrogenation using cheap metal halides (e.g. FeCl,) under
very mild reaction conditions. Starting with commercially available compounds 1-20 and 1-24, and
by cyclisation with BH3-NEt; at high temperatures, intermediates 1-21 and 1-25 are obtained, which
lead to the desired aminoboranes in the presence of KH firstly, and later HF -pyr. This allowed a
controlled release of H» at temperatures below or at the proton exchange membrane fuel cell waste-
heat temperature of 80°C. The reaction conditions are such that this chemical process can be

considered as a suitable candidate for liquid-phase H, storage material (see also Subsection 1.5.3).
Me
a §N/TMS b Nsz cord D

Me” X" N(TMS), ——— B —_— BHy — > NN + 6H,
wd Me B‘Ni?/Me
Me
3

1-20 1-21 1-22 1-2
ZONIMS), Cé — CNHZ_ % NN v ey
“H BH> B. .B
)
1-24 1-25 1-26 1-27

Scheme 1.10 - Formation of borazine derivatives 1-23 and 1-27 by trimerisation from cyclic amino-boranes.!”!-8% (a)
BH3-EtsN, 160 °C, 48 h; (b) 1) KH, THF, r.t., 12 h; 2) HF-pyr, r.t., 2 h, 51%; (c¢) FeCl2 (5 mol%), 80 °C, 20 min, quant.;
(d) 150 °C, 1 h, 98%; (e) BHs-THF, 90 °C, 12 h; () 1) KH, THF, r.t., 12 h; 2) HF-pyr, r.t., 1 h, 94%; (g) toluene, 150 °C,
1 h, quant.

1.2.3.c Via Trimerisation from a BN- Phenanthrene Derivative

In a parallel study, Bettinger and co-workers developed a trimerisation protocol to prepare
borazine 1-31, in which three 9,10-BN-phenanthrene moieties are linked in a borazine core (Scheme
1.6). In a first venue, intermediate 1-29a was prepared by microwave-assisted reaction of 2-
aminobiphenyl 1-28 with BCls in the presence of AICIs.’! Either through direct transformation or
via the triflate derivative (1-29b), base-induced elimination reaction gave borazine 1-31 through
cycloaddition-type reactions involving a BN-aryne intermediate.®) Further irradiation of
cyclotrimer 1-31 under a Hg lamp in the presence of I, afforded borazine 1-32 in 43% yield by ring-
closure reaction (Scheme 1.11).1%%

Alternatively, cyclotrimer 1-31 could be also obtained by the thermolysis of borazine 1-30,
the latter being prepared from 2-aminophenyl 1-28 and Et;N-BHj; at 205 °C. Through pyrolysis at

550 °C, the same group reported very recently about the identification by mass-spectrometry of an

12
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unprecedented BN-doped coronene, borazinocoronene derivative 1-33 (Scheme 1.11) as a minority

[83]

product in the reaction (yield 3-5%), and cyclotetramer 1-34 as major product.

O 1. BCl3, xylene
2. AICl;
ks B

N-B
NH,  Mw Irr. 175 °C, H X
‘ 15 min, 42% AgOTf
1-29a x =C| j b Hexane, Tol,
1-29b X = OTf 0°Ctort,4h
1-28 o
H3B-NEt;
505 °C \ KHMDS,
hexane
50 °C to r.t., 35-43%

:‘)

hv, I, THF
| | ——
15 h, 43%
L 'se
550 °C N B

Scheme 1.11 - Formation of borazines 1-32 and 1-33.[81:82]

1.3 Reactivity of the Borazine Core

1.3.1 General Considerations about the Chemical Stability and Reactivity of
the B3sN3 Core

Borazine derivatives are known to be very reactive towards nucleophiles, which undergo
addition to the electrophilic boron atoms favouring the opening of the cycle and inducing the
degradation of the borazine cycle. This usually gives a mixture of the corresponding amine and the
boronic/boric acid. Notable examples include water, alcohols,’!! pyrazole and urea.®**3! For
instance, borazine 1-1 (H3;B3;N3;H3) rapidly decomposes to boric acid, ammonia and H; in the
presence of ambient humidity. This has been one of the major deterrents toward a more widespread
synthetic development of BN-doped aromatic hydrocarbons and their exploitation.

Three main approaches have been developed to significantly prevent the hydrolytic
decomposition of borazines: i) the insertion of bulky substituents in proximity to the boron centres,

ii) the introduction of electron-donating substituents on the nitrogen centres, and iii) the introduction

13



Chapter 1 — Introduction

of electronegative groups in the proximity of the boron sites to prevent the attack of nucleophiles by
electrostatic repulsion. For instance, the presence of electron-donating substituents on the nitrogen
centres enhances the aromatic character of the BN core by allowing a better electron delocalisation
from the nitrogen to the boron atoms, thus strengthening the B-N double bond character.!®! This in
turn increases the cycle’s stability toward hydrolysis, and more in general the reactivity toward any
nucleophile addition.®”-8] The opposite is true for electron-withdrawing substituents on the boron
atoms, which also enhance the cycle’s stability.[*")

On the other hand, the presence of sterically-hindered substituents on the nitrogen®”! or
boron atoms can slow down the hydrolysis, with 2,6-xylyl,l'®} 2-mesityl,’”! and 9-anthryl®"
groups displaying the greater effect. X-ray crystal structure analyses of these compounds clearly
show that the boron atoms are sterically protected by the ortho-substituents.

Besides nucleophiles, oxidants are also able to decompose the borazine ring, however no
experimental data on the products obtained has been published so far, except the description of
intractable mixtures.

Similarly to benzene, the weakly aromatic borazine ring is also able to complex metals,
forming half-sandwiched “piano-stool” complexes with Cr” (Scheme 1.12).1°?! Hexa-alkylborazines
form R3B3N3R3;-Cr(CO); at room temperature, which can be crystallised and characterised as
n® complexes.! However, the weaker interaction holding the borazine core to the metal can lead
to the protodeborylation of the phenyl substituents, decomposing the borazine core and yielding
CsHe Cr(CO)s as the main product.”* Complexation with Li is also possible, giving rise to multiple

binding motifs (n', n? or n* complexes) depending on the reagents and equivalents used."”

R R/
\,},/B\,\I,/ (CH3CN);Cr(CO); —N:B_ _NjB—R
R/B\N’B\R Dioxane, r.t., 6 h R o \

I oc”{ co
1-35 R=Me 137 R=Me 90%
1-36 R =Et 1-38 R=Et 70%

Scheme 1.12 - Formation of borazine-chromium complexes 1-37 and 1-38.1%3!

1.3.2. Electrophilic Addition Reactions at the Borazine Core

Borazine rings readily undergo addition of hydracids, such as HCI and HBr at -78 °C,
yielding molecular derivatives featuring a broken aromaticity and thus a non-planar conformation
of the central ring.*®®®! The reaction takes place on each B-N bond, breaking the partial double bond
character, ultimately forcing the borazine core to adopt a chair-like conformation. For instance,

addition of HCI to H3B3;Ns;H; 1-1 at low temperature in the absence of water, forms adduct

14
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H3;B3N3H3-3HX 1-39 in quantitative yields (Scheme 1.13). Heating to 130 °C dissociates the
complex back to the former H3B3N3H3 1-1 condensing HCI, thus favouring the formation of the
weakly aromatic borazine core. The separation of a monoprotonated borazinium ion H;B3;N3H,"
proved to be very difficult with direct HX addition, but it could be achieved with sterically-hindered
conjugated base, like A1X3Z". For instance, non-planar borazinium ion 1-40 could be prepared upon
addition of AlBr; to borazine 1-35 (Scheme 1.13). [%:1%0

H HCLH
\ B_\ ,
H\N,B\N,H HO B
H-B-n By Toluene, -78°C, 2 h Hé| B'\/N\+B(F'|C'
B 99% H H
1-1 1-39
B
Me Br\A::Br
Moyt e N el
Me—BzN~p-N=
B<,,-B- A3 ~NBZ/ "Me
Me” BN Me Benzene, rt., 2 h [}j\B\/
Me 85% Me Me
1-35 1-40

Scheme 1.13 - Electrophilic addition of HCI to borazine 1-1° and AlBr3 to borazine 1-35.

Theoretical modelling investigations have been also performed to study the reactivity of the
borazine core toward electrophilic substitution reactions and to explore the aromatic character of the
BN ring compared to benzene.! Although the results did not show any magnetic anisotropy, the
significant calculated energies for the resonance stabilisation (9.6 kcal/mol for H3;BsN3;H; 1-1,
compared to 21.9 kcal/mol for benzene)™ as well as for the protonation suggest that the borazine

core is weakly aromatic, thus displaying a similar chemical behaviour to that of benzene.!'°!)

1.3.3. Exchange Reactions at the Boron Sites

The first halogenation exchange reactions at the boron sites were reported by T. Schaeffer
et al. and later revisited by Niedenzu et al. who prepared at room temperature B-mono and B-
dihalogeno borazines in moderate moderate yields (25-35%) by treating molecule 1-1 with BCl; and
BBr;.5%1921 Alternatively, halogenation with HCI, HBr,'¥ or with Br,'% also affords B-substituted
mono-, di- and tri-haloborazines. In addition, H3B3;N3E; derivatives can be functionalised by
hydroboration of alkenes using a rhodium catalyst,!°® allowing the isolation of mono-, bi- and tri-B-

alkylborazine derivatives in 70-98% yield (Scheme 1.14).
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; :
Me~-Bsn-Me  [RhH(CO)(PPhy)g], Me. -B--Me
/é\ /é\ CH,CH, é é
H™ 'N""H  Toluene, r.t, 16 h Et” " °N”° Et
Me 98% Me

1-41 1-36

Scheme 1.14 - Hydroboration of ethylene by HsBsN:Mes 1-41, catalysed by a Rh complex.[6¢]

However, the most common synthetic approach to functionalise a borazine core is based on
the substitution reaction at the boron site of a borazine with organolithium or organomagnesium
reagents. Since the reports in 1958 by Groszos and Stafiej,!'™ the alkylation or arylation of
hydroborazines with RLi/ArLi or RMgBr/ArMgBr has became one of the most versatile approaches
to add substituents on the borazine core. In particular, following the BCls-based synthetic
methodology, for which a tri-B-chloroborazine intermediate is formed in the presence of an amine,
substituents at the boron centres can be added through substitution reactions upon addition of the
relevant organometallic species.

For instance, tri-B-chloroborazine 1-3 undergoes substitution reactions in the presence of an
alkyl- or aryl Grignard or organolithium reagent into B-alkyl or B-aryl substituted derivatives
(Scheme 1.15). Depending on the stoichiometry and the addition sequence, different B-substituted
derivatives, i.e., As-, A>C-, or ACD-, could be obtained (Scheme 1.15). Alternatively, borazine 1-42

can be also used as effective substrates to give B-alkyl derivatives in the presence of a Grignard

reagent [90,91,104-108]
aorb b
Cl<__N.__ClI o RN R - o-No .
B” B
- - -
S L Q o TQ
Cl R3 H
1-3 1-42

Scheme 1.15 - Synthetic approaches toward the preparation of B-substituted borazines using organometallic reagents. (a)
Sequential additions of RiLi, RoLi, Rs3Li in THF; (b) Sequential additions of RiMgBr, R2MgBr, RsMgBr in Et20. R1 =Rz
=R3, Ri=R2#R3, or Ri #R2 #Rs.

Following this strategy, our group has recently presented the first rational synthesis of a
BN-doped coronene derivative in which the central benzene atoms was replaced by a borazine ring.
In particular, borazine derivative 1-43 has been synthesised using 4-xylyl aniline as amino precursor,
and a difluoro aryl lithium for the substitution reaction.'® This molecule yields hexa-peri-
hexabenzoborazinocoronene derivative 1-44 (5%) upon six C-C ring-closure steps through an

intramolecular Friedel-Crafts-type reaction, in the presence of [/Pr3Si---CB116Cls] and Me,SiMes: at
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110 °C in PhCl. Together with derivative 1-44 , partially fused BN-derivative 1-45 was obtained as
major product (17% yield) (Scheme 1.16). This suggests that the ring-closure occurs stepwise, the
last closure being potentially the rate-determining step.

Br Li

F F "BuLi F F
s
THF, -84 °C
NH2 HQ Ar Cl ol Ar. Ar
5 F F
BCl3 ITI/ \l\‘l B
B

Toluene, 0 °C to 110 °C

B -B~

1-43 (42%)

|- Ar —J
Ar
Ar = 75
Pr3Si*[CB44HgClg]

PHCI, 110 °C, 16 h —si—

cI” N el 0°Ctort., 16h F é &
Ar 16 h N"
F i F: —\L)

Scheme 1.16 - Synthetic path for preparing xylyl-substituted 1-44.[1%%]

The identity of 1-44 was unambiguously determined by X-ray diffraction analysis, which
confirms the nearly flat shape of the structure, similar to the all-carbon analogue (Figure 1.4).
Finally, UV/Vis absorption, emission and electrochemical investigations show that the introduction
of this central BN-core generates a dramatic widening of the HOMO-LUMO gap and an

enhancement of the blue-shifted emissive properties with respect to the full-carbon analogous.

a)

Fp—pp =P

Figure 1.4 — Horizontal (top) and side (bottom) view of the X-ray crystal structures of molecule 1-44 and of the full-carbon
analogous.!'%]
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1.4 Building an ‘Outer Shell’: Peripheral Functionalisation of the

‘Inner Shell’

In this Section, different strategies undertaken to create an ‘outer shell’ of substituted

borazines by functionalisation of the ‘inner shell’ are described (Figure 1.5).

Figure 1.5 - Formation of the borazine ‘Outer shell’, with X and Y being the reactive functional groups.

In 2003, Griitzmacher and co-workers reported the functionalisation of
tri-B-ethynylborazine 1-46 through a platinum-catalysed hydrosilylation reaction.[''! Indeed, using
HSiCl; or HSi(OR”); as reagents in the presence of a catalytic amount of Pt/C in toluene at 120 °C,
trivinylborazines 1-47 and 1-48 could be easily obtained (Scheme 1.17). Notably, the addition of
the silane on the triple bond proceeded with cis-stereoselectivity, thus affording the B-trans isomers
as major products. The addition of trichlorosilane HSiCl; afforded isomer 1-47 in 80% of yield;
alkoxysilanes gave rise to a complex mixture of regioisomers. It should be noted that the hydrolysis
of the RSiCl; is more rapid than the one occurring at the core, thus revealing to be compatible for

the preparation of amorphous silica gel.

SiXs
|‘| % X3Si
H. .B. .H a H. .B. _H
l}l l}l H\'}l/B\'}rH . [\Ij |}1
B\ /B B\ ,B B\ ,B SIX3
=z N X3Si” XN | ﬁ/ N \ﬂ/
A Y SiXs H
SiXs
1-46 1-47 1-48

Scheme 1.17 - Pt-catalysed hydrosilylation of tri-ethynylborazine 1-46.1''0 (a) HSiX3, Pt/C (1 wt%), toluene, 120 °C,
48 h, X=Cl, 1-47 (80%), X = OMe, OEt, O'Pr, 1-47 (60%) + 1-48 in mixture with other isomers (40%).
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In a later work by Yamaguchi and co-workers, the synthesis and functionalisation of

10-bromo-anthryl-bearing borazine 1-49a has been described.!”"

The anthryl hydrogen atom sitting
atop the boron centers shields the electrophilic centers from nucleophile additions, thus allowing the
use of a large variety of organometallic reagents (Scheme 1.18).

Consequently, the treatment of 1-49a with -BuLi in THF at -78 °C followed by the addition
of TIPSCI or Mes,BF led to tri-(diisopropylsilyl) 1-49b and tri-(dimesitylboryl) 1-49¢ derivatives
in 45 and 34% yields, respectively, leaving intact the central borazine core. In addition, Negishi
cross-coupling reaction between tri-bromo derivative 1-49a with p-bromo(di-phenylamino) benzene

gave tri-phenylamine-bound derivative 1-49d in 24% yield,”®* the latter revealing to be a very good

emitter.

Hexyl

@

Hexyl OOO Hexyl Hexyl Hexyl
Br

1-49b R = SjH(iPr),
1-49¢ R = B(Mes),

Q Q@
o2
Q Q@

1-49a

1-49d R = NPh,

@

Scheme 1.18 - Functionalisation strategies of trianthrylborazine 1-49a.°!1 (a) 1) -BuLi, THF, -78 °C, 2) H(i-Pr2)SiCl or
Mes2BF, r.t., 20 h, R = SiHi-Pr2, 1-49b (45%), R = BMes2, 1-49¢ (34%); (b) 1) t-BuLi, THF, -78 °C 2) ZnClx(tmen), 0
°C, 3) PhaNPhBr, [Pd(PPhs)s], THF, r.t., 24 h, 1-49d (24%).

In a recent work, Bettinger and co-workers reported the electrophilic aromatic bromination
of hexaphenylborazine Ph;B3;N3;Phs 1-50, to yield selectively borazine 1-51 in 35% as the major
product.['''1 Only decomposition of the borazine core could be observed when tri-N-phenylborazine
H3B3NPh; 1-42 was reacted with Br», further demonstrating the crucial role of the B-substituents on

the chemical reactivity of the derivative (Scheme 1.19).

Br

@QD @f?p
©© s ©Q

1-50

Br

Scheme 1.19 - Bromination of arylborazine 1-50.1111]
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Finally, in a novel work presented by our group, decarbonylative [4+2] Diels-Alder
cycloaddition reaction between ethynyl and tetraphenylcyclopentadienone derivatives has proved to

2] This new family of

be an efficient tool for the construction of borazine-doped polyphenylenes.|
BN-polyphenylenes, featuring different doping dosages and orientations, has been achieved by the
preparation of two different molecular modules: a core and a branching unit. For instance, borazine
derivative 1-52 can be synthesised by [4+2] cycloaddition reaction between borazine derivative
1-53, decorated with three triple bonds, and tetraphenylcyclopentadione (CPD). Besides, if the
tetracyclopentadione is previously introduced in another borazine derivative (i.e. molecule 1-54), by
Suzuki cross-coupling reaction between an organoboron derivative of tetraphenylcyclopentadienone
and a borazine exposing a suitable aryl halide, three-branched BN-doped polyphenylenes derivative

1-55 can be formed (Scheme 1.20).

Ao aho
29 SN oy
&2 ﬁ‘:' Q‘@ %: @&20 00
aagma Q | \ygyé . AN G AN
B. B a NN B. B
ﬁ%ik «/@KQ\ ﬁ%ik
i O
ZD8S) 1 2N
53 O O O O
1-52 O 0
) D1
gwfwg oy

Scheme 1.20 - Synthesis of borazine doped frameworks 1-52 and 1-55: (a) tetraphenylcyclopentadienone (CPD), Ph20,
180 °C, 2 h, 56%; (b) 1-54, Ph,0, 180 °C, 18 h, 55%.111%]

1.5 A Reactivity Chart for Bis-Substituted Borazines:

Compatible Reagents and Conditions

When selecting the strategy toward the functionalisation of either the ‘inner’ or ‘outer shell’
of a borazine derivative, it is of high importance to consider the reactivity, chemical compatibility
and stability of the BN-core toward the different reagents and reaction conditions. It is now apparent
to the reader that the borazine ring itself is very sensitive to nucleophiles, however if properly
functionalised with sterically hindered groups, such as mesityl moieties at the boron sites of the BN-

ring, namely the most extended example in literature, the BN-core becomes chemically inert.!*”
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In an effort to assess the effect of a wide variety of standard types of reagents and reactions
conditions on sterically bis-protected borazine rings, some of the results obtained in our group or
taken from the literature are reported in Table 1.2.°7) Even though the reported reagents and
experimental conditions are very limited if compared to the numerous synthetic tools nowadays
available to organic chemists, Table 1.2 gathers the work developed in our group during the last
years of activities in the field. Therefore, Table 1.2 may help those approaching the topic to further
expand the organic chemical space of this kind of compounds. In particular, three levels of reactivity
have been described and are reported as following: i) “S” stands for ‘stable’ and indicates that under
the reported conditions, the borazine core remains intact; i) “D” stands for ‘degradation’ and
indicates the complete degradation of the borazine core under the given reaction conditions; and iii)
“SD” stands for ‘slow degradation’ and indicates that the degradation of the borazine derivatives
occurs after a prolonged reaction time (> 8 h). This study was particularly focused on the reactivity
of molecule 1-56 (Scheme 1.21), as well as on similar borazine derivatives decorated also with
ortho-methyl groups for the steric protection of the core, but also containing functional groups in
para-position of the B- or N-aryl rings. The tested reaction conditions were mainly targeted to
protection—deprotection conditions of several typical protecting groups (e.g. silyl or benzyl), metal-

catalysed cross-couplings, cycloadditions, oxidations, or acid—base reactions.

SWye
ﬁ%ﬁﬁ

Scheme 1.21 — Molecular structure of borazine 1-56.

21



Chapter 1 — Introduction

Table 1.2 - Experimental conditions tested on bis ortho-protected hexaarylborazine derivatives.

Reagents Reactivity

RLi
RMgX
RZnX
Pd-catalysed reactions
Aniline, Nal, '‘BuOCI, MeCN, r.t.
tri-fluorobenzaldehyde, MeCN, r.t.
Dimethoxyphenol, ‘BuONO, BF;-OEt,,
CH,CI,, 0 °C-r.t.
MAD?, nitrosobenzene, MeCN, r.t.
Nitrosobenzene, KOH, DMF, 150 °C
Aniline, CuBr, Py, 65 °C
0,,Me,S, CH,CI,, -85 °C
m-CPBA, CH,Cl,, r.t.
FeCl;, MeNO,, 90 °C
FeCls;, MeNO,, TFA, r.t.
CANP, CH,CI, or THF, r.t.
NaBH,, CHCIs, r.t.
Reductants Fe,CH,Cl,, r.t.
H,, Pd/C
TBAF, THF, r.t.
Bases NaOH aq, MeOH, THF, r.t.
K,CO,, THF, MeOH, r.t.
BnBr, NaH, DMF, r.t.
Electrophiles Tf,O, pyridine, r.t.
Me,NSO,CIl, DBU, MeCN, r.t.
I, hv, cyclohexane or THF, r.t.
I, hv, toluene/heptane, r.t.

Pericylic reactions CPD, Ph,0, 180 °C

Organometallics

Oxidants

Irradiation

CDDUCDCOCDCDU)U)CDU)U)(DU)U)%)DDDU O wgunwnnon

“MAD: methylaluminum bis(2,6-di-tert-butyl-4-methylphenoxide). "CAN: cerium ammonium nitrate.

The table has been divided following family reactions. As it was already explained along this
manuscript, the best method to functionalise borazine cores is the use of organometallics, and of

course, any decomposition is observed when using them.

As it can be seen in Table 1.2, borazine is sensitive to most of the oxidising agents that were
tested, as degradation of the borazine core was observed within short times. The electron of the
nitrogen atoms, poorly delocalised in the borazine ring, are not sterically protected by any bulky
group. Consequently, in the presence of an oxidant, the borazine derivative can lose those electrons,
leading to the decomposition of the ring. Some oxidants are yet compatible with this molecule, as

shown with iron trichloride and CAN.
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Being the boron atom sterically protected by the methyl groups, any addition to the
electrophilic boron atoms can take place. Hence, the borazine core is stable in the presence of all
tested reductants, bases and electrophiles, making those reagents a good tool for the formation of
the ‘outer borazine shell’. Irradiation produces decomposition of the borazine core for this particular
example, even though other examples has been reported in literature to be stable.®?! Finally,
pericyclic reactions have demonstrated to be compatible with the stability of the borazine core. In
particular, [4+2] cycloaddition reaction has been successfully performed, in spite of the required
high temperatures. This showed that the formation of borazine’s ‘outer shell’ can be achieved with

a large variety of synthetic strategies.!'!

1.6 Materials and Applications

As depicted in the Figure 1.6, borazine and its derivatives can find applications not only as
precursors for optoelectronic organic materials but also as molecular materials for gas storage or
supramolecular systems. In the following subsections, an overview of the main achievements in the
field will be described. The applications related to the preparation of coatings,!'!3-115]

ceramics, 161171 2DIE1201 and 3D crystalline boron nitrides, and BN nanomeshes!'??! have

already been discussed in the past, and the interested reader is addressed to the topical reviews!'?!

om
Organic

Materials

or the literature in the field.

Self-
Assembly

Figure 1.6 - Schematic presentation of applications involving borazine and its derivatives.
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1.5.1 Materials for Optoelectronic Device

To achieve emission in the higher energy gap region, namely in the normal and deep UV
regions, chemists have designed molecules that, relying on the idea of ‘broken conjugation’,!*)
display short conjugation length thus featuring high-energy HOMO-LUMO gaps falling in the
ultraviolet energy region. Owing to the polarity of the B-N bond, an efficient way to decrease the
conjugation length of an organic aromatic hydrocarbons emitter would be to dope all-carbon
scaffolding with boron-nitrogen units.[**"]

In this respect, with their high molecular bandgap (4 €V),?*!?* borazine-based UV -emitters
represent valuable scaffolds to be inserted in active layers of organic light emitting devices (OLEDs)
for the emission in the UV or deep UV. In a collaborative endeavour with the group of Cacialli, our
group has recently reported the use of a borazine-based UV-emitter as active layer in a light-emitting
electrochemical cell (LEC).®? In solution, the spectra profiles of the Mes;B;N3Ph; 1-56 show
photoluminescence quantum yields (®.m) between 6.6% and 7.7%, displaying little dependence on
the solvent used. On the contrary, in the solid state, the emission profile changes in a dramatic
depending on the obtained polymorph (Figure 1.7, left). When borazine 1-56 was used to form the
emissive layer of LEC, weak UV-emission was observed at high voltages. In particular, charge
injection into the LEC is observed with a strong nonlinear dependence of the current density J on
the applied voltage V. Current densities of > 100 mA cm? were achieved at high voltage (~ 15 V),
whereas a change of slope in the J/V characteristics suggests that a bipolar injection mechanism is
present at ~ 5 V. Similar results were obtained for the corresponding LEDs giving a promising EL
quantum efficiency values of ~10* % that, although rather weak, are the first of its kind and give

hope to use borazine as suitable molecular scaffolds for UV-devices.
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Figure 1.7 - Left: normalised emission spectra of different polymorphs formed by borazine 1-56: space group R32 (solid
line), R3c (dashed line), P21/n (dotted line), and ground powder (full circle). Right: current and radiance versus light
characteristics of an LEC incorporating an active layer of borazine emitter 1-56, blended with PEO as ion transporter and
LiOTf as mobile ions. The device was fabricated with vertical structure ITO/PEDOT:PSS(80 nm)/active layer/LiF (6

nm)/Ca (30 nm)/Al (150 nm).
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Through the introduction of different substituents in the borazine ‘inner shell’, it has been
demonstrated the ability to tune the physical properties of such organic materials.*” Five borazine
derivatives 1-42, 1-57, 1-58, 1-59 and 1-60 have been prepared (Scheme 1.22), and revealed to be
suitable dopants owing to their promising values of hole and electron mobilities (1, = 10%-10"* cm?

Vst and g. = 10%-10° cm? V' s7! respectively).

Ri 142 R,=R3=Rs=Ph;R,=R;=Rg=H
Rewg-Ng-Rz  1-57 Ry=R;=Rs=H;R;=R;=Rg=Ph
oy 1-58 R;=Rs=Rs=H;R, =R, = Rg = Ph,N
RS/ \$/ \RB 1-59 R1 = R3 = R5 = t-BuPh; R2 = R4 = Re =Ph
Ry 1-60 R1 =Ry = Rs = 1-Naphthyl; R, = Ry = Rg = H

Scheme 1.22 - Structure of borazine derivatives 1-42, 1-57, 1-58, 1-59 and 1-60.12]

OLED devices fabricated with borazine derivative 1-59 as hole transporting materials gave
yellow EL emission characteristic of Alqs (tri-(8-hydroxyquinoline)); and a maximum luminance of
290 cd m? at 11 V, with the maximum luminance of 6200 cd m? at 21 V. The ability of the device
to maintain high luminance at high voltages could be due in part to the high thermal stability of

borazine compounds.

1.5.2 Self-Assembled Architectures at the Solid State and on Surfaces

The rapid development of molecule-based technologies has created a new impetus for
studying the interaction and supramolecular assemblies of functional molecular units on surfaces,
essential if one wants to fully understand the physical and structural nature of organic interfaces
with metal electrodes.['>>1?8] Understanding and controlling the assembly of borazine molecular
layers will provide the conceptual basis to engineer functional borazine-based supramolecular

materials.[129-132

In 2013, Kervyn et al. reported the first bottom-up preparation of borazine-based
supramolecular architectures on metal surfaces.!'*3] Borazines 1-56 (Mes;B3N;Ph;) and 1-61
(Scheme 1.23) assembled in very different architectures on Cu(111) surfaces, as revealed by low-
temperature (LT) scanning tunnelling microscopy (STM) measurements. While molecule 1-56 self-
organizes into large islands forming full monolayers most likely held by van der Waals (vdW)
interactions, A,C-type borazine 1-61 bearing a hydroxyl group ((Ph),(OH)B3N3Phs)) undergoes
exclusive “magic” clustering forming architectures composed of 7, 10, 11, 12 and 13 molecules
(Figure 1.8). These finding are rationalised as a delicate interplay of short-range vdW attractions
between neighbouring molecules and long-range Coulomb repulsions between deprotonated

charged molecules.
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molecular
island

S nm ‘

5 nm

Figure 1.8 - Left: STM images for borazine 1-56 on Cu(111), deposited at 300 K, imaged at 77 K. (a) Large area of the
Cu(111) surface.( b) and (c) Expanded views of the molecular islands, (d) Calculated structure superimposed on the
imaged. Right: STM images of borazine 1-61 on Cu(111). (a) Isolated molecular cluster, highlighting the regular 7-mers.
(b) Expanded view of Cu(111) step edge, revealing two enantiomers of an irregular cluster, (¢c) Expanded view of two 90°
rotated regular 7-mers, (d) Calculated molecular model superimposed onto 7-mer.[133]

In a consequent work, Kalashnyk et al. have investigated how the self-assembly of borazine
derivatives 1-56 and 1-62 (Scheme 1.23) is dramatically affected by the peripheral substituents.[!3#
Notably, while driving the assembly, the “outer shell” substituents interact with the metal substrate
eventually dictating the formation of porous networks on Au(111) or Cu(111) surfaces. Specifically,
molecule 1-56 formed identical close packed networks on Au(111) and Cu(111) surfaces, with a

structure that is only governed by short-range attractive vdW interactions (Figure 1.9).

Ph

ﬁgﬁ ﬁzi“:sﬁ
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1-61
1-62

Scheme 1.23 - Chemical formula of borazine derivatives 1-61 and 1-62.
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Figure 1.1 - STM high resolution images of parallel supramolecular stripes constituting the general assembly of borazine
1-56 deposited on (a) Au(111) and (b) Cu(111) surfaces held at 300 K. The images were acquired at 77 K.[134]

In contrast, derivative 1-62 arranged into porous motifs. The porosity of the network was
revealed to strongly depend on the nature of the metal substrate and the affinity of the outer rim with

the surface (Figure 1.10).

Figure 1.10 - STM high resolution images of the porous network of borazine 1-62 deposited at r.t. on (a) Au(111) and (b)
Cu(111). The images were acquired at 77 K.[134]

MD simulations rationalized the behaviour in terms of the structural differences of the
peripheral substituents between the two structures. Consequently, it can be reasonably concluded
that the B-N core does not influence the molecular ability to adsorb, self-assemble, or interact on
different surfaces. In particular, the protruding phenyl-4-phenylethynyl substituents of molecule
1-62 act as intermolecular spacers, thus driving the formation of a porous network. Moreover, their
flexibility allows a stronger interaction with the substrate which, in the case of the more reactive

Cu(111) surface, causes a higher porosity (Figure 1.11).
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Figure 1.11 - Calculated minimum energy adsorption configuration of (a) borazines 1-55 and (b) 1-61 on a Cu(111)
surface. The steric hindrance between the Ph- and Mes- substituents results in the effective decoupling of the central
borazine core from the surface for both molecules.[134]

The presence of different substituents in the borazine ‘inner shell’ can affect not only the
self-assembly of the borazine on the solid surface but also in crystal packing. For instance, borazine
bundles could be formed in the solid state (Figure 1.12).°!] On the basis of their Cs-symmetric gear-
shaped molecular structures, tri-anthryl borazine 1-63 formed characteristic two-dimensional
honeycomb-like networks, which consist of offset face-to-face intermolecular n-stacking of
anthracene moieties (Figure 1.12). As such, these structures might be suitable for achieving high
carrier transport in optoelectronic devices. In terms of fluorescence quantum yield, a 2-fold
improvement was observed between anthracene alone (@, = 0.27) and bundled molecule 1-63
(@,=0.63). This bundle effect can be rationalized by considering the rigidity of the bundled

structure, which prevents conformationally-induced non-radiative decays of the excited states.
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Figure 1.12 - Chemical structure of borazine derivative 1-63 and its windmill arrangement at the solid state.!]

CF, gear-shaped
motif

In 2015, Sanchez-Sanchez et al. reported the surface-assisted polymerisation of borazine
1-64 (Scheme 1.24) on Ag(111) surfaces. By means of a stepwise thermal methodology, interlinked
BN-HBC networks could be prepared on a Ag(111) surface under ultra-high vacuum (UHV)
conditions (Figure 1.7).['* In particular, thermal deposition of 1-64 on Ag(111) led to the formation

28



Chapter 1 — Introduction

of non-covalent flower-like assemblies at 425 K (Figure 1.13, a). When temperature is raised to
475 K, phenyl-phenyl type cross-coupling reaction catalysed by Ag atoms occurred at the C-Br
functionalities (Figure 1.13, b), forming covalently assembled networks. Complete
cyclodehydrogenation of partially planarised molecule 1-64 could be achieved at 575 K

(Figure 1.13, c), ultimately leading to the formation of the covalently-linked borazinocoronene

network.

Figure 1.13 — (a) STM image of borazine 1-64 after deposition and annealing to 425 K. (b) Covalent network after
polymerization at 475 K and (c) High resolution STM of the planar network after fully cyclodehydrogenation at 575 K.

[135]
Together with the first self-assembly studies on surfaces, this represents the first step toward
the implementation of the BN-doped hybrid carbon materials and the assessment of their real

electronic properties and potentials applications in molecular devices.

1.5.3 Materials for H2 Storage

One of the biggest technological challenges of modern societies is the development of
cleaner energy sources that can mitigate the current dependence on fossil fuels. Over the last
decades, H, has appeared as a long-term sustainable solution able to meet our future energy

[136,137

demands. I However, the safe and economical storage of hydrogen remains one of the biggest

problem for its implementation.['3*]
A possible way to solve this problem is the physical storage of H» inside porous materials

or as chemical product to be released upon need by a sustainable chemical reaction, as for example
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139-144] The synthesis of

the dehydrocoupling of amine-boranes adducts (see also Subsection 1.2.3).!
porous organic polymers with predefined porosity displaying high surface areas has attracted
considerable attention due to their great potentials for gas storage and separation as well.['*! The
synthesis and performance (Table 1.3) of five polymers containing borazine cores as polar molecular
modules in order to improve H, absorption have been recently described (Scheme 1.4).['*! The
Brunauer-Emmett-Teller (BET) surface areas were higher for the Cl-decorated borazine polymers

than the Br-decorated borazine polymers.

Table 1.3 - Porous properties of BLPs. * Calculated by Langmuir and BET methods. ® Calculated from nitrogen
adsorption at P/Po=0.9.

Polymer SAger (m?/g)? Pvoi (cm3/g)® H2 77 k (wt%)
4a (CI) 1364 0.746 1.00

4b (Br) 503 0.303 0.68

5a (Cl) 1174 0.649 1.30

5b (Br) 849 0.571 0.98

6 (Cl) 1569 0.853 1.75

This trend in the surface area might be surprising at a first glance, as material 1-5Sa should
exhibit higher surface area than that of 1-4a. However, these polymers do not conform to such
expectations due to their amorphous nature. Regarding the volume, the calculated results at P/P0 =
0.9 showed a strong dependence on the halide as the chlorinated polymers always give rise to higher
pore volumes than those of their brominated analogues. This is due to the smaller atomic size of the

Cl atom with respect to that of Br.
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1.7 Outline of the dissertation

The intention of this Chapter was to explore the history of borazine and its derivatives,
describing the recent developments in their organic synthesis and functionalisation, as well as their
use in material applications. In this doctoral work, our research activities were directed toward the
investigation of the effect of different substituents on the formation of the borazine ring and its
functionalisation at the boron site. Accordingly, the work presented here is divided into two main

Chapters, as schematically represented in Figure 1.14.

/ Chapter Il \ / Chapter llI \

BORAZINE

Substituent-Dependent Stereoselective
Synthesis of Hexa-Functionalised Borazine
Derivatives

Scanning the Effect of ortho-Substituted
N-aryl rings on the Formation of the
Borazine Cycle

.+ Ry Rys . Ry
IB—N\ lB_N\
Q_N\ :B N\ rB
B-N B-N
- Ry J \__ R “R J

Figure 1.14 — Schematic representation of the outline of this doctoral dissertation.

Chapter II deals with the study of the effect of ortho-substituents on the B-aryl moieties
during the addition/elimination process for the functionalisation at the boron site. More specifically,
following a [1+1°+1+1°+1+1’] hexamerisation route toward the formation of the borazine core
(using an amino precursor and boron trichloride), the latter can be further functionalised by the
addition of a nucleophile, which will lead to the formation of stable borazine derivatives.
Accordingly, the synthesis of multiple borazine moieties has been performed, using only one type
of amino-precursor (aniline) and different organometallic derivatives during the functionalisation
step. These organometallic moieties consist of aryl groups that contain one or two ortho-substituents,
which allows for a partial- or full-protection of the borazine core, respectively. In the first case, the
control of the stereoselectivity of the process in a reaction in which two different isomers (cc and
ct) can be formed, will be the main focus of this study. Finally, the chemical compatibility and the
stability of the novel class of partially-protected borazine moieties developed along this doctoral
thesis will be also discussed.

On the other hand, Chapter III addresses the investigation of the effect of ortho-substituents
in the N-aryl moieties during the formation of the borazine cycle and its functionalisation. For this
purpose, the formation of the BN-core will be performed by reaction of different amino precursors
with boron trichloride. Later functionalisation at the boron site can lead to the formation of stable

final molecules, depending on the nature of those amino precursors.
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Chapter 2

CHAPTER 2

Substituent-Dependent Stereoselective
Synthesis of Hexa-Functionalised Borazine
Derivatives

In this Chapter, the study of the effect of different during the functionalisation step, namely,
the nucleophilic substitution in the borazine ring of B,B’, B ’-tri(chloro)-N,N’,N ’-tri(aryl)-borazines,
is described. Chapter 2 is divided into four main sections: i) Section 2.1 consists of a brief
introduction on the reactivity of the borazine ring, focused on the nucleophilic substitution reaction
with organometallic reagents; ii) Section 2.2 introduces the research project; iii) the results obtained
during this investigation are described and discussed in Section 2.3 and iv) some conclusions are

summarised in Section 2.4.

More specifically, Section 2.3 addresses first the effect of the substituents in bis-protected
borazine derivatives, in terms of synthesis and stability. Later, the effect of substituents on the
stereoselectivity of the process has been studied in a novel class of mono-protected borazine
derivatives, in which two different isomers can be obtained. Moreover, a tentative mechanistic
proposal is given to justify the effect of the ortho-substituents in the stereoselectivity of different
borazine derivatives. At last, the reactivity of the borazine core against different nucleophiles as well

as the stability and chemical reactivity of mono-protected borazine derivatives is fully discussed.

The X-Ray analyses presented in this Chapter were either performed by Dr. Nicola Demitri
(Electra-Sincrotrone, Basovizza, Trieste, Italy) or by Davide Marinelli and Nicolas Biot (Cardiff
University, Cardiff, United Kingdom). Theoretical calculations were carried out by Dr. Simone
Velari (University of Trieste, Trieste, Italy) and Nicolas Biot. Finally, Francesco Fasano and Jacopo
Dosso (Cardiff University, Cardiff, United Kingdom) are kindly acknowledged for their

collaboration in this project.
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2.1. Introduction

During the process developed toward the formation of hexa-substituted borazine
derivatives, nucleophilic substitution reaction occurs at the boron site of the borazine ring. In fact,
the formation of B,B’,B”-tri(chloro)N,N’,N ’-tri(aryl)borazine ring initially takes place by the

reaction of an aniline moiety and boron trichloride.

The borazine ring is described by the same type of bonding model as benzene, namely a c-
skeleton of sp’-hybrid orbitals and a set of delocalised m-orbitals.!'l However, the orbitals are not
symmetrical in borazine. Indeed, the more electronegative nitrogen atoms have larger coefficients
for the bonding molecular orbitals, while the less electronegative boron atoms have a larger
contribution for the antibonding molecular orbitals (Figure 2.1). Such an uneven distribution of the
n-electron density reduces the ring m-bonding, and renders the borazine less aromatic than benzene.

This difference is reflected in the chemistry of borazine, which can undergo addition reactions. In

particular, the electrophilic boron atoms of the borazine ring are the perfect candidates for

=

nucleophilic substitution when in the presence of a nucleophile.
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Figure 2.1 — Comparison between the molecular orbitals of benzene and those of borazine.

the borazine ring. More specifically, due to the electropositive metal atom, the carbon—metal o-bond

of organometallic compounds is highly polarised toward the carbon atom, resulting in a carbon-
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based nucleophilic group able to react with the electrophilic boron atom of the borazine. This leads

to a newly-formed carbon-boron bond.

All the requirements for a successful nucleophilic substitution reaction at the borazine ring
are known to be satisfied in the presence of a good electrophile, an excellent nucleophile (as the
abovementioned organometallic species) and a leaving group (such as the chloride atom in B,B’,B”’-
tri(chloro)-N,N’, N”-tri(aryl) borazines). Nevertheless, the effect of different substituents in the
reaction has not yet been determined. This reaction can either consists of i) addition-elimination, ii)
elimination-addition or iii) an Sy2 concerted mechanism. Because of geometric reasons, the last
option can easily be discarded. Indeed, the concerted Sn2 reaction would involve an attack of the
nucleophile at 180° respect to the B-CI bond. Due to the planar trigonal geometry of boron, the B-
ClI bond is in the plane of the borazine ring. This means that the nucleophile would need to appear
inside of the borazine ring to react in a Sy2 mechanism, which is not realistic. On the other hand,
the other two possibilities are sensible in terms of geometry. However, addition of the nucleophile
is most likely to occur before the elimination of the leaving group. Indeed, boron atoms are good
Lewis acids and have the tendency to undergo addition reactions in the presence of a base such as
organometallics compounds. This involves the formation of intermediate ‘ate complexes’, namely

tetrahedral salts also referred to as borates.

Therefore, along this Chapter, the addition-elimination process for the nucleophilic
substitution in the borazine rings will be fully discussed. More specifically, the effect of different
substituents on the stereoselectivity of the reaction will be addressed, which will also help

elucidating the steps of the addition/elimination mechanism.
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2.2. Research Aim

The conception of this doctoral project was motivated by both the study of the functionalisation
of the borazine core, namely the nucleophilic substitution reaction at the boron site of the borazine
ring, and by the possibility to control the stereoselectivity of the process when using different

functional groups at the ortho-positions of the aryl moieties bonded to the boron atoms.

The protocol for the synthesis of hexa-functionalised borazines has already been described.
Starting from B,B’,B "-tri(chloro)-N,N’,N "-tri(aryl)borazine, obtained by the reaction of different
aniline species with boron trichloride in toluene under refluxing conditions for 16 h, several B,B’,B -
tri(aryl)-N,N’,N "-tri(aryl)borazine derivatives can be synthesised upon addition of organometallic
derivatives (organolithium or organomagnesium) to the mixture. This methodology has been
introduced by Groszos and Stafiej in 1958 for the production of a series of B-alkyl and B-aryl
borazine species (Table 2.1). Since that work, different examples of borazine derivatives obtained

via nucleophilic substitution reaction have been reported in the literature, 4!

Table 2.1 — Different borazine species obtained via exchange reaction at the boron site, described in 1958 by Groszos and
Stafiej.?]

Entry R Yield (%)
SY W< S
|
B. 2 C,H 68
N 3 o 8
n-Gghy
Bo Bo Alkyl
R °N” "R 4 y i-C3H; 20
5 n-C4Hs 70
6 i-C4Hg 67

As it has already been mentioned, one of the main shortcoming of borazine species is their
reactivity toward nucleophiles by addition onto the electrophilic boron atoms, leading to the opening
of the cycle and the degradation of the borazine ring. This results in a high sensitivity of borazines
to H,O. Additionally, it is known that the insertion of bulky substituents in the proximity of the
boron sites prevents the attack of nucleophiles; therefore, it prevents the decomposition of the

borazine cycle.

The effect of the substituents has been measured in the cyclohexane system, and it is defined
as A-Values. More specifically, A-Values are numerical values used in the determination of the
most stable orientation of substituents in a molecule, as well as a general representation of steric

bulk. A-values are derived from energy measurements of a mono-substituted cyclohexane ring.
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Substituents on a cyclohexane ring prefer to reside in the equatorial position to the axial. The
difference in Gibbs free energy (AG) between the higher energy conformation (axial substitution)
and the lower energy conformation (equatorial substitution) is the A-value for that particular
substituent. Besides, the utility of A-values can be generalised for use outside of cyclohexane
conformations, helping to predict the steric effect of a substituent in a system. In general, the larger
the A-value is for a substituent, the larger the steric effect is for that substituent. For instance, methyl
has an A-value of 1.74 kcal/mol while fert-butyl has an A-value of 4.7-4.9 kcal/mol. Because the A-
value of fert-butyl is higher, fert-butyl has a larger steric effect than methyl.

Herein, the effect of the insertion of different substituents on the ortho-position of the B -aryl
groups of hexa-functionalised borazine derivatives will be addressed. The study will be divided in
two different categories, depending on the number of substituents inserted on B-aryl rings. On one
hand, when the three B-aryl moieties contain substituents in both ortho-positions, bis-substituted
borazine derivatives are obtained. On the other hand, when the three B-aryl moieties contain
substituents in only one ortho-position, mono-substituted borazines are formed. Besides, the
substituents can be directly attached to the B-aryl moieties (short-range substituents, SRoS) or they

can connected through a spacer (long-range substituents, LRoS) (Figure 2.2).

SRoS

Mono-Substituted Borazines Mono-Substituted Borazines

.

Bis-Substituted Borazines Bis-Substituted Borazines

Figure 2.2 — (a) Short-range ortho-substituents (SRoS) in the B-aryl moieties; (b) Long-range ortho-substituents (LRoS)
in the B-aryl moieties, for bis-substituted and mono-substituted borazine derivatives.
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2.3. Results and Discussion

The study is divided depending on the number and nature of the substituents. Firstly, the
synthesis and characterisation of bis-substituted borazine derivatives decorated with short- and long-
range ortho-substituents in the B-aryl moieties will be addressed. Later, the same study will be
developed for mono-substituted borazine moieties decorated with short- and long-range ortho-
substituents. Finally, a mechanistic proposal is presented, in order to explain the influence of the

substituents in the stereoselectivity of the reaction.

2.3.1. Study of the Steric Protection using Bis-B-ortho-Substituted Groups

In this Subsection, the results obtained during the investigation developed to evaluate the
steric effect of different R substituents on bis-B-substituted aryl rings are analysed. For this purpose,
the synthesis of different borazine derivatives have been carried out. Reaction of aniline with BCl;
under refluxing conditions for 16 h, leads to the formation of 1-3, which can be later functionalised

by addition of a bis-ortho-substituted ArLi (Table 2.2). Some data have been taken from literature.
Table 2.2 - Synthesis of bis-protected borazine derivatives.
Br Li
R R "BuLi R R
THF, -84 °C
NH, HCl cl RQ\ R
| |

BCl;

R | | R
Toluene, 0 °C to 110 °C _B., .Bo 0°Ctort,16h B. _B
Cl N Cl N
16 h © R © R

1-3

Precursor for the Ad/E Outcome
Entry A-value i
Reagent R (keal mol) Yield (%)
1 PhLi H 0 2-1: 31
2 1,3-difluoro-2-bromobenzene F 0-25-0.42 2-2: 65
1,3-dimethoxy-2- .
3 bromobenzena OMe 0.55-0.75 2-3: 81
4 2-bromomesitylene CH; 1.74 2-4:75
1,3-diisopropyl-2- :
5 bromobenzene 'Pr 2.21 -
1,3-di-tert-butyl-2-
6 bromobenzene ‘Bu 4.7-4.9 -
1,3di((trimethylsilyl)ethynyl)- — 0.41-0.52 (=)
7 2-bromobenzene ="1TMS 2.5 (TMS) -
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To start, hexaphenylborazine 2-1!! (Table 2.2, entry 1), in which the R group is an hydrogen
atoms (A-value = 0 kcal/mol), is highly unstable upon exposure to air. It is therefore difficult to be
isolated as it degrades into boronic acid (in equilibrium with its anhydride form) and aniline in the

presence of H>O, or even in solution using non anhydrous solvent for a long time (Scheme 2.1).

+

Toluene, 0 °C to 110 °C

_B< ,B\ 0°Ctort, 16h \ P
N el ©/ \® 1 week n CDCI3
h © © ”

13 241 (31%) Q

NH, @\ /@ @ @\QO 2q. workup, B(OH), NH,
10h ‘at air' @

Scheme 2.1 — Synthesis of hexaphenylborazine 2-1 and subsequent degradation into phenylboronic acid, in equilibrium
with triphenylboroxine.[¢!

Suitable crystals for X-ray diffraction analysis has been obtained by slow evaporation of a
chloroform solution.!® The crystal structure reveals that there is indeed no steric protection around
the boron atoms by the ortho-hydrogen atoms of the B-phenyl groups, consistent with the

observation of low stability of this derivative toward moisture (Figure 2.3).

Figure 2.3 - Spacefill (left) and ORTEP (right, hydrogen were omitted for the sake of clarity) representation of the crystal
structure of hexaphenylborazine 2-1.°1 The spacefill representation reveals the two possible turns of 2-1, having a propeller
shape. Space group Pna21. Colour code: grey: C, pink: B, white: H and blue: N.[¢]

As already mentioned, the insertion of bulky groups (SRoS or LRoS) close to the boron
atoms provides a steric protection against hydrolysis. The effect of the insertion of short-range
substituents will be firstly addressed. In this context, our group has recently presented borazine

derivative 2-2, decorated with electro-withdrawing groups, in particular, fluorides (Table 2.2,
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entry 2). The crystal structure of borazine 2-2 was recorded from single crystals obtained by slow
diffusion of MeOH in CH>Cl. As it can be observed in Figure 2.4, the boron atoms are not totally
covered by the introduction of this steric protection. In fact, fluoride has a very low A-value (0.25-

0.42 kcal/mol).

Figure 2.4 - Crystal structure of borazine derivative 2-2; (a) molecular structure; (b) crystal structure represented in capped
sticks; (c) crystal structure represented in spacefill. Space group: P21-c. The crystal was grown by slow diffusion of
methanol in CH2CL. Colour code: grey: C, pink: B, blue: N, and green: F. Hydrogen were omitted for the sake of clarity.

In this case, the stability of molecule 2-2 is justified by the partial negative charge of the
fluoride atoms (electronegativity in Pauling scale: 4.0), which provides a fluorophobic pocket that
prevents the addition of any nucleophile to the boron sites (electrostatic repulsion). Besides, it is
known that one of the approaches to prevent the hydrolysis of the ring is the insertion of electro-
withdrawing substituents on the boron atoms.['”! Those groups enhance the aromaticity of the BN-
cycle by allowing a better delocalisation of the electrons from the nitrogen atoms to the boron atoms,

thus strengthening the B-N double bond character and increasing the stability.

Borazine derivative 2-3 has been also successfully obtained and the molecular shows to be
stable under moisture (Table 2.2, entry 3). This molecule was unambiguously confirmed by NMR
(""B-NMR revealed a broad peak at 35.94 ppm) and high-resolution mass spectroscopy analysis
(Figure 2.5). The measured peak (m/z = 717.2853) corresponds to the molecular mass of borazine

2-3, [M]*, and matches with the calculated one (m/z = 717.3373) for C42H4,B3N30e.

46



Chapter 2 — Substituent-Dependent Stereoselective Synthesis of Borazine Derivatives

11-Apr-2016 BMM473 School of Chemistry Cardiff University
DB_MS11756 802 (13.368) Cm (802-1x1.200) TOF MS El+
717.2853 5.13e4

1004

™ 3
QR @
&% o 2 5

B-N R Cale 717,3373

e o 4™\ Found mz 717.2883

B il 27 M CigHyaBsNgOg

N 8
/¥
@0

R = OMe -Apr:2016 Bumazy ‘School of Chemistry Caraitt Uniw
e

2 orairy
ST1756 (0.017) I (1.00.1,09) CAZHA2BING08 TOF MS Bl
pet)

gor

nram

| Calculated

718.3434

e

8_MS14756 842 (12,3683 Em (803121 200, ToF s €l
®

“| Experimental b

207.0344 *|

731.3504

732.3526
miz

750 800

Figure 2.5 - ESI-HRMS mass spectrum of borazine 2-3, corresponding to the molecular formula: C42H42B3N30s.

The A-value in this case is a bit higher than in the precedent example (OMe, A-value =
0.55-0.77 kcal/mol), and in this case the steric protection could be enough to avoid the addition of
nucleophiles. In addition, the oxygen atoms are also very electronegative atoms (EN : 3.44), which

can also produce a electrostatic repulsion with any nucleophile.

The insertion of methyl groups for the steric protection of the borazine cores is well known
in literature (Table 2.2, entry 4). As it can be observed in the crystal structure, the methyl groups
(A-value = 1.74 kcal/mol) fall in the vicinity of the boron atoms, namely above and below the
borazine ring, prohibiting the attack of any nucleophile, hence avoiding the decomposition of

borazine 2-4 (Figure 2.6).1°

Figure 2.6 - Spacefill (left) and ORTEP (right, where hydrogen were omitted for the sake of clarity) representation of the
crystal structure of borazine 2-4,[%! where the steric protection around the boron atoms is clearly visualised. Space group:
P21/n. Colour code: grey: C, pink: B, white: H, blue: N.
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With the aim of further exploring the effect of other groups with larger steric effect, namely
higher A-values, on the borazine’ reaction, the study was carried out using 1,3,5-triisopropyl-2-
bromobenzene (R = 'Pr, A-value = 2.21 kcal/mol) for the halogen-lithium exchange, and the further
functionalisation of the borazine ring at the boron site (Table 2.2, entry 5). However, when using ‘Pr
groups, expected borazine 2-5 is not formed. Upon purification, borazene 2-6 was found in a very

low yield, and 48% of starting material aniline was recovered (Scheme 2.2).

Br Li
Pr. Pr nBuLj Pr Pr
_Bubi
THF, -84 °C
ipr Pr ipr
NH, HCI el /@ Q
_Bo ipr Pr i i
Oamteds| 5 SOV SEEN G
B B. B " NTOONT N N
Toluene, 0°Cto 110 °C cI” N e 0°Ctort, 16h NN - O i \'\3 Pr
16 h /@\/ N7 ﬁ iProA\/Pr OH
ipr iPr NPT ipr
L B Pr

2.5 (0%) 2-6 (3%)

Scheme 2.2 - Failed reaction towards the synthesis of hexa-functionalised borazine derivative 2-5, using isopropyl
moieties for the steric protection. However, molecule 2-6 was obtained in a very low yield.

This result suggests that the none of the three boron atoms of the borazine ring can be
substituted by such bulky aryl groups, and the unsubstituted cycle B,B’,B ’-tri(chloro)-N,N’,N -
tri(phenyl)borazine 1-3 decomposes during the aqueous workup. In addition, suitable crystals of
obtained borazene 2-6 were obtained by slow evaporation of CHCl; that allowed to unambiguously

asses its chemical identity (Figure 2.7).[9

a)
T Rt "
N\ /N\ ~
oL IR
R R OH
R=Pr

Figure 2.7 - Crystal structure of borazene 2-6, obtained by slow evaporation in CHCls. (a) molecular structure; (b) ORTEP
representation; (c) crystal structure represented in spacefill. Space group: P-1. Colour code: grey: C, pink: B, blue: N, red:
O. Hydrogen were omitted for the sake of clarity.

48



Chapter 2 — Substituent-Dependent Stereoselective Synthesis of Borazine Derivatives

To understand this chemical behaviour, it was envisaged to further investigate this reaction
by addition of a second ArLi reagent, less hindered than the one with isopropyl groups, which could
lead to the formation of a stable borazine derivative in which the boron atoms are differently
substituted (Scheme 2.3). More specifically, the ArLi derived from 1,3-diisopropyl-2-bromobenzene
was first added to the reaction mixture. After 16 hours, the less hindered MesLi (R = Me, A-value =
1.75 kcal/mol) was added as the second A4rLi reagent in the reaction mixture. However, the only
borazine derivative found upon purification was borazine 2-4 in 32% yield, but no traces of borazine
derivative containing any diisopropyl-substituted B-aryl moieties was identified (Scheme 2.3).
Hence, the bulkiness of the isopropyl groups prevents the attack to the borazine ring, and just MesLi

can react with it.

Br Li
iPr. Pr nBuLi iPr. 'Pr
R
THF, -84 °C
NH, HCI @\ O

) N SYYe

pp i \ vy

Toluene, 0 °C to 110 °C NN
oluene © ¢l cl 0°Ctort,16h  0°Ctort, Bin-B
16 h f 16h

= - Br

L 2-4 32%
"BuLi
THF, -84 °C

Scheme 2.3 - Failed reaction towards the synthesis of hexa-functionalised borazine, using isopropyl and methyl moieties
as protecting groups. Only borazine 2-4 has been obtained.

(‘DI
:N
\
B
N

The reaction was also tested using a bis ortho-tert-butyl aryl moiety for the functionalisation
at the boron site (fert-butyl, A-value = 4.7-4.9 kcal/mol). As before, the presence of groups with
higher A-values in the ArLi prevents the synthesis of expected borazine 2-7 (Table 2.2, entry 6).

Finally, the reaction has been tested using a long-range substituent. Specifically, the reaction
was attempted using 1,3-di((trimethylsilyl)ethynyl)-2-bromobenzene 2-8 as precursor (Table 2.2,
entry 7) (A-value of the acetylene = 0.41-0.52 kcal/mol; A-value of TMS = 2.5 kcal/ mol). For this
purpose, the preparation of compound 2-8 has been achieved. Commercially available 4-tert-
butylaniline was iodinated with KI and KIO; under acidic conditions, yielding compound 2-9 as a
red oil.l'"! Afterwards, amino derivative 2-9 was treated with amyl nitrite to obtain the corresponding
diazonuim salt, which was subsequently reacted with CuBr; to produce molecule 2-10 as a white
solid."! A Sonogashira cross-coupling reaction was then exploited for the synthesis of compound
2-8. More specifically, 2-10 was reacted with TMSA in the presence of [PdCl>(PPhs),] as catalysts
and Cul as co-catalyst, yielding compound 2-8 (Scheme 2.4) in 95% yield.['3]
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NH, NH, Br ™S B __TMS
| | | | X Z
KI, KOs, HCI Amyl nitrite, CuBr, TMSA, [PACI,(PPhs),], Cul
MeOH, H,0, rt., 12 h ACCN, rt., 2 h DPA, rt,, 16 h
Bu Bu Bu By
2-9 (79%) 2-10 (75%) 2-8 (95%)

Scheme 2.4 - Synthetic pathway undertaken for the synthesis of molecule 2-8.

The reaction toward the formation of the borazine derivative was attempted but formation
of the final borazine was not observed. This hypothetic borazine derivative would contain six
acetylene TMS groups around the borazine cycle. The huge steric hindrance that would exist
between them (TMS A-value = 2.5 kcal/mol) seems to prevent the synthesis. Also in this case, trial
to add a second ArLi reagent (MesLi, R = Me) has been attempted, but the expected combined
product was not identified and just borazine 2-4 was formed (36%). In a last attempt, and taking the
risk of obtaining an unstable borazine derivative, the reaction was tried with an even less hindered
second ArLi reagent (mono ortho-substituted ArLi, derived from 2-bromoanisole, R = OMe, A-
value = 0.55-0.75 kcal/mol). If this aryl moiety is linked to a boron atom, that boron atom would be
just partially protected by a mono ortho-substituted aryl derivative, and the stability of the final
compound would decrease. With this approach, borazine 2-11 was successfully obtained, and proved
to be stable against moisture (Scheme 2.5). Therefore, it was confirmed that just one equivalent of
the ArLi that contains the acetylene TMS (even if working in excess of it) can react with one
equivalent of B,B’, B ’-tri(chloro)-N,N’,N ”-tri(phenyl)borazine 1-3. The other two boron atoms thus
become not accessible for the hindered reagents and just the less hindered ArLi derivatives (as
0-OMePhLi) can approach the reaction centre. Besides, '"H-NMR confirmed the formation of the
two possible isomers (isomer ¢ and 7). Isomer ¢ defines the structure in which the two methoxy
groups are pointing in the same direction, while in isomer ¢, one methoxy group is located above
and the other below the borazine plane. The ratio between them could not be determined due to the
vicinity of the peaks of both methoxy and TMS groups in the '"H-NMR (Figure 2.8). Additionally,
AP-HRMS of molecule 2-11 confirmed the peak at 868.4288 whose isotopic pattern is consistent
with [M+Na]" (m/z = 868.6400 calculated for Cs,HssB3N3NaO,Si,).
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Scheme 2.5 - Synthetic strategy followed for the synthesis of molecule 2-11.
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Figure 2.8 - 400 MHz '"H-NMR of molecule 2-11 in CDCI;3 (Solvent residual peak: 7.26 ppm), where two different peaks
are observed for the protons corresponding to the methoxy groups and to the (triisopropylsilyl) acetylene groups.

Molecule 2-11 constitutes the first example of a borazine derivative in which two out of the

three boron atoms are just partially protected, showing that this partial protection is enough to

prevent decomposition of the borazine ring.
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2.3.2. Study of the Steric Protection using Mono-Ortho-Substituted groups

As a consequence of the synthesis of molecule 2-11, the study at this stage will be driven
toward the investigation of the effect of the substituents in the stereoselectivity of the process. For
that purpose, a novel family of borazine derivatives will be presented. In this new class, the
substituents that provide the steric protection are introduced in only one of the two ortho-positions
of the B-aryl moieties. Therefore, two different isomers can be produced (isomer cc and isomer ct),
depending on the position of the substituents, in respect to the borazine plane. Note that isomer cc
is obtained when the three ortho-substituents of the B-aryl moieties are all pointing in the same
direction, while isomer cf corresponds to two ortho-groups pointing in one direction, while the third

one is pointing in the opposite one.

Stability is a second particularly important feature to take into account during this research,
considering that borazines decorated with only three ortho-substituents (one per boron atom) were
designed in this project (Figure 2.9). The influence of the steric effect of those ortho-substituents in
regard to the protection of the borazine core will therefore be screened by using diverse groups. For
this reason, the analysis in this case will be done from LRoS to SRoS, and in the second case, from

substituents with larger steric effect to those with lower.
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Figure 2.9 - Representation of the three possible kind of aryl substituted borazine derivatives. (a) Highly unstable borazine
2-1, (b) partial protected borazine, isomer cc and cf; and (c) stable borazine derivatives.

2.3.2.a

ortho-Substituents (Silyl Protected acetylene moieties)

Syntheses of Borazine Derivatives containing Long-Range

The first borazine derivatives to be synthesised contain (triisopropylsilyl) or (trimethylsilyl)
acetylene as substituents in one ortho-position of the B-aryl groups. For their preparation, derivative
2-12 (99%) and derivative 2-13 (quant.) were synthesised by Sonogashira cross-coupling reaction
from 2-iodobromobenzene with (triisopropylsilyl) acetylene or (trimethylsilyl) acetylene at room

temperature during two hours, using [PdCl»(PPhs),] as catalyst and Cul as co-catalyst.'¥ The
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reaction toward the synthesis of these hexa-functionalised borazines, using molecule 2-12 or 2-13
for the halogen-lithium exchange (n-BuLi was used as lithium source)!'®! successfully led to the

formation of desired borazines 2-14 (37%) and 2-15 (63%), respectively (Scheme 2.6).

Br

Br Li
|\© [PdCI,(PPhj3),], Cul R "BuLi R
TIPSA or TMSA THF, -84 °C

DPA, rt, 2h

Toluene, 0 °C to 110 °C

(ol \N/ \CI 0°Ctort,16h
16h a

Precursor forthe Ad/E Outcome
Entry ]
R Reagent Yield (%)
1 —TIPS 212 Borazine 2-14: 40
2 =—TMS 2413 Borazine 2-15: 63

Scheme 2.6 - Preparation of borazines 2-14 and 2-15.

Compound 2-14 was analysed by 'H-NMR (Figure 2.10). The presence of two peaks in the
aliphatic region, at 1-1.5 ppm, which correspond to the hydrogen atoms of the (triisopropylsilyl)
acetylene moieties are attributed to the formation of isomer ctz. In fact, the peak at 1.34 ppm
integrates for 21 protons, while the other at 1.24 ppm corresponds to 42 protons, integrating to the

expected total of 63 protons. The aromatic region does not help to elucidate the obtained isomer.
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Figure 2.10 - 400 MHz 'H-NMR of molecule 2-14 in CDCI;3 (Solvent residual peak: 7.26 ppm), where two different peaks
are observed for the protons corresponding to the tri(isopropyl)silyl acetylene: at 1.33 ppm the signal integrates for 21
protons, and the second signal at 1.23 ppm for 42 protons.

Nevertheless, the chemical identity of molecule 2-14 was unambiguously confirmed by
X-Ray diffraction analysis. Molecule 2-14 was crystallised by slow diffusion of MeOH in CH,Cl,.
As already predicted by 'H-NMR studies, isomer ¢t was found, where two of the (triisopropylsilyl)
acetylene groups are on the same side, and the third one is on the opposite with respect to the

borazine ring (Figure 2.11).
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R= =—TIPS

Figure 2.11 - Crystal structure of borazine derivative 2-14; (a) molecular structure; (b) crystal structure represented in
capped sticks; (c) crystal structure represented in spacefill. Space group: P -1. The crystal was grown by slow diffusion of
MeOH in CH2Cla. Colour code: grey: C, pink: B, blue: N and yellow: Si. Hydrogen atoms were omitted for the sake of
clarity.

Similarly, borazine 2-15 was also analysed by 'H-NMR. Conversely, in this case, three
different NMR resonances were found for the TMS groups in the aliphatic region, which were
associated to the formation of both isomers cc and ct. The analysis of the integral ratio between the

three different peaks defines the composition of the mixture as cc:ef 2:1 (Figure 2.12).
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Figure 2.12 - '"H-NMR spectrum of molecule 2-15 in CDCls (residual peak: 7.26 ppm), where three different peaks are
observed for the protons of the tri(methyl)silyl acetylene. Firstly, at 0.472 ppm a peak that integrates for 9 protons,
secondly, a peak at 0.378 ppm for 18 protons and finally at 0.293 ppm that integrates for 54 protons, confirming the
presence of isomer cc and isomer ct.

Furthermore, it was also noticed that isomerisation from isomer cc to isomer ¢t occurs in
solution upon heating up to 60 °C. Taking in consideration this phenomenon, the reaction was
repeated but temperature was kept at maximum 15 °C during the functionalisation reaction and

workup. This afforded desired borazine 2-15 in a 89:11 cc:ct mixture.

Both isomers of molecule 2-15 were confirmed by X-ray diffraction analysis. In particular,
suitable crystals of isomer 2-15¢c were prepared by slow diffusion of ‘PrOH in acetone from a
solution of borazine enriched in isomer cc (cc:ct 89:11). The temperature was kept below 4 °C
during the crystallisation step to avoid further isomerisation. Secondly, suitable crystals of the ct
were also obtained by slow diffusion of MeOH in CH>Cl; from a solution of borazine enriched in

isomer ct (cc:ct 5:95) at room temperature (Figure 2.13 and 2.14).
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Figure 2.13 - Crystal structure of borazine derivative 2-15 (isomer cc); (a) molecular structure; (b) crystal structure
represented in capped sticks; (c) crystal structure represented in spacefill view from the top, (c) crystal structure
represented in spacefill, view from the bottom. Space group: P 21. The crystal was grown by slow diffusion of ‘PrOH in
acetone. Colour code: grey: C, pink: B, yellow: Si and blue: N. Hydrogen was omitted for the sake of clarity.
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Figure 2.14 - Crystal structure of borazine derivative 2-15 (isomer cf); (a) molecular structure; (b) crystal structure
represented in capped sticks; (c) crystal structure represented in spacefill. Space group: P n a 2;. The crystal was grown
by slow diffusion of MeOH in CH2Clz. Colour code: grey: C, pink: B, yellow: Si and blue: N. Hydrogen was omitted for
the sake of clarity.

These two examples (borazines 2-14 and 2-15) constitute the first syntheses of borazines
derivatives in which the borazines cores are just partially protected. Notably, no decomposition has

been observed during aqueous workup.
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2.3.2.b Synthesis of Borazine 2-17 using a Triazene Moiety for the Steric Protection

The second part of the investigation consisted of the synthesis of borazine 2-17 decorated
with an encumbered triazene derivative (A-value of this triazene derivative is unknown, as example
of a similar structure: N=CHCH(CH3),, A-value = 0.75 kcal/mol). For that purpose, molecule 2-16
was prepared from a solution of 2-bromoaniline in concentrated hydrochloric acid at 0 °C.
Afterwards, a solution of NaNO; in cold water was added dropwise. Once the diazonium salt was
formed, a solution of pyrrolidine in KOH was added, and target molecule 2-16 was obtained in 70%

yield after filtration.!'®) Borazine 2-17 was later obtained as a white solid in 55% yield (Scheme 2.7).

Br n . R
1. NaNOQ HCI, H,0 BuLi Li
_—
2. KOH H,0, pyrrolidine

THF, -84 °C
0°C,1h 2-16 (70%)
BCly Q O @\ O
Toluene, 0 °C N \N/ ~I 0°Ctort,16h \ B
, ottoec 16n a © \® a
Bu gy 217 (55%

Scheme 2.7 - Preparation of borazine 2-17.

The complexity of the 'H-NMR did not allow elucidating a fully structure description of the
isomers obtained. Nonetheless, isomer cc was unambiguously determined by X-Ray diffraction.
Single crystals of desired molecule 2-17 were obtained by slow diffusion of MeOH in CH>Cl. As
observed in Figure 2.15, the three triazene groups are located on the same side of the borazine ring.
Even with no bulky group located on one side of the BN-ring, borazine 2-17 shows a good stability,

and does not decompose in the presence of H,O.
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Figure 2.15 - Crystal structure of borazine derivative 2-17; (a) molecular structure; (b) crystal structure represented in
capped sticks; (c) crystal structure represented in spacefill (view from the top); (d) crystal structure represented in spacefill
(view from the bottom). Space group: P 21/ c. The crystal was grown by slow diffusion of MeOH in CH2Clz. Colour code:
grey: C, pink: B and blue: N. Hydrogen was omitted for a sake of clarity.

2.3.2.c Study of the Isomerisation Process in Borazine 2-15 from cc to ct

The isomerisation process of borazine derivative 2-15 from isomer cc to isomer ct has been
studied in detail. Note that isomerisation has not been observed for the other two borazine

derivatives 2-14 and 2-17.
2.3.2.c.1 Variable Temperature Analysis

As previously mentioned, when the reaction toward the synthesis of molecule 2-15 and the
subsequent workup is carried out at a temperature below 15 °C it is possible to obtain the molecule
with a ratio of isomers of cc:ct 89:11. However, upon raising the temperature, borazine 2-15 undergo

isomerisation and the ratio of isomers changes from cc:ct 89:11 to ce:ct 5:95.

With the aim of investigating the process, variable temperature experiment was developed.
During this experiment, acquisition was taken every five minutes at specific preset temperatures.

Figure 2.16 describes an overlay of all '"H-NMR spectra recorded at different temperatures during
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the study, and zoomed on the region of interest, namely, in the aliphatic part of the spectra where
the signals of the trimethylsilyl groups appear. Figure 2.17 displays a graphic representation of the

percentage of isomer cc during the experience. Both figures will be used to explain the process.

Starting from a mixture of borazine cc:ct 89:11 and applying a temperature cycle set up
from 25 °C to 60 °C, and from 60 °C to 25 °C, conversion of isomer cc into isomer ¢t was observed
and the final composition of the mixture was then cc:ct 5:95. More specifically, a first "H-NMR
spectrum was acquired at 25 °C (t = 0 min). It is highlighted by the blue line in Figure 2.16 and thus
corresponds to a cc:et 89:11 mixture. Subsequently, the temperature was linearly increased
until 50 °C, and 'H-NMR spectrum was acquired every 5 minutes, corresponding to a temperature
increase of 5 °C (Figure 2.17). At 50 °C (t = 25 min), the overall ratio between isomers had changed
from cc:ct 89:11 (T =25 °C, t =0 min) to cc.ct 72:28 (T = 50 °C, t =25 min). When looking closely
at the evolution of the isomers ratio in function of time (Figure 2.17), a more abrupt isomerisation
occurred between the temperature range of 45-50 °C. In particular, the isomer ratio was observed to
change from cc:ct 82:18 (T =45 °C, t=20 min) to cc:ct 72:28 (T = 50 °C, t = 25 min). This indicates
that the higher the temperature is, the faster the isomerisation process occurs. This is the reason why
the temperature was maintained constant at 50 °C for an additional 155 minutes (to reach a final
t=180 min), after which the ratio between the isomers was calculated to be cc:ct 9:91. The
temperature was finally increased up to 60 °C, at which the isomers ratio was cc:ct 5:95 (Figure
2.17). In order to determine whether the isomerisation is a reversible process, the temperature was
brought back to room temperature and a final acquisition was performed at 25 °C. The isomers ratio
remained at 5:95, indicating that no inverse isomerisation had occurred. The final mixture is thus
composed by a mixture of isomers at cc:ct 5:95 (Figure 2.16, magenta line), suggesting that isomer

ct is the most stable one.
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Figure 2.16 - VT 'H-NMR studies of molecule 2-15 in CsDs, zoomed in the aliphatic area of the spectra, specifically
around 0.4-0.54 ppm where three different peaks are observed corresponding to the protons of the (trimethylsilyl)
acetylene. At 0.435 ppm, there is a signal assigned to isomer cc. At 0.485 ppm and 0.525 ppm the peaks are attributed to
isomer ct. T1 (blue line) corresponds to the initial temperature (T1 =25 °C), and T2 (magenta line) to the final one, after
the variable temperature experience (T2 =25 °C). The maximum temperature reached during the process was 60 °C.
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Figure 2.17 - Graphic representation of the percentage of isomer cc in borazine derivative 2-15 during the experiment.
First, the studies were developed at different temperatures, from 25 °C to 45 °C. Afterwards, the temperature was stabilised
at 50 °C. Then, the process was developed at 60 °C, and finally the cooling down ramp to come back to room temperature
is represented.
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To confirm it, the variation on the heat of formation between both isomers has been
theoretically calculated. In line with the previous experimental observations, the results show that
isomer ct is more stable than cc isomer. In particular, calculations for the geometric optimisations
in gas phase revealed that ¢t isomer is 0.11 eV (10.63 kJ/mol) more stable than cc isomer. DFT
calculations were performed with the plane-wave pseudopotential package QUANTUM
ESPRESSO using a GGA-PBE ultrasoft pseudopotentials.

2.3.2.c.2 Calculation of k and AG” at 50 °C

The rate constant (k) of the isomerisation reaction can experimentally be obtained following
a first order equation, where k& depends on the concentration of only one reagent. In our case,
In [A]/[A]o vs time is represented for a temperature of 50 °C (Figure 2.18). The slope of the graphic

then corresponds to the rate constant of the process (k), as shown in Equation 1:

In[A]; =In[4], — k-t (eq. 1)

Ln [A]/IA],

Y T ¥ T v T T T T
0 1500 3000 4500 6000 7500 9000

t/'s

Figure 2.18 - Graphic where In [A]: vs t is represented for the calculation of k at T =50 °C.

Therefore, the isomerisation process at 50 °C occurs according to the following equation:
In [A]; = —0.3357 — 0.0002 - t
From which the rate constant (k) can be obtained:

k =0.0002s7!
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On the other hand, Gibbs energy of activation (4G”) can be also calculated via Eyring
equation, which describes the variation of the rate of a chemical reaction in function of the

temperature (equation 2):

k= ——. eRrT (eq. 2)

where, kzis the Boltzmann constant (1.381-10% J - K'!), T'is the absolute temperature in Kelvin (K),
h is the Planck constant (6.626-103* J - s), AG” is the Gibbs energy of activation, and R is the

universal gas constant (8.3145 J - mol!' K).

As the rate constant is known, as well as all the other constants, the Gibbs energy of

activation at 50 °C (4G?) can be calculated as:
AG* = 102 kJ -mol™?

To summarise, Figure 2.19 represents the graphic for the calculated energies (4G has been
theoretically calculated and 4G” has been experimentally calculated) of the isomerisation process at

50 °C.

102
kd/mol

Energy

ct

.

Reaction coordinate

Figure 2.19 - Graphic representation of heat change of formation of isomer ¢c and isomer ¢t (theoretically calculated) and
the Gibbs energy of activation at 50 °C (experimentally calculated). Energy vs reaction coordinate.

2.3.2.¢.3 Study of the Isomerisation Process

To the best of our knowledge, two processes could explain the isomerisation observed in
borazine 2-15, namely, fast ring-opening-closure or rotation around the 6-bond between the boron
atom of the borazine ring and the carbon of the aryl moiety that contains the (trimethylsilyl)
acetylene group in ortho-position (Figure 2.20). In order to elucidate which of these two phenomena

takes place, different tests have been developed.
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Figure 2.20 - Study of the isomerisation process, (a) ring-opening-closure route; (b) rotation around c-bond between the
boron atom and the aryl moiety.

- Study of the ring-opening route:

To start with, borazine 2-15 was subjected to VT '"H-NMR experiments in toluene-d8§ and
in the presence of either 4-tert-butylaniline or 2,4,6-(trimethylphenyl) boronic acid. In the case of
isomerisation via the fast ring-opening route, upon addition of 4-fert-butylaniline in the NMR tube
containing the solution of borazine 2-15 and heating, reaction between 4-fert-butylaniline and the
‘opened-borazine’, resulting in the formation of a new B-N bond with 4-tert-butylaniline, would be
expected (Scheme 2.8). However, this was not observed and only isomerisation occurred, affording
95% of isomer ct from an original cc:ct 2:1 mixture. 4-tert-butylaniline was also recovered after the

heating cycle.

@QJ@ @QO @QO

o ©<> i @ @ o @ & G

=—TMS =—TMS
2-15

Scheme 2.8 - Fast ring-opening-closure isomerisation test using 4-fert-butylaniline as external agent.
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Following the same strategy, 2,4,6-trimethylphenylboronic acid was added to the NMR tube
containing the solution of borazine 2-15. However, neither in this case, formation of a new B-N

bond with the external boronic acid has been detected.

These two tests show that the isomerisation process does not occur via fast ring-opening-

closure reaction.

- Study of the possible rotation around the o-bond:

Instead, the isomerisation can occur via rotation around the formal c-bond between the
boron atom of the borazine ring and the sp’-carbon of the B-aryl moiety that contains the
(trimethylsilyl) acetylene group in ortho-position. In order to confirm this, introduction of additional
short-range ortho-substituents (SRoS) on the B-aryl groups or on the N-aryl moieties of the borazine
derivatives was carried out (Figure 2.21). Indeed, by increasing the steric hindrance around the
borazine ring, the rotational energy barrier of rotations around the single bonds should raise,
preventing the interconversion of one isomer into the other, thereby preventing isomerisation to take

place.

a) Introduction of SRS on b) Introduction of SRoS on
the N-aryl groups the B-aryl groups

@(Rz(jm #R,==—TMs a @ Ry #R, = =—TMs

Ncc_ BCC

Figure 2.21 — Schematic representation of the target tests, when introducing short-range ortho-substituents on the (a) N-
aryl groups, or (b) B-aryl groups.
In this context, the two different sets of experiments were performed and classified

according to the ring on which the new groups were introduced.

In the first set, ortho-substituted aniline derivatives were reacted with the ArLi reagent
derived from 2-13 to introduce additional substituents on the ortho-positions of the N-aryl groups
of the resulting borazine. More specifically, the reaction was respectively carried out with bis ortho-
substituted 2,4,6-trimethylaniline, and with mono ortho-substituted 2-methylaniline. While the

reaction with 2,4,6-trimethylaniline did not provide the desired borazine derivative, reaction with
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2-methylaniline can give rise to eight different isomers of desired borazine 2-18, owing to the

combinations of the two mono ortho-aryl moieties (Scheme 2.9).

™S Br Li
X "BuLi Ry
—_—
THF, -84 °C
2413
NH, HCI Ry cl R Ry R R, [;Rz Ry
S ) | T X
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CcI” N" el Bay-B

Toluene, 0 °C to 110 °C
N

0°Ctort, 16 h
16 h @
R
Ry=H i
Ry-=Tms 2-18(53%)

Rq R4 -

Ri=Me

R, ==—TMS (0%)

Scheme 2.9 — Introduction of SRoS on the N-aryl moieties. Synthesis of borazine derivative 2-18.

Because the mixture of 2-18 was not enriched in any isomer, further VT-NMR experiments
were not performed. They would indeed not have helped understanding the mechanism of
isomerisation. Note that a full study with ortho-substituted aniline moieties will be addressed in

Chapter 3.

In the same context, the introduction of SRoS on the N-aryl rings has been also explored
using 2-12 for the halogen-lithium exchange. When the reaction was carried out with aniline, only
isomer ct was observed (2-14). However, when introduction of a methyl group on the N-aryl ring,
70% of isomer N“:B“ was obtained (molecule 2-19, Figure 2.21), and no further isomerisation was
observed even if the sample is heated (Scheme 2.10). This suggests that borazine 2-14 is initially
formed as isomer cc, but it directly isomerises to isomer cf at room temperature, as it probably has
a lower rotational energy barrier than 2-15. Therefore, we can confirm that by increasing the steric
hindrance of the ortho-positions, the rotational energy barrier allowing for rotations around the

single bonds raises, preventing from the interconversion of one isomer into the other (Figure 2.21).
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Scheme 2.10 — Introduction of SRoS on the N-aryl moieties. Synthesis of borazine derivative 2-19.
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Figure 2.21 — (a) Molecule 2-14; (b) introduction of SRoS on the N-aryl moieties, molecule 2-19. 'H-NMR in CDCls
(residual peak: 7.26 ppm) of borazine derivative 2-19 N“:B“ (70%).

In the second set of experiments, the additional substituents on the ortho-positions of the

aryl groups of the resulting borazines were brought through the ArLi reagent (asymmetrical ArLi

derivatives, where R; # R, # H). For this purpose, 3-(trimethylsilyl)-acetylene-2-bromotoluene!**! 2-

20 and 3-(trimethylsilyl)-acetylene-2-bromoanisole 2-21 have been quantitatively prepared by

Sonogashira cross-coupling reaction of 3-iodo-2-bromotoluene or 3-iodo-2-bromoanisole with

(trimethylsilyl) acetylene at room temperature during two hours, using [PdCl2(PPhs),] as catalyst

and Cul as co-catalyst (Scheme 2.11).
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Scheme 2.11 — Preparation of compounds 2-20 and 2-21 by Sonogashira cross-coupling reaction.

For the synthesis of the target borazines 2-22 and 2-23, aniline reacts overnight with BCl3
under refluxing conditions. Addition of the corresponding nucleophile derived from compound 2-
20 or compound 2-21, respectively, would lead to the formation of the expected borazines (isomers
cc and/or ct) (Scheme 2.12). However, in both cases, the expected borazine was not formed, and just

borazine 2-24 and 2-25 were obtained (isomer 7).

S~ Br s i QTQ%O @f; R@
\,\ Ri g AR N By N B
| o | R E e
-

S THE mac - o Re ,'
N i 5“\
Ri A Ries ® Ry
NH2 HC' - ol w
'| : @ - =Me 2-22 (0%)
J BC[a By Rz——TMs
P | | e o | oo
Toluene. 36?011000 - .- owch[o i, =OMe 223 (0%)

T™MS

x

*QQ &, @@ ,O
. @R. o @r o —
@ )

R; = =—TMS

R, = OMe 2-25 (39%)
£ Ry==—TMs

Scheme 2.12 — Failed attempt toward the synthesis of borazine 2-22 and 2-23. However, borazines 2-24 and 2-25 were
obtained.

The identification of each borazine was corroborated by 'B-NMR analysis, in which two
peaks, instead of one, were detected. For instance, for borazine 2-24, one peak was observed at
35.98 ppm, corresponding to the expected chemical shift for the boron atom of a borazine substituted
by the aryl groups, and a second peak at 25.72 ppm, suggesting the presence of a B-O bond (Figure
2.22).4
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Figure 2.22 128 MHz ''B-NMR of molecule 2-24 in CDCl3, where two peaks are observed. The first one at 35.98 ppm
is typical for borazine derivatives, while the second one at 25.72 ppm corresponds to a boron linked to an oxygen.

Suitable crystals of 2-24 and 2-25 for X-Ray diffraction analysis were obtained by slow
diffusion of MeOH in CHCI; and depicted in Figure 2.23 and Figure 2.24. Identification of isomer
t was achieved thanks to X-Ray analysis. Thus, for borazine 2-24, the (trimethylsilyl) acetylene and
methyl groups in the ortho-positions of the aryl substituents are distributed in an opposite way,
respectively. Namely, there are one (trimethylsilyl) acetylene of one B-aryl substituent, and one
methyl corresponding to the other B-aryl group pointing in the same direction, while the

complementary groups are pointing in the opposite direction. The same was observed for borazine

Figure 2.23 — Crystal structure of borazine derivative 2-24; (a) molecular structure; (b) crystal structure represented in
capped sticks; (c) crystal structure represented in spacefill. Space group: P - 1. The crystal was grown by slow diffusion
of MeOH in CDCls. Colour code: grey: C, pink: B, yellow: Si, red: O, and blue: N. Hydrogen was omitted for the sake of
clarity.
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Figure 2.24 — Crystal structure of borazine derivative 2-25; (a) molecular structure; (b) crystal structure represented in
capped sticks; (c) crystal structure represented in spacefill. Space group: P 1. The crystal was grown by slow diffusion of
MeOH in CDCls. Colour code: grey: C, pink: B, yellow: Si, red: O, and blue: N. Hydrogen was omitted for the sake of
clarity.

VT '"H-NMR of borazines 2-24 and 2-25 in benzene-ds were also performed. However, no
change was observed upon temperature increase, even after 1 hour. The molecules are thus not
subjected to any isomerisation process. VT 'H-NMR spectrum of molecule 2-24 is depicted in
Figure 2.25. This is in accordance with the previous result obtained with borazine 2-15, namely once
the most stable isomer # (or cf) is obtained, isomerisation toward isomer ¢ (or cc) no longer takes

place.
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Figure 2.25 — Variable temperature 'H-NMR of molecule 2-24 in CsDs, zoomed in the aliphatic area of the spectra,
specifically around 2.6-2.10 and 0.70-0.35 ppm. In the first region it can be observed the peak corresponding to the methyl
groups, and in the second one, the one corresponding to trimethylsilyl. When increasing the temperature, from 22 °C to
65 °C and again back to 22 °C, any variation can be observed.

These experiments have demonstrated that B-aryl moieties containing one short-range
ortho-substituent (e.g. Me, A-value = 1.74 kcal/mol, or OMe, 0.55-0.75 kcal/mol) and one long-
range ortho-substituent ((trimethylsilyl) acetylene) cannot be used to obtain final borazine

derivatives in which the three boron atoms are equally substituted. During the addition/elimination
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process, just two nucleophiles are able to react with two boron sites of the borazine core, and the
third boron atom remains bonded to the chlorine. Later, during the aqueous workup step, H>O acts
as nucleophile and addition/elimination process occurs at that boron atom, leading to the formation
of both borazines 2-24 and 2-25. Therefore, this set cannot help to confirm whether isomerisation

occurs via rotation.

In order to determine whether the entrance of less hindered groups is feasible, quenching of
the reaction with different nucleophiles was achieved. The test showed that when using PhLi, the
attack on the third boron atom is possible, leading to 37% of the isomer ¢ of borazine 2-26 (Scheme

2.13). The presence of only one isomer was confirmed by '"H-NMR spectroscopy (Figure 2.26).
™S Br ™S Li
\(j/o“"e "ByLj X OMe
THF, -84 °C
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@ M» NEN PhLi NTOON R, =OMe 2-26 (37%)
Toluene, 0 °C to 110 °C B B 0°Ctort.,  0°Ctort, Ra Boy-B Ry = =—TMS
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Scheme 2.13 — Synthesis of borazine 2-26.

@
/
—0.49

~
i
~
-
@
o
]
o
n
o
w
—351

I
o
<]
©

B e

,,,,, Pt 1 —r—r . —
o 40 35 30 25 20 15 10 05 00

125 11.5 10.5 95 90 85 80 75 70 65 60 55 50 4
& /ppm

Figure 2.26 —'H-NMR in CDCl; (residual peak: 7.26 ppm) of borazine derivative 2-26.
In conclusion, the studies developed for the elucidation of the mechanism through which
isomerisation takes place, helped confirming that isomerisation does not occur via fast ring opening-

closure. Therefore, and thanks to the result obtained with similar derivative 2-19, it can be confirmed

that the process occurs via rotation around the 6-bond between the boron atom of the borazine ring
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and the sp’-carbon of the B-aryl moiety that contains the (trimethylsilyl) acetylene group in ortho-

position.

2.3.2.d Syntheses of Borazine Derivatives containing  Short-Range

ortho-Substituents

The fourth part of the project toward the study of the effect of a substituent in the
stereoselectivity of the process was carried out with ortho-substituents that have a lower steric effect
(R = Me, CF3;, and NMe») in comparison to those already discussed. For this purpose, synthesis of
borazine 2-27, 2-28, and 2-29 has been achieved with respectively 2-bromotoluene, 2-bromo-
trifluoromethylbenzene and 2-bromo-N, N-dimethylaniline as precursors for the formation of the
desired ArLi derivatives (using n-BuLi for the exchange).l?*?!! For the synthesis of those borazine
derivatives, the same methodology previously described was followed. All target molecules were
formed with success in yields ranging from 69 to 47%. These new borazine derivatives show to be
stable against moisture. In the three cases, and in contrast with the previous results, both isomers c¢
and cc were obtained in a ratio cc:ct 1:3. The identification of both isomers was determined by
"H-NMR in which three different peaks were found in the aliphatic part of the spectrum, and the
integral relation between them allowed to calculate the ratio obtained (in the case of the CF with

19F_-NMR) (Table 2.3).

Table 2.3 — Synthesis of mono-protected borazine derivatives, using short-range ortho-substituents.

Br Li
R "BuLi R
_
THF, -84 °C

HC}' SWYe SISOV E
PN
BCl, NELY LAY N BN
| | | I R + é é R
Toluene, 0 °C to 110 °C CI/B\N/B\CI 0°Ctort, 16 h : ,B\N/B\ t : B B j
h @ R © R ©
cc ct

Precursor for the Ad / E Outcome
Entry A-value
0,
R Reagent (kcalimol) Yield (%)
1 Me 2-bromotoluene 1.74 Borazine 2-27: 69
2 CF, 2-bromotrifluoromethylbenzene 2425 Borazine 2-28: 51
3 NMe, 2-bromo-N-N-dimethylaniline N*H(Me), 2.4 Borazine 2-29: 47
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VT 'H-NMR experiments with borazine derivatives 2-27 and 2-29 were also developed to
see if any interconversion or isomerisation takes place between the isomers. However, after heating
up to 75 °C, no variation in the integration of the peaks was observed, indicating that no

isomerisation had occurred when increasing the temperature (Figure 2.27).

T P
15 2C 75 eC
i e B e N R
T s Sy ¢ AN T A A_ A
L/% M /L .
25°C A jL N 25°9C J\J .

2.44 23 2.28 2.20 2.12 282 2.74 2.66 2.58 2.50
G/ ppm &/ ppm

R= Me R=NMe,

Figure 2.27 — Variable temperature 'H-NMR of molecules 2-27 and 2-29 in CsDs, zoomed in the aliphatic area of the
spectra. When increasing the temperature, from 25 °C to 75 °C and again back to, 25 °C, any variation can be observed,
confirming no isomerisation.

2-Bromoanisole, which contains a methoxy group in the ortho-position (OMe A-value =
0.55-0.75 kcal/mol), was used as a fourth precursor for the halogen-lithium exchange.? Borazine
2-30 was successfully obtained (Scheme 2.14), and showed to be stable in the presence of water
during the short times required for the workup. Both isomers cc and ct were also formed. However,
the ratio between them was not consistent with the precedent result. In this case, the ratio obtained

was measured as cc.ct 1:5.
Br Li
MeO "BuLi MeO
THF, -84 °C { \© ]
NH, Q Q
@ BCl, ? Q\ /O \: /O Q\ /O

° B\ .B
Toluene, 0 °C to 110 °C cI”oNN \CI

0°Ctort, 16 h
16h O/
@ © 2-30 (69%) ©

R = OMe

Scheme 2.14 — Synthesis of borazine 2-30.

Also in this case, variable temperature "H-NMR studies of molecule 2-30 in benzene-dshave
been carried out and similarly, no isomerisation has been observed upon raising the temperature to

75 °C, as shown in Figure 2.28.
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Figure 2.28 — Variable temperature '"H-NMR of molecule 2-30 in Ce¢Ds, zoomed in the aliphatic area of the spectrum.
When increasing the temperature, from 25 °C to 75 °C and again back to 25 °C, any variation can be observed and not
isomerisation process takes place.

In this case, the steric effect of the methoxy groups is lower if compared with the previous
examples (OMe, A-value = 0.55-0.75 kcal/mol), and this is clearly reflected on the stability of
molecule 2-30. After 5 days, decomposition toward the formation of the corresponding boronic acid
and aniline is observed when the borazine is stored under argon atmosphere at room temperature,
while previous borazines are stable under similar conditions. In Figure 2.29 is depicted the "H-NMR
of molecule 2-30 in CDCl; at different times, and compared to the '"H-NMR of the corresponding
boronic acid 2-31. After workup by extraction with water, and subsequent purification just the peaks
corresponding to the target borazine are observed. However when time passes, borazine 2-30 starts
to decompose, as shown in Figure 2.29, where not only peaks of borazine are observed, but also
those which correspond to boronic acid 2-31. It is important to remark that the integral relation
between the aliphatic peaks did not change when decomposition starts (cc:ct 1:5). This suggests that
both isomers cc and ct are equally unstable and both can undergo hydrolysis at the same time under

the same conditions.
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Figure 2.29 — 400 MHz 'H-NMR of molecule 2-30 in CDCl3 (solvent residual peak: 7.26 ppm), at different times, (a)
corresponds to the 'H-NMR of the corresponding boronic acid 2-31 (b) shows borazine 2-30 after 5 days, where
decomposition toward boronic acid can be observed, and (c) shows borazine 2-30 directly after purification.

As previously mentioned, the ratio between isomers in this case was different, cc:ct 1:5
instead of 1:3. Therefore, the next step was to clarify the reasons that could drive to this ratio. Firstly,
in order to test if it was due to any kind of coordination between the lithium atoms and the oxygen
atoms of the methoxy groups in the ortho-positions, external agents that could cancel that
coordination were added. For example, HMPA (hexamethylphosphoramide) has been added to the
reaction. HMPA can selectively solvate cations (as Li*), generating more "naked" anions, which
could help during the reaction. Nevertheless, no variation in the final ratio has been detected. Metal
exchange was also studied to observe its effect during the reaction. For that reason, a potassium salt
was added to the reaction mixture, but no change has been observed. As B,B’, B ’-tri(chloro)N,N’,N -
tri(phenyl)borazine 1-3 is insoluble in toluene, different groups in the para-position of the aniline
could help in terms of solubility, and ease the reaction. For that, the aniline precursor has been
slightly modified, using 4-tert-butylaniline or 4-chloroaniline. However, same ratio between
isomers has been obtained. The solvent used during the formation of the ArLi has been also tested

but no modification in the ratio between isomers has been observed (Table 2.4).
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In light of these results, it was concluded that the observed ratio was not linked to any

external agent and was therefore due to the steric effect of the substituent.

Table 2.4 - Summarised conditions tested for the reaction towards the formation of borazine 2-30.

Reagents Conditions Outcome
Entry | precursor for Aniline moiet Solvent External  Ratio Yield
the Ad/ E y agent cc/ct (%)
1 Aniline Toluene /THF - 1:5 69
2 Aniline Toluene /THF HMPA 1:5 5
3 4-tert-butyl-aniline Toluene /THF - 1:5 72
4 4-tert-butyl-aniline Toluene /THF HMPA 1:5 4
2-bromo .
5 . 4-tert-butyl-aniline Toluene /THF TMEDA 1:5
anisole N
6 4-tert-butyl-aniline Toluene /Et,O - 1:5 74
7 4-tert-butyl-aniline Toluene /Et,O HMPA 1:5 4
8 4-tert-butyl-aniline Toluene /Et,O tBuOK 1:5 54
9 4-tert-butyl-aniline Toluene /THF tBuOK 1:5 55
10 4-chloro-aniline Toluene /THF - 1:5 67

In addition, when using 4-fert-butylaniline (2-32) as amino precursor, it was possible to
grow suitable crystals of the molecule corresponding to isomer ¢f, by slow diffusion of MeOH in
CHxCl; and confirm its structure by X-Ray analysis (Figure 2.30). Even if the mixture of both
isomers (cc:ct 1:5) was submitted to crystallise, just single crystals of isomer ¢t were found in the

vial, as well as some white powder, which corresponds to the remaining mixture.
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Figure 2.30 — Crystal structure of borazine derivative 2-32 (isomer cf); (a) molecular structure; (b) crystal structure
represented in capped sticks; (c) crystal structure represented in spacefill, front view; and (d) crystal structure represented
in spacefill, back view. Space group: P 21/c. The crystal was grown by slow diffusion of MeOH in CH2Cl,. Colour code:
grey: C, pink: B, yellow: Si, red: O and blue: N. Hydrogen was omitted for the sake of clarity.

Still in the context aiming at the determination of the substituents’ effect during the
addition/elimination step at the borazine ring via the use of short groups, a borazine derivative
decorated with fluorine atoms for the steric protection has been synthesised. This protection would
be the smallest introduced up to now (F, A-value = 0.25-0.42 kcal/mol). For this purpose and
following the standard procedure, 2-fluorobromobenzene was used, and after reaction with #-BuLi
at -84 °C during 5 min, B,B’,B ’-tri(chloro)N,N’,N "-tri(phenyl)borazine 1-3 was cannulated at 0 °C.
The resulting yield of this reaction was very low (2-33, ~3%) if compared with other borazine
derivatives, for which yields higher than 45% were obtained. Instead of the desired reaction, a
competitive secondary reaction actually takes place. Indeed, ortho-elimination of lithium fluoride
generates the highly reactive benzyne intermediate,**! capable of forming triphenylene 2-34 (70%),
as the major product of the reaction (Scheme 2.15). Nonetheless, if the reaction is undertaken at
lower temperatures, the rate of the borylation is higher than the ortho-elimination of LiF, as
described by Lei and co-workers.** In particular, when the cannulation takes place at -84 °C,
followed by 3 h at that temperature, 3 h at 0 °C and 16 at r.t., the yield of the reaction increases up
to 46%.
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Scheme 2.15 — Synthesis of borazine 2-33. Competition reactions that can take place with 2-lithiumfluorobenzene, under
different condition reactions.

As it was observed for borazine 2-30, the ratio between isomers of 2-33 is cc:ct 1:5 in both
syntheses. Borazine 2-33 could also undergo aqueous workup without observing any hydrolysis.

Yet, if stored in solution for long times (1 week), it fully decomposes.

2.3.4 Study of the Effect of the ortho-Substituent in the Stereoselectivity

of the Process

As described in the previous subsections, the ratio obtained for the two possible isomers
depends on the nature of the R group, moving from molecules where just one isomer is obtained, to
other examples where the ratio between the isomers can vary from cc:ct 1:3 to 1:5. Herein, the
possible parameters that govern the process and lead to the formation of isomer cc or isomer ct are

presented, and further explained in each particular case.

As known, during the nucleophilic substitution, a new bond is created while another one is
broken. The new bond will be formed between the sp’-carbon atom bonded to the electropositive
lithium atom of the nucleophile and the electrophilic boron atom of the borazine ring. The orbitals

involved in the process are the Highest Occupied Molecular Orbital (HOMO) of the nucleophile,
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the Li-C o-bond polarised toward the carbon atom; and the Lowest Unoccupied Molecular Orbital
(LUMO) of the electrophile, the p-orbital of the boron atom, perpendicular to the borazine cycle.
During the process, the boron centre changes its hybridisation. At the initial stage, the boron centre
presents sp’ hybridisation (planar trigonal geometry), with a p vacant orbital. After the addition of
the nucleophile, an ‘ate complex’ is formed in which the boron atom has a tetrahedral sp’
hybridisation and the borazine ring losses its planarity. Finally, with the elimination of the chloride,

the boron atom recovers its initial trigonal sp” hybridisation and the borazine cycle its planarity.

During the functionalisation, three addition/elimination reactions can occur (i) stepwise
(Path A), (ii) following a route where two Ad/E reactions occur first, followed by the last one (Path
B), or (iii) the three additions simultaneously, followed by the three eliminations (Path C)
(Scheme 2.16).

PATH A (stepwise)
cl cl cl
Pho-Bay-Ph arli Phy-Bo-Ph o Ph.y-Bsy-Ph
h | — I | ——
B _B. _BUAr 1 1
o arPwta ArTTNTAS BonBoar A
s cl ‘ ! Cl ol L ol T
. e Ph Ph Ph Ph. B, .Ph
Ph.y-By-Ph TNTTUNT
C|Aé é /é‘ ’é\
OB\ -Bgy PATH B (combined) Ar” N A
, Ph
Ph Ar,©,Cl Ar i
PhoyBaPh o Phy B Ph aqj Ph. Bl .Ph o
TOB B a BBy
Ar N7 TCI Ar”TNTTRC e
Ph Ph
PATH C
(simultaneously)
3 Arli -3Cl
- Ar,©,ClI
Ph., .B%, .Ph
Clal 1.0
Ar N A
Ph

Scheme 2.16 — Three possible routes for the addition-elimination process at the borazine ring.

When addition occurs, the boron atom is negatively charged, due to the formation of the
‘ate complex’. In the cases where two or three additions take place at the same time, the intermediate
would be double or triple charged. In addition, for Path B or C, three or four molecules have to
participate at the same time in the same reaction, which could complicate these routes. For all these
reasons, the stepwise route (Path A) seems to be the most plausible and the reaction will be described

following this postulate, even though there is no any experimental confirmation.
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2.3.4.a Proposed explanation for the stereoselective process

For the explanation of how the presence of a substituent can affect the addition/elimination
process, the Cartesian coordinate system will be used, which will help to clearly understand where
the molecules are located at each moment. The following discussion was made possible to the
performing of theoretical calculations. Geometry optimisation and saddle geometry optimisation

were performed using Gaussian 09 RHF/6-31G* with d01 revision.

- Addition of the first organolithium derivative.

The model represented in Figure 2.31 will be used as reference in order to simplify the
discussion. At the beginning, borazine B,B’,B”-tri(chloro)-N,N’,N’-tri(phenyl)borazine 1-3 is
situated on the xz-plane (Figure 2.31.a). The nucleophile (4rLi derivative) approaches the borazine
core from the top. When the addition at the boron site occurs, the aryl moiety of the nucleophile
stands along the yz-plane (Figure 2.31.b). The boron atom of the borazine ring that has been attacked
is bonded at this stage, to the two adjacent nitrogen atoms of the ring, the chlorine (in an equatorial
manner) and the new aryl moiety (with an axial geometry). Therefore, four bonds in total. Thus, the
hybridisation in the atom is not anymore sp?, but is sp°, and the borazine ring loses its planarity and
aromaticity, having now a different conformation. In this conformation, the boron atom attacked is
located above the xz-plane (in bold font), while the two adjacent nitrogen atoms has also changed
their hybridisation (from sp” to sp®), and consequently the N-phenyl groups are below than before
the attack. The changes in the hybridisation are reflected on the bond-distances between the atoms.

The other three atoms that make up the borazine cycle do not change their hybridisation and position.

The new aryl group then rotates around the B-C bond (from the yz-plane to the xy-plane) to
have the correct predisposition needed for the recovery of the aromaticity, while allowing the
elimination of chlorine. From this point, two different behaviours can be encountered, based on the
position that will occupy the R group, as shown in Figure 2.31.b. If the aryl ring rotates clockwise,
the R group will be located far away from the top of the borazine cycle, leading to an exo
conformation (Figure 2.31.c). On the other hand, if the aryl ring rotates counter-clockwise, the R
moiety will be located on top of the borazine cycle, leading to an endo conformation (Figure 2.31.d).
This endo intermediate induces a stronger steric hindrance, and should be considered in each case,
depending on the R group. For the release of the chlorine, the new aryl group moves from the axial-
position to the equatorial one, while the chlorine moves from the equatorial to the axial one, below
the ring. Finally, elimination of this axial chlorine comes up with the recovery of the aromaticity,
while the boron atom regains its initial hybridisation (sp”). As a result, the new aryl moiety is

perpendicular (yz-plane) to the borazine ring (xz-plane). In the exo case, the R group will end up on
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the opposite side of the attack (Figure 2.31.e), while for the endo intermediate, the R group will be
located on the same side of the attack (Figure 2.31.f).

b) & A
'
Addition of the 15! ',‘ '
organolithium
derivative plane 2 ~
e
X
= | Rotation
l endo
¥
c) d) plane xy

Chlorine Chlorine
Elimination Elimination

f)

Figure 2.31 - Proposed mechanism for the addition of the first organolithium derivative to B,B’,B*’-tri(chloro)-N,N’,N*’-
tri(phenyl)borazine 1-3, where R is a general ortho-substituent on the aryl group bonded to the boron atoms of the borazine
ring. The N-aryl groups were omitted for the sake of clarity. In the borazine core, the atoms written in bold font are on top
on the xz-plane, while those written in italics font are situated below the xz-plane. Saddle point geometry optimisation of
the (b) intermediate is included (in which R = H), performed at RHF/6-31G(d,p) level of theory. Colour code: grey: C,
pink: B, blue: N, green: Cl.

- Addition of the second ArLi derivative.

The second ArLi derivative can approach the borazine core from the same side where is
located the previous R substituent (addition syn) or from the opposite side (addition anti), as shown

in Figure 2.32.
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plane xz

Figure 2.32 - (a) Syn addition of the second nucleophile; (b) anti addition of the second nucleophile.

Anti-addition. This term defines the process that occurs when the second organolithium
derivative approaches the borazine core from the opposite side of the previous R substituent (named
R at this stage) and is depicted in Figure 2.33. The postulates that apply for the addition of the first
ArLi derivative can be assumed for this second one. However, in this case, the formation of two
isomers is possible because of the presence of two R groups on the final compound. In the exo case,
the R, group ends up on the opposite side of the attack, hence on the same one where is located the
R; group (Figure 2.33.e), leading to the formation of isomer ¢ (for cis). Whereas, for the endo
intermediate, the R, group is located on the same side of the attack and on the opposite side in respect

to the R, group, obtaining isomer # (for trans) (Figure 2.33.f).
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plane xz

Figure 2.33 - Proposed mechanism for the anti-addition (as referred to the position of R1) of the second organolithium
derivative. Both R1 and Rz are general ortho-substituent on the aryl group bonded to the boron atoms of the borazine ring.
The N-aryl groups were omitted for the sake of clarity. In the borazine core, the atoms written in bold font are on top on
the xz-plane, while those written in italics font are situated below the xz-plane.
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Syn-addition. This term defines the process that occurs when the second ArLi derivative
approaches the borazine core from the same side of the previous R substituent (named R at this
stage) which entails a stronger steric hindrance than the precedent one (Figure 2.34). In the exo case,
the R, group ends up on the opposite side of the attack and of the R, group (Figure 2.34.e), leading
to the formation of isomer ¢. On the other hand, for the endo intermediate, the R, group will be

located on the same side of both the attack and the R; group, obtaining isomer ¢ (Figure 2.34.f).

syn R,
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Figure 2.34 - Proposed mechanism for the syn addition (as referred to the position of R1) of the second organolithium
derivative. Both R1 and R2 are general ortho-substituent on the aryl group bonded to the boron atoms of the borazine ring.
The N-aryl groups were omitted for the sake of clarity. In the borazine core, the atoms written in bold font are on top on
the xz-plane, while those written in ifalics font are situated below the xz-plane.

- Addition of the third ArLi derivative:

From the previous steps, four intermediates have been obtained (two corresponding to
isomer ¢ and two corresponding to isomer #). The addition of the third ArLi derivative can be again
anti or syn (as referred to the position of R;) and the R3 group can rotate in exo or endo. Therefore,
and following the nomenclature cc and ct, used in this Chapter, there are sixteen possibilities, and

the statistical distribution of the isomers corresponds to cc:ct 4:12 (= 1:3) (Figure 2.35).
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Figure 2.35 - Statistical distribution of the possible isomers; cc:ct 4:12 (= 1:3), where Ri, R2 and R3 are general ortho-

substituent in the aryl group bonded to the boron atoms of the borazine ring. The N-aryl groups were omitted for the sake

of clarity.
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According to the theory described before, the cc:ct ratio would always be 1:3 if the reaction
was following a purely statistical distribution. However, as the steric effect of the R groups changes
as a function of its structure, this statistical ratio can fluctuate as it has been previously detailed in
the previous Subsections. In order to clarify these experimental observations, the next Subsections

will address each of the cases.

2.3.5.b LRoS: triazene, acetylene TMS, acetylene TIPS

In the case of using a triazene derivative (2-17), isomer cc was found as product after the

reaction. Figure 2.36 shows the proposed route for the formation of this isomer cc.

Addition of the first equivalent of the ArLi derivative to the borazine core takes place, and
during the rotation, the exo approach is favoured due to the strong steric effect that would entail the
other approach. The second equivalent can approach the core in anti or syn in respect to R;. The
anti-attack is preferred due to the impediment generated on the side where is located Ri. The
favoured rotation is again the exo one, leading to the formation of isomer ¢. The third ArLi derivative
is added following the anti-exo route as before. Following this explanation, isomer cc would be
formed, in agreement to the experimental observation (Figure 2.36). A similar description could be
applied for the case of acetylene TMS, in which formation of isomer cc is observed after the reaction.
In addition, isomerisation is observed when this borazine derivative 2-15 is subjected to higher
temperatures. However, borazine 2-14 (where R is an acetylene TIPS moiety) was observed as
isomer ct. Presumably, during the reaction, isomer cc is formed and due to the high steric hindrance
between the groups, it directly isomerises to the most stable isomer cz. TIPS having a higher steric
effect than TMS, isomer cc becomes less stable. Thus, the isomerisation occurs faster and at lower

temperatures than the one for molecule 2-15, hence, the isomer cc could not be isolated.
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organolithium derivative organolithium derivative
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Figure 2.36 — Proposed route for the formation of isomer c¢c when using mono-ortho long-range substituents in the aryl
moieties bonded to the boron atoms. The N-aryl groups were omitted for the sake of clarity.

2.3.4.c SRoS: Me

When the R group is a methyl moiety, the observed ratio between the isomers is cc:ct 1:3.
Even if this ratio is the same as that observed via the statistical distribution, due to the steric
hindrance generated by the presence of the methyl (A-value = 1-74 kcal/mol); some of the routes
are cancelled. All the routes are considered for the first and second addition, and it is during the third
one that some of them are prohibited. For instance, with isomer ¢, the third syn attack is restricted,
as that side already contains two hindered methyl groups. For the isomer ¢, with the addition of the

third equivalent, the endo rotation is favoured (Figure 2.37).
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Figure 2.37 — Proposed route for the formation of isomers cc:ct 1
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ct ct \ ct
cc:ct 2:6

(1:3)

*dn
14

:3 when using mono-ortho short-range substituents (as

methyl) in the aryl moieties bonded to the boron atoms. The N-aryl groups were omitted for the sake of clarity.

2.3.4.d SRoS: OMe

When the R group is a methoxy moiety (A-value = 0.55-0.75 kcal/mol, lower than for

methyl groups) the ratio between the isomers is cc:ct 1:5. All the routes are considered for the first

and second addition, and it is during the third one that

some of them are prohibited. When isomer ¢

is formed, the third addition preferably goes from the other side in respect to R; and R». Following

this premise, the ratio obtained is in accordance to the
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one experimentally observed (Figure 2.38).
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Figure 2.38 — Proposed route for the formation of isomers cc:ct 1:5 when using mono-ortho short-range substituents (as
methoxy) in the aryl moieties bonded to the boron atoms. The N-aryl groups were omitted for the sake of clarity.

2.3.4.e SRoS: Me, and LRoS: acetylene TMS

Moreover, when using ArLi derivatives that contain both short- and long-range substituents
(2-20 and 2-21) and molecules 2-24 and 2-25 are formed (where just two equivalents of ArLi
derivatives are able to react with the borazine core) as isomer #, the mechanistic routes that can lead
to the formation of this isomer are represented in Figure 2.39. In the figure, R; refers to the long-
range substituent (acetylene TMS) and R» to the short-range one (Me or OMe). The terms syn or

anti refer to the position of R;.
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Figure 2.39 —Statistical distribution of the possible isomers; c:¢

1:1, where Ri is a long range substituent, while Rz is a

short range one, both ortho-substituents in the aryl group bonded to the boron atoms of the borazine ring. The N-aryl

groups were omitted for the sake of clarity.
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In this case, both options have to be considered. Concretely, the formation of isomer ¢ can
be due to syn-exo route or to an anti-endo one, while isomer c is formed by either syn-endo route or
anti-exo. Based on the previous results, long-range groups prefer the anti-exo route. On the other
hand, short-range substituents can follow all the routes, thus all the possibilities should be considered
for them. However, it is difficult to predict which side of the borazine ring would be the elected one
during the second attack. In addition, isomer ¢ could isomerise to isomer ¢, as previously observed

in other examples.

In consequence, two different and opposed conclusions can be postulate. Either (i)
short-range substituents are able to better protect from the attack than long range substituents;
therefore, the attack is produced in syn (followed by an exo rotation) and isomer # is formed; either
(if) long-range substituents better protect from successive attacks, so the attack takes places in anti
(followed by and exo rotation) and isomer c is formed. Then, by isomerisation, isomer # could be

formed. As both postulates lead to the formation of same isomer, no conclusion can be taken.

2.3.5 Reactivity of the Borazine Core against Different Nucleophiles

This Subsection presents some aspects of the addition/elimination step, which had not been
previously considered. In particular, comparative studies have been developed in order to address
i) the effect of the nucleophilicity of the organolithium derivative used during the
addition/elimination reaction; and ii) the effect of the steric hindrance of the organolithium

derivative during the reaction.

2.3.5.a Comparative Study of the Process in Terms of Nucleophilicity of the ArLi
Reagent

The first part was based on the study of how the nucleophilicity of the organolithium
derivative used during the addition/elimination reaction can influence the formation of the final
borazine derivative. For this purpose, two different precursors for the halogen-lithium exchange
have been used, both containing short-ranges mono ortho-substituents. In particular, 2-bromoanisole
and 2-bromotoluene, respectively displaying a methoxy and a methyl group, have been selected.
Due to a mesomeric effect (+M), the methoxy group present in 2-bromoanisole is expected to
improve the nucleophilicity of the organolithium reagent respect to PhLi. The methyl group, by
inductive effect (+I), is also an activating agent which should enhance the nucleophilicity of the

corresponding ArLi reagent in comparison with PhLi. However, the effect of the methyl group
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should be weaker compared to that of the methoxy group.

The experiment set up to confirm our hypothesis consisted of adding in the same reaction
mixture both organolithium derivatives to the already prepared intermediate B,B’,B ”-trichloro-
N,N’,N-triphenyl-borazine 1-3 at 0 °C, and monitoring which borazine species was favourably
formed. In addition of the respective isomers, four different borazine species may be obtained by

the combination of the two organolithium derivatives, as shown in Scheme 2.16.

Br Li

"BuLi
THF, -84 °C
RSy e
|
@ BCl3 N”B\N
| |
_Bo

Toluene, 0 °C to 110 °C B. _B.

™ @ffgﬁ

clI” N el
16 h
ce Ri=Rp=R;=Me ¢t
1-3 Ry =R, = Ry = OMe
Br Li R; =R, = OMe; R3 = Me

MeO ByLj Meo\@ Ry = OMe; R, = Ry = Me
—_—
THF, -84 °C

Scheme 2.16 - Synthetic strategy followed for the nucleophilicity test.

Following reaction, the borazine mixture was purified by precipitation with MeOH.
Unfortunately, due to the poor separation observed by TLC, as well as the low solubility of the
borazine containing methoxy groups, the different borazine products could not be isolated. However,
as shown in Figure 2.40, '"H-NMR allowed identifying the percentage of each substituent in the final
mixture, thanks to the different chemical shifts of the respective functional groups (around 3.5 ppm
for methoxy moieties and around 2 ppm for methyl ones). Therefore, the final mixture was
calculated to contain 74% of methoxy moieties (3.51-3.38 ppm, highlighted in magenta) and 26%
of methyl moieties (2.21-2.14 ppm, highlighted in blue). Our hypothesis was thus confirmed as the
experiment showed that under the same conditions, organolithium derivatives containing —OMe are

more reactive toward molecule 1-3 than those with —-Me groups.
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Figure 2.40 - 300 MHz '"H-NMR in CDCl3 (solvent residual peak: 7.26 ppm) of (a) borazine 2-30, (b) borazine 2-27, and
(c) the mixture obtained during the nucleophilicity test reaction.

2.3.5.b Comparative Study of the Process in Terms of the Steric Hindrance of the

ArLi Reagent

The second investigation aimed at the evaluation of the effect of the steric hindrance of the
ArLi species used for the formation of the borazine. To this end, 2-bromotoluene and 2-
bromomesytilene were used as precursors for the halogen-lithium exchange. Both reagents contain
methyl groups in ortho-position; the first one only contains one methyl, while the second contains

methyl groups in the ortho-positions and is thereby more hindered (Scheme 2.17).

Br Li
"BuLi
THF, -84 °C R
SPNe
_B. Ri=R,=R3=Me

PSS
|
N" N Rk o
BCls RN Re L & Ry =R;=R3=H
. 0°Ctort N7 R1=Ry = Hi Ry = Me
Toluene, 0 °C to 110 °C B, B =H'R, =R =
CI” N7 el 16 h R Ry =H; R;=R3=Me
16 h Ry R
13
Br Li

MeO nBuLi
LN
THF, -84 °C

Scheme 2.17 - Synthetic strategy followed for the steric hindrance test.
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After purification by precipitation with MeOH, due to a lack of polarity difference between
the formed products, separation of the resulting borazine derivatives was not successful. Therefore,
and as previously achieved during the nucleophilicity test, the composition of the final mixture was
determined by '"H-NMR studies. The mono-methyl specie was shown to be present in a 94% ratio
of the final mixture, while the bis-methyl was only constituting 6% of the crude, confirming the
fundamental role of the steric hindrance of the nucleophile during the addition reaction. Note that
the calculation was performed thanks to the different chemical shifts of the mesityl moieties in the
aromatic region (6.34-6.31 ppm) and its relation with the peaks of the methyl protons (2.36-1.98
ppm) (Figure 2.41).
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Figure 2.41 - 300 MHz '"H-NMR in CDCl3 (solvent residual peak: 7.26 ppm) of (a) borazine 2-4, (b) borazine 2-27, and
(c) the mixture obtained during the steric hindrance test reaction. Inset: zoom at 6.35 ppm.
2.3.6 Mono-Protected Borazine Derivatives: Stability and Chemical

Tools for the Formation of an ‘Outer Shell’

2.3.6.a Stability of the Borazine Core

As previously mentioned, unprotected borazine derivatives are highly sensitive to moisture.
However, when mono ortho-protected, although the steric protection around the boron centres is
reduced when compared to fully-protected cores, stability of the borazines is already improved. As
presented in the previous Subsections, all the mono-protected borazine derivatives were stable

toward moisture and aqueous workups were performed without observing degradation, at least
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during short times. The stability of these molecules could be explained following the same model
previously used for the addition/elimination reactions. More specifically, once that mono-protected
borazine is formed, one could expect the decomposition of the BN-ring by addition of nucleophiles
(such as H>O) to the boron sites from the opposite side to the substituent. This addition would
involve the formation of an ‘ate complex’ in which the B-aryl moiety is stands along the xy-plane
with the substituent on the top of the borazine cycle; which entails a huge steric hindrance between
them. This prevents or at least decreases the decomposition of the system (Figure 2.42). For this
reason, the larger the steric effect of the substituents is, the higher is the stability of the BN-core.
Borazine derivatives sterically protected with acetylene TIPS, acetylene TMS, triazene, or
methyl do not decompose along the time, and they can be stored for long times under nitrogen at
low temperatures or at room temperatures for shorter times (one month). However, stability
decreases when using fluorine or methoxy groups (lower A-values), and partial decomposition is
observed after one week stored under nitrogen at room temperature. Also in solution, degradation is

observed after one week.

a) b)
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Figure 2.42 - Decomposition of mono-protected borazine derivatives by addition of H>O, which acts as a nucleophile.
Only substituents in one boron atom are shown, the others are not represented for the sake of clarity.

2.3.6.bChemical Tools for the Formation of the ‘Outer Shell’

In this Subsection, different tested reaction conditions are presented, such as to give an
overall view of the main properties of these novel class of mono-protected borazines (Table 2.5). As
previously described in Chapter 1 for bis-protected borazine derivatives, the levels of reactivity are
reported as ‘S’ for stable, ‘SD’ for slow degradation (reaction times > 8 h) and ‘D’ for complete
degradation or decomposition. The conditions which had already been tested on bis-protected
borazine derivatives and which showed complete degradation of the borazine core were not used for
this study, considering the even lower stability of partially-protected borazines compared to the bis-
protected species. Note that nucleophiles, reductants and strong bases can attack the boron atoms,
while electrophiles, oxidants and strong acids can attack the nitrogen atoms. The other factor to take

in consideration is the thermal stability of the BN-cycle.
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Table 2.5 — Experimental conditions tested on mono ortho-protected borazine derivatives.

Reagents Reactivity
RLi S
. RMgX S
Organometallics g
: SD (Me)
Pd-catalysed reactions S (Pr)
. FeCls;, MeNO,, 90 °C SD (OMe, Me)
Oxidants FeCls, MeNO,, TFA, rt. SD  (OMe,Me)
TBAF, THF, r.t. S  (acetylene)
Bases NaOH aq, MeOH, THF, r.t. S (Me, 'Pr)
K,CO,, THF, MeOH, r.t. S (acetylene)
. Tf,0, pyridine, r.t. D (Me)
Electrophiles BF;-OEt, D (triazene)
. . . (acetylene,
o]
Pericylic reactions CPD, Phy0, 180 °C S OMe)

Palladium-catalysed reactions, in particular, Suzuki-Miyaura cross-coupling reaction has
been reported to lead to successful formations of the ‘outer shell’ of fully-protected borazine
derivatives. However, in the case of partially-protected borazine moieties, a certain decomposition
of the borazine ring was observed upon prolonged reaction times (> 8 h). Similar observation was
made with mild oxidizing agents. Indeed, on the contrary of fully-protected species, partially-
protected borazine derivatives slowly decomposed in the presence of mild oxidizing agents, such as
iron trichloride. On the other hand, the use of bases for the deprotection of acetylene moieties in the
ortho-position of B-aryl rings has shown to be an efficient method to modify the ‘inner shell’ in
which the borazine core remains stable. Besides, borazine derivatives decorated with —-OTBDMS
groups (tert-butyl-dimethylsilyl ether) at the para-position of the B-aryl rings can easily be
synthesised (borazines 2-35 and 2-36) using the corresponding mono- or bis- ortho-substituted ArLi

derivative (molecules 2-37 and 2-38), as shown in Scheme 2.18.
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THF, 16h 50 °C THF, -84 °C

R = Me 2-37 (99%) OTBDMS OTBDMS OTBDMS
R=H 2-38(99%)
NH, HCI @\ /@ @\ @\O
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Scheme 2.18 - Synthesis of molecules 2-35 and 2-36. Further transformation of 2-35 into 2-39.

Crystal structure of borazine derivatives, 2-35 and 2-36 were obtained. Molecule 2-35 was
obtained by slow diffusion of MeOH in CH,Cl, (Figure 2.42), while borazine 2-36 (isomer cf) was
obtained by slow diffusion of MeOH in CHCl; (Figure 2.43).

a)

mq;)ﬁm ¥ e ; g

Figure 2.42 - Crystal structure of borazine derivative 2-35; (a) molecular structure; (b) crystal structure represented in
capped sticks; (c) crystal structure represented in spacefill. Space group: P21-c. The crystal was grown by slow diffusion

of MeOH in CH2Cl.. Colour code: grey: C, pink: B, blue: N, yellow: Si, and red: O. Hydrogen were omitted for the sake
of clarity.

OTBDMS
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Figure 2.43 - Crystal structure of borazine derivative 2-36; (a) molecular structure; (b) crystal structure represented in
capped sticks; (c) crystal structure represented in spacefill. Space group: P21-c. The crystal was grown by slow diffusion
of MeOH in CHCl;s. Colour code: grey: C, pink: B, blue: N, yellow: Si, and red: O. Hydrogen were omitted for the sake
of clarity.

Transformation of 2-35 into a suitable electrophilic partner, with an excellent leaving group
(trifluoromethanesulfonate group, -OTf) was successfully undertaken leading to fully-protected
borazine derivative 2-39. However, when applying the same reaction conditions to partially-
protected borazine 2-36, total degradation of the borazine core was observed. The reaction entails a
deprotection reaction with TBAF, to form the corresponding hydroxy-derivative. Subsequent
esterification with Tf,0 in pyridine would end up with the formation of the tri-triflate derivative
(Scheme 2.18, molecules 2-39 and 2-40). Presumably, during the second step, the presence of a
nucleophile like the pyridine can attack the boron atom of the partially-protected borazines. This
addition involves the ring-opening of the borazine core. The degradation of the core produces the
liberation of aniline, which can after react with Tf,0, to form the amino-derivative 2-41. Suitable
crystals for X-ray diffraction analysis of derivative 2-41 were obtained by slow diffusion of EtOH
in CH,Cl, (Figure 2.43).

a) c)
0O 0
g Il
FaC LN'S CFy

Figure 2.43 - Crystal structure of borazine derivative 2-41; (a) molecular structure; (b) crystal structure represented in
capped sticks; (c) crystal structure represented in spacefill. Space group: P21/n. The crystal was grown by slow diffusion
of methanol in acetone. Colour code: grey: C, blue: N, red: O, yellow: S and green: F. Hydrogen were omitted for the sake
of clarity.
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2.3.6.c Toward extended BNC-hybrids

Finally, cycloaddition reactions were evaluated. As the reaction was proven successful in
previous studies in our labs and has already been described in literature (see Chapter 1), particular
focus was given to the [4+2] cycloaddition reaction for the functionalisation at the ortho-position of
B-aryl rings. Namely, the triple bond which acts as steric protection, also plays the role of dienophile
for the [4+2] cycloaddition reaction. For example in borazine 2-11, cleavage of the TMS group with
K,COs vyields borazine 2-42 (78%). This bis-acetylene dienophile was then submitted to
[4+2] cycloaddition reaction with tetraphenylcylopenta-2,4-dienone (CPD) in Ph,O at 180 °C for
16 h, yielding borazine derivative 2-43 (52%) as a white solid (Scheme 2.19).

sho_ofio ofio,

PO,
rt, 5h \®180°C,16h O Q
R1 ™S R, = OMe

OMe R = OMe
2-42 (78%) 2-43 (52%)

Scheme 2.19 - Synthetic methodology for the synthesis of molecule 2-43, through decarbonylative [4+2] Diels-Alder
cycloaddition reaction.

The molecular structure of this cycloadduct was unambiguously identified by NMR
spectroscopy and mass spectrometry through the detection of the peak corresponding to the
molecular ion [M+H]*, as well as those corresponding to [M+Na]*and [M+K]*. HRMS-ES mass

spectrogram for molecule 2-43 (C0:Hs3B3N3Oz", calc.: 1414.6803, found: 1414,6837) is displayed
in Figure 2.44.
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Figure 2.44- HRMS-ES mass analysis of 2-43. Insets: zoomed calculated (above) and experimental (below) spectra.

Last but not least, the cycloaddition reaction was studied with three free acetylene groups
around the borazine core (borazine derivative 2-44, obtained after deprotection of the TMS group
using potassium carbonate). As a result of the high steric hindrance of the final product, not only the
desired derivative was successfully formed (achieved with three cycloaddition reactions), but the
product which only underwent two cycloaddition reactions and still presented one acetylene free
was also found (Scheme 2.20). This has been confirmed by HRMS-ES (molecular 2-45, obtained
after three cycloadditions: [M+H]" Ci26Ho1B3N3, calc.: 1678.7537, found: 1678.7604; and molecular
[M+H]" CosH71B3N3 calc.: 1322.57 found:
1322.5977). Separation by GC allows the purification of them (Figure 2.45).

S
© :

Figure 2.20 - Synthetic methodology for the synthesis of molecule 4-13, by through decarbonylative [4+2] Diels-Alder
cycloaddition reaction.

2-46, obtained after two cycloaddition reactions:

Skl @%a

KzCOg D ‘

MeOH THF, \ B ph 0,
\,®180 °C, 16 h
R2 - R; 245 (24%)

rt,5h
=TMs
= = 2.46 (32%
2-44 (72%) (32%)
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Figure 2.45 - HRMS-ES mass analysis of both molecules 2-45 and 2-46. Insets: zoomed calculated (above) and

experimental (below) spectra.
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2.4 Conclusions and Perspectives

The work presented in this Chapter corresponds to the study of the effect of the substituents
during the addition/elimination reaction at the boron site of a BN-cycle for the synthesis of hexa-
functionalised borazine derivatives. This investigation has been achieved thanks to the study of
substituents which display diverse steric effects, that have been introduced in the ortho-position of
the B-aryl groups of the BN-ring. These substituents allow us to stereoselectivity control the
synthesis of these borazine derivatives. Moreover, it has been proof the stability of this novel class

of borazine derivatives toward hydrolysis.

Firstly, the synthesis and characterisation of molecules bearing two short-range ortho-
substituents in each B-aryl moiety have been presented, moving from unstable borazine 2-1 (R = H)
to stable molecules which bear fluorine, methoxy or methyl groups (A-values from 0.75 to 1.74
kcal/mol). Moreover, if substituents with larger steric effects are used (i.e. 'Pr, or ‘Bu, A-value =
2.21 and 4.7-4.9 kcal/mol, respectively), the desired borazine derivatives could not be produced.
The same protocol has been applied for the study of bis protected-borazine derivatives, using long-
range substituents (i.e. acetylene TMS, A-value acetylene = 0.41-0.52, A-value TMS = 2.5
kcal/mol). However, only one equivalent of the nucleophile that contains that group is accessible
for the attack to one boron site of the BN-core, and the formation of the final borazine is achieved

by addition of ArLi derivatives with lower steric effect (Figure 2.46).

a)
R R
o ..N - B ~ N - e
B B
B e
SRoS
H (A-value =0 ) V{
F o (Avalue=0.25-042) v Acetylene TMS (A-value = 0.41-052 +25) 2
OMe (A-value = 0.55-0.75) V Acetylene TMS (in only one boron atom) vf
Me (Avalue = 1.74)
iPr (A-value =2.21) 2

'‘Bu (A-value =47-4.9) €
Figure 2.46 — Summarised results for the synthesis of bis protected-borazine derivatives.
Secondly, a novel class of borazine derivatives has herein been introduced, in which the
boron atoms are just partially protected. This partial protection has been exploited using multiple

experimental instances from long-range substituents (acetylene TIPS, acetylene TMS and a triazene

derivative) to short-range ones (Me, CF3 and NMe,, or OMe and F). The design, synthesis and
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characterisation of those molecules have been accomplished. This family has shown to be stable
against moisture in most of the cases. In addition, a complete study for the isomerisation process of

molecule 2-15 has been developed (Figure 2.47).

a)
R
‘ ~ - B - L a
N° N
B...B
- - \N - ~ %
SRoS
F (A-value = 0250.42) v
OMe (A-value = 0.55-0.75) V Acetylene TMS  (A-value = 0.41-0.52 + 2.5) V
Me (A-value = 1.74) \/ Acetylene TIPS (A-value = 0.41-0.52 + -—) V
NMe, (A-value similar= 2.4) V’ Triazene (A-value similar = 0.75) V
CF, (A-value =24-25) g

Figure 2.47 — Summarised results for the synthesis of mono protected-borazine derivatives.

During the investigation with mono-protected borazine derivatives, a novel sub-class of bis
protected borazine has been designed, in which the B-aryl moieties contain short- and long-range
substituents. With this methodology, just two boron sites can be accessible to those groups, and the
third one is just accessible for smaller groups (such as H,O or PhLi). In addition, the insertion of
short-range groups in the N-aryl moieties has been presented, but this family of borazines will be

fully discussed in Chapter 3.

Moreover, the substituent’s effect on the stereoselectivity of the process has been fully
explained in Subsection 4, in which the addition/elimination steps are presented. Firstly, it was
possible to demonstrate the statistical distribution of the isomers cc:ct, which corresponds to 4:12
(1:3) when three equivalents of ArLi derivatives react with the borazine core. After, and depending
on the nature of the ortho-substituent, some of the possible routes could be cancelled out, leading to

the different ratios experimentally obtained.

In the last Subsections, the reactivity of the borazine core against different nucleophiles as
well as the stability and chemical reactivity on mono-protected borazine derivatives is fully

discussed.
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Chapter 3

CHAPTER 3

Scanning the Effect of ortho-Substituted
N-aryl rings on the Formation of the
Borazine Ring

This Chapter addresses the study of the first step of the reaction toward the formation of
stable borazine derivatives, that is to say, the formation of the BN-core, by using different amino
precursor sources. Chapter 3 is divided into four main sections: i) Section 3.1 includes a journey
along the literature already reported for the reaction with those amino species; ii) Section 3.2
introduces the research project; iii) Section 3.3 deals with the discussion of the results obtained
during this investigation, emphasising the study of the stereoselectivity of the reaction when
possible; and finally iv) Section 3.4 summarises the main conclusion that can be extracted from this

work.

More specifically, Section 3.3 describes the study of the reaction between different mono or
bis short-range and mono long-range ortho-substituted anilines and boron trichloride. During the
addition/elimination step, different ortho-substituted 4rLi reagents have been tested, including

short- and long-range groups.
This work has been fully performed at the University of Cardiff, Cardiff, United Kingdom.

The X-Ray analysis presented in this Chapter were performed by Nicolas Biot and Davide
Marinelli. Furthermore, Nicolas and Francesco Fasano are kindly acknowledged for the fruitful

discussions and collaboration.
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3.1 Introduction

3.1.1 Mono-ortho-substituted Aniline Moieties

The reaction of primary aromatic amines containing substituents in one out of the two ortho-
positions of the ring (i.e. R = H, F, Cl, Br, or Me) with boron trihalides (X = F, Cl, Br and I) has
been well investigated by the group of Prof. Frange.!'! Those reactions lead to the formation of not
only the expected borazine ring (molecule type A), but also the formation of a new six-membered
heterocycle (molecule type B), which is composed by two boron atoms, two nitrogen atoms and two

carbon atoms (Scheme 3.1).

The formation of heterocycle A or heterocycle B depends, firstly, on the boron trihalide
chosen for the reaction. With boron trifluoride, BF3, formation of borazine A is observed, whereas
boron triiodide, BIs, favours the evolution towards heterocycle B. The obtained results can be
explained taking in consideration the hardness of the halogen in the boron trihalide moieties. The
hardness of the halide favours the formation of the borazine core, while the softness favours the
formation of heterocycle B. Boron trifluoride, BF3, is a hard Lewis acid that favours the formation
of boron-nitrogen bonds, while boron triiodide, Bl3, is a soft Lewis acid that favours the boron-
carbon bond, driving to the formation of heterocycle B. Moreover, aniline is considered as an
ambidextrous reagent, where the hard centre is placed in the nitrogen atom, and the soft centre is

located in the ortho-carbon.

e
R |
NH, B

R BX; X_ _B_ _X HN™ N

and/or R B‘X
N7
CLT T ;
A

R =H, F, Cl, Br, Me
X=F, Cl,Br, |

Scheme 3.1 — Schematic representation for the formation of the two possible heterocycles; borazine derivatives A or
heterocycles type B, that can be obtained from the reaction of ortho-substituted anilines and boron trihalides.!"]

In addition, a point worth noting is the effect of different substituents on the aniline ring on
the reaction. For instance, with 2-methylaniline, 2-bromoaniline, 3-chloro-2-methylaniline or 4-
chloro-2-methylaniline, borazine A is formed when using BF; or BCls;, while heterocycle B is

obtained when the boron trihalides are BBr; or Bl;. Namely, the presence of those substituents in
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the aniline ring does not preclude the formation of borazine rings, and the formation of the final
product (A or B) depends only on the boron trihalide used. However, there is an exception, when
using 5-bromo-2-methylaniline, borazine A is obtained in all cases, regardless of the boron trihalide
employed (X = F, Cl, Br, or I). This is easily understandable for steric reasons, where the bulky
substituent in the fifth position inhibits the cyclisation in position six of the aniline ring towards the
formation of heterocycle B for steric reasons.

Once the conditions to get the borazine ring are clear (suitable boron trihalide, and ortho-
substituted aniline, R = H, Me), the next point to take in consideration is the stereoselectivity of the
reaction.?) The fact that aromatic rings in hexa-functionalised borazine moieties are placed almost
perpendicular to the plane of the borazine ring is well supported; and along Chapter II, where
different crystal structures have been presented, it has been fully confirmed. Moreover, the
perpendicularity is also confirmed for B,B’, B ”’-trichloro-N,N’, N ’-triphenyl-borazine 1-3, thanks to
the crystal structure (specific data: 77-87° for the angle between the phenyl substituents and the
borazine cycle).’) Therefore, as a clear consequence of such conformation for the substituents, if
aniline contains any ortho-substituent, two isomers can be obtained (cc and ct, as discussed in the
case of mono ortho-substituted B-aryl in Chapter II).

In 1985, the group of Prof. Frange reported preliminary studies of this family of compounds,
using 2-methylaniline as amino precursor for the formation of the borazine ring, in which CI, Br or
Me groups were located at the boron place.””) Unfortunately, the spectroscopy techniques were not
sophisticated enough to clearly determine the ratio of isomers obtained and '"H-NMR or *C-NMR
did not yield useful information. Furthermore, those borazine derivatives were not stable towards

hydrolysis, complicating once again the study.

3.1.2 Bis-ortho-substituted Aniline Moieties

With respect to the reaction between bis ortho-substituted aniline moieties and boron
trichloride, not much information can be found in literature. In any case, the group of Meller has
reported the synthesis of boron-nitrogen heterocycles containing 2,6-di-tert-butylaniline, 2,6-di-iso-
propylaniline or 2,4,6-trimethylaniline. In particular, a four membered ring is presented. The
synthesis does not include the direct reaction between the aniline and BCls, but it represents the best
approach toward the synthesis of B-N heterocycles using as amino precursor a bis hindered aniline
moiety. Firstly, hindered phenol reacted with boron trichloride to give the corresponding
organyloxy(dihalo)borane 3-1. Afterwards, compound 3-1 was coupled with lithiated amine 3-2.
This reaction leaded to amino(halo)(organyloxy)borane 3-3, which was submitted to a

dehydrohalogenation in the presence of ‘BuLi for the final step (Scheme 3.2). The intermediate
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obtained is iminoborane 3-4. As it has been presented in Chapter I, iminoboranes can easily evolve
to borazine derivatives or to four-membered heterocycles. In this case, no borazine is formed due to
the steric requirements of the substituents in the vicinity of the B=N. Conversely, heterocycle 3-5
was obtained in moderate yield (14%) and was fully characterised, showing the characterictic peak

at 25 ppm in the ''B-NMR analysis.

NHLi
Pr Pr
OH O/BC|2 3.2 o
Bu ‘Bu na i Bu ‘Bu < cl
1. "BuLi tBu \B_N iPr
2.BCly -78°C -78°C @o’ W
3-1 (78%) ‘Bu 3-3 (59%)

BuLi
@ hexane, -78 °C
Pr ‘ Pr, ‘
Bu N Bu Bu Pr
@ e = S PO e
f [ i
B iPr. iPr B ‘Bu Pr

3-4
3-5 (14%)

Scheme 3.2 — Synthesis of molecule 3-5 via formation of hindered iminoborane 3-4.14!
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3.2 Research Aim

In this third Chapter, the attention is focused on the study the effect of substituents during
the formation of the borazine ring. For this purpose, the reaction has been realised using different
ortho-substituted aniline moieties as amino precursors. These N-substituents can be located in just
one ortho-position of the aniline, thus, two isomers can be obtained during the formation of the cycle
(isomer cc or isomer cf), or in both ortho-positions of the N-aryl. Besides, the substituents can be
directly attached to the N-ring (short-range ortho-substituents, SRoS) or through a spacer (long-
range ortho-substituents, LRoS) (Figure 3.1).

During the first step of the reaction toward the formation of the borazine, the obtained
intermediates, B,B’,B "-tri(chloro)-N,N’,N ’-tri(aryl)borazines are not stable and decompose in the

presence of moisture. For that reason, the second step (functionalisation at the boron site) has to be

carried out to complete the formation of the stable products.

Ry« , Ry
a)Q B-N

Bis-Substituted N-aryl rings

Bis-Substituted N-aryl rings
Mono-Substituted N-aryl rings

Mono-Protected Borazines

A
Ry
c) \‘ 'r
N'B_N‘B [E::b Mono-Substituted N-aryl rings
'B—N‘ ‘ Mono-Protected Borazines
LRoS - * R; SRoS

Figure 3.1 — Schematic representation of the study developed for the construction of the borazine ring.
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3.3 Results and Discussion

The discussion will be divided in three different parts; (7) initially, the work developed with
non-substituted aniline precursors will be presented; then, (if) the results obtained with mono-
substituted aniline moieties are discussed; and finally (iif) bis-substituted aniline precursors are

examined during the reaction toward the formation of the BN-core.

3.3.1 Formation of the BN-core from Aniline as Amino Precursor

In order to understand the effect of the substituents in the ortho-position of the aniline, the
process was firstly investigated with aniline. As already presented, by the reaction of aniline with
boron trichloride for 16 h at 110 °C, B,B’,B "-trichloro-N,N’, N ’-triphenyl-borazine 1-3 is formed.
After cooling down the reaction mixture to room temperature, B,B’,B "-trichloro-N,N’,N ’-triphenyI-
borazine 1-3 can be easily separated from the reaction mixture by precipitation as a white crystalline
solid. This unstable white solid was dried under reduced pressure. In addition to the already reported
crystallography data,’! it was possible to characterise this compound by NMR spectroscopy ('H,
B, BC-NMR) using anhydrous methylene chloride-d-. In particular, ''"B-NMR analysis shows the
presence of only one peak at 31.57 ppm. The corresponding spectra are shown in Figure 3.3, as well

as those obtained for the starting aniline for comparison (Figure 3.2).

NH,

.............................................

125 11.5 10.5 95 90 85 80 75 70 05660 55 50 45 40 35 30 25 20 15 10 05 00
/ ppm

14735

E—— T — — —— 17— —
220 210 200 190 180 170 160 150 140 130 120 110 ?,100 % 80 70 60 S50 4 30 20 110 0 10 -20
{ ppm

Figure 3.2 — 300 MHz 'H-NMR (top) and 75 MHz '*C-NMR (bottom) in methylene chloride-d> (solvent residual peak
"H-NMR: 5.32 ppm; water 1.52 ppm; '*C-NMR: 53.84 ppm) of starting material aniline.
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Figure 3.3 — 300 MHz 'H-NMR (top), 75 MHz *C-NMR (centre), and 128 MHz "B-NMR (bottom) in methylene
chloride-d?2 (solvent residual peak '"H-NMR: 5.32 ppm, '*C-NMR: 53.84 ppm) of B,B’,B”-trichloro-N,N’,N "-triphenyl-

borazine 1-3.
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3.3.2 Formation of the BN-core from mono-substituted Anilines as Amino

Precursor

Similarly to the protocol followed for the study of the formation of the initial borazine cycle
with aniline, this subsection addresses the synthesis of borazine derivatives obtained from mono-
substituted anilines. Those reactions could lead to the formation of different isomers, which will be
address thereafter. Those ortho-substituents are of two types; (i) short-range substituents (e.g. Me);

or (ii) long-range substituents (e.g. acetylene TIPS).

3.3.2.a Formation of the BN-core from 2-methylaniline

The reaction toward the formation of the borazine core using 2-methylaniline (Me,
A-value = 1.74 kcal/mol) as amino precursor, has been followed by NMR spectroscopy, in particular
by ""B-NMR. The experiment set up to study the reaction consisted of adding anhydrous
2-methylaniline and dry toluene to a Schlenk flask under N, atmosphere. The mixture was then
cooled down to 0 °C, and BCls added to it (Scheme 3.3). At this step, one aliquot was taken, dried
under vacuum and submitted to !'B-NMR analysis, revealing a peak at 6.86 ppm on the spectrum.
The remaining reaction mixture was then heated up to 110 °C for 16 h (Scheme 3.3). Afterwards,
and after cooling down the reaction mixture to room temperature under N> atmosphere, a second
aliquot was analysed after drying under vacuum.

I ol of ]

NH NH,* BCl, hal Q\N/B\Nj@ Q\N/B\Np

\© __BCb \© J; Cl/é\N/é\Cl + Cl/é\N/é\

Toluene, 0 °C Toluene, 110 °C <j/ \@

16 h

Cl

cc ct

Scheme 3.3 — Formation of the borazine core, using 2-methylaniline as amino precursor.

'"B-NMR spectrum shows the presence of two peaks, one at 6.58 ppm, and a second one at
32.26 ppm. Complete 'H, and *C-NMR investigations have been also performed, but due to the
formation of not only two isomers, but also other by-products, no useful information could be
extracted from them. The presence of the second peak appeared around 32 ppm after heating, in the
same region of the one corresponding to the B,B’,B”-trichloro-N,N’,N ’-triphenyl-borazine 1-3
(31.57 ppm in CD,Cly), can be initially attributed to the formation of B,B’,B "’-trichloro-N,N’,N -

tri[2-(methyl)phenyl]-borazine. As already mentioned, this specie is not stable, and decomposes
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under ambient conditions. For this reason, the study was completed by addition/elimination reaction
at the boron sites. The chosen aryl moieties for the functionalisation of the borazine core at the boron

site are presented in the next subsections.

3.3.2.a.1 Functionalisation with mono short-range ortho-substituted aryl species

The attention can be firstly focused in the investigation developed using a short-range ortho-
substituted ArLi derived from 2-bromoanisole (A-value = 0.55-0.75 kcal/mol), in which borazine

3-6 was successfully obtained in 65% (Scheme 3.4).
Br Li
MeO nBuLi MeO.
[j THF, -84 °C [j
* 7 eO@
NH, HCI )@ @N/B\ND
BCly )

! | MeO

—_— N Cl _— B. _B
@joluene, 0°Cto 110 °C C'\B/ ~g”~ 0°Ctort, 16h @/ N @
16h ' ‘ OMef

L 4 36 (65%)

Scheme 3.4 — Synthesis of molecule 3-6.

The reaction was monitored by ''B-NMR. In the '"B-NMR spectra collection shown below
(Figure 3.4), the different states of the reaction have been analysed in CDCl; at r.t. Primarily, the
spectrum corresponding to BCls, is reported as reference showing a peak at 46.58 ppm (41.9 ppm in
literature)®®! (Figure 3.4, a). Spectra (b) and (c) correspond to the data collected during the first step
of the reaction, before and after heating. A peak around 6.50 ppm is detected and can be attributed
to the formation of the adduct between the BCl; and the aniline (BCl3-NH2Ar). Multiple examples
of similar adducts are described in the literature, such as 10.2 ppm for BCl;>NMe; (CDCl5),® 10
ppm for BCl3-NEt,!”! or 8 ppm for BCl5-Py.l"! As already mentioned, the peak around 32 ppm in
spectrum (c), is attributed to the formation of the BN-core. Lastly, spectrum (d) corresponds to
purified final B,B’ B ”-tri[2-(methoxy)phenyl]-N,N’, N ’-tri[2-(methyl)phenyl]-borazine  3-6,
obtained after the addition of the ArLi derivative to the reaction mixture, which shows a broad peak
around 36 ppm. The formation of final borazine 3-6 was fully confirmed by 'H, ''B, *C-NMR
spectroscopy, as well as by ESI-HRMS spectrometry. HRMS shows the detection of a peak at
670.3657 for [M+H]" (C4H43B3N30; calc. 670.3604). As expected, molecule 3-6 is stable under

ambient conditions, and aqueous workup could be applied without observing decomposition.
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Final borazine

d) -

BCl, + 2-methylaniline (after heating)

BCl; + 2-methylaniline (before heating)
b) J
| -
BCl,
a)
—a
65 &0 55 50 « 40 s S 0 15 10 5 L] 5

Figure 3.4 — 128 MHz "B-NMR spectra collection of the study developed with 2-methylaniline in CDCl3; (a) BCl3; (b)
reaction mixture before and (c) after heating; (d) purified borazine B,B’,B”-tri(2-(methoxy)phenyl)N,N’,N "-tri(2-
(methyl)phenyl)borazine 3-6.

Moreover, 'H-NMR analysis of molecule 3-6 in CDCl; shows the presence of different
isomers. In fact, 'TH-NMR spectrum consists of two peculiar regions for the methoxy, around 3.5
ppm and for the methyl groups, around 2.2 ppm, which are both formed by a bunch of peaks (Figure
3.5). When using mono ortho-substituted aniline moieties, two different isomers can be theoretically
obtained during the first step of the reaction (formation of the BN-ring), as it has been mentioned
before. Furthermore, if the employed ArLi derivative is also a mono short-range ortho-substituted
aryl moiety, the number of final isomers that could be obtained is not anymore two (cc or ct), but

the result of the combination of the two mono species, thus, eight different isomers (Scheme 3.5).

RQ b RQ RQ b RQ
Nt &N/B\Nﬁ N ey S s T
| |
B \-B R BB R By~ B R Bin-B R
R d t) Rb R\© —\\) R d t)
Nee:gee Nee-gee th:Bcc th:Bcc
R = OMe
S s\ S e 2
| | | | | | | |
B. _B R B\N/B R B_ _B R B\N/B
Ncc:Bct Ncc:Bct Ncr:Bct th:Bct

Scheme 3.5 — Possible isomers of molecule 3-6.
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Figure 3.5 — 300 MHz '"H-NMR of borazine 3-6 in CDCl; (solvent residual peak 'H-NMR: 7.26 ppm).

Encouraged by the good results obtained with a mono short-range ortho-substituted aryl
moiety (borazine derivative 3-6, 65%), the synthetic versatility of the initial BN-cycle was further
investigated, using different nucleophiles that can be added in order to get stable final borazine
derivatives. Accordingly, a series of examples developed using different nucleophiles for the
addition/elimination step is presented (bis short-range ortho-substituted ArLi derivatives, and mono

long-range ortho-substituted ones).

3.3.2.a.2 Functionalisation with bis short-range ortho-substituted aryl species

The functionalisation at the boron sites of B,B’,B ’-trichloro-N,N’, N ’-tri[ 2-(methyl)phenyl]-
borazine was developed using a bis short-range ortho-substituted ArLi, derived from 2,6-
dimethoxybromobenzene (OMe A-value = 0.55-0.75 kcal/mol). Borazine 3-7 was successfully
synthesised in 39% using the standard protocol (Scheme 3.6). The molecular identity of the
compound was unambiguously confirmed by 'H, *C and '"B-NMR spectroscopy and HRMS
spectrometry. In particular, 'B-NMR spectrum showed two distinct peaks at 37.33 and 24.92 ppm,
attributed to two different substituted boron atoms (Figure 3.6). As discussed in Chapter 2, boron
atoms linked to hydroxyl groups (-OH) show a peak around 25 ppm, while boron atoms of borazine
cycles, bonded to an aryl moieties have a characteristic peak around 36 ppm, which confirms the

formation of hydroxyl derivative 3-7.

T T T T T T T T T T T T T T T T T T T T T T
i60 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -0 -20 -30 40 -50 -60
0/ ppm

Figure 3.6 — 128 MHz '"B-NMR of molecule 3-7 in CDCls.
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In fact, only two equivalents of ArLi reacted with the B,B’,B”-trichloro-N,N’,N ’-tri[2-
(methyl)phenyl]-borazine. The third boron atom, presumably due to steric reasons, remained bonded
to chlorine, which was subsequently replaced by hydroxyl group after addition of H,O, yielding

molecule 3-7 (Scheme 3.6). No formation of fully substituted borazine at boron sites was detected.

Br Li

MeO. i _OMe nBuLi MeO. t _OMe
THF, -84 °C

NH, HCI Q /@
oL
— = N___Cl
Toluene, 0 °C to 110 °C CIsg-Nagr T o0Ctort, 160 @
16 h ! ‘
NN
c|;| R = OMe
— - 37 (39%)

Scheme 3.6 — Synthesis of molecule 3-7.

Moreover, 'H-NMR analysis (Figure 3.7) reveals that molecule 3-7 is composed by a

mixture of the three possible isomers, one isomer cc, and two isomers ct (Scheme 3.7).
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Figure 3.7 — 400 MHz '"H-NMR molecule 3-7 in CDCls (solvent residual peak: 7.26 ppm).
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Scheme 3.7 — Possible isomers of molecule 3-7.

114



Chapter 3 — Scanning the Effect of ortho-Substituted N-aryl rings on the Formation of the Borazine Ring

The functionalisation of B,B’,B”-trichloro-N,N’,N ’-tri[2-(methyl)phenyl]|-borazine was
further explored using a bis ortho-substituted aryl compound containing groups with larger steric
effect with respect to the methoxy, such as methyl moieties (A-value = 1.74 kcal/mol). In particular,
molecule 3-8 was obtained by reaction of 2-methylaniline with BCl; and subsequent
functionalisation with MesLi, in 20% yield (Scheme 3.8). The molecular identity was
unambiguously confirmed by 'H, '*C and ""B-NMR spectroscopy and HRMS spectrometry. The
HRMS spectrum shows a peak corresponding to the molecular mass m/z at 603.3807 ([M];
C39H44B3N;30s, calc.: 603.3782). In this case, 'TH-NMR analysis clearly shows the prelevance of one
isomer (cc) with respect to the others (cf). In fact, additional weak peaks in intensity are visible in
the aliphatic region of the spectrum, and they can be attributed to the minor formation of c¢f isomers
(Figure 3.8). The preponderant formation of isomer cc in molecule 3-8 suggests that the main

reactive specie of the intermediate B,B’,B”-trichloro-N,N’,N ’-tri[2-(methyl)phenyl]-borazine is

isomer cc.
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Scheme 3.8 — Synthesis of molecule 3-8
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Figure 3.8 — 300 MHz 'H-NMR spectrum of molecule 3-8 in CDCl3 (solvent residual peak: 7.26 ppm).
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Suitable crystals of 3-8 for preliminary X-Ray diffraction analysis were grown by slow
diffusion of MeOH in CH,Cl». The X-Ray structure confirmed the presence of isomer cc, where the

three methyl groups of the N-aryl rings are pointing in the same direction (Figure 3.9).

a) b)

Figure 3.9 — Crystal structure of borazine derivative 3-8; (a) molecular structure; (b) crystal structure represented in
capped sticks; (c) top view of the crystal structure represented in spacefill; (d) bottom view of the crystal structure
represented in spacefill. Space group: P n a 21. The crystal was grown by slow diffusion of MeOH in CH2Clz. Colour code:
grey: C, pink: B, red: O and blue: N. Hydrogen were omitted for the sake of clarity.

3.3.2.a.3 Functionalisation with mono long-range ortho-substituted aryl species

The reaction has also been investigated with mono long-range ortho-substituted ArLi
compounds. In particular, using 2-methylaniline as amino precursor for the formation of the borazine
core and the corresponding lithium species of compounds 2-12, 2-13 and 2-16 for the
functionalisation, borazines 3-9, 3-10 and 3-11 were successfully synthesised in 24%, 52% and 42%

yield, respectively (Scheme 3.9).

212 R= =——
R =—TIPS Br Li

213 R= =——TMS
N R "BuLi R
216 R= N D THF, -84 °C

NH, HCI Q
BCl ) Q\ D 3-9 (24%) R= =—TIPS
3 3410 (52%) R= =—TMS
To

luene, 0 °C to 110 °C 0°Ctort, 16h

16h "\‘\ /’\\l @ 3-11 (42%) R= N"Q
i
CLT @f

Scheme 3.9 — Synthesis of borazine derivatives 3-9, 3-10 and 3-11.
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All compounds have been fully characterised by 'H *C and "B-NMR spectroscopy and
HRMS spectrometry. 'H-NMR spectrum of molecule 3-9 shows the prevalence of one isomer
(isomer N“:B«, in 70%) with respect to the other 7 isomers (see Scheme 3.5). This attribution was
done taking in consideration the main signal of the Me groups at around 2.5 ppm, and the main peak
for the TIPS centred at 1 ppm (Figure 3.10). In fact, additional weak peaks in intensity are visible
in the aliphatic region of the spectrum, and they have been associated to the minor formation of the
other isomers (30%). The mentioned isomer N“:B¢ was identify as the one in which the three methyl
groups placed in the ortho-position of the N-aryl moieties are pointing in the same direction, while
the three acetylene TIPS of the B-aryl groups are pointing in the opposite one. Anyway it is
noteworthy to underline that such "H-NMR profile can also be attributed to the isomer N°:B< in
which the six substituents are pointing in the same direction. However, this possibility has been
discarded for steric reasons. This suggests that only of B,B’,B”-trichloro-N,N’,N " -tri[2-
(methyl)phenyl]-borazine, isomer cc was successfully functionalised with the o-acetylene-TIPS-
ArLi derivative to yield 3-9. Additionally, the addition/elimination reaction follows the same route

presented for borazine 2-14 in previous Chapter 2.
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Figure 3.10 — '"H-NMR of borazine 3-9 in CDCl3 (solvent residual peak: 7.26 ppm), where it can be observed one main

peak in the region corresponding to methyl groups (2.57 ppm), and one main peak for the hydrogen of the TIPS moieties
(0.99 ppm).

Concerning the case of molecules 3-10 and 3-11, '"H-NMR analysis in CDCl; showed that
the final borazine was not enriched in any isomer, and a mixture of different isomers was obtained.
Probably, as TMS acetylene and triazene substituents have a lower steric effect than the TIPS
acetylene, the nucleophilic substitution reaction is not that much stereoselective, and the two initial
isomers cc and ct of B,B’, B ’-trichloro-N,N’,N ’-tri[2-(methyl)phenyl]-borazine obtained are able to
equally react with the corresponding nucleophiles. This is also reflected on the yield of the reaction,

which almost are two times higher for 3-10 (52%) and 3-11 (42 %) with respect to borazine 3-9.
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3.3.2.b Formation of the BN-core from 2-isopropylaniline as Amino Precursor

The reaction toward the formation of the borazine core using 2-isopropylaniline (A-value =
2.21 kcal/mol) as amino precursor has been explored and followed by '"B-NMR spectroscopy.
Similarly to the study performed with 2-methylaniline, 2-isopropylaniline was reacted with BCl; in
toluene and two aliquots of the reaction mixture have been analysed, one before and one after heating
at 110 °C. Before heating, '"B-NMR spectrum shows a peak at 6.58 ppm, corresponding to the
formation of the BN-adduct. After heating, a new peak appeared at 32.12 ppm. The product formed
during this step is not stable, therefore, a further functionalisation step was developed. This
functionalisation has firstly been studied using a mono short-range aryl derivative, such as
2-bromoanisole for the halogen-lithium exchange (OMe, A-value = 0.55-0.75 kcal/mol)
(Scheme 3.10). Borazine 3-12 has been successfully obtained in 17% yield, and fully characterised
by 'H '3C and ""B-NMR spectroscopy and HRMS spectrometry. HRMS spectrometry shows peak
at 754.4497 for [M+H]" (C4sHssB3sN3Os calc. 754.4545).

Br Li
MeO. i nBuLi MeO
THF, -84 °C [j
NH, HCI @ j@
R4
BCls

Rq

Toluene, 0 °C to 110 °C g7 BT 0°Ctort., 16h

16h ‘ LRy @/
N\?/N
Ry ='Pr R, Cl

L - 3-12 (17%)

Scheme 3.10 — Synthesis of molecule 3-12.

It has been noticed that with the increment of the steric effect of the ortho-substituent on the
aniline ring (‘Pr, A-value =2.21 kcal/mol, Me A-value = 1.74 kcal/mol), the yield decreases quiet
considerably (65% for 3-6, 17% for 3-12). Most probably, the larger steric effect of ‘Pr on the N-aryl
rings impedes the attack of the ArLi derivative to B,B’,B”-trichloro-N,N’,N”-tri[2-
(isopropyl)phenyl]-borazine, or even the ability of the latter to form the ‘ate complex’ once the ArLi
derivative has attacked. In any case, no restriction towards the formation of any isomer was

observed, and a mixture of different isomers was observed by "H-NMR spectroscopy.

The functionalisation was further explored with bis short-range ortho-substituted ArLi
derivatives (e.g. 2-bromomesytilene, Me A-value = 1.74 kcal/mol). Reaction of MesLi and B,B’,B -

trichloro-N,N’, N ”’-tri[2-(isopropyl)phenyl]-borazine leaded to the formation of a complex mixture
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in which borazine was not detected (Scheme 3.11). Starting material 2-isopropylaniline was
recovered (41%). In addition, it was possible to isolate and characterise aminoborane 3-13.

Br Li
n-BulLi
- >
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NH, HCI NH,
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| | R4
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— ]
Ry =Pr Ry Cl 3-13 (10%) (41%)

Scheme 3.11 — Synthesis of molecule 3-13.

The presence of molecule 3-13 can be due to two different possibilities: (i) decomposition
of the BN-core or (ii) functionalisation of a BN-pair, which did not participate in the cyclisation
towards the formation of the BN-ring. The latter is more plausible as the boron atom is substituted
by two mesityl moieties, meaning that before, two chlorine moieties were placed on that boron atom.
This molecule 3-13 has been obtained in low yield (10%), namely, the amount of amino-borane that
does not cyclise is very poor. Hence, the rest could participate in the formation of B,B’, B ”’-trichloro-
N,N’,N”-tri[2-(isopropyl)phenyl]-borazine, but the functionalisation step with MesLi cannot take
place due to the steric effect of the N-isopropyl groups and the two methyl groups of the ArLi.
Consequently, B,B’,B”-tri(chloro)-N,N’,N ’-tri[2-(isopropyl)phenyl]-borazine decomposes during
the workup, yielding starting aniline as major product.

The chemical identity of aminoborane 3-13 was unambiguously confirmed by X-Ray
analysis. Suitable crystals of molecule 3-13 were grown by slow evaporation from pentane solution

(Figure 3.11).

a) b) c)
)

Figure 3.11 — Crystal structure of boron-nitrogen derivative 3-13; (a) molecular structure; (b) crystal structure represented
in capped sticks; (c) crystal structure represented in spacefill. Space group: P n a 21. The crystal was grown by slow
evaporation of pentane. Color code: grey: C, pink: B, and Blue: N. Hydrogen atoms were omitted for the sake of clarity.
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The functionalisation reaction was finally tested using a mono long-range substituent, such
as 2-12, for the halogen-lithium exchange. Also in this case, borazine was not obtained and just
starting aniline was recovered (43%) (Scheme 3.12).
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Scheme 3.12 — Failed reaction toward the functionalisation of B,B’,B"-tri(chloro)-N,N’,N "-tri[2-(isopropyl)phenyl]-
borazine with mono long-range ortho-substituted aryl moieties.

3.3.2.c Study of the Formation of the BN-core from 2-tert-butylaniline as Amino

Precursor

The study was also developed using 2-tert-butylaniline as amino source (tert-butyl
A-value = 4.7-4.9 kcal/mol). To commence, 2-tert-butylaniline was reacted with BCls in toluene at
110 °C for 16 h. Analogously to the previous studies, the reaction was monitored by ''B-NMR
spectroscopy. !'B-NMR analysis of the reaction mixture after heating shows a peak at 32.20 ppm.
As already described, the intermediate is not stable, and has to be further functionalised toward the
formation of stable borazine derivatives. Scheme 3.13 depicts the functionalisation of the BN-core
with a mono short-range ortho-substituted ArLi, such as o-OMePhLi. No formation of final borazine

was detected, and starting aniline (33%) was recovered from a complex mixture of by-products.
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Scheme 3.13 — Failed reaction toward the functionalisation of B,B’,B"-tri(chloro)-N,N’,N "-tri[2-(tert-butyl)phenyl]-
borazine with mono long-range ortho-substituted aryl moieties.
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The absence of the final borazine can be due to two main reasons: (i) there was no formation
of the initial BN-ring, or (i7) the formation of initial B,B’,B”-trichloro-N,N’,N ’-tri[2-(tert-
butyl)phenyl]-borazine cycle occurred. However, this BN-cycle was not accessible for further
functionalisation, due to the presence of the hindered ortho-substituents on the N-aryl moieties.
Having in mind the results achieved with 2-methylaniline and 2-isopropylaniline, the formation of
the initial cycle could successfully be achieved, obtaining both isomers (cc and ct) (Scheme 3.12).
In particular, for cc isomer, the three bulky substituents (tert-butyl groups) would be pointing in the
same direction, for example, below the ring. During the addition/elimination step, the attack of the
nucleophile would be from the less hindered side, to wit, the opposite one (top face). This attack
entails the formation of the ‘ate complex’, in which the boron-nitrogen cycle loses the planarity. The
substituents on the adjacent nitrogen atoms would not be anymore placed perpendicular to the plane,
but slightly below with respect to the initial conformation, involving an approach between those R
bulky groups and to the borazine core. This conformation in which the two R substituents of the V-
aryl rings are disposed close one to the other, and to the borazine core, cannot be adopted when the
R groups has a large steric effect (like in the case of tert-butyl groups, A-value = 4.7-4.9 kcal/mol).
Therefore, the nucleophilic substitution does not occur (Figure 3.12), which was proved by the

formation of a complex mixture and the recovering of the starting material.

b)

Addition of the 15!
organolithium
derivative

plane xz

Figure 3.12 — Addition of the first organolithium derivative to a borazine cycle with ortho-substituted aniline moieties.
Isomer cc.

In the same way, the functionalisation at the boron site in ¢t isomer does not occur. The
attack of the first ArLi would be from the less hindered side of the cycle, namely, the side that
contains just one out of the three fert-butyl substituent, and it would occur at the furthest boron atom
with respect to the R group. Thus, as before, the adjacent N-aryl moieties slightly moves down,
involving an approach between the R bulky groups and to the borazine core, which does not occur

when R groups has a large steric effect (like terz-butyl groups).

Therefore, the initial cycle, regardless the isomer (cc or cf), is not suitable for further

functionalisation, and the final borazine derivative could not be obtained.
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3.3.2.d Study of the Formation of the BN-core from mono long-range

ortho-substituted Aniline as Amino Precursor

The reaction toward the formation of the borazine core has also been analysed using a mono
long-range ortho-substituted aniline as amino precursor. In particular, aniline 3-14 bearing a TIPS
acetylene in ortho-position was firstly obtained in quantitative yield by Sonogashira cross-coupling
reaction from 2-iodoaniline and (triisopropylsilyl) acetylene at room temperature for 16 h, using
[PACl(PPh3),] as catalyst. Subsequently, the reaction toward the synthesis of the BN-cycle was
performed using the standard protocol. The reaction was monitored by 'B-NMR spectroscopy.
'"TB-NMR analysis shows the formation of a peak at 32.16 ppm after heating 3-14 and BClsat 110 °C
for 16 h. However, further functionalisation in the presence of ArLi bearing an OMe ortho-

substituent did not produce the expected borazine (Scheme 3.14).
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Scheme 3.14 — Failed synthesis for the formation of borazine rings containing mono long-range ortho-substituted aryl
moieties.

Similarly to the reaction with 2-fert-butylaniline, we can conclude that either there is no
formation of the BN-core or the BN-core intermediate is not suitable for further functionalisation.
Nevertheless, this is just a hypothesis and the formation or not of the initial cycle cannot be fully

confirmed, as 'H, *C and '"B-NMR studies gives insufficient information in this regard.
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3.3.3 Study of the formation of the BN-core from bis-substituted Anilines as Amino

Precursor

In this last subsection, the results obtained using bis short-range ortho-substituted aniline
species are presented. In particular, the reaction has been performed with commercially available
2,4,6-trimethylaniline (A-value = 1.74 kcal/mol) and 2,6-diisopropylaniline (A-value = 2.21
kcal/mol) which were reacted with BCls in toluene at 110 °C for 16 h. '"B-NMR of the reaction
mixture after heating shows the formation of a peak around 32 ppm (31.97 and 32.40 ppm,
respectively). However, the consecutive functionalisation reaction with o-OMePhLi did not produce

the final stable borazines (Scheme 3.15).
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Scheme 3.15 — Failed synthesis for the formation of borazine rings from bis substituted aniline species.

From our previous studies, we have demonstrated that in the presence of Me or ‘Pr groups
in the ortho-position of the starting anilines, the formation of the BN-core occurs after reaction with
BCl; (formation of isomers cc and cf). This was also corroborated by the isolation of final hexa-
substituted borazines after the functionalisation step (3-6 and 3-12). Moreover, in Chapter 2 we
studied that there is no restriction during the functionalisation of the BN-core using o-OMePhLi.
Taking in consideration these two facts, it could be assumed that the formation of the initial BN-
core does not occur.

Nevertheless, 'B-NMR analysis of both reaction mixtures shows the formation of a peak
around 32 ppm, in the same region where the peak of molecule 1-3 appeared (see page 109). In order
to further investigate the nature of this peak, BCl3 was reacted with a secondary amine, instead of
the primary amines used so far. Since with a secondary amine (i.e. diphenylamine), the initial BN-
cycle cannot be formed, this can bring useful information for the attribution of the peak around 32
ppm to the formation of a BN-cycle or to the simple formation of the BN-bond. Analogously to the
previous synthetic routes, diphenylamine was reacted with BCls in toluene at 110 °C for 16 h.

Aliquots of the reaction before and after heating have been submitted to ''B-NMR analysis. In
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particular, two peaks at around 32.42 and 8.08 ppm were observed before and after heating. In
addition, two peaks low in intensity have appeared at 7.15 and 24.46 ppm. Therefore, it can be
confirmed that the peak around 32 ppm is ascribable to a boron-nitrogen bond, but not necessary to
the BN-cycle, as it has been presumably accepted before. To complete the study, addition of the
nucleophile for the addition/elimination reaction has been also accomplished, obtaining the

corresponding stable amino-borane 3-15 in 67% yield (Scheme 3.16).
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Scheme 3.16 — Synthesis of aminoborane 3-15 starting with diphenylamine.

With the aim of finding more clues for the formation (or not) of the BN-cycle when using
bis-substituted aniline molecules, the reaction was carried out under the same conditions but using
less hindered ArLi reagents for the functionalisation step, such as an unsubstituted aryl ring (PhLi)
or the smallest alkyl one (MeLi) (Scheme 3.17). In those cases, special attention is deserved during
the workup, as the boron atoms of the expected borazines would not be sterically protected, and the
molecule could hydrolyse. However, none of the expected borazine derivatives were obtained

(Scheme 3.17).
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Scheme 3.17 — Failed synthesis for the obtaining of final borazine derivatives with bis-ortho-substituted anilines, using
MelLi, PhLi or o-OMePhLi.

The last experiment developed towards the study of the formation of the cycle with bis-
substituted aniline moieties consists of the submission of a mixture of different substituted aniline
species to the reaction conditions. The purpose of this experiment was to observe if a less hindered
BN-cycle intermediate could be formed by the combination of the two different aniline moieties. In
fact, a mixture of an already studied aniline suitable either for the formation of the BN-ring, either

for further functionalisation, and a bis ortho-substituted aniline was submitted to the reaction with
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BCl; and the following functionalisation of that BN-cycle has been accomplished. In particular,
aniline and 2,6-diisopropylaniline were reacted with BCl; for 16 h at 110 °C (Scheme 3.18). The
products that could be obtained after this reaction are: (i) the B-N cycle formed from aniline as
amino precursor, (ii) BN-cycle formed from a combination of 2 eq. of aniline and 1 eq. of 2,6-
diisopropylaniline, (iii) B-N cycle formed from 1 eq. of aniline and 2 eq. of 2,6-diisopropylaniline;
and (iv) the already discarded B-N cycle formed from 3 eq. of 2,6-diisopropylaniline (Scheme 3.18).
Afterwards, the functionalising step using o-OMePhLi was developed towards the synthesis of
stable hexa-functionalised borazines. After purification by precipitation with MeOH, 'H-NMR
analysis reveals the formation of borazine 2-30, formed from only aniline as amino precursor and
no formation of borazine with 2,6-disoproylaniline was detected. For molecule 2-30 (68%), both
isomers were obtained, as usual in this borazine derivative (cc:ct 1:5). The yield is in accordance to
the one usually obtained during the pure synthesis of molecule 2-30, which can be an efficient proof
of the total absence of a combined initial BN-cycle composed by aniline and 2,6-diisopropylaniline,
that after could not be functionalised. Therefore, no positive proof was obtained for the confirmation

of a borazine ring that contains bis ortho-substituted aniline moieties.

Cl Cl Cl
BCI | | |
3 R1\ . \ _R4 R1\N,B\N,R1 RZ\N,B\N,R1 RZ\N,B\N,RZ
|
B

Toluene, 0 °C to 110 °C, + | ) + ) ) + )

B B., .B. _B. . .B. _B. .B.
16 h (ollg N ~cl cl” N Cl Cl N Cl [¢]] N Cl
=phenyl Ry = 2,6-diisopropyl R4 Ry Ra R2
phenyl
Li
(0]
MeO ©/ >
B, .
230 (67%) "UNTONR THF, 0°C to rt,
é é MeO 16 h

Cloets O
oMe Rt

Scheme 3.18 — Schematic representation of the study developed when using two different aniline moieties for the
formation of the borazine ring. Aniline is well known to be suitable for the formation of the BN-cycle, and for further
functionalisation at the boron place, while the second aniline moiety, 2,6-diisopropylaniline, is the object of study.
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3.4 Conclusions

Along this Chapter, the study of the reaction between ortho-substituted aniline species and
BCl; has been carried out, obtaining crucial information about the importance of the steric effect of
different substituents on the formation of the borazine core and the consecutive functionalisation. In
particular, with 2-methylaniline (Me, A-value = 1.74 kcal/mol), it was possible to synthesise
different borazine derivatives when changing the ArLi reagent (mono short-range ortho-substituted,
bis short-range ortho-substituted and mono long-range ortho-substituted aryl moieties) (Figure
3.13). The same study was developed when increasing the steric effect of the groups placed in the
aniline moiety. However, with 2-isopropylaniline, stable borazine was formed only when using a
mono short-range ortho-substituted compound for the functionalisation step (Figure 3.13).
Moreover, 2-tert-butylaniline (tert-butyl A-value = 4.7-4.9 kcal/mol) was also submitted to the
reaction with BCls, and further functionalisation, but the desired product was not produced. The
same methodology was applied for the study with mono long-range ortho-substituted anilines, but
no desired borazine was formed (Figure 3.13). Finally, with bis short range-ortho-substituted aniline
moieties (2,4,6-trimethylaniline and 2,6-diispropylaniline) no evidence of formation of a borazine

cycle were found (Figure 3.13).

1“\ R1
:s-~:
o O
, OB—N\
f ’ * R3

Rs

R;=Me; R, =H Mono-Substituted N-aryl rings Mono-Substituted N-aryl rings

R;#R;=0Me (A-value = 0.55-0.75)

R3 R, = OMe (A-value = 0.55-0.75)"

=R, = Me (A-value = 1.74)"

Xy= Acetylene TIPS (A-value =0.41-0.52 + --)
X; = Acetylene TMS (A-value = 0.41-0.52 + 2.5)
X, = Triazene (A-value similar = 0.75)

Re#R;=OMe (A-value =0.55:0.75)
R, =R; = Me (A-value = 1.74)
X, = Acetylene TIPS (A-value =0.41-052 +--) x

Mono-Substituted N-aryl rings 3¢

|R1 =R, =Me or Pr rI:> Bis-Substituted N-aryl rings 3¢

ASSSE QS

Figure 3.13 — Summarised results for the synthesis of borazines obtained in this Chapter.
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Chapter 4

CHAPTER 4

Experimental Part

4.1 Instrumentation

Thin layer chromatography (TLC) was conducted on pre-coated aluminum sheets with

0.20 mm Merk Millipore Silica gel 60 with fluorescent indicator F254.

Column chromatography was carried out using Merck Gerduran silica gel 60 (particle

size 40-63 um).

Melting points (M.P.) were measured on a Biichi Melting Point B-545 or were measured
on a Gallenkamp apparatus. All of the melting points have been measured in open capillary

tubes and have not been corrected.

Nuclear magnetic resonance (NMR) 'H, ''B, 13C, and "°F spectra were obtained on a 300
MHz NMR (Bruker Fourier), 400 MHz NMR (Jeol JNM EX-400 or Bruker AVANCE III
HD), and 500 MHz NMR (Jeol JNM EX-500R). Chemical shifts were reported in ppm
according to tetramethylsilane using the solvent residual signal as an internal reference
(CDCl3: 61 =7.26 ppm, 6c = 77.16 ppm, CD>Clz: 8y = 5.32 ppm, d¢ = 53.84 ppm, Coupling
constants (J) were given in Hz and were averaged. Resonance multiplicity was described as
s (singlet), d (doublet), ¢ (triplet), m (multiplet), br (broad signal), dd (doublet of doublets),

dt (doublet of triplets). Carbon, fluorine and boron spectra were acquired with a complete
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decoupling for the proton. All spectra were recorded at 25 °C unless specified otherwise.

Signals observed in 'H spectra at 1.27 ppm and 0.8 ppm are traces of grease.

Infrared spectra (IR) were recorded on a Perkin-Elmer Spectrum Il FT-IR System UATR,
mounted with a diamond crystal, on a BIO-RAD FTS-165 apparatus, or on a Shimadzu IR
Affinity 1S FTIR spectrometer in ATR mode with a diamond mono-crystal. Selected absorption

bands are reported in wavenumber (cm™).

ESI-High resolution mass spectrometry (ESI-HRMS). ESI-HRMS was performed by the
Fédération de Recherche; ICOA/CBM (FR2708) platform of Orléans in France, on a
Bruker maXis Q-TOF in the positive ion mode. The analytes were dissolved in a suitable
solvent at a concentration of 1 mg/mL and diluted 200 times in methanol (= 5 ng/mL). The
diluted solutions (1pL) were delivered to the ESI source by a Dionex Ultimate 3000 RSLC
chain used in FIA (Flow Injection Analysis) mode at a flow rate of 200 pL/min with a
mixture of CH3CN/H20+0.1% of HCO2H (65/35). ESI conditions were as follows: capillary
voltage was set at 4.5 kV; dry nitrogen was used as nebulizing gas at 0.6 bars and as drying
gas set at 200 °C and 7.0 L/min. ESI-MS spectra were recorded at 1 Hz in the range of 50-
3000 m/z. Calibration was performed with ESI-TOF Tuning mix from Agilent and corrected
using lock masses at m/z 299.294457(methyl stearate) and 1221.990638 (HP-1221). Data
were processed using Bruker Data Analysis 4.1 software. Besides, ESI-HRMS analysis were

performed on a Waters LCT HR TOF mass spectrometer in the positive or negative ion mode,

at Cardiff University.

Matrix-Assisted Laser Desorption-lIonisation Time-of-Flight Mass Spectrometry
analysis (MALDI-TOF). MALDI-HRMS was performed by the Centre de spectrométrie

de masse at the Université de Mons in Belgium, using the following instrumentation: Waters
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QToF Premier mass spectrometer equipped with a nitrogen laser, operating at 337 nm with
a maximum output of 500 mW delivered to the sample in 4 ns pulses at 20 Hz repeating
rate. Time-of-flight analyses were performed in the reflectron mode at a resolution of about
10.000. The matrix, trans-2-[3-(4-tertbutyl-phenyl)-2-methyl-2-propenylidene|malonitrile
(DCTB), was prepared as a 40 mg/mL solution in chloroform. The matrix solution (1 pL)
was applied to a stainless steel target and air dried. Analyte samples were dissolved in a
suitable solvent to obtain 1 mg/mL solutions. 1 pL aliquots of these solutions were applied
onto the target area already bearing the matrix crystals, and air dried. For the recording of
the single-stage MS spectra, the quadrupole (rf-only mode) was set to S3 pass ions from
100 to 1000 THz and all ions were transmitted into the pusher region of the time-offlight
analyser where they were analysed with 1s integration time. Besides, High-resolution
MALDI mass spectra (HRMS) were performed on a Waters Synapt G2-Si QTOF mass

spectrometer, all this analysis were carried out at Cardiff University.

131



Chapter 4 — Experimental Part

4.2 Material and General Methods

Chemicals were purchased from Sigma Aldrich, Acros Organics, Fluorochem, TCI,
aapptec, carbosynth, and ABCR, and were used as received unless specified otherwise. Solvents
were purchased from Sigma Aldrich and Acros Organics. Deuterated solvents were purchased from

Eurisotop.

General solvents were distilled in vacuo. Anhydrous THF was distilled from Na/Benzophenone.

Anhydrous Toluene was distilled from CaHo.

Low temperature baths were prepared using different solvent mixtures depending on the desired
temperature: -196 °C with liquid N, -84 °C with EtOAc/liquid Na, -78 °C Et;O/N; liquid, and 0 °C

with ice/H;0.

Anhydrous conditions were achieved by drying Schlenk lines, 2-neck flasks or 3-neck flasks by
flaming with a heat gun under vacuum and then purging with argon. The inert atmosphere was
maintained using argon-filled balloons equipped with a syringe and needle that was used to penetrate
the silicon stoppers used to close the flasks’ necks. The addition of liquid reagents was done by

means of dried plastic syringes or by cannulation.
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4.3 Experimental Procedures

R
':Q;—NQ Chemical Formula: CyyH5B3N306
i 2K g
B0
R = OMe

B,B’,B”-Tri[2,6-(dimethoxy)phenyl]-N,N’,N”-tri(phenyl)-borazine 2-3

In a flame-dried 100-mL Schlenk flask, aniline (0.35 g, 3.76 mmol) was diluted with 6 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl; (4.88 mL,
4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a
flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h.
The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, 2,6-dimethoxybromobenzene
(0.816 g, 3.76 mmol) was dissolved in 9 mL of anhydrous THF and n-BuLi (2.82 mL, 4.5
mmol, 1.6 M in hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0
°C. B,B’,B”-trichloro-N,N’,N "-triphenyl-borazine 1-3 was cannulated dropwise to the
organolithium solution at 0 °C and allowed to react at r.t. for 16 h. The reaction mixture
was diluted with 15 mL of H>O, extracted with EtOAc (NOTE: It was not really soluble,
and it remained as a white suspension) (3 x 20 mL) and then with CH2Cl, (2 x 20 mL) and
the combined organic phases dried over MgSO4 and the solvents removed under reduced
pressure. The product was purified by precipitation in MeOH (0.73 g, 81%) as a white solid.
M.P.: 319 °C. "H-NMR (300 MHz, CDCl3): §= 6.94-6.56 (m, 18 H), 6.02 (d, Ji= 7.6 Hz,

6 H), 3.51 (s, 18 H) ppm (the '3C resonance corresponding to the carbon atom bonded to

133



Chapter 4 — Experimental Part

the boron atom is not observed due to the quadrupolar relaxation). '"B-NMR (128 MHz,
CDCls): 6=35.94 ppm. 3C-NMR (125 MHz, CDCl3): § = 160.90, 147.68, 129.01, 127.80,
125.55, 123.34, 102.15, 55.01 ppm. IR (cm™): v =422.41, 545.85, 696.30, 723.31, 744.52,
765.74, 1097.50, 1236.37, 1427.32, 1462.04, 1490.97, 1595.13, 2850.79, 2920.23. HRMS

: Foun . » Laz2426310N306 TEQUITES = . .
MALDI): Found 717.2853 [M]", C42H42B3N30 i 717.3353

&0

BN Chemical Formula: C45H4gB3N3
@ . B Exact Mass: 663,41

N
B—N

; Molecular Weight: 663,33

B,B’, B”-Tri(mesityl)-V,N’,N”-tri(phenyl)-borazine 2-4

In a flame-dried 100-mL Schlenk flask, aniline (1 g, 10.7 mmol) was diluted with 24 mL of
anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3 (13 mL, 13 mmol,
1 M solution in heptane) was added dropwise. The septum was changed for a flame-dried
condenser topped by a CaCl; tube and the resulting mixture refluxed for 16 h. The reaction
solution was cooled down to 0 °C, the condenser was changed for a septum, and the flask
subjected to five freeze-to-thaw cycle to remove the remaining HCI. In parallel, to a flame-
dried 100 mL Schlenk flask, mesityl bromide (4.6 g, 16 mmol) was dissolved in 25 mL of
anhydrous THF and #-BuLi (18 mL, 25 mmol, 1.7 M in hexane) added dropwise at -78 °C.
The flask was allowed to warm up at 0 °C. B,B’,B’-trichloro-N,N’,N ’-triphenyl-borazine
1-3 was cannulated dropwise to the organolithium derivative solution at 0 °C and allowed
to react at r.t. for 24 h. The reaction mixture was diluted with 20 mL of H>O, extracted with

EtOAc (3 x 30 mL), the combined organic phases dried over MgSO4 and the solvents
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removed under reduced pressure. The product was purified by precipitation in MeOH (1.85
g, 75%) as a white solid.

M.P.: 262 °C. 'TH-NMR (400 MHz, CDCl3): = 6.84-6.72 (m, 15 H), 6.33 (s, 6 H), 2.23 (s,
18 H) 1.97 (s, 9 H) ppm. "B-NMR (128 MHz, CDCl3): 6 = 36.80 ppm. '3C-NMR (100
MHz, CDCl3): 6 = 146.42, 137.35, 136.17, 127.12, 126.81, 126.28, 124.27, 23.12, 21.15
ppm (the '*C resonance corresponding to the carbon atom bonded to the boron atom is not
observed due to the quadrupolar relaxation). IR (cm™): v = 1308, 1356, 1491, 1597, 2856,
2915. HRMS (MALDI, matrix: DCTB, m/z): [M]" calc. for C4sHasN3B3, 663.4127; found,

663.4138.

| I Chemical Formula: C4gH43loN
Exact Mass: 400,91
Molecular Weight: 401,03

Bu

4-(tert-butyl)-2,6-diiodoaniline 2-9

To a solution of 4-fert-butylaniline (5 g, 33.5 mmol) in MeOH (150 mL) and water
(100 mL), 7.7 g (46.9 mmol) of KI and 5.5 g (23.4 mmol) of KIO3 were added, resulting a
suspension. Afterwards, 37 mL of HCI (1.5 M) were added dropwise over a period of
40 min. The mixture was stirred at r.t. under exclusion of light for 15 h. The reaction mixture
was extracted with EtOAc (3 x 20 mL), the organic layer was washed with an aq. solution
of NaxS20;3 (50 mL), and dried over Na;SOas. Removal of the solvents under vacuum and
purification of the crude by column chromatography (Eluent: CHX: EtOAc 9:1) yielded 2-9
(10.45 g, 79%) as a red oil.

TH-NMR (400 MHz, CDCl3): § = 7.61 (s, 2 H), 4.46 (br s, 2 H), 1.24 (s, 9 H) ppm.
I3C-NMR (100 MHz, CDCls): 6 = 144.80, 143.89, 136.68, 81.83, 33.86, 31.44 ppm. IR

(em™): v = 551.59, 616.21, 701.94, 749.84, 822.24, 872.82, 1022.17, 1041.67, 1057.27,
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1202.6, 1245.84, 1256.32, 1286.43, 1361.15, 1387, 1460.71, 1526.47, 1572.09, 1604.06,
1758.34, 2863.43, 2956.57, 3361.33, 3456.62.MS (ESI-HRMS): Found 401.9207 [M]",

CioH14bN requires = 400.9137.

I | Chemical Formula: C4gH4¢Brl;
Exact Mass: 463,81
Molecular Weight: 464,91

Bu

2-bromo-5-(tert-butyl)-1,3-diiodobenzene 2-10

To a solution of 4-(tert-butyl)-2,6-diiodoaniline 2-9 (5 g, 12.46 mmol) in dry CH3CN
(100 mL) was added CuBr2 (2.5 g, 11.37 mmol) followed by isopentyl nitrite (1.64 mL,
12.24 mmol) at 0 °C. After being stirred for 3 h at 0 °C, the reaction mixture was treated
with a saturated aq. solution of NaHCO3 (50 mL). The reaction mixture was extracted with
EtOAc (3 x 50 mL) and dried over NaxSO4. Removal of the solvents under vacuum and
purification of the crude by column chromatography (Eluent: Pet. Et 100%) yielded 2-10 as
a white solid (3.89 g, 75%).

M.P.: 278 °C. 'H-NMR (400 MHz, CDCl3): 6 = 7.80 (s, 2 H), 1.24 (s, 9 H) ppm.3C-NMR
(100 MHz, CDCl3): 6 = 153.72, 137.83, 136.51, 99.88, 34.43, 31.02 ppm. IR (cm™): v =
605.99, 690.47, 704.23, 719.96, 763.46, 853.96, 872.81, 925.38, 1002.34, 1112.05,
1143.57,1170.6, 1215.26, 1258.48, 1349.83, 1363.55, 1376.52, 1394.46, 1403.31, 1475.23,
1518.37, 1536.79, 1562.42, 1759.08, 2867.37, 2961.76. MS (ESI-HRMS): Found [M]"

463.8125, CioH1212Br, requires 463.8133.
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TMS S Br / TMS
N 2 Chemical Formula: CyqH,gBrSis
Exact Mass: 404,10

Molecular Weight: 405,53
Bu

((2-bromo-5-(tert-butyl)-1,3-phenylene)bis(ethyne-2,1-diyl))bis(trimethylsilane) 2-8
To a degassed solution of dry EtsN (12 mL) and THF (12 mL), 2-bromo-5-(fert-butyl)-1,3-
diiodobenzene 2-10 (3 g, 6.45 mmol), [PdCl2(PPh3)2] (0.45 g, 0.64 mmol), and Cul (0.031 g,
0.16 mmol) were added and the mixture degassed a second time. Finally,
(trimethylsilyl)acetylene (1.83 mL, 12.9 mmol) was added, the reaction mixture degassed
one last time and the final mixture stirred overnight at r.t. under argon. The resulting mixture
was filtered over celite and washed with CH2Clz (20 mL) and EtOAc (20 mL). Removal of
the solvents under vacuum and purification of the crude by column chromatography (eluent:
CHX 100%) yielded 2-8 (2.82 g, 95%) as a white-yellow solid.

M.P.: 238 °C. H-NMR (400 MHz, CDCl): 6 = 7.44 (s, 2 H), 1.28 (s, 9 H), 0.28 (s, 18 H)
ppm. BC-NMR (100 MHz, CDCl3): § = 150.01, 130.84, 125.90, 125.66, 103.67, 99.19,
34.62, 31.08, 0.00 ppm. IR (cm™"): v = 454.13, 584.22, 629.5, 652.94, 688.55, 717.82,
758.69, 837.37, 882.19, 932.58, 993.36, 1031.15, 1139.29, 1248.84, 1309.92, 1364.32,
1393.43, 1410.52, 1465.33, 1561.32, 2155.96, 2900.57, 2960.74. MS (ESI-HRMS): Found

404.0991 [M]", C20H29BrSi> requires = 404.0991.

137



Chapter 4 — Experimental Part

@—N/ \B—© Chemical Formula: C5,Hs5B3N30,Si;
\B—N/ Exact Mass: 845,43
R i ht-
R2 1 Molecular Weight: 845,65
Bu
R1 = OMe
R,==—Tms

B,B’-bis[2-(dimethoxy)phenyl]-B”-[(4-(tert-butyl)-2,6-(trimethylsilyl)ethynyl)phenyl]
-N,N’,N”-tri(phenyl)-borazine 2-11

In a flame-dried 100-mL Schlenk flask, aniline (0.366 g, 3.9 mmol) was diluted with 10 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3 (5.1 mL, 5.1
mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a flame-
dried condenser topped by a CaCl: tube and the resulting mixture refluxed for 16 h. The
reaction solution was cooled down to 0 °C, the condenser was changed for a septum under
argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining HCI. In
parallel, to a flame-dried 100 mL Schlenk flask, molecule 2-10 (1.58 g, 3.9 mmol) was
dissolved in 16 mL of anhydrous THF and n-BuLi (2.92 mL, 4.68 mmol, 1.6 M in hexane)
added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B "-trichloro-
N,N’,N”-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium solution at
0 °C and allowed to react at r.t. for 16 h. After that time, the second organolithium derivative
was prepared in another flame-dried 100 mL Schlenk flask from 2-bromoanisole (0.729 g,
3.9 mmol) in 16 mL of anhydrous THF and n-BuLi (2.92 mL, 4.68 mmol, 1.6 M in hexane),
added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. The previous reaction
mixture was cannulated dropwise to this ArLi solution at 0 °C and allowed to react again at
r.t. for 16 h. The reaction mixture was diluted with 30 mL of H»O, extracted with EtOAc

(3 x 30 mL) and then with CH2Cl, (2 x 20 mL), the combined organic phases dried over
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MgSOs4 and the solvents removed under reduced pressure. The product was purified by
precipitation in MeOH (0.31 g, 20%) as a white solid. Both isomer ¢ and ¢ were obtained
and the characterisation here reported corresponds to the mixture.

M.P.: 324 °C. "TH-NMR (300 MHz, CDCl3): 6= 7.18-6.67 (m, 21 H), 6.53 (¢, J="7.6 Hz, 2
H), 6.28 (d, J= 7.6 Hz, 2 H), 3.44-3.43 (m, 6 H), 1.03 (s, 9 H), 0.51-0.50 (m, 18 H) ppm.
ITB-NMR (128 MHz, CDCIl3): § = 35.84 ppm. 3C-NMR (75 MHz, CDCl3): § = 160.12,
160.03, 149.49, 146.66, 146.58, 132.65, 128.90, 128.18, 126.65, 119.26, 108.41, 107.93,
95.37,95.32, 95.23, 54.36, 34.60, 30.89, 0.46, 0.26, 0.10 ppm (some peaks missing due to
overlap). IR (cm™): v=696.30, 750.31, 763.81, 842.89, 997.20, 1028.06, 1238.30, 1261.45,
1274.95, 1377.17, 1429.25, 1454.33, 1490.97, 1598.99, 2148.70, 2358.94. MS (AP-

HRMS): Found 868.4288 [M+Na], Cs2HssB3N3NaO2Si» requires = 868.4347.

TIPS Br
AN Chemical Formula: C;7H,5BrSi
Exact Mass: 336,09
Molecular Weight: 337,37

2-((triisopropylsilyl)ethynyl)bromobenzene 2-12

To a degassed solution of 2-bromo-iodobenzene (5 g, 17.6 mmol) in iProNH (40 mL),
[PACl2(PPhs)2] (0.370 g, 0.528 mmol) and Cul (0.101 g, 0.528 mmol) were added and the
resulting solution degassed a second time. Finally, (triisopropylsilyl) acetylene (3.21 g, 17.6
mmol) was added, the reaction mixture degassed one last time and the final mixture stirred
overnight at r.t. under argon. The resulting mixture was filtered over celite and washed with
CH:Clz (20 mL) and EtOAc (20 mL). Removal of the solvents under vacuum and
purification of the crude by column chromatography (eluent: CHX 100%) yielded 2-12

(5.9 2,99%) as a pallid yellow liquid.
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TH-NMR (400 MHz, CDCls): 5= 7.58 (dd, Ji= 7.6 Hz, Jo= 1.2 Hz, 1 H), 7.51 (dd, J1 = 7.6
Hz, J»= 1.6 Hz, 1 H), 7.25 (dd, Ji = 7.6 Hz, Jo= 1.2, 1 H), 7.16 (d1, J1= 1.6, .= 1.6, 1 H),
1.15 (m, 21 H) ppm. 3C-NMR (100 MHz, CDCls): 6= 133.94, 132.43, 129.43, 126.91,
125.83, 125.75, 104.88, 96.27, 18.75, 11.39 ppm. IR (cm™): v = 464.76, 482.65, 501.87,
548.18, 558.52, 634.18, 672.1, 711.66, 751.03, 832.95, 831.88, 919.28, 943.81, 996.01,
1017.14, 1027.54, 1046.22, 1072.33, 1119.04, 1219.87, 1257.73, 1366.27, 1383.31,
1433.84, 1463.92, 1558.05, 2160.56, 2864.15, 2891.17, 2941.97. MS (MALDI-HRMS):

Found 336.0913 [M]*, C17H25BrSi requires = 336.0909.

T™S Br
\@ Chemical Formula: C4;H13BrSi

Exact Mass: 252,00

Molecular Weight: 253,21
2-((trimethylsilyl)ethynyl)bromo-benzene 2-13
To a degassed solution of 2-bromoiodobenzene (5 g, 17.6 mmol) in iProNH (40 mL),
[PdCI2(PPhs)2] (0.370 g, 0.528 mmol) and Cul (0.101 g, 0.528 mmol) were added and the
resulting solution degassed a second time. Finally, (trimethylsilyl) acetylene (1.72 g, 17.6
mmol) was added, the reaction mixture degassed one last time and the final mixture stirred
overnight at r.t. under argon. The resulting mixture was filtered over celite and washed with
CH2Clx (20 mL) and EtOAc (20 mL). Removal of the solvents under vacuum and
purification of the crude by column chromatography (eluent: CHX 100%) yielded 2-16 (4.4

g, 98%) as a pallid yellow liquid.

TH-NMR (400 MHz, CDCls): 6 =7.57 (dd, J1=8.0 Hz, J,= 1.2 Hz, 1 H), 7.49 (dd, J1="71.7
Hz, ,=1.6 Hz, 1 H), 7.25 (dd, J1="7.7 Hz, J,= 1.6 Hz, 1 H), 7.17 (dt, J1= 8 Hz, J,=1.2
Hz, 1 H), 0.27 (s, 9 H) ppm. BC-NMR (100 MHz, CDCl): 6 = 133.70, 132.44, 129.64,

126.96, 125.85, 125.33, 103.10, 99.73, -0.08 ppm. IR (cm™): v = 548.7, 593.55, 640.34,
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669.8, 699.84, 711.12, 750.42, 838.38, 860.89, 944.79, 1027.1, 1045.93, 1120.06, 1220.22,
1248.97, 1423.44, 1434.11, 1465.39, 1558.3, 1585.59, 2163.05, 2898.17, 2959.5. MS

(MALDI-HRMS): Found 251.9961 [M]", C17H2sBrSi requires = 251.9970.

R

B-N R
@.N’ \B© Chemical Formula: CggHooBsNsSis
B-N

Exact Mass: 1077,67

Molecular Weight: 1078,16

R==-TIPS

B,B’,B”-tri|2-((triisopropylsilyl)ethynyl)phenyl]-N,N’,N”-tri(phenyl)-borazine 2-14

In a flame-dried 100-mL Schlenk flask, aniline (0.375g, 4 mmol) was diluted with 6 mL of
anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl3 (5.2 mL, 5.2 mmol,
1 M solution in heptane) was added dropwise. The septum was changed for a flame-dried
condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h. The reaction
solution was cooled down to 0 °C, the condenser was changed for a septum under argon,
and the flask subjected to five freeze-to-thaw cycle to remove the remaining HCI. In parallel,
to a flame-dried 100 mL Schlenk flask, compound 2-12 (1.45 g, 4.29 mmol) was dissolved
in 9 mL of anhydrous THF and »n-BuLi (3 mL, 4.8 mmol, 1.6 M in hexane) added dropwise
at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B "-trichloro-N,N’,N "-triphenyl-
borazine 1-3 was cannulated dropwise to the organolithium derivative solution at 0 °C and
allowed to react at r.t. for 24 h. The reaction mixture was diluted with 15 mL of H>O,
extracted with EtOAc (3 x 20 mL) and the combined organic phases dried over MgSO4 and
the solvents removed under reduced pressure. The product was purified by precipitation in

MeOH (0.57 g, 40%) as a white solid (isomer c¥).
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M.P.: 261 °C. 'TH-NMR (400 MHz, CDCl3): 6= 7.23-6.68 (m, 27 H), 1.33 (m, 21 H), 1.23
(m, 42 H) ppm. "B-NMR (128 MHz, CDCl3): § = 34.68 ppm. '3C-NMR (100 MHz,
CDCl): 6 = 145.80, 145.60, 133.08, 131.82, 131,62, 130.80, 128.99, 128.74, 126.98,
126.83, 126.71, 126.35, 126.27, 126.21, 125.15, 125.10, 124.27, 124.24, 110.35, 110.24,
91.27,91.03, 19.10, 19.04, 19.01, 11.74 ppm (some peaks missing due to overlap). IR (cm"
): v = 462.18, 499.55, 532.33, 547.82, 564.93, 604.26, 639.4, 661.64, 675.05, 694.31,
710.33, 756.62, 814.77, 851.84, 882.01, 918.69, 995.2, 1072.77, 1313.68, 1368.35,
1432.48, 1463.04, 1493.11, 1596.24, 2148.41, 2864.24, 2941.55, 3393.57. MS (ESI-

HRMS): Found 1078.682344 [M+H]", CeoHo1B3N3Sis requires = 1078.67.

e
S o Yo
O—R Molecular Weight: 825,68
R==TMS

B,B’, B”-tri|2-((trimethylsilyl)ethynyl)phenyl]-V,N’,N”-tri(phenyl)-borazine 2-15
(isomer cc)
In a flame-dried 100-mL Schlenk flask, aniline (0.7 g, 7.51 mmol) was diluted with 11 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl; (9.77 mL,
9.77 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a
flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h.
The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining

HCI. In parallel, to a flame-dried 100 mL Schlenk flask, compound 2-13 (2.09 g, 8.26 mmol)

was dissolved in 6 mL of anhydrous THF and n-BuLi (5.65 mL, 8.22 mmol, 1.6 M in hexane)
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added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B "-trichloro-
N,N’,N”-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium derivative
solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture was diluted with
15 mL of H20, extracted with EtOAc (3 x 20 mL) and the combined organic phases dried
over MgSO4 and the solvents removed under reduced pressure. The product was purified
by precipitation in MeOH (1.3 g, 63%) as a white solid (isomer cc).

TH-NMR (500 MHz, CDCl3) d = 6.52-6.11 (m, 27 H), 0.31 (s, 27 H) ppm. '3C-NMR (125
MHz, CDCl3): 6 = 145.80, 132.75, 132.62, 130.78, 129.00, 127.36, 126.58, 126.44, 126.17,
125.25, 123.94, 107.55, 94.66, 0.77 ppm (the *C resonance corresponding to the carbon

atom bonded to the boron atom is not observed due to the quadrupolar relaxation).

e

TS o Yol
Q—R @ Molecular Weight: 825,68
R==-TMs

B,B’,B”-tri[2-((trimethylsilyl)ethynyl)phenyl]-V,N’,N”-tri(phenyl)borazine 2-15
(isomer ct)

This isomer was obtained after heating isomer cc up to 60 °C (then, isomer cf being more
stable than cc, no inverse isomerisation is observed when the temperature is back to 25 °C).
M.P.: 241-243 °C. TH-NMR (400 MHz, CDCl3) § = 7.12-6-57 (m, 27 H), 0.47 (s, 9 H), 0.38
(s, 18 H) ppm. "B-NMR (128 MHz, CDCI3): 6 =34.61 ppm. 3C-NMR (100 MHz, CDCI;):
o = 145.77, 145.62, 131.98, 131.92, 131.14, 130.32, 129.83, 129.19, 128.88, 126.91,

126.87,126.57,126.43, 124.76, 124.51, 124.34, 124.25, 108.14, 108.08, 95.12, 94.60, 0.67,

0.54 ppm(some peaks missing due to overlap). IR (cm™): v = 533.26, 548.08, 561.03,
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644.94, 694.3, 709.91, 756.83, 837.99, 867.68, 1027.9, 1073.19, 1215.11, 1248.31,
1261.03, 1313.7, 1369.8, 1434.87, 1452.02, 1492.87, 1595.88, 2152.93, 2957.09, 3365.77.

MS (ESI-HRMS): found 826.3995 [M+H]", Cs1HssB3N3Si3 requires= 826.3983.

Br
C\N N Chemical Formula: C4oH1,BrN3
“N* Exact Mass: 253,02

Molecular Weight: 254,13

(E)-1-((2-bromophenyl)diazenyl)pyrrolidine 2-16

To a suspension of 2-bromoaniline (2 g, 11.62 mmol) in conc. HCl at 0 °C (14 mL, 37% in
H>0), a solution of NaNO: (0.88 g, 12.78 mmol) in cold water (1.5 mL) was added
dropwise. After 1 hour, the diazonium salt was formed and a solution (20 mL) of pyrrolidine
(7.76 mL, 93 mmol) in aqueous solution of K»CO3 (12.8 g, 93 mmol) was added, stirred for
1.5 h. Target molecule 2-14 was obtained after filtration as an orange solid (2.38 g, 70%).
M.P.: 93 °C. 'H-NMR (300 MHz, CDCl3): 6= 7.58 (dd, J1 = 8.0, /= 1.3 Hz, 1 H), 7.41
(dd,1=8.1,Jo=1.6 Hz, 1 H), 7.24 (dd, J1=8.1, =13 Hz, 1 H), 7.00 (¢td, J1="7.7, .= 1.6
Hz, 1 H), 3.85 (s, 4 H), 2.05 (s, 4 H) ppm. 3C-NMR (75 MHz, CDCl3): 5= 148.77, 133.08,
127.87, 126.11, 119.45, 118.66, 51.35, 23.77 ppm. IR (cm™): v = 561.29, 651.94, 669.30,
721.38, 752.24, 856.39, 1024.20, 1219.01, 1267.23, 1313.52, 1340.53, 1404.18, 1463.97,
2341.58, 2358.94, 2872.01, 2974.23. MS (ESI-HRMS): Found = 253.0215 [M]",

Ci0H12BrN; requires = 253.0215.
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@ Chemical Formula: CgoH75B3N 12

-N Exact Mass: 996,65

R Q Molecular Weight: 996,77

B,B’,B”-tri|2-(pyrrolidin-1-yldiazenyl)phenyl]- NV, N’,N”-tri[4-tert-butyl)phenyl]-
borazine 2-17

In a flame-dried 100-mL Schlenk flask, 4-tert-butylaniline (0.617 g, 3.93 mmol) was diluted
with 9 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl3
(9 mL, 9 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for
a flame-dried condenser topped by a CaCl» tube and the resulting mixture refluxed for 16
h. The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, 2-16 (1.2 g, 4.72 mmol) was
dissolved in 20 mL of anhydrous THF and n-BuLi (3.24 mL, 5.18 mmol, 1.6 M in hexane)
added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B”-trichloro-
N,N’,N "-tri[ (4-tert-butyl)phenyl]-borazine was cannulated dropwise to the organolithium
derivative solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture was
diluted with 15 mL of H2O, extracted with EtOAc (3 x 20 mL) and then with CH>Cl, (2 x
20 mL), the combined organic phases dried over MgSO4 and the solvents removed under
reduced pressure. The product was purified by precipitation in MeOH (0.52 g, 55%) as a

white solid (isomer cc).
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M.P.: 195 °C. 'TH-NMR (400 MHz, CD,Cl,): 5= 6.97 (dd, J= 7.2, J= 1.3 Hz, 4 H), 6.81-
6.79 (m, 6 H), 6.76-6.62 (m, 10 H), 6.60 (s, 4 H), 3.80 (s, 12 H), 2.02-1.98 (m, 12 H), 1.02
(s, 27 H) ppm. "B-NMR (128 MHz, CD,Cly): & = 35.41 ppm. *C-NMR (100 MHz,
CDCl): & = 153.28, 146.45, 145.84, 133.94, 129.37, 127.72, 124.36, 123.75, 117.54,
34.63, 31.92, 24.91 ppm. IR (cm™): v = 403.12, 742.59, 750.31, 763.81, 769.60, 1022.27,
1267.23, 1319.31, 1419.61, 2358.94. MS (ESI-HRMS): Found 1019.6473 [M+Nal",

CesoH75B3N12Na requires = 1019.6415.

e A i\ Chemical Formula: Cq,H15BrSi
O g

((2-bromo-3-methylphenyl)ethynyl)trimethylsilane 2-20

To a degassed solution of 2-bromo-3-iodotoluene (1.2 g, 4.04 mmol) in ;Pr2NH (25 mL),
[PACl2(PPh3)2] (50 mg, 0.07 mmol) and Cul (40 mg, 0.21 mmol) were added and the
resulting solution degassed a second time. Finally, (trimethylsilyl) acetylene (0.417 g, 4.24
mmol) was added, the reaction mixture degassed one last time and the final mixture stirred
overnight at r.t. under nitrogen. The resulting mixture was filtered over celite and washed
with CH2Clz (20 mL) and EtOAc (20 mL). Removal of the solvents under vacuum and
purification of the crude by column chromatography (eluent: Pet. Et. 100%) yielded 2-19
(1 g,94%) as a pallid yellow liquid.

'TH-NMR (300 MHz, CDCl3): 6="7.35 (dd, J1=8.0 Hz, /= 1.2 Hz, 1 H), 7.19 (dd, J1="7.7
Hz, J,=1.6 Hz, 1 H), 7.15 (¢, i= 7.7 Hz, 1 H), 2.41 (s, 3 H), 0.28 (s, 9 H) ppm. 3C-NMR
(75 MHz, CDCl3): 6 = 138.84, 131.33, 130.74, 128.03, 126.72, 125.79, 103.90, 99.23,

23.97, 0.01 ppm. IR (cm™): v = 408.91, 418.55, 659.66, 669.30, 709.80, 750.31, 763.81,
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842.89, 937.40, 1029, 1259.52, 1274.95, 1398.39, 1460.11, 2154.49, 2341.58, 2360.87,
2958.80, 3005.10, 3628.10, 3649.32, 3676.32, 3853.77. MS (ESI-HRMS): Found 266.0130

[M]", Ci2HisBrSi requires = 266.0126.

R OMe Chemical Formula: C4;H,sBrOSi
Exact Mass: 282,01
Molecular Weight: 283,24

Synthesis of ((2-bromo-3-methoxyphenyl)ethynyl)trimethylsilane 2-21

To a degassed solution of 2-bromo-3-iodoanisole (1 g, 3.19 mmol) in iPr,NH (15 mL),
[PACI2(PPhs)2] (50 mg, 0.3 mmol) and Cul (50 mg, 0.528 mmol) were added and the
resulting solution degassed a second time. Finally, (trimethylsilyl) acetylene (0.47 mL, 3.55
mmol) was added, the reaction mixture degassed one last time and the final mixture stirred
overnight at r.t. under argon. The resulting mixture was filtered over celite and washed with
CH2CLx; (20 mL) and EtOAc (20 mL). Removal of the solvents under vacuum and
purification of the crude by column chromatography (eluent: Pet. Ether 100%) yielded 2-22

(0.90 g, 99%) as a pallid yellow liquid.

TH-NMR (300 MHz, CDCls): 6 =7.22 (t,J=8.0 Hz, 1 H), 7.13 (dd, J1= 8 Hz, J,= 1.8 Hz,
1 H), 6.86 (dd, Ji = 8 Hz, = 1.8 Hz, 1 H), 3.89 (s, 3 H), 0.28 (s, 9 H) ppm. 13C-NMR
(75 MHz, CDCl3): 6= 156.29, 127.80, 126.80, 125.80, 115.36, 111.93, 103.17, 99.75,
56.50, -0.02 ppm (some peaks missing due to overlap). IR (cm™): v = 659.66, 702.09,
750.31, 844.82, 931.62, 1035.77, 1074.35, 1249.87, 1300.02, 1423.47, 1465.90, 1562.34,

2958.80. MS (MALDI-HRMS): Found 282.0081 [M]", C12H15BrOSi requires = 282.0076.
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wp
O,

-N Chemical Formula: C4H46B3N30Si,
‘B-OH Exact Mass: 697,35
*NI Molecular Weight: 697,45
R==—TMS

B,B’-Bis-[2-(methyl)-6-((trimethylsilyl)ethynyl)phenyl]-B”-hydroxy-N,N’,N”’-
tri(phenyl)-borazine 2-24

In a flame-dried 100-mL Schlenk flask, aniline (0.14 g, 1.5 mmol) was diluted with 3 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3 (1.95 mL, 1.95
mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a flame-
dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h. The
reaction solution was cooled down to 0 °C, the condenser was changed for a septum under
argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining HCI. In
parallel, to a flame-dried 100 mL Schlenk flask, molecule 2-20 (0.4 g, 1.5 mmol) was
dissolved in 6 mL of anhydrous THF and n-BuLi (1.125 mL, 1.8 mmol, 1.6 M in hexane)
added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B”-trichloro-
N,N’,N”-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium derivative
solution at 0 °C and allowed to react at r.t. for 16 h. The reaction mixture was diluted with
15 mL of H>O, extracted with EtOAc (3 x 10 mL), the combined organic phases dried over
MgSO4 and the solvents removed under reduced pressure. The product was purified by
precipitation in MeOH (0.140 g, 40%) as a white solid. Just isomer # was obtained.

ML.P.: 228 °C. TH-NMR (300 MHz, CDCl3): 6= 7.32-7.27 (m, 3 H), 7.25-6.94 (m, 10 H),
6-80-6.60 (m, 8 H), 3.50 (s, 1 H), 2.18 (s, 6 H), 0.41 (s, 18 H) ppm. ''B-NMR (128 MHz,
CDCl3): 6= 35.98, 25.72 ppm. BC-NMR (75 MHz, CDCl3): § = 145.72, 143.50, 137.42,

128.21, 128.06, 127.72, 126.72, 126.68, 126.57, 125.22, 124.47, 124.20, 108.43, 94.95,
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22.48,-0.01 ppm. IR (cm™): v = 403.12, 412.77, 420.48, 518.85, 617.22, 653.87, 669.30,
887.26, 1006.84, 1026.13, 1072.42, 1122.57, 1209.37, 1452.40, 1587.42, 1597.06, 2140.99,
2360.87, 2956.87. MS (ES-HRMS): Found 698.3558 [M+H]", C4,H47B3N30Si, requires =

698.3555.

Chemical Formula: C4,H4¢B3N303Si,

OH Exact Mass: 729,34

Molecular Weight: 729,45

R= =——TMS

B,B’-Bis-[2-(methoxy)-6-((trimethylsilyl)ethynyl)phenyl]-B”-hydroxy-N,N’,N”-
tri(phenyl)borazine 2-25

In a flame-dried 100-mL Schlenk flask, aniline (0.14 g, 1.5 mmol) was diluted with 3 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl; (1.95 mL,
1.95 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a
flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h.
The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, compound 2-21 (0.42 g, 1.5 mmol)
was dissolved in 6 mL of anhydrous THF and n-BuLi (1.125 mL, 1.8 mmol, 1.6 M in
hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B”-
trichloro-N,N’, N ’-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium
derivative solution at 0 °C and allowed to react at r.t. for 16 h. The reaction mixture was

diluted with 15 mL of H20O, extracted with EtOAc (3 x 10 mL) and the combined organic
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phases dried over MgSO4 and the solvents removed under reduced pressure. The product
was purified by precipitation in MeOH (0.140 g, 39%) as a white solid. Just isomer # was
obtained.

M.P.: 251 °C. 'TH-NMR (300 MHz, CDCl3): 6=7.32 (s, 1 H), 7.12-6.62 (m, 18 H), 6.35 (d,
J=7.6 Hz, 2 H), 3.60 (s, 6 H), 3.54 (s, 1 H), 0.45 (s, 18 H) ppm. "B-NMR (128 MHz,
CDCl3): 6= 35.40, 25.77 ppm. BC-NMR (75 MHz, CDCl3): 5= 159.38, 146.28, 144.08,
128.04, 127.86, 127.44, 127.24, 126.11, 125.02, 124.98, 123.95, 122.85, 109.05, 106.97,
94.70, 54.62, 0.00 ppm (the *C resonance corresponding to the carbon atom bonded to the
boron atom is not observed due to the quadrupolar relaxation). IR (cm™): v = 401.19,
522.17,559.36, 570.93, 653.87, 781.17, 800.46, 889.70, 908.47, 931.62, 1028.06, 1120.64,
1168.86, 1290.38, 1431.18, 1456.26, 1490.97, 1558.48, 1593.20, 2144.84. MS (ESI-

HRMS): Found 730.3457 [M+H]", C42H47B3N303Si> requires = 730.3485.

QQ
@

R= =——TMS

Chemical Formula: C4gHs50B3N305Si,
Exact Mass: 789,37
Molecular Weight: 789,55

B,B’-Bis-[2-methoxy-6-((trimethylsilyl)ethynyl)phenyl]-B”-(phenyl)-N,N’, N ”-tri-
(phenyl)-borazine 2-26

In a flame-dried 100-mL Schlenk flask, aniline (0.14 g, 1.5 mmol) was diluted with 3 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl3 (1.95 mL,
1.95 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a

flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h.
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The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, compound 2-21 (0.42 g, 1.5 mmol)
was dissolved in 6 mL of anhydrous THF and n-BuLi (1.125 mL, 1.8 mmol, 1.6 M in
hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B"-
trichloro-N,N’,N "-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium
derivative solution at 0 °C and allowed to react at r.t. for 16 h. Finally, the reaction was
quenched with PhLi (5 mL) and left to react at r.t. for 4 h. The reaction mixture was diluted
with 15 mL of H>O, extracted with EtOAc (3 x 10 mL) and the combined organic phases
dried over MgSO4 and the solvents removed under reduced pressure. The product was

purified by precipitation in MeOH (0.153 g, 37%) as a white solid (isomer #).

M.P.: 253 °C.'TH-NMR (300 MHz, CDCl3): 6=7.19 (d, J =8 Hz, 2 H), 6.96 (t, J= 8 Hz,
4 H), 6.87-6.54 (m, 18 H), 6.35 (d, J = 8 Hz, 2 H), 3.61 (s, 6 H), 0.49 (s, 18 H) ppm.
ITB-NMR (128 MHz, CDCl3): § = 35.32 ppm. 3C-NMR (75 MHz, CDCl3): § = 159.63,
147.00, 146.59, 132.92, 128.85, 128.27, 128.22, 127.43, 127.03, 126.79, 126.44, 126.22,
125.21, 124.43, 124.17, 123.12, 109.36, 107.34, 94.98, 54.95, 0.40 ppm (the *C resonance
corresponding to the carbon atom bonded to the boron atom is not observed due to the
quadrupolar relaxation). IR (cm™): v = 405.05, 424.34, 433.98, 696.30, 750.31, 763.81,
842.89,1078.21, 1259.52, 1274.95, 1377.17, 1456.26, 1490.97, 1558.48, 1595.13, 2341.58,
2358.94. MS (ES-HRMS): Found 790.3881 [M+H]", CasHsiB3N302Si> requires =

790.3822.
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QN_BQ Chemical Formula: C3gH3B3N3
SIS @ el
g

B,B’,B”-Tri[2-(methyl)phenyl]-V,N’,N”-tri(phenyl)borazine 2-27

In a flame-dried 100-mL Schlenk flask, aniline (0.7 g, 7.5 mmol) was diluted with 11 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BClz (9.77 mL,
9.77 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a
flame-dried condenser topped by a CaCl; tube and the resulting mixture refluxed for 16 h.
The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, 2-bromotoluene (1.33 g, 8.22 mmol)
was dissolved in 17 mL of anhydrous THF and »-BuLi (5.65 mL, 9.06 mmol, 1.6 M in
hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B"-
trichloro-N,N’,N "-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium
derivative solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture was
diluted with 15 mL of H>O, extracted with EtOAc (NOTE: It was not really soluble, and it
remained as a white suspension) (3 x 20 mL) and then with CH>Cl> (2 x 20 mL) and the
combined organic phases dried over MgSO4 and the solvents removed under reduced
pressure. The product was purified by precipitation in MeOH (0.60 g, 69%) as a white solid.
Two isomers were obtained (cc:ct 1:3). The characterisation here reported corresponds to
both isomers together.

M.p. 329 °C.'H-NMR (300 MHz, CDCls): 5= 7.10-6.59 (m, 108 H), 2.24 (s, 9 H), 2.18 (s,

18 H), 2.11 (s, 9 H) ppm. '"B-NMR (128 MHz, CDCl): & = 36.47 ppm. 3C-NMR
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(75 MHz, CDCL): ¢ = 146.39, 146.33, 146.12, 137.93, 137.83, 137.73, 132.41, 132.12,
131.84, 129.67, 128.73, 128.05, 127.24, 127.20, 127.06, 126.77, 124.25, 123.65, 123.53,
123.43, 23.16, 23.04, 22.92 ppm (some peaks missing due to overlap). IR (cm™): v =
406.98, 418.55, 559.36, 696.30, 729.09, 748.38, 763.81, 1026.13, 1072.42, 1261.45,
1276.88, 1309.67, 1363.67, 1489.05, 1597.06. MS (ES-HRMS): Found 602.3105 [M+Na]",

C39H36B3N3Na requires = 602.3086.

i j CF Chemical Formula: C3gH27B3FgN3
Exact Mass: 741,23
CF3; Z CFs

Molecular Weight: 741,08

B,B’,B”-Tri|2-(trifluoromethyl)phenyl]-NV,N’,N”-tri(phenyl)-borazine 2-28

In a flame-dried 100-mL Schlenk flask, aniline (0.7 g, 7.5 mmol) was diluted with 11 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl3 (9.77 mL, 9.77
mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a flame-
dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h. The
reaction solution was cooled down to 0 °C, the condenser was changed for a septum under
argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining HCI. In
parallel, to a flame-dried 100 mL Schlenk flask, 2-bromobenzotrifluoride (1.85 g, 8.22
mmol) was dissolved in 17 mL of anhydrous THF and »n-BuLi (5.65 mL, 9.06 mmol, 1.6 M
in hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B -
trichloro-N,N’,N "-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium
derivative solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture was

diluted with 15 mL of H>O, extracted with EtOAc (NOTE: It was not really soluble, and it
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remained as a white suspension) (3 x 20 mL) and then with CH2Cl> (2 x 20 mL), the
combined organic phases dried over MgSO4 and the solvents removed under reduced
pressure. The product was purified by precipitation in MeOH (1.15 g, 51%) as a white solid.
Two isomers were obtained (cc:ct 1:3). The characterisation here reported corresponds to
both isomers together.

M.p. 346 °C."H-NMR (300 MHz, CDCl3): 6= 7.24-6.63 (m, 108 H) ppm. 'B-NMR (128
MHz, CDCl3): 6= 36.55 ppm. 3C-NMR (75 MHz, CDCl3): 6 = 145.49, 145.18, 132.78,
132.36, 131.99, 129.41, 129.36, 129.21, 129.09, 129.00, 128.24, 128.10, 127.87, 127.40,
127.18, 126.18, 124.97 ppm (some peaks missing due to overlap). ’F-NMR (470 MHz): &
= -58.80, -58.83 ppm. IR (cm™): v = 420.48, 443.63, 457.13, 549.71, 700.16, 715.59,
752.24,765.74, 1049.28, 1114.43, 1153.43, 1321.24, 1373.32, 1489.05. MS (ESI-HRMS):

Found 742.2460 [M]", C39H23B3F3N3 requires = 742.2438.

YA

N—B
/ \
Q—B\N B/N@ Chemical Formula: C4,H45B3Ng

R R Exact Mass: 666,40
@ @ Molecular Weight: 666,29

R = NMe,
B,B’,B”-Tri(2-N,N-dimethylaniline)-NV,N’,N”-tri(phenyl)-borazine 2-29

In a flame-dried 100-mL Schlenk flask, aniline (0.7 g, 7.5 mmol) was diluted with 11 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BClz (9.77 mL,
9.77 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a
flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h.

The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
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under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, 2-bromoN-N-dimethylaniline (1.44
g, 8.22 mmol) was dissolved in 17 mL of anhydrous THF and n-BuLi (5.65 mL, 9.06 mmol,
1.6 M in hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C.
B,B’,B-trichloro-N,N’,N "-triphenyl-borazine 1-3 was cannulated dropwise to the
organolithium derivative solution at 0 °C and allowed to react at r.t. for 24 h.

The reaction mixture was filtered off, washed with MeOH (20 mL), H,O (20 mL), and again
MeOH (20mL) to yield compound 2-28 as a white solid (0.7 g, 47%). Two isomers were
obtained (cc:ct 1:3). The characterisation here reported corresponds to both isomers.

ML.P.: 189 °C. 'TH-NMR (300 MHz, CDCl3): 6= 7.11-6.15 (m, 108 H), 2.77 (s, 18 H), 2.71
(s, 36 H), 2.61 (s, 18 H) ppm. "B-NMR (128 MHz, CDCl3): & = 36.25 ppm. 3*C-NMR
(75 MHz, CDCls): 6 = 154.33, 154.12, 153.94, 146.66, 146.58, 146.32, 135.06, 134.85,
134.63, 130.27, 129.69, 129.56, 128.89, 127.95, 126.33, 126.07, 125.94, 123.81, 123.71,
123.56, 117.62, 117.42, 117.24, 114.29, 114.18, 43.17, 43.03, 43.00 ppm. IR (cm™): v =
418.55, 439.77, 505.35, 667.37, 690.52, 1008.77, 1028.06, 1043.49, 1099.43, 1261.45,
1429.25, 1570.06, 1595.13, 2791.00, 2833.43, 2866.22, 2949.16, 2985.81. MS

(ESI-HRMS): Found 667.4023 [M+H]", C42H46B3N¢ requires = 667.4035.
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i OMe Chemical Formula: C3gH3z6B3N303

N—B
g N@ Exact Mass: 627,30
\ —B/ Molecular Weight: 627,16

OMe ;N : OMe

B,B’,B”-Tri|2-(methoxy)phenyl]-N,N’,N”-tri(phenyl)-borazine 2-30

In a flame-dried 100-mL Schlenk flask, aniline (0.7 g, 7.5 mmol) was diluted with 11 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl; (9.77 mL,
9.77 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a
flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h.
The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, 2-bromoanisole (1.54 g, 8.22 mmol)
was dissolved in 17 mL of anhydrous THF and #-BuLi (5.65 mL, 9.06 mmol, 1.6 M in
hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B -
trichloro-N,N’, N ’-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium
derivative solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture was
diluted with 15 mL of H»0O, extracted with EtOAc (NOTE: It was not soluble, and it
remained as a white suspension) (3 x 20 mL) and then with CH>Cl> (2 x 20 mL) and the
combined organic phases dried over MgSO4 and the solvents removed under reduced
pressure. The product was purified by precipitation in MeOH (1.02 g, 69%) as a white solid.
Two isomers were obtained (cc:ct 1:5). The characterisation here reported corresponds to
both isomers together.

M.P.: 298 °C. "H-NMR (300 MHz, CDCl3): 6= 6.99-6.65 (m, 126 H), 6.53 (¢, J = 7.6 Hz,

18 H), 6.30 (d, J = 7.6 MHz, 18 H), 3.45 (s, 15 H), 3.42 (s, 30 H), 3.37 (s, 9 H) ppm.
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1IB-NMR (128 MHz, CDCl3): & = 35.98 ppm. 3C-NMR (75 MHz, CDCl3): § = 160.16,
160.04, 159.93, 147.05, 146.98, 132.78, 128.55, 128.13, 126.38, 123.62, 119.28, 119.24,
108.54, 108.48, 108.41, 54.53 ppm (some peaks missing due to overlap). IR (cm™): v =
406.98, 418.55, 532.35, 694.37, 744.52, 761.88, 1024.20, 1043.49, 1261.45, 1274.95,
1313.52, 1375.25, 1429.25, 1452.40, 1571.99, 1597.06, 2314.58, 2347.37. MS (ESI-

HRMS): Found 628.3124 [M+H]", C39H37B3N303 requires = 628.3114.
Chemical Formula: C51HgoB3N303

Exact Mass: 795,49
; z Molecular Weight: 795,49

B,B’,B”-Tri[2-(methoxy)phenyl]-V,N’,N”-tri[4-(tert-butyl)phenyl|-borazine 2-32

In a flame-dried 100-mL Schlenk flask, 4-tert-butylaniline (0.35 g, 2.2 mmol) was diluted
with 6 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3 (2.85
mL, 2.85 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for
a flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16
h. The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, 2-bromoanisole (0.27 g, 2.2 mmol)
was dissolved in 9 mL of anhydrous THF and n-BuLi (1.55 mL, 2.65 mmol, 1.6 M in
hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B”-
trichloro-N,N’, N ’-tri[ (4-tert-butyl)phenyl]-borazine was cannulated dropwise to the

organolithium derivative solution at 0 °C and allowed to react at r.t. for 24 h. The reaction
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mixture was diluted with 15 mL of H»O, extracted with EtOAc (3 x 20 mL) and the
combined organic phases dried over MgSO4 and the solvents removed under reduced
pressure. The product was purified by precipitation in MeOH (0.42 g, 74%) as a white solid.
Two isomers were obtained (cc:ct 1:5). The characterisation here reported corresponds to
both isomers together.

M.P.: 293 °C. 'TH-NMR (300 MHz, CDCl3): 5= 6.87-6.62 (m, 110 H), 6.51-6.46 (m, 24 H),
6.26-6.23 (m, 20 H), 3.31 (s, 15 H), 3.28 (s, 30 H), 3.26 (s, 9 H), 1.06 (s, 162 H) ppm.
1TB-NMR (128 MHz, CDCls): & = 36.02 ppm. 3C-NMR (75 MHz, CDCl3): & = 160.46,
160.36, 160.24, 145.85, 145.76, 144.52, 144.40, 133.32, 128.12, 127.93, 122.99, 119.25,
108.54, 54.74, 54.65, 54.58, 34.02, 31.43 ppm (some peaks missing due to overlap). IR (cm
): v =418.55, 590.22, 669.30, 704.02, 738.74, 750.31, 794.67, 839.03, 1024.20, 1045.42,
1082.07, 1109.07, 1126.43, 1161.15, 1180.44, 1236.37, 1265.30, 1313.52, 1431.18,
1485.19, 1516.05, 1573.91, 2341.58, 2833.43. MS (ESI-HRMS): Found 796.5077 [M+H]",

Cs1Hs1B3N303 requires = 796.4992.

i : Chemical Formula: C3gH27B3F3N3
Exact Mass: 591,24

Molecular Weight: 591,06
B,B’,B”-Tri[2-(fluoro)phenyl]-N,N’,N”-tri(phenyl)borazine 2-33
In a flame-dried 100-mL Schlenk flask, aniline (0.35 g, 3.76 mmol) was diluted with 6 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl; (4.88 mL,

4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for a
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flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h.
The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, 2-bromofluorobenzene (0.72 g,
4.12 mmol) was dissolved in 9 mL of anhydrous THF and n-BuLi (2.82 mL, 4.515 mmol,
1.6 M in hexane) added dropwise at -84 °C. B,B’,B "-trichloro-N,N’,N "-triphenyl-borazine
1-3 was cannulated dropwise to the organolithium solution at -84 °C and allowed to react
at that temperature for 3 h, then stirred 3 h at 0 °C, and finally 12 h at r.t. The reaction
mixture was diluted with 15 mL of H>O, extracted with EtOAc (3 x 20 mL), the combined
organic phases dried over MgSO4 and the solvents removed under reduced pressure. The
product was purified by precipitation in MeOH (0.34 g, 46%) as a white solid. Two isomers
were obtained (cc:ct 5:1). The characterisation here reported corresponds to both isomers
together.

M.P.: > 320 °C. 'H-NMR (300 MHz, CDCl3): § = 7.12-7.07 (m, 2 H), 6.98 — 6.64 (m, 22
H), 6.56-6.49 (m, 3 H) ppm. "B-NMR (128 MHz, CDCl3): & = 34.84 ppm. 3C-NMR
(125 MHz, CDCL3): 6 = 163.81 (¢, J = 3.9 Hz), 161.92 (¢, J = 2.7 Hz), 146.08, 146.02,
132.87 (d, J = 9.9 Hz), 129.25 (d, J = 8.1 Hz), 128.96 — 128.57 (m), 128.57 — 128.10 (m),
128.00 (d, J=10.6 Hz), 127.63 (d, J=9.7 Hz), 127.13 (d, J=9.3 Hz), 124.75 (d, J=3.5
Hz), 122.75 (d, J=2.4 Hz), 113.77 (d, J = 4.3 Hz), 113.52 (d, J = 15.8 Hz) ppm. YF-NMR
(470 MHz): & = -102.25, -102.55, -102.85 ppm. IR (cm): v = 418.55, 459.06, 526.57,
557.43, 694.37, 725.23, 754.17, 808.17, 842.89, 937.40, 1026.13, 1072.42, 1153.43,
1211.30, 1246.02, 1257.59, 1313.52, 1436.97, 1490.97, 1595.13, 1612.49, 2962.66,
3026.31, 3059.10. MS (ES-HRMS): Found 591.2565 [M]", CssH27B3F3N3 requires =

591.2436.
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Chemical Formula: C44H,3BrOSi
Exact Mass: 314,07
k Molecular Weight: 315,32

(4-bromo-3,5-dimethylphenoxy)(fert-butyl)dimethylsilane 2-35

To a solution of 4-bromo-3,5-dimethylphenol (10.0 g, 49.8 mmol) in DMF (60 mL),
TBDMS-CI (10.5 g, 69.7 mmol), and imidazol (10.2 g, 150 mmol) were added and stirred
at 50 °C for 16 h. The resulting mixture was diluted with EtOAc (200 mL), washed with
water (3 x 200 mL) and brine (1 x 150 mL), and dried over MgSOs. Removal of the solvents
and the excess of tert-butyl-dimethylsilyl under reduced pressure yielded compound 2-35

as a yellow oil (15.5 g, 99%).

TH-NMR (400 MHz, CDCL): & = 6.58 (s, 6 H), 2.35 (s, 6 H), 0.98 (s, 9 H), 0.18 (s, 6 H)
ppm. 3C-NMR (100 MHz, CDCly): 6 = 154.22, 139.09, 120.00, 119.07, 25.76, 23.98,
18.26, -4.34 ppm. IR (cm™): v = 460.87, 469.72, 496.95, 524.01, 569.33, 673.42, 695.61,
778.72, 834.13, 864.97, 939.08, 977.96, 1005.73, 1019.95, 1031.36, 1052.62, 1166.6,
1252.45,1321.15, 1361.9, 1390.06, 1409.75, 1464.27, 1581.86, 2857.62, 2896.32, 2929.33,

2954.99. MS (ESI-HRMS): Found 315.0774 [M+H]", C14H24BrOSi requires= 314.0780.

Br
Chemical Formula: C43H,1BrOSi
Exact Mass: 300,05
i |J< Molecular Weight: 301,30
“Si

I
(4-bromo-3-methylphenoxy)(fert-butyl)dimethylsilane 2-36

To a solution of 4-bromo-3-methylphenol (5.5 g, 29.8 mmol) in DMF (32 mL), TBDMS-

Cl1 (6.2 g, 41.5 mmol), and imidazol (6 g, 87.6 mmol) were added and stirred at 50 °C for
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16 h. The resulting mixture was diluted with EtOAc (200 mL), washed with water (3 x 200
mL) and brine (1 x 150 mL), and dried over MgSO4. Removal of the solvents and the excess
of tert-butyl-dimethylsilyl under reduced pressure yielded compound 2-36 as a yellow oil

(8.82 g, 99%).

IH-NMR (400 MHz, CDCls): § = 7.15 (d, J = 8.5 Hz, 1 H), 6.54 (s, 1 H), 6.36 (d, J= 8.5
Hz, 1 H), 2.14 (s, 3 H), 0.79 (s, 9 H), 0.00 (s, 6 H) ppm. 3C-NMR (125 MHz, CDCls): § =
154.97, 138.91, 132.89, 122.74, 119.25, 116.32, 25.77, 23.17, 18.31, -4.33 ppm. IR (cm™):
v=418.55,443.63, 549.71, 580.57, 617.22, 669.30, 696.30, 779.24, 812.03, 867.97, 939.33,
966.34, 1028.77, 1029.99, 1118.71, 1168.86, 1242.16, 1290.38, 1361.74, 1398.39, 1471.69,
1570.06, 1595.13, 2341.58, 2360.87, 2858.51, 2895.15, 2929.87, 2954.95, 3595.31,
3628.10, 3691.75, 3726.47. Ms (ESI-HRMS): Found 300.0544 [M+H]*, Ci3HzBrOSi

requires = 300.0623.

TBDMSO
B—N Chemical Formula: CgoHgsB3N303Si3
@*N B OTBDMS  Exact Mass: 1011,61
B—N

Molecular Weight: 1012,03

TBDMSO

B,B’,B”-tri|4-((tert-butyldimethylsilyl)oxy)-2,6-(dimethyl)phenyl]- N, N’, N -
tri(phenyl)-borazine 2-37

In a flame-dried 100-mL Schlenk flask, aniline (1 g, 10.7 mmol) was diluted with 24 mL of
anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3 (13 mL, 13 mmol,
1 M solution in toluene) was added dropwise. The septum was changed for a flame-dried

condenser topped by a CaCl» tube and the resulting mixture refluxed for 16 h. The reaction
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solution was cooled down to 0 °C, the condenser was changed for a septum under argon,
and the flask subjected to three freeze-to-thaw cycle to remove the remaining HCI. In
parallel, to a flame-dried 100 mL Schlenk flask, 2-35 (4.6 g, 16 mmol) was dissolved in 25
mL of anhydrous THF and #-BuLi (18 mL, 25 mmol, 1.7 M in hexane) added dropwise at -
84 °C. The flask was allowed to warm up at 0 °C. B,B’,B’-trichloro-N,N’,N ’-triphenyl-
borazine 1-3 was cannulated dropwise to the organolithium derivative solution at 0 °C and
allowed to react at r.t. for 24 h. The reaction mixture was diluted with 20 mL of H,O,
extracted with EtOAc (3 % 30 mL), the combined organic phases dried over MgSOs4, and
the solvents removed under reduced pressure. The product was purified by precipitation in

MeOH (1.85 g, 52%) as a white solid.

M.P: 206 °C. "H-NMR (400 MHz, CDCL): 6 = 6.79-6.68 (m, 15 H), 6.06 (s, 6 H), 2.19 (s,
18 H) 0.84 (s, 27 H), -0.04 (s, 18 H) ppm. ''"B-NMR (128 MHz, CDCls): 6 = 36.05 ppm.
13C-NMR (100 MHz, CDCL3): § = 154.58, 146.23, 138.96, 133.15, 127.12, 126.70, 124.12,
117.60, 25.81, 23.07, 18.27, -4.50 ppm. IR (cm!): v = 470.11, 518.75, 565.09, 579.02,
617.95, 666.53, 683.96, 698.43, 736.54, 758.26, 778.53, 814.05, 835.76, 848.2, 848.51,
866.51, 904.69, 938.92, 967.82, 1005.57, 1037.98, 1074.67, 1087.19, 1150.76, 1191.84,
1251.38, 1303.38, 1356.81, 1452.53, 1462.76, 1471.67, 1491.27, 1562.22, 1597.15, 2857.3,
2929.15, 2955.44, 3039.83. HRMS (MALDI, matrix: DCTB, m/z): Found 1012.6193

[M+H]", CsoHgsB3N303Sis requires = 1012.6178.
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TBDMSO

R

Molecular Weight: 969,95

Chemical Formula: C57H7gB3N303Si3
BQOTBDMS Exact Mass: 969,56
TBDMSO

B,B’,B”-tri[4-((tert-butyldimethylsilyl)oxy)-2-(dimethyl)phenyl]-N,N’, N ”-tri(phenyl)-

borazine 2-38

In a flame-dried 100-mL Schlenk flask, aniline (0.2 g, 2.19 mmol) was diluted with 4 mL
of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl3 (2.62 mL,
2.62 mmol, 1 M solution in toluene) was added dropwise. The septum was changed for a
flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16 h.
The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to three freeze-to-thaw cycle to remove the remaining
HCI. In parallel, to a flame-dried 100 mL Schlenk flask, 2-36 (0.73 g, 2.4 mmol) was
dissolved in 12 mL of anhydrous THF and »#-BuLi (1.8 mL, 2.84 mmol, 1.6 M in hexane)
added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B "-trichloro-
N,N’,N”-triphenyl-borazine 1-3 was cannulated dropwise to the organolithium derivative
solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture was diluted with
20 mL of H>0O, extracted with EtOAc (3 x 30 mL), the combined organic phases dried over
MgSOs4, and the solvents removed under reduced pressure. The product was purified by
precipitation in MeOH (0.23 g, 32%) as a white solid. Two isomers were formed (cc:ct

1:3). The characterisation here reported corresponds to the mixture of both isomers.

M.P.: 199 °C. 'TH-NMR (400 MHz, CDCl3): = 6.88-6.67 (m, 72 H), 6.29-6.12 (m, 24 H),
2.13 (s, 9 H), 2.07 (s, 18 H), 2.00 (s, 9 H), 0.84 (s, 108 H), 0.03 (s, 72 H) ppm. "B-NMR

(128 MHz, CDCls): 6= 36.05 ppm. *C-NMR (100 MHz, CDCls): 6= 154.30, 154.28,
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146.65, 146.59, 146.44, 139.71, 139.64, 139.58, 133.46, 133.18, 132.92, 129.69, 128.84,
127.55,127.12,127.04, 123.83, 120.15, 116.21, 116.09, 115.96, 25.87,23.01, 22.92, 22.82,
18.34, 4.44 ppm (some peaks missing due to overlap). IR (cm™): v = 435.27, 520.78,
559.36, 594.08, 646.15, 696.30, 3088.03, 713.66, 748.38, 763.81, 777.31, 815.89, 837.11,
856.39, 904.61, 939.33, 964.41, 1006.84, 1074.35, 1116.78, 1163.08, 1230.58, 1251.80,
1284.59, 1454.33, 1471.69, 1490.97, 1560.41, 1598.99, 2856.58, 2929.87, 2954.95,
3037.89, 3062.96. MS (ESI-HRMS): Found 970.5444 [M+H]", Cs7H79B3N303Si3

requires= 970.5736.

QQ
@@

B,B’,B”-tris[2,6-(dimethyl)-4-(((trifluoromethyl)sulfonyl)oxy)-phenyl| NV, N’,N”’-

Chemical Formula: C45H39B3FgN30¢S3
OTf Exact Mass: 1065,20
Molecular Weight: 1065,41

tri(phenyl)-borazine 2-39

To a solution of 2-37 in THF (30 mL) at 0 °C, TBAF (5.22 mL, 5.22 mmol) was added
dropwise and stirred at 0 °C for 2 h. The resulting mixture was filtered off, dried under
vacuum, and used directly for the next step by solution in pyridine (24 mL) and cooled
at -5 °C. Addition of T£,0 (2.82 mL, 17 mmol) dropwise lead to a red solution and stirred
overnight at r.t. The resulting mixture was quenched with water, extracted with EtOAc
(3 X 20 mL), and the combination of the organic layers dried over MgSO4. Removal of the

solvents under reduced pressure and purification of the compound by column
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chromatography (eluent: CHX/EtOAc 9:1) yielded compound 2-39 (1.3 g, 78%) as a white

solid.

M.P.: 236-238 °C. 'H-NMR (400 MHz, CDCl3): 6= 6.81-6.74 (m, 15 H), 6.48 (s, 6 H), 2.31
(s, 18 H). "B-NMR (128 MHz, CDCl:): 6= 35.68 ppm. 3C-NMR (100 MHz, CDCls):
0= 149.18, 144.80, 140.32, 127.47, 126.37, 125.44, 120.22, 118.03, 27.00, 23.19 ppm.
YF-NMR (376 MHz, CDCl3): 6= -72.27 ppm. IR (cm™): v = 531.51, 568.27, 582.87,
610.15, 648.01, 701.64, 748.68, 769.42, 813.16, 844.82, 870.17, 908.64, 945.78, 1012.81,
1075.81, 1120.98, 1141.01, 1207.06, 1239.85, 1310.89, 1364.41, 1418.87, 1492.23,
1590.18, 2924.08. HRMS (MALDI, matrix: DCTB, m/z): Found 1066.2067 [M+H]",

C45H40B3F9N309S3 requires = 1066.2062.

Chemical Formula: C4,H45B3N303

Exact Mass: 669,35
@ @ Molecular Weight: 669,25

R = OMe
B,B’, B”-tri|2-(methoxy)phenyl]-N,N’,N”-tri[2-(methyl)phenyl]-borazine 3-6
In a flame-dried 100-mL Schlenk flask, 2-methylaniline (0.403 g, 3.76 mmol) was diluted
with 6 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl3
(4.88 mL, 4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was
changed for a flame-dried condenser topped by a CaCl, tube and the resulting mixture
refluxed for 16 h. The reaction solution was cooled down to 0 °C, the condenser was
changed for a septum under argon, and the flask subjected to five freeze-to-thaw cycle to

remove the remaining HCIl. In parallel, to a flame-dried 100 mL Schlenk flask,
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2-bromoanisole (0.77 g, 4.136 mmol) was dissolved in 9 mL of anhydrous THF and n-BuLi
(2.82 mL, 4.512 mmol, 1.6 M in hexane) added dropwise at -84 °C. The flask was allowed
to warm up at 0 °C. B,B’,B’-trichloro-N,N’,N ’-tri[2-(methyl)phenyl]-borazine was
cannulated dropwise to the organolithium derivative solution at 0 °C and allowed to react
at r.t. for 24 h. The reaction mixture was diluted with 15 mL of H»O, extracted with EtOAc
(3 x 20 mL), the combined organic phases dried over MgSO4 and the solvents removed
under reduced pressure. The product was purified by precipitation in MeOH (0.540 g, 65%)
as a white solid. The product was composed by a mixture of isomers which separation was

not possible. The characterisation here reported corresponds to the mixture of isomers.

M.P.: > 320 °C. 'H-NMR (300 MHz, CDCL): 6= 7-16-6.20 (m, 24 H), 3.69-3.26 (m, 9 H),
2.32-2.06 (m, 9 H) ppm. "B-NMR (128 MHz, CDCls): 6 = 36.46 ppm. 3C-NMR (100
MHz, CDClz): § = 160.24, 160.21, 160.14, 160.10, 160.02, 159.96, 159.88, 146.14, 146.06,
145.98, 145.88, 145.83, 145.76, 145.62, 134.87, 134.61, 134.47, 133.05, 132.75, 130.53,
130.07, 129.53, 129.05, 128.79, 128.69, 128.40, 128.30, 124.42, 124.27, 124.11, 123.75,
118.87, 108.13, 107.97, 54.63, 54.56, 54.09, 54.05, 53.57, 19.19, 19.12, 18.93, 18.86, 18.81,
18.67, 18.63, 18.50 ppm. IR (cm'): v = 443.63, 460.99, 493.78, 551.64, 584.43, 721.38,
752.24, 786.96, 806.25, 846.75, 931.62, 1026.13, 1047.35, 1080.14, 1112.93, 1128.36,
1161.15, 1178.51, 1232.51, 1267.23, 1305.81, 1363.67, 1427.32, 1448.54, 1485.19,
1571.99, 1597.06, 2829.57, 2926.01, 3014.74. MS (ESI-HRMS): Found 670.3657 [M+H]",

C42H43B3N303 requires = 670.3604.
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Q OH

O 3D
R NTB o Chemical Formula: C47Hz0B3N305
e e,

R = OMe
B,B’-Bis-[2,6-(dimethoxy)phenyl]-B”-hydroxy-N,N’,N”-tri[2-(methyl)phenyl]-
borazine 3-7
In a flame-dried 100-mL Schlenk flask, 2-methylaniline (0.403 g, 3.76 mmol) was diluted
with 6 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3
(4.88 mL, 4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was
changed for a flame-dried condenser topped by a CaCl, tube and the resulting mixture
refluxed for 16 h. The reaction solution was cooled down to 0 °C, the condenser was
changed for a septum under argon, and the flask subjected to five freeze-to-thaw cycle to
remove the remaining HCIL. In parallel, to a flame-dried 100 mL Schlenk flask,
2,6-dimethoxybromobenzene (0.90 g, 4.136 mmol) was dissolved in 9 mL of anhydrous
THF and n-BuLi (2.82 mL, 4.512 mmol, 1.6 M in hexane) added dropwise at -84 °C. The
flask was allowed to warm up at 0 °C. B,B’,B ’-trichloro-N,N’,N ’-tri[2-(methyl)phenyl]-
borazine was cannulated dropwise to the organolithium solution at 0 °C and allowed to react
at r.t. for 24 h. The reaction mixture was diluted with 15 mL of H»O, extracted with EtOAc
(3 x 20 mL), the combined organic phases dried over MgSO4 and the solvents removed
under reduced pressure. The product was purified by precipitation in MeOH (0.33 g, 39%)
as a white solid. The three possible isomers were found, and the characterisation here

reported corresponds to the mixture of the three of them.
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ML.P.: 250 °C. 'H-NMR (400 MHz, CDCls): § = 7.23-6.58 (m, 12 H) 6.13-5.93 (m, 4 H)
3.80-3.40 (m, 12 H), 3.01 (s, 1 H), 2.50-2.22 (m, 9 H) ppm. ""B-NMR (128 MHz, CDCl3):
d=35.66, 24.50 ppm. 3C-NMR (100 MHz, CDCl3): § = 161.26, 161.22, 160.86, 160.85,
160.72, 160.68, 146.11, 146.09, 143.55, 143.51, 143.42, 135.41, 135.37, 135.33, 135.29,
135.13, 129.82, 129.60, 129.56, 129.19, 129.11, 129.02, 128.98, 128.50, 128.48, 128.42,
128.39, 125.56, 125.50, 125.34, 125.24, 125.16, 124.08, 124.03, 123.10, 101.87, 101.69,
101.65, 101.61, 54.81, 54.68, 54.30, 53.98, 53.93, 18.24, 17.92, 17.51, 17.45 ppm (some
peaks missing due to overlap). IR (cm™): v = 416.62, 474.49, 553.57, 578.64, 596.00,
721.38, 738.74, 759.95, 842.89, 1035.77, 1109.07, 1240.23, 1367.53, 1427.32, 1462.04,
1490.97, 1593.20,2158.35, 2829.57, 2929.87, 2954.95. MS (ESI-HRMS): Found 640.3370

[M+H]", C37H41B3N30s requires = 640.3344.

; OH
/

N*B

Chemical Formula: C39H44B3N30
Exact Mass: 603,38

O— Q Molecular Weight: 603,23

B,B’-Bis-(mesityl)-B”-hydroxy-N,N’,N”-tri[2-(methyl)phenyl]-borazine 3-8

In a flame-dried 100-mL Schlenk flask, 2-methylaniline (0.403 g, 3.76 mmol) was diluted
with 6 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl3
(4.88 mL, 4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was
changed for a flame-dried condenser topped by a CaCl> tube and the resulting mixture
refluxed for 16 h. The reaction solution was cooled down to 0 °C, the condenser was

changed for a septum under argon, and the flask subjected to five freeze-to-thaw cycle to
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remove the remaining HCIl. In parallel, to a flame-dried 100 mL Schlenk flask,
2-bromomesitylene (0.823 g, 4.136 mmol) was dissolved in 9 mL of anhydrous THF and
n-BuLi (2.82 mL, 4.512 mmol, 1.6 M in hexane) added dropwise at -84 °C. The flask was
allowed to warm up at 0 °C. B,B’,B"-trichloro-N,N’,N "-tri-[ 2-(methyl)phenyl]-borazine
was cannulated dropwise to the organolithium solution at 0 °C and allowed to react at r.t.
for 24 h. The reaction mixture was diluted with 15 mL of H»O, extracted with EtOAc (3 X
20 mL) and the combined organic phases dried over MgSO4 and the solvents removed under
reduced pressure. The product was purified by precipitation in MeOH (0.17 g, 20%) as a

white solid. The mixture was enriched in isomer cc.

M.P.: 295 °C. '"H-NMR (300 MHz, CDCl3): 6=7.11 (d, J= 7.5 Hz, 2 H), 7.05 (d, J = 7.7
Hz, 1 H), 6.99-6.83 (m, 6 H), 6.77 (d, J= 7.4 Hz, 1 H), 6.71-6.58 (m, 2 H), 6.51 (s, 2 H),
6.25 (s, 2 H), 3.40 (s, 1 H), 2.59 (s, 6 H), 2.52 (s, 6 H), 2.32 (s, 3 H), 2.00 (s, 6 H), 1.94 (s,
6 H) ppm. "B-NMR (128 MHz, CDCls): 6 = 37.33, 24.92 ppm. '3C-NMR (100 MHz,
CDCl): 6 = 144.84, 142.46, 138.25, 138.11, 135.96, 133.97, 133.79, 130.40, 129.54,
128.62, 128.15, 126.64, 126.43, 126.14, 125.62, 124.52, 124.35, 24.35, 23.54, 21.08, 19.52,
18.79 ppm (the *C resonance corresponding to the carbon atom bonded to the boron atom
is not observed due to the quadrupolar relaxation). IR (cm™): v = 426.27, 464.84, 669.30,
723.31, 761.88, 848.68, 1083.99, 1114.86, 1168.86, 1365.60, 1392.61, 1435.04, 1489.05,
1610.56, 2341.58, 2358.94. MS (ESI-HRMS): Found 603.3807 [M]", C3oHsB3N3;O

requires = 603.3782.
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B—N Chemical Formula: C7,HggB3N3Sis
QN\ ,B@ Exact Mass: 1119,72
B—N

R R Molecular Weight: 1120,27
R ==-TIPS

B,B’,B”-tri|2-((triisopropylsilyl)ethynyl)phenyl]-N,N’, N”-tri[2-(methyl)phenyl] -
borazine 3-9

In a flame-dried 100-mL Schlenk flask, 2-methylaniline (0.403 g, 3.76 mmol) was diluted
with 6 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3
(4.88 mL, 4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was
changed for a flame-dried condenser topped by a CaCl, tube and the resulting mixture
refluxed for 16 h. The reaction solution was cooled down to 0 °C, the condenser was
changed for a septum under argon, and the flask subjected to five freeze-fo-thaw cycle to
remove the remaining HCI. In parallel, to a flame-dried 100 mL Schlenk flask, compound
2-12 (1.39 g, 4.136 mmol) was dissolved in 9 mL of anhydrous THF and n-BuLi (2.82 mL,
4.512 mmol, 1.6 M in hexane) added dropwise at -84 °C. The flask was allowed to warm up
at 0 °C. B,B’ B’-trichloro-N,N’,N”-tri[2-(methyl)phenyl]-borazine was cannulated
dropwise to the organolithium solution at 0 °C and allowed to react at r.t. for 24 h. The
reaction mixture was diluted with 15 mL of H»>O, extracted with EtOAc (3 < 20 mL), the
combined organic phases dried over MgSO4 and the solvents removed under reduced
pressure. The product was purified by precipitation in MeOH (0.33 g, 24%) as a white solid.

The mixture was enriched in isomer cc/cc.

M.P.: 225 °C. "H-NMR (400 MHz, CDCls): 6= 6.96 (dd, J 1= 14.3, J 1= 6.3 Hz, 3 H),

6.87 (d, J=17.7 Hz, 3 H), 6.76 (1, J = 7.4 Hz, 3 H), 6.72-6.64 (m, 6 H), 6.51 (dd, J, = 13.6,
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J>=6.4Hz, 3 H), 6.35(¢t,J="7.6 Hz, 1 H), 6.22 (d, J= 7.8 Hz, 1 H), 2.65-2.39 (m, 9 H),
1.03-0.94 (m, 63 H) ppm. '"B-NMR (128 MHz, CDCIl3): § = 36.76 ppm. '*C-NMR (100
MHz, CDCl3): 6 = 144.56, 136.18, 134.94, 134.44, 130.42, 130.16, 126.37, 125.77, 124.97,
124.28, 123.87, 110.51, 93.21, 21.32, 18.99, 11.84 ppm (the '3C resonance corresponding
to the carbon atom bonded to the boron atom is not observed due to the quadrupolar
relaxation). IR (cm™): v =457.13, 511.14, 547.78, 648.08, 657.75, 723.31, 756.10, 833.25,
860.25, 1246.02, 1361.74, 1490.97, 2158.35, 2962.66. MS (ESI-HRMS): The mass found
does not match with the desired compound, even though the formation of this compound

was confirmed in the subsequent deprotection reaction.

N

N

QN: b@ Chemical Formula: CssHgoB3N3Sis
B—N

Exact Mass: 867,44

@R 6 Molecular Weight: 867,78

R==-TMS

B,B’,B”-tri|2-((trimethylsilyl)ethynyl)phenyl]-N,N’,N”-tri[2-(methyl)phenyl]-
borazine 3-10

In a flame-dried 100-mL Schlenk flask, 2-methylaniline (0.30 g, 2.81 mmol) was diluted
with 5 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3
(3.6 mL, 3.6 mmol, 1 M solution in heptane) was added dropwise. The septum was changed
for a flame-dried condenser topped by a CaCl; tube and the resulting mixture refluxed for
16 h. The reaction solution was cooled down to 0 °C, the condenser was changed for a
septum under argon, and the flask subjected to five freeze-to-thaw cycle to remove the

remaining HCL. In parallel, to a flame-dried 100 mL Schlenk flask, compound 2-13 (0.7 g,
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2.8 mmol) was dissolved in 8 mL of anhydrous THF and »#-BuLi (1.92 mL, 3.08 mmol,
1.6 M in hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C.
B,B’,B-trichloro-N,N’, N "-tri[2-(methyl)phenyl]-borazine was cannulated dropwise to the
organolithium solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture
was diluted with 15 mL of H>O, extracted with EtOAc (3 x 20 mL) and the combined
organic phases dried over MgSO4 and the solvents removed under reduced pressure. The
product was purified by precipitation in MeOH (0.43 g, 52%) as a white solid. A mixture

of isomers was obtained and reported in the following characterisation.

MLP.: 260 °C. 'H-NMR (500 MHz, CDCls): 6= 7.10-6.42 (m, 24 H), 2.70-1.91 (m, 9 H),
0.52-0.08 (m, 27 H) ppm. "B-NMR (128 MHz, CDCl3): 6 = 36.31 ppm. 3C-NMR (125
MHz, CDCl3): 6 = 144.50, 144.47, 136.31, 136.23, 134.13, 134.10, 133.80, 133.48, 133.18,
132.89, 132.49, 132.04, 130.98, 130.76, 130.14, 130.12, 128.61, 126.54, 126.43, 12637,
126.07, 125.78, 125.25, 125.19, 124.70, 124.55, 124.46, 124.45, 124.38, 124.06, 123.99,
108.65,108.03,107.87,95.62, 95.50, 95.34, 21.09, 20.80, 19.27, 1.17, 0.64, 0.60, 0.29 ppm.
IR (cm™): v = 412.77, 460.99, 503.42, 547.78, 572.86, 596.00, 698.23, 723.31, 856.10,
837.11, 866.04, 1074.35, 1107.14, 1247.94, 1261.45, 1311.28, 1429.25, 1489.05, 1489.34,
1589.34, 2152.56, 2956.87. MS (ESI-HRMS): Found 868.4478 [M+H]", CssHeB3sN3Sis

requires = 868.4478.
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3

B—N
QN B Chemical Formula: C51H57B3N+;
N Exact Mass: 870,51

Molecular Weight: 870,53

W@

)

©

R

C?@f

R=N

B,B’,B”-tri|2-(pyrrolidin-1-yldiazenyl)phenyl]-N,N’,N”-tri[2-(methyl)phenyl]-

borazine 3-11

In a flame-dried 100-mL Schlenk flask, 2-methylaniline (0.403 g, 3.76 mmol) was diluted
with 6 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3
(4.88 mL, 4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was
changed for a flame-dried condenser topped by a CaCl; tube and the resulting mixture
refluxed for 16 h. The reaction solution was cooled down to 0 °C, the condenser was
changed for a septum under nitrogen, and the flask subjected to five freeze-to-thaw cycle to
remove the remaining HCI. In parallel, to a flame-dried 100 mL Schlenk flask, compound
2-16 (0.955 g, 3.76 mmol) was dissolved in 9 mL of anhydrous THF and n-BuLi (2.82 mL,
2.82 mmol, 1.6 M in hexane) added dropwise at -84 °C. The flask was allowed to warm up
at 0 °C. B,B’,B’-trichloro-N,N’,N”-tri[2-(methyl)phenyl]-borazine was cannulated
dropwise to the organolithium solution at 0 °C and allowed to react at r.t. for 24 h. The
reaction mixture was diluted with 15 mL of H»O, extracted with EtOAc (3 x 20 mL) and
the combined organic phases dried over MgSO4 and the solvents removed under reduced
pressure. The product was purified by precipitation in MeOH (0.458 g, 42%) as a white-
yellow solid. A mixture of isomers was obtained and reported in the following

characterisation.
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M.P.: 220 °C. 'H-NMR (400 MHz, CDCL): §= 7.22-6.57 (m, 24 H), 3.88-3.79 (m, 12 H),
2.37-2.24 (m, 9 H), 2.07-2.01 (m, 12 H) ppm."'B-NMR (128 MHz, CDCls): 5= 36.65 ppm.
13C-NMR (100 MHz, CDCls): § = 153.01, 152.86, 152.21, 145.72, 145.48, 145.40, 135.50,
135.39, 134.40, 133.10, 133.07, 131.43, 131.23, 130.59, 129.41, 129.26, 128.46, 128.36,
127.46,127.29, 124.11, 123.96, 123.86, 123.38, 123.31, 115.76, 115.38, 24.26, 24.16 19.44,
19.28, 19.15 ppm. IR (cm™'): v = 414.70, 460.99, 503.42, 547.78, 580.57, 655.80, 725.23,
758.02, 835.18, 858.32, 1028.06, 1105.21, 1157.29, 1207.44, 1261.45, 1359.82, 1415.75,
1490.97, 1591.27, 2160.27, 2866.22, 2960.73, 3057.17. MS (ESI-HRMS): Found 871.5253

[M+H]", CsiHsgB3Ni2 requires = 871.5210.

Chemical Formula: C4gH54B3N303

Exact Mass: 753,44
; Z Molecular Weight: 753,41

=Pr
= OMe

B,B’,B”-tri|2-(isopropyl)phenyl]-N,N’,N”’-tri[2-(methyl)phenyl]-borazine 3-12

In a flame-dried 100-mL Schlenk flask, 2-isopropylaniline (0.508 g, 3.76 mmol) was diluted
with 6 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCl3 (4.88
mL, 4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was changed for
a flame-dried condenser topped by a CaCl, tube and the resulting mixture refluxed for 16
h. The reaction solution was cooled down to 0 °C, the condenser was changed for a septum
under argon, and the flask subjected to five freeze-to-thaw cycle to remove the remaining
HCIL. In parallel, to a flame-dried 100 mL Schlenk flask, 2-bromoanisole (0.77 g, 4.136

mmol) was dissolved in 9 mL of anhydrous THF and n-BuLi (2.82 mL, 4.512 mmol, 1.6 M
174



Chapter 4 — Experimental Part

in hexane) added dropwise at -84 °C. The flask was allowed to warm up at 0 °C. B,B’,B"-
trichloro-N,N’,N ’-tri[ 2-(iso-propyl ) phenyl]-borazine was cannulated dropwise to the
organolithium solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture was
diluted with 15 mL of H20O, extracted with EtOAc (3 x 20 mL) and the combined organic
phases dried over MgSO4 and the solvents removed under reduced pressure. The product
was purified by precipitation in MeOH (0.16 g, 17%) as a white solid. The product was
composed by a mixture of isomers which separation was not possible. The characterisation

here reported corresponds to the mixture of isomers.

M.P.: >320 °C. 'H-NMR (400 MHz, CDCls): 6= 7.23-6.24 (m, 24 H), 3.99-2.95 (m, 12
H), 1.33-0.70 (m, 18 H) ppm. '"B-NMR (128 MHz, CDCls): 5= 35.98 ppm. *C-NMR (100
MHz, CDCls): § = 160.36, 160.21, 160.16, 160.05, 159.95, 159.90, 145.02, 144.70, 144.52,
144.34, 144.30, 144.26, 144.03, 143.94, 143.57, 143.48, 143.38, 143.07, 143.00, 142.88,
134.73, 134.64, 134.38, 132.47, 131.63, 131.57, 131.41, 131.20, 130.02, 129.75, 129.69,
129.36, 129.20, 129.07, 128.63, 128.30, 128.25, 128.10, 128.07, 127.96, 124.97, 124.85,
124.79, 124.61, 124.43, 124.36, 124.23, 124.07, 123.96, 123.88, 123.78, 123.67, 123.45,
123.19, 123.01, 122.87, 122.78, 119.10, 119.01, 118.80, 118.78, 118.63, 118.60, 118.38,
108.35, 108.10, 108.04, 107.88, 107.77, 107.72, 107.68, 54.52, 53.84, 53.70, 53.63, 28.07,
27.94, 27.76, 27.06, 26.74, 26.65, 24.38, 24.25, 23.84, 23.76, 23.72, 23.59, 23.35, 23.22,
23.03, 22.94, 22.45 ppm. IR (cm’'): v = 418.55, 462.12, 528.51, 545.85, 640.37, 655.80,
698.23, 719.45, 725.24, 835.18, 862.18, 1029.99, 1147.31, 1178.51, 1244.09, 1303.88,
1427.32, 1446.61, 1485.19, 1571.99, 1597.06, 2866.22, 2929.87, 2958.80. MS (ESI-

HRMS): Found 654.4545 [M+H]", C4sHssB3N303 requires = 754.4497.
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TIPS NH,
A Chemical Formula: C47H,7NSi
Exact Mass: 273,19
Molecular Weight: 273,50

2-[(triisopropylsilyl)ethynyl]-aniline 3-14

To a degassed solution of 2-iodoaniline (2 g, 9.12 mmol) in iProNH (20 mL), [PdCl2(PPh3):]
(0.190 g, 0.278 mmol) and Cul (0.050 g, 0.278 mmol) were added and the resulting solution
degassed a second time. Finally, (triisopropylsilyl) acetylene (1.66 g, 9.12 mmol) was
added, the reaction mixture degassed one last time and the final mixture stirred overnight at
r.t. under nitrogen. The resulting mixture was filtered over celite and washed with CH>Cl»
(20 mL) and EtOAc (20 mL). Removal of the solvents under vacuum and purification by

column chromatography (Pet. Et. 100%) yielded 3-8 (2.39 g, 99%) as a pallid yellow liquid.

TH-NMR (300 MHz, CDCls): §=7.33 (dd, Ji = 7.6 Hz, J=1.3 Hz, 1 H), 7.15 (dt, Ji = 7.6
Hz, o= 1.3 Hz, 1 H), 6.71-6.65 (m, 2 H), 4.26 (bs, 2 H), 1.14 (s, 21 H) ppm. 3C-NMR (75
MHz, CDCL): 5= 148.37, 132.54, 129.83, 117.83, 114.25, 108.38, 103.77, 96.01, 18.85,
11.39 ppm. IR (cm™): v = 433.98, 723.31, 783.10, 840.96, 1111.00, 1240.23, 1315.45,
1278.34, 1460.11, 1489.05, 1612.49, 2142.91, 2341.58, 2360.87, 2864.29, 2954.95. MS

(MALDI-HRMS): Found 274.1989 [M+H]", C17H2sNSi requires = 274.1991.

} /Q Chemical Formula: C,1H,,BNO

Exact Mass: 315,18
Molecular Weight: 315,22

\

1-hydroxy-1-mesityl-N,N-diphenylboranamine 3-15
In a flame-dried 100-mL Schlenk flask, diphenylamine (0.636 g, 3.76 mmol) was diluted
with 6 mL of anhydrous toluene and cooled to -5 °C (ice-salt bath). A solution of BCI3

176



Chapter 4 — Experimental Part

(4.88 mL, 4.88 mmol, 1 M solution in heptane) was added dropwise. The septum was
changed for a flame-dried condenser topped by a CaCl, tube and the resulting mixture
refluxed for 16 h. The reaction solution was cooled down to 0 °C, the condenser was
changed for a septum under argon, and the flask subjected to five freeze-to-thaw cycle to
remove the remaining HCIl. In parallel, to a flame-dried 100 mL Schlenk flask,
2-bromomesitylene (0.63 mL, 3.76 mmol) was dissolved in 9 mL of anhydrous THF and »n-
BuLi (2.82 mL, 2.82 mmol, 1.6 M in hexane) added dropwise at -84 °C. The flask was
allowed to warm up at 0 °C. The first mixture was cannulated dropwise to the organolithium
solution at 0 °C and allowed to react at r.t. for 24 h. The reaction mixture was diluted with
15 mL of H20, extracted with EtOAc (3 x 20 mL) and the combined organic phases dried
over MgSO4 and the solvents removed under reduced pressure. The product was purified

by chromatography column (0.128 g, 10%) as a yellowish solid.

M.P.: 189 °C. TH-NMR (400 MHz, CDCl3): 6= 7.49-7.21 (m, 5 H), 7.16-6.92 (m, 5 H),
6.78 (s, 2 H), 4.47 (s, 1 H), 2.41 (s, 6 H), 2.27 (s, 3 H) ppm. '"B-NMR (128 MHz, CDCI3):
d=32.79 ppm. BC-NMR (75 MHz, CDCl3): § = 147.54, 146.37, 139.34, 137.87, 129.35,
128.27, 127.89, 127.30, 125.80, 125.42, 123.93, 22.14, 21.29 ppm (the '3C resonance
corresponding to the carbon atom bonded to the boron atom is not observed due to the
quadrupolar relaxation). IR (cm™): v = 414.70, 460.99, 503.42, 547.78, 580.57, 655.80,
725.23, 758.02, 835.18, 858.32, 1028.06, 1105.21, 1157.29, 1207.44, 1261.45, 1359.82,
1415.75, 1490.97, 1591.27, 2160.27, 2866.22, 2960.73, 3057.17. MS (ESI-HRMS): Found

316.1860 [M+H]", C21H23BNO requires = 316.1873.
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