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General remarks

% All chemicals were purchased from commercial sources and used without further purification.

% All reactions were carried out under inert atmosphere following standard procedures using
Schlenk techniques and glovebox.

% The solvent used were purified by an MBRAUN solvent purification system MBSPS-800 and
further dried by activated molecular sieves prior to use.

% Column chromatography was performed on silica gel (100-200 mesh size).

< Deuterated solvents for NMR spectroscopic analyses were used as received. All H, 13C, 1°F,
29Si and B NMR analysis were obtained using a Bruker or JEOL 200 MHz, 400 MHz or 500
MHz spectrometers. Coupling constants were measured in Hertz. All chemical shifts are
quoted in ppm, relative to TMS, using the residual solvent peak as a reference standard.

% HRMS spectra were recorded at UHPLC-MS (Q-exactive-Orbitrap Mass Spectrometer) using
electron spray ionization [(ESI+, +/— 5 kV), solvent medium: acetonitrile and methanol]
technique and mass values are expressed as m/z. GC-HRMS (EI) was recorded in Agilent 7200
Accurate-mass-Q-TOF.

% All the reported melting points are uncorrected and were recorded using Stuart SMP-30
melting point apparatus.

% Chemical nomenclature (IUPAC) and structures were generated using ChemDraw

Professional 15.1.
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Keywords: N-heterocyclic carbene, C-F activation, Kekule di-radicaloids, NHC-Boranes,

Borenium cations.

This thesis deals with the more nucleophilic saturated N-heterocyclic carbenes reactivity with the
main group elements. It is divided into six chapters. The first chapter is the introduction of
saturated N-heterocyclic carbenes and its various applications in small molecules activation. The
second to fifth chapters narrate our approach to the synthesis and reactivity of novel SNHC based
strong bond activations and their further derivatizations. A detailed theoretical study is done to
understand the mechanism for NHC based mono and triple C-F activations. The second chapter
describes carbenes in C-F bond activation and their subsequent reactivities towards Lewis acids
like BF3 and B(CsFs)s. The third chapter contains the synthesis of SNHC based Kekule di-
radicaloids via double C-F activations of perfluoro-arenes. DFT calculations have investigated the

singlet-triplet energy gap for these systems. The synthesis of first NHC-haloboranes with a boron-
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methyl bond is included in fourth chapter. In the fifth chapter, we have introduced a more
nucleophilic six saturated NHC and utilized it for the B-H bond activation, substitution, the
stabilization of the borenium cations. The final chapter of the thesis describes the summary of

Ph.D. work with the future outline.
Chapter I: Introduction to saturated N-heterocyclic chemistry

Carbenes are known as neutral compounds containing a divalent carbon atom with a six-electron
valence shell. The incomplete electron octet and coordinative unsaturation, make the free carbenes
highly reactive transient intermediates in organic transformations and unstable such as
cyclopropanation. The first N-heterocyclic carbene (NHC) 1,3-di(adamantyl)imidazol-2-ylidene
was synthesized by Arduengo in 1991.1 Two bulky adamantyl groups bound to the nitrogen atoms
help in the kinetic stabilization of the lone pair of the electrons at the carbene carbon atom and
disfavors dimerization to the corresponding olefin (the Wanzlick equilibrium).? The electronic
stabilization provided by the nitrogen atoms, however, is a much more important factor. NHCs
show a singlet ground-state electronic configuration with the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) best described as a formally sp? -
hybridized lone pair and an unoccupied p-orbital at the C? carbon, respectively.® The adjacent-
electron-withdrawing and p-electron-donating nitrogen atoms stabilize this structure both
inductively by lowering the energy of the occupied s-orbital and mesomerically by donating
electron density into the empty p-orbital. In my thesis work we have mainly used the saturated five
and six membered N-heterocyclic carbenes due to its higher nucleophilic nature. The chemistry of
SNHC:s is rarely reported due to its difficulties in the synthesis and low yield. In our laboratory,

we have modified the synthetic procedures of the SNHCs to get better yield. We have mainly
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studied the SNHCs for the strong bond activations (C-F and B-H)* and further stabilized SNHC

based low valent main group elements like carbon based di-radicaloids, borenium cations.
Chapter 11: Carbenes in C-F bond activation and their subsequent reactivities

The activation of C-F bonds of fluorinated hydrocarbons is of fundamental interest from the
standpoint of the potential application of organofluorine compounds in synthetic organic
chemistry, pharmacy, and agrochemistry as well as the ever-increasing environmental concerns
related to the fluorinated compounds. Fluorinated hydrocarbons are not only contributing to the
global warming but causing depletion to the ozone layer. Generally, transition metals are involved
in the C-F bond activation, which has issues with terrestrial abundance and toxicity. As a result,
there is a need to develop new synthetic strategies for the activation of C—F bonds.

Due to our recent interest in C-F bond activation by compounds with low valent main group
elements, we intended to explore saturated NHC for the C-F bond activation. While both cyclic
alkyl amino carbenes (CAACs) and IPr have been explored for the C-F bond activation recently,
their different electronic properties are reflected in their mode of C-F bond activation. We have
observed herein that the reaction of SIPr with CeFs has led to the activation of one of the C-F bonds
with concomitant deprotonation from the backbone, resulting in the formation of an unprecedented
mesoionic compound along with HF elimination. The HF elimination is confirmed by adding one
more equivalent of SIPr, which forms an imidazolium salt with HF>™ as the counter anion.
Subsequent to the isolation of the mesoionic compound, we intended to derivatize this it by
reacting with B(CsFs)3, but it forms a rare donor-acceptor adduct, where the fluoride atom of the
CesFs moiety coordinates to boron leaving the carbanion moiety intact. Such epitomization of Lewis

basicity of a fluoride atom of CeFs ligand in a metal free system is unprecedented.
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Scheme 1. C-F bond activation of CsFe by SIPr and subsequent reactivity (Ar=2,6-iPr.CsHz).

In order to understand the mechanism for the C-F bond activation of CeFs, quantum chemical
calculations have been done with density functional theory (DFT) at the PBE/TZVP level of theory
(Figure 3). The approach of CsFs to the carbene leads to the formation of Int_1 via Ts_1, which
is a very stable intermediate (AG = -16.6 kcal/mol). The barrier for this step is 22.4 kcal/mol.
Subsequent to this, calculations suggest that a molecule of the CsFs acts as a “fluoride shuttle”,
transferring a fluoride to the backbone carbon (see Ts_2 in Figure 1) to yield the experimentally
observed product . This mediating role of CsFs was seen to be important, for it was seen that
without the fluoride transferring assistance of CeéFs molecule, it was difficult to break the C-H
bond to eliminate HF from the intermediate Int_1. This is in line with our observation why the
reaction takes place at room temperature in presence of an excess CeFs. Note that, Kuhn and
coworkers also used a huge excess of CeFs in presence of BFs for carbene mediated C—F bond

activation.

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR X



]
) }
: -47
N\ ’ F F
Ar \ ' Ts_2
+ i N
E \ 111.9 5
: F
F E | .
' Ap F.
| H ! F
F F \-16.6 | N
F L 710 i H/E@ F
F Int_1 TN Py
ArF F -F A2
E
N + F F. F
[ > & ¢ E HF +
N Fe v F F
Ar

Figure 1. The reaction energy profile diagram for the C—F bond activation of CeFs by SIPr. The

values (in kcal/mol) have been calculated at the PBE/TZVP level of theory with DFT
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Scheme 2. C-F bond activation of CsFsCF3 by SIPr

The elimination of HF during the C-F bond activation was further manifested in the reaction of
SIPr with CeFsCF3. The reaction led to the activation of the para-C—F bond relative to the CFs

group, resulting in the formation of a imidazolium salt along with [SiFs]* as the counter anion
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(Scheme 2). The source of [SiFs]? can be attributed to the glass surface, which can react with the
in situ liberated HF from the system. We could not stop the reaction of HF with the glass vessel

even when performing the reaction at —30 °C.

Triple C-F activation :

[ > 3 05F5N

rt, 15 min

W -HF

Scheme 3. Previous examples of single and double C-F activation of perfluoroarenes by NHCs.

This work describes the triple C-F bond activation and synthesis of 1 (Ar=2,6-iPr>-CeHz)

The reaction of IDipp (IDipp=1,3-bis(2,6-diisopropylphenyl)-imidazole-2-ylidene) with CsFsN in
toluene led to the ‘penta-substituted” imidazolium bifluoride salt, along with the liberation of one

molecule HF (Scheme 3).

Chapter I11: Saturated N-Heterocyclic carbene based Kekulé di-radicaloids via double C-F
activation

Due to lower HOMO-LUMO energy gap of saturated NHCs than their unsaturated counterparts,
the capability of saturated NHCs to stabilize organic radicals should be better. Recently, we have
studied the reactivity of CsFe and CsFsCF3z with SIPr. In this chapter, we have shown the utilization
of C—F bond activation of CsFs chemistry to realize a SIPr based Thiele's hydrocarbon spanned by
a CeF4 linker. The question remain whether the four substituted fluorine atoms at the central

phenylene ring of 3 would destabilize the quinoid state and stabilize the biradical state. A further
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impetus comes from the works of Abe and coworkers who showed the increase in the biradical
character in 1,4-Bis-(4,5-diphenylimidazol-2-ylidene) tetrafluoro cyclohexa-2,5-diene (tf-BDPI-
2Y) from parent BDPI-2Y. Although tf-BDPI-2Y was not structurally characterized, they were

able to obtain the single crystal structure of the dimerized product (tF-BDPI1-2YD).

€]
2 BF
1. benzene Ar E F Ar 4
(rt, 15 min) N N
28IPr+4Cefg ———— | N v
2.2 BF3Et,0 || @ @
tt, 1h N N
Ar F F Ar
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Ar R F Ar\ Ar R F Ar\
N N N N
L= )= J— [ ]
N N N N
\
Ar FF Al Ar F F Al

Scheme 4. Stepwise access to fluorine-based Thiele’s hydrocarbon.

We have performed the reaction of SIPr and CeFs, but have added BFs-ether to the reaction mixture
after 15 minutes for the isolation of the orange colored dicationic salt with two BF4 molecules as
the counter anions (Scheme 4). Surprisingly, in situ addition of Mg powder at 0 °C in the reaction
mixture of SIPr and Ce¢Fs in THF led to the formation of the fluorine version of Thiele’s
hydrocarbon in one step. The Mg is oxidized to Mg(Il) by capturing two fluoride anions and is
precipitated out as MgF from the system. The generation of MgF- also inhibits the HF elimination.
In order to get the electronic structure and to understand the bonding scenario in Thiele’s
hydrocarbon, DFT calculations were performed at B3LYP/def2-SVP level of theory (see
Computational Details). Computed electronic states of it reveal that close-shell singlet remains the

electronic ground state with singlet-triplet energy difference (AEs—_r) of -23.7 kcal mol™. The
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computed bond lengths and angles of singlet state, than the triplet state structure, are in good
agreement with the experimentally obtained X-ray crystal structure, as can be seen from the
alignments and superposition plot of the conformers. It is of note here that the replacement of H
by F led to decrease of S—T gap by 5.4 kcal mol™. No diradical character was found for this
compound indicating the quinoidal bond nature. Ongoing studies are focused on extending the C-

F bond activation to other NHC derived diradicaloids.

Chapter 1V: Stepwise nucleophilic substitution to access saturated N-heterocyclic carbene

haloboranes with boron—methyl bonds

The combination of an N-heterocyclic carbene (NHC) with a borane usually results in a complex
called a NHC-borane. The synthesis of more than two dozen NHC-:borane complexes of
composition NHC-BXs, NHC-BHX,, NHC-BH2X, etc. have been reported, mainly from the
groups of Curran, Braunschweig, Robinson, Tamm, and others. Interestingly, a survey of known
NHC-RBX> with different R groups reveal that common functional groups in carbon chemistry
like methyl groups are rarely found bound to boron atoms in NHC-borane adducts. For example,
NHC-BCIPh is known,i but NHC-BCI>Me is unknown. One reason could be the needed borane
(MeBCl,) is not widely available. It is prepared from the reaction of MesSnCl with excess BCl3
that gives rise to a mixture of products (egn. 1). MeBClI: has a boiling point of 11 °C, ignites in
contact with air, and should be stored in a Schlenk tube equipped with a grease-free stopcock at a
temperature below —30 °C.ii So, handling of MeBCl, under laboratory condition is non-trivial.
The other reason is that in carbon chemistry the methyl group behaves as electron donor (+1 effect),
while in boron chemistry that the methyl groups, contrary to the common conviction, are electron-

withdrawing (—I effect) due to the difference in electronegativity between carbon (2.5) and boron
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(2.0). So, we were interested to make NHC-haloborane adducts, where one of the substituents of
the boron atom is a methyl group. It is of note here that MeBCl, was detected as an intermediate
in the chemical vapor deposition synthesis of boron carbide,iii and studying the chemistry of
MeBCl> might provide a deeper understanding of its chemical reactivity.
MesSnCl + excess BClz — MeBClz + Me2SnCl; (egn. 1)

Herein we demonstrate a detailed study of nucleophilic substitution reactions of SIDipp-BCl3
compound, which led to SIDipp-BMeCl, adduct. This is the first carbene-BMeCl adduct and it
does not require the use of hazardous MeBCl,. Removal of another chlorine from this with the
trifluoromethanesulfonate  (OTf) group resulted in an unusual NHC-borane,
SIDipp-B(Me)(CI)(OTf), where the three groups attached to the boron center are different.

Subsequent removal of another chloride by OTf moiety led to SIDipp-B(Me)(OTf)..

Dipp Dipp Dipp Dipp

N Cl CHaLi CHs  aAgOTF N CHs  AgOTF N CHs
[>:_,B/_ el [ ._>B C. AL >—>BOf—>g [>—>B OTf

| toluene toluene N cl toluene N OTf

Dipp 78 *CtoRT Dlpp 78°CtoRT  Dipp 78°CtoRT  Dipp

OTf = 0SO,CF;

Scheme 5. Synthesis of NHC-Boranes with the boron methyl bond.

NHC-boranes are typically readily accessible, but we have mentioned in the introduction that no
NHC adduct of MeBCl> has been known. The hesitance of the chemistry community probably
stems from the synthetic routes, which are tedious and require special techniques. Here we have
prepared saturated N-Heterocyclic carbene boranes bearing methyl groups by simple salt

metathesis reaction starting from SIDipp-BCls.
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Chapter V: The chemistry of six-membered N-heterocyclic carbene boranes

The reports of six-membered carbenes are limited in literature partly due to their less thermal
stability and structural rigidity though they feature higher HOMO and Lower HOMO-LUMO gap
compared to typical five-membered NHCs. Due to our current interest in boron chemistry, we have
studied the synthesis and reactivity of saturated six-membered N-heterocyclic carbene (6-SIDipp)
borane adduct. 6-NHC-BHz is amenable to further functionalization via iodination, providing
access to NHC mono and diboryl iodides, selectively, which undergo nucleophilic substitution
reactions with AgOTf and AgNOs to give boron compounds with OTf and ONO; functionalities
(Scheme 6). Dihydroxyborenium cations, the cationic analogues of phenylboronic acid, are
difficult to prepare due to the lacking of any R group. Herein, we have prepared a

dihydroxyborenium cation conveniently by reacting 1 with bromine-water.

Dipp Dlpp
0.5 equiv I, N /l Nucleophlle
otvens ™ >
toluene N> B\\H toluene rt,2 h
Dlpp Dlpp rt,2 h \ H
Dipp D'Pp
> BH3 SMe2 > BH
< < s -
toluene rt, 2 h ® Nu = 0250CF5 , ONO;
Dlpp
D|pp D|pp DIPP
1 equw Iy Nucleophlle
" toluene > - B\| > B\Nu
rt, 2 h
Dlpp Dlpp

Nu = OQSOCF3, ON02

Scheme 6. Synthesis and halogenation of 6NHC-BH3 and subsequent nucleophilic substitution

reactions.
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Scheme 7. Preparation of a dihydroxy borenium cation in a single step from 6NHC-BHs.

The reaction of 1 with bromine water led to an immediate color change from colorless to yellow
and afforded a 6-SIDipp stabilized dihydroxyborenium cation at room temperature in 3 h (Scheme
7). Both the compounds are separated by fractional crystallization. There is no report of the
formation of NHC-B(OH)s type Lewis adducts so far.

While the body of work on carbene-borane chemistry is growing, the carbene component is mainly
restricted to two classes of carbenes: (a) Arduengo type five-membered NHC and (b) CAAC. Here,
we have introduced a new NHC, 6-SIDipp for NHC-borane chemistry, and described a detailed
study of substitution reactions of 6-SIDipp-BHs. These results have uncovered the facile
substitution to the coordinatively saturated sp® boron atom in 6-SIDipp-BHs with a range of

functional groups such as iodide, triflate, ONO..
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Chapter-1

Introduction to Saturated N-heterocyclic Carbene Chemistry

Abstract: This chapter presents an overview of the formidable synthetic challenges in the
development of the chemistry of N-heterocyclic carbenes and the use of the compounds with
main group elements in small molecule activation and other plentiful applications in
commercially important developments. A general introduction delineating the summary of
important compounds in this research area is given with the literature reports. The aims of the

thesis and the results are subsequently outlined.
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Chapter-1 Introduction to Saturated N-Het......
1.1. Introduction:

1.1.1 A brief history of N-heterocyclic carbenes:

Carbenes are a fascinating class of organic molecules with a divalent carbon atom having six
electrons in its valence shell.! The incomplete octet and coordinative unsaturation make
carbenes inherently unstable and highly reactive, which can be generated as transient
intermediates in many organic transformations such as cyclopropanation. Despite the
attempted syntheses as early as 1835, the isolation and unambiguous characterization of a free,
uncoordinated carbene remained elusive until pioneering studies in the late 1980s and early
1990s.23 In 1988, Bertrand and co-workers reported the first preparation of an isolable carbene
stabilized by the adjacent phosphorus and silicon substituents via photolysis of the diazo

compounds and diazo-;°-phosphorus derivatives.*

Based on the type of the carbon framework involved, carbene molecules are classified as
classical carbene or N-heterocyclic carbenes (NHCs). In 1991, Arduengo et al. reported the
first N-heterocyclic carbene (NHC) [1,3-di(adamantyl)imidazol-2-ylidene (1Ad)] with
structural features (Figure 1.1.1) inspired by previous understandings.> NHCs are excellent
ligands for transition metals, and have been used in multiple applications like catalytic
transformations. Lately, studying their reactivity after coordination with main group elements
and application as organocatalysts have unlocked new vistas, which are constantly evolving

since last decades.
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Chapter-1 Introduction to Saturated N-Het......

7 electron donation

Ad

B E

AN \ oelecton
@ withdrawing

Figure 1.1.1. Ground-state electronic structure of imidazol-2-ylidenes (Ad = adamantane).
1.1.2. Structure and general properties of NHCs:

The stability of an NHC is determined by the stability of the lone pair of electrons on the carbon
centre (C2). The lone pair of the electron is stabilized through i) electronic and steric effects of
the substituents, ii) ring sizes and degree of heteroatom stabilization.® For the IAd carbene, the
wingtip nitrogen atoms provide electronic stabilizations through o-electron-withdrawing and
n-electron-donating nature, thereby stabilizing the structure both a) inductively through
lowering the energy of the occupied s-orbital and b) mesomerically by donating electron
density into the empty p-orbital (Figure 1.1.2). The bulky adamantyl groups on nitrogen atoms
of the NHC sterically protect (Figure 1.1.2) the lone pair of electrons at C2 position. This also
facilitates to stabilize the species kinetically by inhibiting any possible dimerization via
Wanzlick equilibrium to form the corresponding olefin. The unsaturated backbone further
provides electronic stabilization due to aromaticity. The cyclic structure favours bent singlet

ground state, and the ring geometry influences sterics and electronics.

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 3



Chapter-1 Introduction to Saturated N-Het......

Nitrogen heteroatom(s):

- 0-electron-withdrawing

- Tr-electron-donating

- inductive and mesomeric stabilization
- number and identity of heteroatoms
affects carbene electronics

N-substituent(s)
- kinetic stabilization from steric b
- electronic influence

- potential for asymmetric inducti

Backbone
- electronic stabilization from aromaticity
- substituents affect carbene electronics

Figure 1.1.2. General structural features of I1Ad, detailing the effects of the ring size, nitrogen
heteroatoms, and the ring backbone and nitrogen-substituents on the stability and reactivity of

the NHC.
1.1.3. Electronic structure of carbene:

Based on the location of the non-bonding electrons in different orbitals and their spin states,

carbenes can exist in two different forms:

= Singlet carbene, where the non-bonding electrons stays in the same orbital, and both of

them have opposite spins

= Triplet carbene, where the non-bonding electrons exist in different orbitals, and they have

parallel spins
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Introduction to Saturated N-Het

obb/(:) '
/C

Triplet

:CH, NHCs, CAACs

ty, ", O
D

Singlet

high s character

~

Figure 1.1.3. Electronic states of different NHCs.

In contrast to classical carbenes, NHCs such as IAd display a singlet ground-state electronic

configuration, where the sp? hybridized lone pair is the highest occupied molecular orbital

(HOMO) and an unoccupied p-orbital at the C2 carbon is the lowest unoccupied molecular

orbital (LUMO) (Figure 1.1.3).

1.1.4. Different types of N-heterocyclic carbenes:

Based on the hybridization of the C3 and C4 atoms of 5-membered NHCs, they are classified

into two types; (i) unsaturated NHCs and (ii) Saturated NHCs. In this thesis, we have

established their relative advantages for various reactions.
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Figure 1.1.4: HOMO-LUMO gap between typical unsaturated NHCs and saturated NHCs.

The calculated values are taken from Munz et al. Organometallics 2018, 37, 275-289.7
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Chapter-1 Introduction to Saturated N-Het......

Why saturated N-heterocyclic carbene?

= Sigma donation increases

= [I-acidity increases

= HOMO-LUMO gap decreases

= Higher nucleophilic character can be useful for the activation of C-F, C-N, C-H

sigma bonds as well as small molecules

Saturated NHCs

TR
safie

[/

at

IDipp IMes ItBu IMe, SIDipp SIMes
1.1 1.2 1.3 1.4 1.5 1.6

z
N
Q
z
~

Figure 1.1.5. Structures of some of the commonly applied NHCs. Dipp, diisopropyl; Mes,

mesityl; tBu, tert-butyl

1.1.5. Different types carbenes except NHCs:

1.1.5.1. Cyclic (alkyl)- (amino)carbenes, CAAC:

cyclic(alkyl)(amino)carbenes (CAACSs) are a novel class of stable singlet carbene ligands
developed by Bertrand and co-workers in 2005. The replacement of one of the electronegative
nitrogen atoms of NHCs by a strong o-donor sp® (alkyl) carbon atom makes CAAC ligands
even more electron-rich, surpassing most NHCs and phosphines (Figure 1.1.1.1)%1°

Furthermore, owing to the presence of a quaternary carbon atom in a position at the adjacent
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Chapter-1 Introduction to Saturated N-Het......
to the carbene center, CAACs feature a steric environment that differentiate them
melodramatically from both NHCs and phosphines.

AP0 008

NS

phosphines NHCs CAACs

Figure 1.1.5.1: General structural features of CAACs.
1.1.5.2. N, N’-Diamidocarbenes, DAC:

A N,N’-diamidocarbene (DAC) (Figure 1.1.5.2) is constituted when carbonyl groups are
incorporated into an N-heterocyclic carbene scaffold. Through quick and high-yielding
procedures, DACs were found to activate a broad range of primary as well as secondary
aliphatic and aromatic amines.® *'** The nonbonding electron pairs of the nitrogen atoms
undergo resonance with the vacant ©*(C=0) orbitals, which results in the decrease of the
electron density at the carbene carbon atom. While DAC carbene has a singlet ground state
with a calculated singlet—triplet gap 0f~45 kcal/mol, which is very lower than the typical NHCs
(81 kcal/mol).8 This substantially lower HOMO-LUMO energy for DACs leads to an enhanced
electrophilicity and an exceptional reactivity. The relative rates measured for the insertion of
the DAC into the primary amines were consistent with an electrophilic activation mechanism.
Collectively, these results constituted the first ambiphilic process for an isolable carbene.
Similar to transient, electrophilic carbenes and unlike NHCs, DACs underwent a variety of
transformations with a broad range of small molecules including the metal-free transfer
hydrogenations,'* insertion into pnictogen-H bond, and the unprecedented reversible coupling

of carbon monoxide.® 11315 Along with this, formal [2+1] cycloadditions were seen between
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Chapter-1 Introduction to Saturated N-Het......
DACs and a range of alkenes, aldehydes, alkynes, and nitriles including the first examples

between an isolable carbene and alkynes or electron-rich alkenes.

O Mes 0 Dipp ) i Mes
N> i N> N ! Oj:N>
N N N . o N

0 Mes : O Dipp O Dipp ! Mes

N | J !

v

- ivati Five membered
Six membered DACs C-H activation

at C2 Centre DACs

Figure 1.1.5.1: General structural features of DACs.
1.2 Carbenes as an alternative to the transition metal complexes

The quest for "metal-free” catalysis is on the horizon. Increasing pressures for catalytic
processes with reduced environmental impact spur the search for improved synthetic
transformations with minimal waste production, less energy consumption, and avoid the
generation of toxic substances. One approach to accomplishing this target is to use more benign
main group compounds as catalyst. Striking headways in the field of low valent main-group
compounds have been accomplished such as B(1),1% 1" Al(I),%8 1 Si(0),%> 2! and Ge(0)?>**in
the form of multiple bonded species, carbenoids, and donor stabilized (e.g. imine, phosphine)
atoms.?>2° These highly reactive species have similar features with those of transition-metal

complexes in the form of small energy separated frontier orbitals (Figure 1.2.1).%°
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a) ° .‘\ s* orbital b) s orbital
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J Vacantd H orbltal
@ ororal ..". s orbital
filled d orbital s orbital
v% H %%
A < @ fllled sp2
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Figure 1.2.1. Frontier orbital interaction of dihydrogen with (a) transition metals, (b) singlet

main group species e.g. carbenes, tetrylene

1.2.1. Carbenes in small molecule activations:

The importance of small molecules like Hz, CO, CO2, NHziis that they are ubiquitous, relatively
inexpensive, synthons for constructing more complex molecules, and produced in large scales
in industrial processes. Moreover, the most of the homogeneous catalytic cycles involve such
small molecules, like hydrogen, olefins, carbon monoxide, ammonia. Therefore, it is deemed
desirable to use them into syntheses of value-added chemical products.31 However, at the same
time they are thermodynamically very stable. The activation of such relatively inert bonds
usually requires a catalyst. The typical catalysts feature late transition metals. It is the
amenability of a transition metal to be in a variety of oxidation states, to coordinate to a
substrate, and to be a good source/sink for electrons depending on the nature of the transition
state. As a result, the most active transition metal catalysts are based on Pt, Pd, Rh, Ru, Ir, Os
etc. However, the current trend in catalysis is to move to cheaper and greener alternatives
because late transition metal based catalysts are expensive as well as there are some concerns
on the incorporation of such heavy metals into products. Main group elements, on the other

hand, are cheap, more abundant, and have lesser issues with respect to toxicity. The small
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Chapter-1 Introduction to Saturated N-Het......
molecule activation by compounds with main group element has been summarized by Nikonov

and co-workers (ref 32).3! 32

Singlet carbenes have a filled nonbonding orbital and a vacant orbital, which resembles to the
transition metal centers.334 Even though the orbitals of carbenes do not as exactly match for
interaction with hydrogen like transition metal, the group of Bertrand and co-workers in 2007
reported the activation of dihydrogen demonstrating sufficient overlap between them.® 353 |n
that work, they have shown that suitably designed CAAC (1.7) can undergo an oxidative
addition with H at the carbene carbon centre (Figure 1.2.1.1.).%% Computational studies
reveal that the carbene’s lone pair of electrons interact with the antibonding orbital of H; at
first with subsequent attack from the hydride to the cabocation.. This nucleophilic activation

process was also observed in the reaction of 1.7 with NHs (Figure 1.2.1.1.).%

Activation of ammonia is a challenging reaction, as the N—H bond dissociation energy is high
(107.6 kcal/mol).*” The high  acceptor properties of five and six membered DACSs resulted in
facile cleavage of the N-H bond of NH3.1® ® Initially, it was hypothesized that nucleophilic
NHCs were inert toward NHz activation, although examples of ammonia splitting by NHCs

have been recently documented in literature.3®

The mechanism for ammonia activation by DACs was investigated by reacting 1.11 with
various para-substituted anilines.*® The Hammett plot featured a negative slope, consistent with
the build-up of positive charge at the amine nitrogen atom, and hence it has proved that the

electrophilic nature of DACs actually helps in the ammonia activation.**

On the basis of experimental studies and due to more basicity and nucleophilicity of ammonia
compared to aniline, the insertion of DACSs into the N-H bond of ammonia is likely initiated

by overlap of NH3 lone pair with the empty orbital of carbene.*® However, the activation of N-
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Chapter-1 Introduction to Saturated N-Het......

H bonds of diarylamines with 1.11 underwent fastest when the diarylamines are electron
deficient in nature. All these results suggest that 1.11 can cleave the N—H bonds of acidic or
basic amines through both nucleophilic or electrophilic pathways, respectively.** Notably, 1.11
represents the first isolable carbene to mechanistically exhibit ambiphilicity, a property usually

reserved for more transient species such as the halocarbenes and 2-adamantylidene.*? 4

While the NHCs and CAACs are less reactive towards carbon monoxide, DACs 1.10 and 1.11
can smoothly forms ketenes 1.15 and 1.16 from the reaction with carbon monoxide at ambient
temperature in a reversible way (Figure 1.2.1.1.).% 4 % Similarly, DACs can react with

isonitriles, which are isoelectronic with CO, to give the respective ketenimines.*®
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1. Bertrand and co-workers, 2007:
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N or H
: - X
NHs(-78 °C to RT)
i-Pri -Pr:

X=H, NH,
1.7 X = H (1.8); NH, (1.9)
2. Bielawski and coworkers, 2010
o R o R
N H
>:C ° - ° > 78 °C t3 RT
\ C7D8 30 °C - (0] N NH2
(0] R o \
= Di - Di = Dipp (1.13)
R = Dipp (1.15) R = Dipp (1.10) R = Dipp (
R =Mes (1.16) \R=DPP.MeS J g _ pieg (1.11) R = Mes (1.14)

3. Bielawski and coworkers, 2012:

Mes

Mes RT, 2h
R = CO,Me (1.19
R = CO,Et (1.17), Ph (1.18) R = Mes (1.11) chgz“_ez(()) ),
R =Ph (1.21),

R = 4-FCgH, (1.22)

Figure 1.2.1.1. Carbene mediated small molecules activations; (1) CAAC mediated ammonia
and hydrogen activations; (2) DAC mediated carbonyl and ammonia activations; (3) DAC

mediated [2+1] cycloaddition reactions.

The chemistry of 1.10 and 1.11 mainly reflects that of the seven membered DAC, which also
shows similar reactivities with isonitriles and carbon monoxide (Figure 1.2.1.1). Analogous
reactions with CAACs and bicyclic NHCs have also been reported, while only DACs react

reversibly with carbon monoxide.'? 13
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The [2+1] cycloaddition reaction, which is known as a cyclopropanation, with stable
diamidocarbene derivatives, is a hallmark of carbene chemistry. Though this reactivity was
witnessed only with transient species (e.g., triplet carbenes derived from diazo compounds), it
is rarely seen for isolable stable carbenes. For example, the known NHCs and CAACs are not
reactive towards olefins, and they can’t convert them to exocyclic olefins or polymers.*” 48
DAC 1.7 enables the cyclopropanation reaction of electron-deficient as well as electron-rich
alkenes including the vinyl ethers and the alkyl derivatives (Figure 1.2.1.1.).45! The reaction
of 1.11 with the cis-olefins (for example cis-stilbene) and diethyl maleate resulted in the cis-
cyclopropanes, 1.17 and 1.18, respectively via a stepwise process involving bond rotation prior
to ring closure.*’” The treatment of the five-membered DAC with the same methyl acrylate
produced an exocyclic olefin in place of a cyclopropane. DACs undergo similar [2+1]

cycloadditions with aryl or alkyl aldehydes also to give epoxides like 1.19-1.22.4
1.2.2. Carbenes in C-F activations:

The activation of C-F bonds in fluorinated hydrocarbons is of fundamental interest from the
standpoint of potential application in synthetic organic chemistry, pharmaceutical and
agrochemistry as well as the ever-increasing environmental concerns related to the fluorinated
compounds. Fluorinated hydrocarbons are major source for the alarming depletion to the ozone
layer. Generally, transition metals are involved in the C-F bond activation, which has issues
with terrestrial abundance and toxicity. Therefore, a huge effort is underway to develop new

synthetic strategies for the activation of the C—F bonds.

Characteristics of the C-F bond

= Strongest covalent single bond
= Notoriously robust

= Toxicity of perfluorinated compounds
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The activation of thermodynamically robust C-F bond usually requires an electron rich
transition metal fragment.*® There is an increasing recognition that the chemistry of the
compounds with low-valent main-group elements resembles that of transition-metal
complexes.*®! In fact, the groups of Timms and Margrave reported in early 1970s that one of
the C—F bonds of CeFs underwent oxidative addition with SiF, (generated in situ) to give
CeFsSiFs.% Surprisingly, even after their report, the research interest on the C—F bond
activation by compounds with main group elements was remarkably low for the next three
decades. It was only recently that N-heterocyclic carbene (NHCs) and cyclic alkyl amino
carbenes (CAACs) have been explored for the C—F bond activation of perfluoroarenes.>?->’
Alongside carbenes, the use of low-valent aluminum and silicon compounds has also emerged

as powerful candidates to selectively activate the C—F bond of perfluorarenes.3% %871

Kuhn and coworkers, 2008:

2@
Pr F PrEF /Pr » 5E©
N F F Dichloromethane N [BF]
| > o+ + BFy ——— | |
N F F N N
iPr F iPr F F i

Radius and coworkers, 2017

F
74_5 T ® e
F F F F
N X
N Arf—F N F F |
iPr iPr RT /Pr n F F FFON"F
F F
F F
1.25 E= CF (1.27), C-CF3 (1.28), | F |
C-CeFs (1. 29) N (1.30) Substrate Scope

Figure 1.2.2.1. Carbenes in C-F activations of perfluoroarenes.
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The very different electronic properties of various carbenes are reflected in their mode
of the C—F bond activation. In 2015, Bertrand and co-workers showed the oxidative addition
of the para C-F bond of pentafluoropyridine into the CAAC carbene centre which resulted 1.26
(Figure 1.2.2.1). Afterwards, the fluoride abstraction from this generated an iminium-pyridyl
adduct, which was further treated with excess magnesium to produce a CAAC stabilized mono-
radical compound. Later in 2017, the group of Radius has shown the 1,1-activation of the C—F
bonds of different class of perfluoroarenes at the carbene center for CAAC™™! (Figure
1.2.2.1).”> While CAAC has shown the oxidative addition at the carbene carbon centre, NHCs
have a propensity to form octafluorotolyl imidazolium salt with HF,™ as counter anion.”"* The
treatment of two equivalents of octafluorotoluene leads to an unexpected sequential
substitution of fluorides in two separate perfluoro arene rings.>® The utility for an excess CeFs
has also been noted by Kuhn and coworkers, who used CgeFs and iPr2lmMe2in ~ 7:1 ratio in
presence of BFs-ether to activate the C—F bond.”? In this context, the saturated NHCs are
predicted to be a stronger o-donor and w-acceptor than their unsaturated analogues, but weaker
than CAACs in both these aspects. A further impetus comes from the reactions of 5-SNHC

with fluoroalkenes 1.31-1.33 by the group of Baker et al. in 2016 (Figure 1.2.2.2).5?

Baker and coworkers, 2016:
F R
Ar >:< Ar
/ 1
N THF, <5 min N CFR
Ar Ar

Ar = Mes, Dipp; R =F (1.31), CF5 (1.32), H (1.33)

Figure 1.2.2.2: 5-SIDipp mediated C-F activations of perfluoro alkenes.
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1.2.3. Carbenes in B-H, Si-H, P-H activations:

For the past years, it was thought that only the transition-metal centers can cleave the
enthalpically strong bonds like B-H, Si-H and P-H etc. due to presence of their incompletely
filled d-orbitals. In recent years, it has proved that many non-metallic systems are also capable
of breaking these strong bonds.3% 5861 63-66,69-71 Ag an example, singlet carbenes can easily
activate small molecules like NHs, CO,”™ H2,* and P4,"*"® which we have discussed above.
Interestingly, carbenes can easily activate ammonia; which is a challenging target even for
transition metals.' °-% Similarly, the cleavage of bonds like Si-H, B-H and P-H and the
oxidative addition of hydrosilanes, hydro-boranes, and hydrophosphines at vacant coordination
sites of transition metals are well-established and are well-thought-out as key steps for the
transition-metal-catalyzed hydrosilylation, hydroboration, and hydrophosphination of multiple
bonds. In 2010, Bertrand and co-workers shows the E-H (E = Si, B, P) bond activations at the
different NHC and CAAC centres (Figure 1.2.2.3.).* The BHs forms an adduct with NHCs as
well as CAAC carbenes, but HBpin are shown to undergo 1,1 B-H activation (Figure 1.2.2.4)
at the carbene carbon center of CAACs (1.39a, 1.39b, 1.40a,1.40b). On the other hand, the 5-
SIDipp underwent in to the C-N bond rupture of the SNHC and an unexpected dimer, 1.34
formation (Figure 1.2.2.3.).°* The reaction of phenylsilane with CAACs and 5-SIDipp led to
the Si-H bond activation at the carbene carbon atom and furnish 1.36 (Figure 1.2.2.3) and

1.41a, 1.41b, 1.42a, 1.42b (1.2.2.4) at mild condition.®*
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Bertrand and coworkers, 2010:
) Di
. Dibpy PP
HBpin /N N
RT,2h  BPn \:\N N/Bp'”
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Dipp _ 1.34
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: H,SiPh N H
N - [ X
Dipp RT, 3h N\ SiH,Ph
Dipp
1.35
Dipp
H,PPh N H
L >
14 h, RT [NXPHPh
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1.36

Figure 1.2.2.3. 5-SIDipp mediated C-F, B-H, P-H bond activation.

BH3
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L R, = iPr; R, =CH5 (1.37a, 1.38a),
BH; R, =H;R,=H(1.37b, 1.38b)
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> Dipp—N R,
2h. RT H PPhH
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Figure 1.2.2.4. 5-SIDipp and CAAC mediated B-H, Si-H and P-H activations.
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Carbenes are known to form Lewis acid—base adducts®* %

with compounds of other main-
group elements. In 2010, the group of Bertrand and co-workers have studied their reactivity
with primary and secondary phosphanes.®® CAAC carbenes react with phenylphosphane at
room temperature, which resulted in the oxidative-addition products 1.43a and 1.44a as
mixtures of diastereomers.®* While the CAACs were inert towards the sterically more
demanding diphenylphosphane, the smaller CAAC underwent a slow but clean reaction at
room temperature to give the oxidative addition products, 1.43b and 1.44b (Figure 1.2.2.4).
Further, they have also extended the similar reactivity with 5-SIDipp, which did not react with

diphenylphosphane, but underwent insertion into the P-H bond of phenylphosphane (Figure

1.2.2.3) to form the adduct 1.36.%

Siemeling and coworkers, 2013:
0] Mes

N> _BHySMe, ><
1.44

(@) Mes

R =Mes (1.11)

O ,Mes
N H
N, B\/O
(@) Mes
1.45

Figure 1.2.2.5. DAC mediated B-H activations of BHs.

Though the NHCs and CAACs forms a stable Lewis acid-base adduct with BH3, in 2013, the
group of Siemeling and coworkers has reported that DAC 1.7 inserts into a diverse array of the

B-H (Figure 1.2.2.5.) and B—B bonds, but forms Lewis adducts with boron trihalides.* %
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While the latter reflects the nucleophilic character of DAC, it’s insertions into BHz and other
B—H fragments are consistent with an ambiphilic description given that the (formerly carbenic)
carbon center abstracts a hydride following ligation to the borane. The insertion product, 1.44
derived from the reaction of 1.7 and BH3-SMez was found to enable hydroborations through a
polar mechanism involving hydride transfer. The chemistry of the tetra-coordinate DAC-BH3
adducts is different compared to the analogous NHC-BHz3 species, whose reactions often occur
through the radical pathways, and need initiators, although addition to arynes via a polar

mechanism has been described.® %4
1.3 Carbenes in the stabilization of Kekulé diradicals:

Molecular species bearing two unpaired electrons in two energetically equivalent molecular
orbitals are termed as diradical species.®® Based on electron delocalization and frontier
molecular orbitals, diradicals can divided into three classes: (a) Kekulé, (b) non-Kekulé, and
(c) antiaromatic. Based on the spin state of individual electrons in Kekulé and non-Kekulé
diradicals, they can exist in singlet state (where the individual electron spins are opposite) or
triplet state (where the individual electron spins are same).%® Molecules having partial singlet
diradical nature in their ground state are often called as diradicaloids,®° where the interaction
between the two oppositely spinning electrons leads to their further classification as open shell
and closed shell diradicalioids. Because of the presence of two unpaired electrons,
diradicalioids possess very high reactivity. Stabilization of diradicaloids is typically achieved
through delocalization over m-conjugated moieties, and their development are of great interests
to chemists owing to their discrete chemical properties and potential applications in molecular

electronics, nonlinear optics, and organic spintronics.1%0-03

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 19



Chapter-1 Introduction to Saturated N-Het......
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Figure 1.3.1. Electronic distribution in different conformations of Kekulé diradicals.

Kekulé diradicaloids have received remarkable attention primarily due to their unique
electronic properties, which is originated from the intermediate bonding of the frontier -
electrons. Based on the number of aryl moieties involved in the formation of the diradicaloid,
they are named as Thiele’s hydrocarbon (n = 1), Chichibabin hydrocarbon (n = 2) or Muller’s
hydrocarbon (n = 3).29410 While studies on linker length variation in Kekulé diradicaloids are

often cited in literatures, instances on functionality variation on them is very scarce.
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NHC analouge of Thiele’s and Chichibabin's hydrocarbon (Ghadwal , 2018)
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AAC analouge of Chichibabin's hydrocarbon (Jana, 2020)
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R = monoanionic organic substituents

DAC analouge of Thiele's and Chichibabin's hydrocarbon (Jana, 2021)
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Figure 1.3.2. Selected carbene analogues of Thiele’s and Chichibabin’s hydrocarbon.
Radicals derived from NHCs are astoundingly small, 53 5% 104,105, 107, 110-112 gjthoyugh very
recently NHC derivatives of Kekulé diradicaloids have been realized by Ghadwal and co-
WorkerS.llo’ 113,114

Of the various Kekulé hydrocarbons, Thiele’s and Chichibabin’s hydrocarbons are interesting
because of their existence in intermediate form between an open-shell biradical and a closed-
shell quinonoid form.1*® The inherent reactivity from the existence of two unpaired electrons
creates a high synthetic challenge for Chichibabin hydrocarbon. In 2018, the group of Ghadwal

and co-workers accessed the first NHC analogues of Thiele’s and Chichibabin’s (Figure 1.3.2.)
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hydrocarbons with a singlet-triplet gap of —25.6 (1.50a) and —10.7 kcal mol? (1.51a)
(B3LYP).14 118 | ater on, the same group prepared the first SNHC analogues of Thiele’s and
Chichibabin’s hydrocarbons with a singlet and triplet energy gap -29.1 (1.50b) and -10.7
(1.51b) kcal mol™, (Figure 1.3.2.) respectively. Motivated by this work, the group of Jana and
co-workers reported the Thiele’s and Chichibabin’s hydrocarbon based on diamido carbene

(1.55 and 1.56) and acyclic diaminocarbenes (1.53 and 1.54) (Figure 1.3.2.).117-119
1.4 Aim and outline of the thesis:

From the aforementioned section of the thesis it is apparent that the proper kinetic and/or
thermodynamic support of the ligands permitted the synthetic chemists to overcome the
challenges associated with the stabilization of compounds with low valent main group elements
with NHCs. A fair number of bottleable stable NHCs have been reported and made the
chemistry rich with their novel and unprecedented bonding and reactivity studies. In this
regard, saturated NHCs represent a special class due to their more nucleophilic character
compared to their unsaturated analogues. Higher HOMOs of the SNHCs results in the lower
HOMO-LUMO gap compared to the unsaturated NHCs. In the same vein, the six-membered
saturated NHC posseses more nucleophilicity than 5-membered NHCs and CAACSs. A detailed
literature survey revealed while unsaturated NHCs are well explored, the chemistry of saturated
NHCs has a modicum of precedence due to the difficulty in the synthesis and low yield.
Furthermore, the NHC stabilized radicals are still at early days due to the lower sigma donation
of NHCs than CAACs. The main aim of the thesis is to further extend our knowledge on the
synthesis, and reactivity of a more nucleophilic saturated NHCs towards the small molecule
activations and in the stabilization of the low valent main group elements. The work covers the
development of unusual main-group compounds, which challenge previously held views on

structure, bonding and stability. In addition, such exotic molecules were employed for
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important reactions, such as small molecule activation. All the compounds prepared were
characterized by multinuclear NMR spectroscopy, single crystal X-ray diffraction, and HRMS

spectrometry. The following chapters will cover all these aspects of the thesis.

Chapter 2 accounts the deprotonation of 5-SIDipp by the C-F bond of CsFes and it affords a
mesoionic compound with concomitant elimination of HF. Neither, NHCs nor CAACs are
known to generate such mesoionic compounds by such a single-step C-F bond activation. The
formation of HF during the reaction is supported by the addition of another molecule of 5-
SIDipp in the reaction medium, and leads to the imidazolium bifluoride. The reaction of the
mesoionic compound with B(CeFs)s results in the donor—acceptor adduct, where the Lewis
basicity of the fluoride atom of the CeFs moiety is illustrated by its coordination to B(CsFs)s.
Such a donor—acceptor interaction from the fluoride atom of a metal-free system to borane is
unprecedented. Further, we have extended the C-F bond activations of n-pentafluoropyridine
with IDipp carbene and prepared a fully functionalized imidazolium scaffold via sequential
para-C-F bond activations of CsFsN. We have also shown the activation of ortho and meta -C-

F bonds over the C-H bond when the IDipp was treated with the tetrafluropyridine.

Chapter 3 illustrates a new synthetic pathway to prepare the NHC based Kekulé di-radicaloids.
To prepare the NHC analogue of Thiele’s hydrocarbon we have exploited the C-F activation
of CeéFs and the replacement of the hydrogens with fluorines reduce the AEs_.t by 5.4
kcalmol™. Further, we have prepared the NHC analogue of the Chichibabin’s hydrocarbon
from the reduction of the dicationic imidazolium salt. The extension of fluorine based
phenylene spacer to the biphenylene spacer reduces the AEs_,t to —3.7 kcalmol* with a higher
diradical character (y = 0.61). We have also explored the naphthalene based Kekulé

hydrocarbons for the first time. In this case, we have noticed that the increase of one more
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fused ring in the spacer decreases the AEs_.t significantly (AEs_ for 3.6: —15.8 kcalmol* and

AEs_1 0f 3.9: -17.1 Kcalmol™?).

Chapter 4 described the NHC-borane chemistry with 5-SIDipp. NHC-boranes are typically
readily accessible, but no NHC adduct of MeBCl, has been known. The hesitancy of the
chemistry community probably stems from the synthetic routes, which are tedious and require
special techniques. Herein, we have prepared saturated N-Heterocyclic carbene boranes
bearing methyl groups by simple salt metathesis reaction starting from 5-SIDipp-BCls. 5-
SIDipp-BMeCl; is the first carbene-MeBCl, adduct and its preparation does not require the
hazardous MeBCl.. Further, we have shown the selective nucleophilic substitution at the tetra-
coordinated boron center to obtain several boranes with rare functional groups such as -ONOx,
—OTf, —OH etc. The combination of 5-SIDipp and B(CeFs)s were shown to affect the C—O bond

cleavage differently for THF and diethyl ether.

Chapter 5 represents the reactivity of 6-SNHC in boron chemistry. While the body of work on
carbene-borane chemistry is growing, the carbene component is mainly restricted to two classes
of carbenes: (a) Arduengo type five-membered NHC and (b) CAAC. Here, we have introduced
a new NHC, 6-SIDipp for NHC-borane chemistry, and described a detailed study of
substitution reactions of 6-SIDipp-BHs. These results have uncovered the facile substitution at
the coordinatively saturated sp® boron atom in 6-SIDipp-BHs with a range of functional groups
such as bromide, iodide, triflate, ONOz2, chloride etc. We have further stabilized the cationic
analogue of phenylboronic acid (dihydroxyborenium cation) and diphenylborinic acid
(monohydroxyborenium cation). While 6-NHC forms a stable adduct with BH3 and BRCI»
(R=H, Ph), the reaction with 9-BBN first forms an adduct with 6-SIDipp, which subsequently
undergoes ring expansion to a seven membered ring at room temperature within 6 h. Finally,

for the first time, we have realized the stronger nucleophilic properties of six-membered NHC
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(6-S1Dipp) than those of typical five-membered NHCs toward the 1,1-activation of the B-H
bond of HBpin at the carbene carbon. We have also shown the theoretical studies to investigate

the mechanism of the B-H activation of HBpin at the carbene carbon atom of 6-SIDipp.
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Abbreviations

Units and standard terms

BDE Bond Dissociation Energy
°C Degree Centigrade
DFT Density Functional Theory
mg Milligram
h Hour
mL Milliliter
Hz Hertz
min Minute
mmol Millimole
NPA Natural Population Analysis
ppm Parts per million
% Percentage
MP Melting Point
Calcd. Calculated
CCDC Cambridge Crystallographic Data Centre
CIF Crystallographic Information file
Chemical Notations
Ar Aryl
Me Methyl
Et Ethyl
Ph Phenyl
Ad Adamentyl
Dipp Diisopropylaniline
iPr Isopropyl
tBu Tertiary butyl
MeOH Methanol
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MeCN Acetonitrile

THF Tetrahydrofuran
DCM Dichloromethane
CDCls Deuterated chloroform
CeDs Deuterated benzene
DMSO-ds Deuterated dimethyl sulfoxide
HBpin Pinacolborane
TMSCN Trimethylsilyl cyanide
TMSCI Trimethylsilylchloride
n-BuLi n-butyllithium
NHC N-Heterocyclic carbene
NHSi N-Heterocyclic silylene

Other Notations

) Chemical shift
J Coupling constant in NMR
HRMS High Resolution Mass Spectrometry
NMR Nuclear Magnetic Resonance
rt Room temperature
XRD X-Ray Diffraction
equiv. Equivalents
VT Variable temperature
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General remarks

% All chemicals were purchased from commercial sources and used without further purification.

% All reactions were carried out under inert atmosphere following standard procedures using
Schlenk techniques and glovebox.

% The solvent used were purified by an MBRAUN solvent purification system MBSPS-800 and
further dried by activated molecular sieves prior to use.

% Column chromatography was performed on silica gel (100-200 mesh size).

< Deuterated solvents for NMR spectroscopic analyses were used as received. All H, 13C, 1°F,
29Si and B NMR analysis were obtained using a Bruker or JEOL 200 MHz, 400 MHz or 500
MHz spectrometers. Coupling constants were measured in Hertz. All chemical shifts are
quoted in ppm, relative to TMS, using the residual solvent peak as a reference standard.

% HRMS spectra were recorded at UHPLC-MS (Q-exactive-Orbitrap Mass Spectrometer) using
electron spray ionization [(ESI+, +/— 5 kV), solvent medium: acetonitrile and methanol]
technique and mass values are expressed as m/z. GC-HRMS (EI) was recorded in Agilent 7200
Accurate-mass-Q-TOF.

% All the reported melting points are uncorrected and were recorded using Stuart SMP-30
melting point apparatus.

% Chemical nomenclature (IUPAC) and structures were generated using ChemDraw

Professional 15.1.
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This thesis deals with the more nucleophilic saturated N-heterocyclic carbenes reactivity with the
main group elements. It is divided into six chapters. The first chapter is the introduction of
saturated N-heterocyclic carbenes and its various applications in small molecules activation. The
second to fifth chapters narrate our approach to the synthesis and reactivity of novel SNHC based
strong bond activations and their further derivatizations. A detailed theoretical study is done to
understand the mechanism for NHC based mono and triple C-F activations. The second chapter
describes carbenes in C-F bond activation and their subsequent reactivities towards Lewis acids
like BF3 and B(CsFs)s. The third chapter contains the synthesis of SNHC based Kekule di-
radicaloids via double C-F activations of perfluoro-arenes. DFT calculations have investigated the

singlet-triplet energy gap for these systems. The synthesis of first NHC-haloboranes with a boron-
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methyl bond is included in fourth chapter. In the fifth chapter, we have introduced a more
nucleophilic six saturated NHC and utilized it for the B-H bond activation, substitution, the
stabilization of the borenium cations. The final chapter of the thesis describes the summary of

Ph.D. work with the future outline.
Chapter I: Introduction to saturated N-heterocyclic chemistry

Carbenes are known as neutral compounds containing a divalent carbon atom with a six-electron
valence shell. The incomplete electron octet and coordinative unsaturation, make the free carbenes
highly reactive transient intermediates in organic transformations and unstable such as
cyclopropanation. The first N-heterocyclic carbene (NHC) 1,3-di(adamantyl)imidazol-2-ylidene
was synthesized by Arduengo in 1991.1 Two bulky adamantyl groups bound to the nitrogen atoms
help in the kinetic stabilization of the lone pair of the electrons at the carbene carbon atom and
disfavors dimerization to the corresponding olefin (the Wanzlick equilibrium).? The electronic
stabilization provided by the nitrogen atoms, however, is a much more important factor. NHCs
show a singlet ground-state electronic configuration with the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) best described as a formally sp? -
hybridized lone pair and an unoccupied p-orbital at the C? carbon, respectively.® The adjacent-
electron-withdrawing and p-electron-donating nitrogen atoms stabilize this structure both
inductively by lowering the energy of the occupied s-orbital and mesomerically by donating
electron density into the empty p-orbital. In my thesis work we have mainly used the saturated five
and six membered N-heterocyclic carbenes due to its higher nucleophilic nature. The chemistry of
SNHC:s is rarely reported due to its difficulties in the synthesis and low yield. In our laboratory,

we have modified the synthetic procedures of the SNHCs to get better yield. We have mainly
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studied the SNHCs for the strong bond activations (C-F and B-H)* and further stabilized SNHC

based low valent main group elements like carbon based di-radicaloids, borenium cations.
Chapter 11: Carbenes in C-F bond activation and their subsequent reactivities

The activation of C-F bonds of fluorinated hydrocarbons is of fundamental interest from the
standpoint of the potential application of organofluorine compounds in synthetic organic
chemistry, pharmacy, and agrochemistry as well as the ever-increasing environmental concerns
related to the fluorinated compounds. Fluorinated hydrocarbons are not only contributing to the
global warming but causing depletion to the ozone layer. Generally, transition metals are involved
in the C-F bond activation, which has issues with terrestrial abundance and toxicity. As a result,
there is a need to develop new synthetic strategies for the activation of C—F bonds.

Due to our recent interest in C-F bond activation by compounds with low valent main group
elements, we intended to explore saturated NHC for the C-F bond activation. While both cyclic
alkyl amino carbenes (CAACs) and IPr have been explored for the C-F bond activation recently,
their different electronic properties are reflected in their mode of C-F bond activation. We have
observed herein that the reaction of SIPr with CeFs has led to the activation of one of the C-F bonds
with concomitant deprotonation from the backbone, resulting in the formation of an unprecedented
mesoionic compound along with HF elimination. The HF elimination is confirmed by adding one
more equivalent of SIPr, which forms an imidazolium salt with HF>™ as the counter anion.
Subsequent to the isolation of the mesoionic compound, we intended to derivatize this it by
reacting with B(CsFs)3, but it forms a rare donor-acceptor adduct, where the fluoride atom of the
CesFs moiety coordinates to boron leaving the carbanion moiety intact. Such epitomization of Lewis

basicity of a fluoride atom of CeFs ligand in a metal free system is unprecedented.
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Scheme 1. C-F bond activation of CsFe by SIPr and subsequent reactivity (Ar=2,6-iPr.CsHz).

In order to understand the mechanism for the C-F bond activation of CeFs, quantum chemical
calculations have been done with density functional theory (DFT) at the PBE/TZVP level of theory
(Figure 3). The approach of CsFs to the carbene leads to the formation of Int_1 via Ts_1, which
is a very stable intermediate (AG = -16.6 kcal/mol). The barrier for this step is 22.4 kcal/mol.
Subsequent to this, calculations suggest that a molecule of the CsFs acts as a “fluoride shuttle”,
transferring a fluoride to the backbone carbon (see Ts_2 in Figure 1) to yield the experimentally
observed product . This mediating role of CsFs was seen to be important, for it was seen that
without the fluoride transferring assistance of CeéFs molecule, it was difficult to break the C-H
bond to eliminate HF from the intermediate Int_1. This is in line with our observation why the
reaction takes place at room temperature in presence of an excess CeFs. Note that, Kuhn and
coworkers also used a huge excess of CeFs in presence of BFs for carbene mediated C—F bond

activation.
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Figure 1. The reaction energy profile diagram for the C—F bond activation of CeFs by SIPr. The

values (in kcal/mol) have been calculated at the PBE/TZVP level of theory with DFT
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Scheme 2. C-F bond activation of CsFsCF3 by SIPr

The elimination of HF during the C-F bond activation was further manifested in the reaction of
SIPr with CeFsCF3. The reaction led to the activation of the para-C—F bond relative to the CFs

group, resulting in the formation of a imidazolium salt along with [SiFs]* as the counter anion
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(Scheme 2). The source of [SiFs]? can be attributed to the glass surface, which can react with the
in situ liberated HF from the system. We could not stop the reaction of HF with the glass vessel

even when performing the reaction at —30 °C.

Triple C-F activation :

[ > 3 05F5N

rt, 15 min

W -HF

Scheme 3. Previous examples of single and double C-F activation of perfluoroarenes by NHCs.

This work describes the triple C-F bond activation and synthesis of 1 (Ar=2,6-iPr>-CeHz)

The reaction of IDipp (IDipp=1,3-bis(2,6-diisopropylphenyl)-imidazole-2-ylidene) with CsFsN in
toluene led to the ‘penta-substituted” imidazolium bifluoride salt, along with the liberation of one

molecule HF (Scheme 3).

Chapter I11: Saturated N-Heterocyclic carbene based Kekulé di-radicaloids via double C-F
activation

Due to lower HOMO-LUMO energy gap of saturated NHCs than their unsaturated counterparts,
the capability of saturated NHCs to stabilize organic radicals should be better. Recently, we have
studied the reactivity of CsFe and CsFsCF3z with SIPr. In this chapter, we have shown the utilization
of C—F bond activation of CsFs chemistry to realize a SIPr based Thiele's hydrocarbon spanned by
a CeF4 linker. The question remain whether the four substituted fluorine atoms at the central

phenylene ring of 3 would destabilize the quinoid state and stabilize the biradical state. A further
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impetus comes from the works of Abe and coworkers who showed the increase in the biradical
character in 1,4-Bis-(4,5-diphenylimidazol-2-ylidene) tetrafluoro cyclohexa-2,5-diene (tf-BDPI-
2Y) from parent BDPI-2Y. Although tf-BDPI-2Y was not structurally characterized, they were

able to obtain the single crystal structure of the dimerized product (tF-BDPI1-2YD).
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Scheme 4. Stepwise access to fluorine-based Thiele’s hydrocarbon.

We have performed the reaction of SIPr and CeFs, but have added BFs-ether to the reaction mixture
after 15 minutes for the isolation of the orange colored dicationic salt with two BF4 molecules as
the counter anions (Scheme 4). Surprisingly, in situ addition of Mg powder at 0 °C in the reaction
mixture of SIPr and Ce¢Fs in THF led to the formation of the fluorine version of Thiele’s
hydrocarbon in one step. The Mg is oxidized to Mg(Il) by capturing two fluoride anions and is
precipitated out as MgF from the system. The generation of MgF- also inhibits the HF elimination.
In order to get the electronic structure and to understand the bonding scenario in Thiele’s
hydrocarbon, DFT calculations were performed at B3LYP/def2-SVP level of theory (see
Computational Details). Computed electronic states of it reveal that close-shell singlet remains the

electronic ground state with singlet-triplet energy difference (AEs—_r) of -23.7 kcal mol™. The
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computed bond lengths and angles of singlet state, than the triplet state structure, are in good
agreement with the experimentally obtained X-ray crystal structure, as can be seen from the
alignments and superposition plot of the conformers. It is of note here that the replacement of H
by F led to decrease of S—T gap by 5.4 kcal mol™. No diradical character was found for this
compound indicating the quinoidal bond nature. Ongoing studies are focused on extending the C-

F bond activation to other NHC derived diradicaloids.

Chapter 1V: Stepwise nucleophilic substitution to access saturated N-heterocyclic carbene

haloboranes with boron—methyl bonds

The combination of an N-heterocyclic carbene (NHC) with a borane usually results in a complex
called a NHC-borane. The synthesis of more than two dozen NHC-:borane complexes of
composition NHC-BXs, NHC-BHX,, NHC-BH2X, etc. have been reported, mainly from the
groups of Curran, Braunschweig, Robinson, Tamm, and others. Interestingly, a survey of known
NHC-RBX> with different R groups reveal that common functional groups in carbon chemistry
like methyl groups are rarely found bound to boron atoms in NHC-borane adducts. For example,
NHC-BCIPh is known,i but NHC-BCI>Me is unknown. One reason could be the needed borane
(MeBCl,) is not widely available. It is prepared from the reaction of MesSnCl with excess BCl3
that gives rise to a mixture of products (egn. 1). MeBClI: has a boiling point of 11 °C, ignites in
contact with air, and should be stored in a Schlenk tube equipped with a grease-free stopcock at a
temperature below —30 °C.ii So, handling of MeBCl, under laboratory condition is non-trivial.
The other reason is that in carbon chemistry the methyl group behaves as electron donor (+1 effect),
while in boron chemistry that the methyl groups, contrary to the common conviction, are electron-

withdrawing (—I effect) due to the difference in electronegativity between carbon (2.5) and boron
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(2.0). So, we were interested to make NHC-haloborane adducts, where one of the substituents of
the boron atom is a methyl group. It is of note here that MeBCl, was detected as an intermediate
in the chemical vapor deposition synthesis of boron carbide,iii and studying the chemistry of
MeBCl> might provide a deeper understanding of its chemical reactivity.
MesSnCl + excess BClz — MeBClz + Me2SnCl; (egn. 1)

Herein we demonstrate a detailed study of nucleophilic substitution reactions of SIDipp-BCl3
compound, which led to SIDipp-BMeCl, adduct. This is the first carbene-BMeCl adduct and it
does not require the use of hazardous MeBCl,. Removal of another chlorine from this with the
trifluoromethanesulfonate  (OTf) group resulted in an unusual NHC-borane,
SIDipp-B(Me)(CI)(OTf), where the three groups attached to the boron center are different.

Subsequent removal of another chloride by OTf moiety led to SIDipp-B(Me)(OTf)..

Dipp Dipp Dipp Dipp

N Cl CHaLi CHs  aAgOTF N CHs  AgOTF N CHs
[>:_,B/_ el [ ._>B C. AL >—>BOf—>g [>—>B OTf

| toluene toluene N cl toluene N OTf

Dipp 78 *CtoRT Dlpp 78°CtoRT  Dipp 78°CtoRT  Dipp

OTf = 0SO,CF;

Scheme 5. Synthesis of NHC-Boranes with the boron methyl bond.

NHC-boranes are typically readily accessible, but we have mentioned in the introduction that no
NHC adduct of MeBCl> has been known. The hesitance of the chemistry community probably
stems from the synthetic routes, which are tedious and require special techniques. Here we have
prepared saturated N-Heterocyclic carbene boranes bearing methyl groups by simple salt

metathesis reaction starting from SIDipp-BCls.
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Chapter V: The chemistry of six-membered N-heterocyclic carbene boranes

The reports of six-membered carbenes are limited in literature partly due to their less thermal
stability and structural rigidity though they feature higher HOMO and Lower HOMO-LUMO gap
compared to typical five-membered NHCs. Due to our current interest in boron chemistry, we have
studied the synthesis and reactivity of saturated six-membered N-heterocyclic carbene (6-SIDipp)
borane adduct. 6-NHC-BHz is amenable to further functionalization via iodination, providing
access to NHC mono and diboryl iodides, selectively, which undergo nucleophilic substitution
reactions with AgOTf and AgNOs to give boron compounds with OTf and ONO; functionalities
(Scheme 6). Dihydroxyborenium cations, the cationic analogues of phenylboronic acid, are
difficult to prepare due to the lacking of any R group. Herein, we have prepared a

dihydroxyborenium cation conveniently by reacting 1 with bromine-water.

Dipp Dlpp
0.5 equiv I, N /l Nucleophlle
otvens ™ >
toluene N> B\\H toluene rt,2 h
Dlpp Dlpp rt,2 h \ H
Dipp D'Pp
> BH3 SMe2 > BH
< < s -
toluene rt, 2 h ® Nu = 0250CF5 , ONO;
Dlpp
D|pp D|pp DIPP
1 equw Iy Nucleophlle
" toluene > - B\| > B\Nu
rt, 2 h
Dlpp Dlpp

Nu = OQSOCF3, ON02

Scheme 6. Synthesis and halogenation of 6NHC-BH3 and subsequent nucleophilic substitution

reactions.
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Scheme 7. Preparation of a dihydroxy borenium cation in a single step from 6NHC-BHs.

The reaction of 1 with bromine water led to an immediate color change from colorless to yellow
and afforded a 6-SIDipp stabilized dihydroxyborenium cation at room temperature in 3 h (Scheme
7). Both the compounds are separated by fractional crystallization. There is no report of the
formation of NHC-B(OH)s type Lewis adducts so far.

While the body of work on carbene-borane chemistry is growing, the carbene component is mainly
restricted to two classes of carbenes: (a) Arduengo type five-membered NHC and (b) CAAC. Here,
we have introduced a new NHC, 6-SIDipp for NHC-borane chemistry, and described a detailed
study of substitution reactions of 6-SIDipp-BHs. These results have uncovered the facile
substitution to the coordinatively saturated sp® boron atom in 6-SIDipp-BHs with a range of

functional groups such as iodide, triflate, ONO..
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Chapter-3

Saturated N-heterocyclic Carbene based Kekulé Di-radicaloids via
Double C-F Activation

Abstract: The synthesis of 5-SIDipp
derived Kekulé diradicaloids with
perfluoro substituted spacers have been
described, in an attermpt to tune their
diradical character. Two synthetic routes

have been described to access Thiele’s

hydrocarbon analogue, 3.2. The cleavage

of C-F bond of CsFes by 5-SIDipp in the

presence of BF3 led to double C-F activated compound with tetrafluoro borate as the counter
anion (3.1), which upon reduction by lithium metal afforded 3.2. Alternatively, 3.2 can be
directly accessed in one step by reacting 5-SIDipp with CeFe in presence of Mg metal.
Experimental and computational studies support the cumulenic closed-shell singlet state of 3.2
with a singlet-triplet energy gap (AEs-t) of —23.7 kcal mol™. Further, we have prepared the 5-
SIDipp derived Chichibabin's Hydrocarbon with an octafluorobiphenylene spacer (3.4). The
addition of two equivalents of 5-SIDipp with decafluorobiphenyl gives the double C-F
activated imidazolium salt with two fluoride anions, 3.3. Further reduction of 3.3 with two
equivalents cobaltocene gives the fluorine substituted SNHC based Chichibabin’s
Hydrocarbon, 3.4. Quantum chemical calculations suggested a singlet state of 3.4 with a
singlet—triplet energy gap (AEs-t) of —3.7 kcal mol, which is significantly lower compared to
the hydrogen substituted NHC-based Chichibabin’s hydrocarbons (—10.7 kcal mol, B3LYP).

Interestingly, the diradical character (y) of 3.4 is also noticeably higher (y = 0.61) compared to
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Chapter-3 Saturated N-Heterocyclic Carbene......
the related CHs (y = 0.41-0.43; B3LYP). Furthermore, we have extended this procedure to
prepare a closed-shell Kekulé diradicaloid (3.6) separated by a naphthalene moiety and
stabilized by two capping 5-SIDipp from the reduction of the corresponding dication (3.5).
Quantum chemical calculations suggested a singlet state of 3.6 with a singlet—triplet energy
gap (AEs-1) of —15.8 kcal mol™. In order to prepare the perfluoro analogue of 3.6, we exploited
the C—F bond activation approach by SIDipp, which allows access to the dicationic salt with
two fluoride as counter-anions (3.7). The reduction of 3.7 with cobaltocene resulted in an over-
reduction and formation of 3.9, where the two out of six C—F bonds in the perfluoronapthalene
linker are unprecedentedly replaced by Cp*Co moiety. Quantum chemical calculations
suggested a singlet state of 3.9 with a singlet-triplet energy gap (AEs-t) of —17.1 kcal mol™.

All the complexes are well characterized by single crystal X-ray and mass spectrometry.
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Chapter-3 Saturated N-Heterocyclic Carbene......
3.1. Introduction:

Molecular species bearing two unpaired electrons in two energetically equivalent molecular
orbitals are termed as diradical species.! Based on electron delocalization and frontier
molecular orbitals, diradicals can divided into three classes (Figure 3.1): (a) Kekule, (b) non-
Kekulé, and (c) antiaromatic. Based on the spin state of individual electrons in Kekulé and non-
Kekulé diradicals, they can exist in singlet state (where the individual electron spins are
opposite) or triplet state (where the individual electron spins are same).? Molecules having
partial singlet diradical nature in their ground state are often called as diradicaloids,®® where
the interaction between the two oppositely spinning electrons leads to their further
classification as open shell and closed shell diradicalioids. Because of the presence of two
unpaired electrons, diradicalioids possess very high reactivity. Stabilization of diradicaloids is
typically achieved through delocalization over m-conjugated moieties and their development
are of great interests to chemists, owing to their discrete chemical properties and potential

applications in molecular electronics, nonlinear optics, and organic spintronics.®

)= =

Open-Shell Closed-Shell
+ #
Triplet Singlet
Ph Ph Ph Ph
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Ph Ph Ph Ph
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Ph Ph Ph Ph
)~ =0~
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Figure 3.1. Electronic distribution in different conformations of Kekulé diradicals.
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Chapter-3 Saturated N-Heterocyclic Carbene......
Kekulé diradicaloids have received remarkable attention primarily due to their unique
electronic properties, which is originated from the intermediate bonding of the frontier =-
electrons. Based on the number of aryl moieties involved in the formation of the diradicaloid,
they are named as Thiele’s hydrocarbon (n = 1), Chichibabin hydrocarbon (n = 2) or Muller’s
hydrocarbon (n = 3).1%16 While studies on linker length variation in Kekulé diradicaloids are
often cited in literatures, instances on functionality variation on them is very scarce. To
understand the role of substitution on the arene core, we chose Thiele’s hydrocarbon as our
first system and studied its chemistry by substituting the four H atoms with F atoms. To
accomplish the synthesis, we choose N-heterocyclic carbene (NHC) based C-F activation as
the preferred reaction. This novel reaction yielded NHC stabilized diradicaloids quantitatively
in a single step reaction along with simultaneous insertion of F atoms onto their arene cores.
The activation of the C-F bonds of perfluoroarenes by compounds with Si(Il), P(111), Al(l)
atoms has become an increasingly popular topic of research over the last few years thanks to
pioneering works by Stephan, Roesky, Nikonov and many others.1-?* The group of Kuhn, and
later the groups of Lee and Radius investigated the C-F bond activation using N-heterocyclic
carbenes (NHCs).2>2° In 2015, Bertrand and co-workers reported the activation of the C-F bond
of CsFsN by a cyclic (alkyl)(amino)carbene (CAAC) and subsequently isolated a (CAAC)-
tetrafluoropyridyl radical by reducing the C-F bond activated product.® In fact, the cAAC
moieties are excellent for stabilizing a variety of organic, main-group and transition-metal
radical species, as demonstrated from the extensive studies by the groups of Bertrand, Roesky,
Braunschweig, and others.31° In contrast, radicals derived from NHCs are astoundingly
small, 10 11.13.16.5154 a1though very recently NHC derivatives of Kekulé diradicaloids have been
realized by Ghadwal and co-workers.16 52 53

Due to higher HOMO of saturated NHCs than their unsaturated counterparts, it won’t

be erronious to think the capability of saturated NHCs to stabilize organic radicals should be
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better.>! Recently, we have studied the reactivity of C¢Fs and CsFsCFs with 5-SIDipp. In this
chapter, we have shown the utilization of the C-F bond activation chemistry of CeFs to realize
a 5-SIDipp based Thiele's hydrocarbon spanned by a CeF4 linker. The question remain whether
the four substituted fluorine atoms at the central phenylene ring of the Thiele’s hydrocarbon
would destabilize the quinoid state and stabilize the biradical state. A further impetus comes
from the works of Abe and co-workers, who showed the increase in the biradical character in
1,4-Bis-(4,5-diphenylimidazol-2-ylidene) tetrafluoro cyclohexa-2,5-diene (tf-BDPI-2Y) from
parent BDPI-2Y .13 Although tf-BDPI-2Y was not structurally characterized, they were able to
obtain the single crystal structure of the dimerized product (tF-BDPI-2YD).!3

Of the various Kekulé hydrocarbons, Chichibabin hydrocarbons are interesting because
of their existence in intermediate form between an open-shell biradical and a closed-shell
quinonoid form.%® The inherent reactivity from the existence of two unpaired electrons creates
a high synthetic challenge for Chichibabin hydrocarbon. By substituting diphenyl carbene
scaffold with an isoelectronic NHC, Ghadwal and co-workers accessed a stable Chichibabin’s
hydrocarbon with a singlet-triplet gap of —10.7 kcal mol* (B3LYP).>* 5 Motivated by this
work, Jana and co-workers reported Chichibabin’s hydrocarbon based on diamido carbene,
CAAC as well as acyclic diaminocarbenes.>”° To continue investigating the role of arene
substituents on the diradical character of the resulting Chichibabin hydrocarbon, we have
developed a system based on our saturated 5-membered NHC (5-SIDipp) and altered the

substituents between H and F atoms.

It is explicit from the aforementioned discussion that the diverse library of carbenes
allows for the generation of a range of diradicaloids with varying terminus, but the spacer in
these molecules has been restricted to either phenylene or biphenylene group. Notable

exceptions came from the groups of Bertrand and Masuda, who independently reported the
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synthesis of organic Kekulé diradicaloids with 1,4-diethynylphenyl spacer with CAACs or
imidazoline-2-ylidene, respectively.' % Recently, Aldridge and co-workers reported an
organoboron analogues of Thiele’s hydrocarbon using a pyridine spacer.®® We wondered if a
naphthalene spacer would permit for the preparation of diradicals based on 5-SIDipp, and here
we report our findings. We also wished to analyze the impact of the substituton of the hydrogen

atoms of the naphthelene spacer by fluorine atoms on its diradical character.

3.2. 5-SIDipp based Thiele's hydrocarbon with a tetrafluorophenylene linker:

. B @
Plpp 1. Benzene Dipp F g Dipp| 2BF,
N (RT, 15 min) : "
2 [ > +4CeFe = [ o '®
N 2 2 BF3Et20 ’ %
\ NH N
Di RT, 1 h i
15Li
THF, 1 h
DippF,  F PP DippE  F  Dipp
N y N N
DippF  F  Dipp DippF  F  Dipp
3.2b 3.2a

Scheme 3.1. Stepwise access to 3.2. CsFs was used in 1: 2 ratio with 5-SIDipp to perform the

reaction at room temperature. The excess amount of CeFs acts as a "fluoride shuttle".5*

We have performed the reaction of 5-SIDipp and CeFs in benzene, but have added BFs-ether
to the reaction mixture after 15 minutes for the isolation of the orange coloured dicationic salt
(3.1) with two BF4 molecules as the counter anions (Scheme 3.1).2% 2 Interestingly, the
addition of BFs led to the double C-F bond activation from CeFs. The activation of another C-

F bond is reflected in the 1°F NMR spectrum, which shows signals at § —142.22 ppm for the
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four fluorine atoms on the phenyl core and at —148.37 ppm for the eight fluorine atoms of two
BF4 moieties. The 'B NMR exhibits a signal at § —1.11 ppm, corresponding to the BF4~ anions.
In the HRMS, the molecular ion peak was found at m/z 464.3034 with the highest relative
intensity, which supports the formation of 3.1. The cyclic voltamogram of 3.1 (Figure 3.2)
exhibits two reversible redox waves at Epred = —0.95 V, —1.91 V and oxidation at Ep oxa=—0.57
V, —1.79 V, respectively. The reduction potential of 3.1 is significantly lower compared to the
related C2-protonated imidazolium salts (ca. —2.3 V)% of NHCs, presumably due to the
electron withdrawing effect of the fluoride atoms.

The molecular structure of 3.1 (Figure 3.2) reveals that the C2-C3 bond distance in the
imidazolium rings is 1.530(6) A, a value similar to that in 5-SIDipp [1.5144(19) A],%* and other
reported imidazolium salts. The average C-C bond length in the CsF4 linker is 1.38 A, which
is in agreement with that expected for the aryl ring. The C1/C10 carbene carbon adopts a
trigonal planar geometry with an average angle of 114°(N1-C1-N2/N3-C10-N4). The C1-C4
bond length is 1.486(5) A, indicating a C-C single bond. The bridging tetrafluorophenylene

ring of 3.1 are planar and twisted by 65.6° (av) from the plane of the imidazole rings.
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Figure 3.2. The molecular structure (ORTEP) of 3.1 with anisotropic displacement parameters
drawn at 50 % probability level. The methyl groups of Dipp units and the hydrogen atoms are

not shown for clarity. Selected bond lengths (A) and angles (°): C1-N1 1.313(5), C1-N2
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1.324(5), C2-N1 1.488(5), C2-C3 1.530(6), C1-C4 1.486(5); N1-C1-N2 114.6(4), C3-C2-N1

102.9(3), N1-C1-C4 122.0(4), N2-C1-C4 123.2(4).

After observing a strong visible luminescence under UV lamp, we have studied the photo-
physical phenomenon of 3.1, which shows a very intense absorption band at 356 nm along with
weaker, broad bands at higher energy region (Figure 3.3). Upon exciting at Amax = 356 nm and
450 nm, 3.1 gives a strong emissive band at 636 nm with a huge stokes shift ca. 12079 cm?
and at Amax = 510 nm excitation it shows small Stoke shift ca. 2056 cm™. The lifetime
measurement of 3.1 shows very short lifetimes 2.72 ns (B1 = 30.12 %) and 10.87 ns (B2 =
69.86 %) with bi-exponential in character; which is indicative of fluorescence.

Based on the cyclic voltammetry data, we wonder whether the reduction of 3.1 can serve as a
precursor to access the 5-SIDipp mediated carbon diradical or tetrafluoro substituted quinoid
hydrocarbon. Gratifyingly, the addition of lithium metal to the THF solution of 3.1 resulted in
a colour change from yellowish orange to black immediately, and compound 3.2 was obtained
as black solid in 62% yield along with the formation of an imine, CH>=CH-N(Dipp)-

CH=N(Dipp).
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Figure 3.3. The cyclic voltammogram of 3.1 recorded at 0.7 V s (left). Absorption (red lines)

and emission (black lines) spectra of 3.1 at room temperature in the solid state (right).

Surprisingly, in situ addition of Mg powder at 0 °C in the reaction mixture of 5-SIDipp and
CeFein THF led to the formation of 3.2 (Scheme 3.2) in one step. Mg is oxidized to Mg(ll) by
capturing two fluoride anions and is precipitated out from the system as MgF». The generation
of MgF: also inhibits the HF elimination. The molecular ion peak was observed at m/z 928.6006
with the highest relative intensity. To the best of our knowledge, there is no report so far on
such single step access to any NHC based diradicaloid. 3.2 is stable in the solid state under
inert atmosphere. However, in the solution state, we have observed gradual formation of the

aforementioned imine after 2-3 days.
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Dipp Dipp F. F EIJipp
N THF, RT, 30 min N N
2[ >+ CoFe —[ — — j
N 2.5 Mg N ITI
Dipp THF, 0 °C-RT, 1h Dipp F F  Dipp
3.2

Scheme 3.2. One step methodology to access 3.2.

Single crystals of 3.2 were grown by keeping the THF solution of 3.2 at 4 °C for 2-3 days. The
molecular structure of 3.2 (Figure 3.4) reveals the trigonal planar geometry at the C5/C10
carbon atom with a N1-C5-N4/N3-C10-N2 angle of 108.3(2)°/108.6(2)°, which is in between
of 5-SIDipp and its imidazolium salt (3.1).The C5-N4/N1 [1.397(av) A] and C10-N2/N3 [1.40
(av) A] bond lengths are significantly longer compared to those in 3.1 (C1-N1/N2 1.318 (av)
A and C10-N3/N4 1.326 (av) A). The mean bond lengths of C5-C6/C9-C10 is 1.385A, which
is shorter compared to those in the dicationic salt, 3.1 (1.482 A). There are some bond
alternations in the CeF4 linker across Cortho-Cipso bond, which suggests that the unpaired
electrons are delocalized into the aryl ring. (av. Cortho 1.450 A and av. Cipso 1.346 A). The
imidazole rings of 3.2 are twisted by 23.6° (av) from the plane of the bridging phenylene ring,
which is substantially lesser than those in 3.1, indicating a significant contribution of the
quinoid resonance form in the former. These geometric parameters suggest a close-shell singlet
state as the ground state for 3.2. Further conformation for the quinoidal character of 3.2 comes
from the slight pyramidalization of one of the nitrogen atoms in the NHC units (the sum of the

angles at the nitrogen atom {EIN = 350.7°}).%°
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Figure 3.4. Molecular structure (ORTEP) of 3.2 with anisotropic displacement parameters
drawn at 50 % probability level. The methyl groups of Dipp moieties and the hydrogen atoms
are not shown for clarity. Selected bond lengths (A) and angles (°): C5-N1 1.390(4), C5-N4
1.404(3), N2-C10 1.398(4), N3-C10 1.402(3), C5-C6 1.385(4), C10-C9 1.384(4), C9-C35
1.449(3), C35-C34 1.344(4), C34-C6 1.451(4), C7-F2 1.356(3); N1-C5-N4 108.3(2), N2-C10-

N3 108.6(2), C9-C10-N2 126.60(17), C8-C9-C35 110.3(2).

In order to get the electronic structure and to understand the bonding scenario in compound
3.2, DFT calculations were performed at B3LYP/def2-SVP level of theory (see Computational
Details). Computed electronic states of 3.2 reveal that close-shell singlet remains the electronic
ground state with singlet-triplet energy difference (AEs—.r) of —23.7 kcal mol™. The computed
bond lengths and angles of singlet state are in good agreement with the experimentally obtained
X-ray crystal structure of those of the triplet state, which can be seen from the alignment sand
super position plot of the conformers. It is of note here that the replacement of H by F led to

decrease of S—T gap by 5.4 kcal mol2.%

To gain insight into the bonding nature in 3.2, we have also performed natural bond

orbital (NBO) analysis at the B3LYP/def2-TZVPP//B3LYP/def2-SVP level of theory. NBO
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population analysis entails that C5-C6/C9-C10 bonds in 3.2 shows a double bond character
with ¢ and © occupancies of 1.973/1.973 e and 1.776/1.784 e, respectively. The o-bond is
formed mainly from the overlap of sp?-hybridized orbital of C5/C9 and sp?-hybridized orbital
of C6/C10 atoms, while the n-bond is originated by the sideways overlap of pure p orbital of
both the bonding partners. Calculated Wiberg bond indices (WBI) of C5-C6/C9-C10 bonds are
1.394 and 1.403 respectively, indicating significant double bond characters for both the cases.
Thus, from the NBO results, we can predict the quinoidal bond nature in compound 3.2.
Additionally, we have measured the diradical character of 3.2 as described by Nakano et al,%®
but our calculated results reveal absence of any diradical character.

Room temperature UV—Vis spectra of a THF solution of 3.2 features two intense
absorption bands at Amax = 384 and 476 nm with a shoulder at 769 nm (log € = 4.13-4.63 M
cmt). Subsequently, we have carried out time-dependent density functional theory calculations
(TDDFT) to analyze the UV-Vis spectral signatures of 3.2. The compound 3.2 in the close-
shell configuration gives two main absorption bands at 446 and 332 nm, respectively. The

higher-lying signal corresponds to the HOMO— LUMO excitation with an oscillator strength
of 1.1079, whereas the lower-lying signal designates the HOMO—LUMO+2 transition (f =

0.0635). The HOMO represents the © orbital of C5-C6/C9-C10 bonds delocalized over benzene
moiety, whereas the LUMO and LUMO+2 designate the lone pair of the carbene carbon and
the n* orbital of the -Dipp groups bonded to the nitrogen atoms, respectively. The selected KS-

MOs of 3.2 are depicted in figure 3.5.
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HOMO (3) LUMO (3) LUMO+2 (3)
(-3.79eV) (-1.05eV) (-0.49 eV)

Figure 3.5. Selected KS-MOs of 3.2 (isosurface = 0.045 a.u.) at B3LYP/def2-

TZVPP//IB3LYP-def2-SVP level of theory. Hydrogen atoms are omitted for clarity.

Though our single crystal data and calculated result indicate a close-shell ground state for 3.2,
but the latter displays a doublet EPR signal characteristics of a monoradical impurity,5’-"3
which could not be isolated. Due to the presence of this paramagnetic impurity, we were unable

to obtain well resolved *H and ¥C NMR resonances.

3.3. Enhancing diradical character of Chichibabin's Hydrocarbon through fluoride

substitution:

Ghadwal, 2018:
Ar H H Ar Ar |H H| Ar
~N__ _N~ N N~
N N N N
Ar H o H A Ar |[H  H| Af
2
AEs.1)= -29.1 kcal mol™! AE(s.1)=-10.7 kcal mol™

Figure 3.6. Decrease of singlet-triplet energy gap from the NHC based Thiele’s to

Chichibabin’s hydrocarbon.®? 53
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In order to prepare the NHC based Chichibabin’s hydrocarbon, we resort to the NHC
mediated C-F activation strategy. We have treated decafluorobiphenyl with two equivalents of
5-SIDipp in n-hexane, which led to the formation of a yellow precipitation of the doubly C-F
activated fluoride salt (3.3) at room temperature within 1 hour (Scheme 3.3). The solid
precipitate was further dissolved in dichloromethane and kept at -36 °C to give yellow crystals
of 3.3 within two days. 3.3 was characterized through NMR spectroscopy, mass spectrometry,
and single crystal X-ray diffraction studies. The activation of another C-F bond is reflected in
the °F NMR spectrum, which shows signals at 5 -134 ppm for four ortho fluorine atoms and -

144 ppm for the four meta fluorine atoms of the octafluoro-biphenyl rings.

Dipp Dipp| F
RERE Hexane N
Ly iyt
F FF F ThRT h.RT N

Dipp Dipp| F

CoCp,
THF, 1 h, 0 °C-RT

Pipp{F F-‘ Dipp,

N H N
Lo ]
e,
DippL F FJ,Dipp

3.4b 3.4a

Scheme 3.3. Preparation of NHC based Chichibabin’s hydrocarbon with perfluoro aryl linker

(3.4).
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Figure 3.7. The molecular structure of 3.3. The hydrogen atoms are not shown for clarity.
Selected bond lengths (A) and angles (°): C7-N1 1.309(6), C7-N2 1.340(6), C1-C7 1.493(6),
C1-C2 1.359(7), C2-C3 1.406(7), C3-C4 1.356(7), C4-C5 1.351(7), C5-C6 1.392(7), C6-C1
1.360(7), C4-C4’ 1.515(9), C2-F1 1.334(5), C3-F2 1.348(6); N1-C7-N2 113.0(4), N1-C7-C1

124.3(4), N2-C7-C1 126.1(3).

3.3 is crystalized in the triclinic P-1 space group (Figure 3.7). The central C7/C7’ atoms
adopt a trigonal geometry with an average angle of 113.0(4)° (N1-C1-N2/N1’-C7°-N2’). The
average C-C bond distance of the backbone in the imidazolinium rings (C9-C8) is 1.497(8)A,
which is comparable with starting compound, 5-SIDipp ([1.5144(19) A].%* and other reported
imidazolinium salts. The average C-C bond lengths in the octafluoro-biphenyl (CeFs-CeF4)
linker is 1.37 A, which is similar with the aryl ring. The C1/C1°-C7/C7’ bond lengths are
1.493(6) A, characteristics for a C-C single bond. The linker octa-fluorobiphenylene ring is
twisted by 58.3° (av) from the plane of the imidazolin rings and two tetrafluorophenyl rings
are twisted by 55.3° (av).

In order to reduce 3.3, we have added two equivalents of cobaltocene with the fluoride salt
in THF at -78 °C and the yellow color was immediately changed to a dark green solution

(Scheme 3.3). The reaction was continued for another three hours at that temperature. Green
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colored crystals of 3.4 were obtained after keeping the toluene solution of the reaction mixture
at room temperature for 2 days and subjected to an X-ray diffraction study. The cobaltocene
(19 e is oxidized to a stable Co(l11)Cp2F (18 e!) species by capturing two fluoride anions
and is precipitated out from the system. We have recorded the NMR spectrum of 3.4, but
observed peak boroadening most likely due to the monoradical impurities, which we have
observed for NHC based Thiele’s hydrocarbon in the previous section. The molecular ion peak
was observed at m/z 1077.4828 with the highest relative intensity. 3.4 is stable in the solid state

under inert atmosphere.

Figure 3.8. Molecular structure of 3.4. The methyl groups of Dipp moieties and the hydrogen
atoms are not shown for clarity. Selected bond lengths (A), angles and torsion angles (deg):
C7-N1 1.379(4), C7-N2 1.382(3), C1-C7 1.402(4), C1-C2 1.430(4), C2-C3 1.346(4), C3-C4
1.429(4), C4-C5 1.353(4), C5-C6 1.426(4), C6-C1 1.434(4), C4-C4’> 1.415(5), C2-F1 1.359(3),
C3-F2 1.354(3); N1-C7-N2 108.6(3), N1-C7-C1 125.3(3), N2-C7-C1 126.1(3); N1-C7-C1-C2

23.6(2), N2-C7-C1-C6 —157.4(4).

3.4 crystallized in the monoclinic C2/c space group. The molecular structure of 3.4 (Figure

3.8) reveals the trigonal planar geometry at the C7/C7’ carbon atom with a N1-C7-N2 angle of
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108.6(3)°, which is in between 5-SIDipp and its imidazolinium salt (3.3). The C7-N1/N2 [1.380
(av) A] bond lengths are elongated compared to those in 2 (C7-N1/N2 1.318 (av) A). The bond
lengths of C1-C7/C1°-C7’ is 1.402(4) A, which is much shorter compared to those in the
dicationic fluoride salt, 3.3 (1.493(6) A). There are some bond alternations in the octafluoro-
biphenyl linker across Cortho-Cipso, Which suggests that the unpaired electrons are delocalized
into the aryl ring. (av. Cortho 1.429 A and av. Cipso 1.349 A). The imidazolin rings of 3.4 are
twisted by 25.9° (av) from the plane of the bridging phenylene ring and two CsF4 rings are
twisted by 40.6°(av) from the plane of the imidazolinium rings, which is considerably smaller
than those in 3.3, indicating of enhanced quinoidal character in 3.4. These geometric
parameters suggest a close-shell singlet state is the ground state for 3.4. Further conformation
for the quinoidal character of 3.4 comes from the pyramidalization of the nitrogen atoms in the
imidazolium rings [the sum of the angles at the nitrogen atom (XN = 350.6°)], while 3.3 is

almost planar with the sum of the angles at the nitrogen atom (EN = 358.2°).%

Octafluoro-Biphenyl

GAP 1.53 eV

Figure 3.9. HOMO-LUMO Energy gap calculations for 3.4.
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In order to get the electronic structure and to understand the bonding scenario in compound
3.2, DFT calculations were performed at B3LYP/def2-SVP level of theory (Figure 3.9).
Computed electronic states of 3.2 reveal that close-shell singlet remains the electronic ground
state with singlet-triplet energy difference (AEs_r) of —3.7 kcal mol™. The computed bond
lengths and angles of singlet state are in good agreement with the experimentally obtained X-
ray crystal structure of those of the triplet state, which can be seen from the alignment sand
super position plot of the conformers. It is of note here that the replacement of H by F led to
decrease of S—T gap by 7 kcal mol™. Our calculated results reveal 0.61 diradical character (Y)

which is also increased compare to its hydrogen analogue (Y = 0.40).
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Figure 3.10. Solid state X-band EPR Spectrum of Chichibabin’s hydrocarbon, 3.4 with inset

showing the half field signal.

The calculated small (AEs_.t) —3.7 kcal mol™ suggest that the triplet state maybe populated
to some extent at room temperature. A doublet EPR spectrum was observed in the solid state
at 298K (Figure 3.10). This situation is very similar to the mysterious controversy over the

magnetic properties of Chichibabin’s hydrocarbon; which is known as “biradical paradox” as
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the weak intensity triplet can be masked even with less than 0.1% impurity of a monoradical
species, thereby showing a doublet-like spectrum. Interestingly, a half-field signal was detected
for 3.4 at 298 K (Figure 3.10) for the forbidden AMs = 2 transition, which is characteristic for

triplets.

After observing a strong visible luminescence under UV lamp, we have studied the photo-
physical phenomenon of 3.4, which shows a very intense absorption band at 697 nm (Figure
3.11). We have also studied concentration dependent UV spectra in THF solution of 3.4 (g =

1.7 x 10° Mlecm™).
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Figure 3.11. UV/Vis spectra of 3.4 in THF at different concentrations.
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Figure 3.12. Linear regression of 3.4 at 697 nm.

3.4: Closed-Shell Kekulé Diradicaloids Spanned by Naphthalene and its Perfluoro
Spacer:

In order to achieve the desired molecule, we first prepared the starting material, 3.5 from
the direct two folds carbenylation of 2,6 dibromo-naphthalene with 5-SIDipp under Ni-
catalysis (Scheme 3.4). The off-white solid is characterized by NMR spectroscopy, mass
spectrometry and single crystal X-ray studies (Figure 3.13). The C-C bond lengths in the
perfluoro naphthalene linker is unsymmetrical which is in agreement with that expected for the
reported naphthyl ring. The Ccarbene adopts a trigonal planar geometry with an average angle of
111.7(2)° (N1-C11-N2). The distance between the imidazolium ring and the CioHs ring is
1.474(3) A indicating a C-C single bond, which is similar with recently reported imidazolium
salts. The bridging naphthyl ring of 3.5 is planar and twisted by 41.85 (average value) from the
plane (torsion angles (deg) N1-C11-C8-C7 -42.3(3), N2-C11-C8-C9 -41.4(3)) of the

imidazole rings.
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The reduction of 3.5 with excess Zn powder in toluene at room temperature gives the
expected naphthalene based Kekulé based diradicaloid structure, 3.6 (Scheme 3.4). Upon
extraction in toluene solution 3.6 is isolated as an air-sensitive pink colored solid powder in a
55% yield. 3.6 is stable in solution and solid phase under inert gas atmosphere. Single crystals
of 3.6 suitable for X-ray diffraction were grown by storing the concentrated toluene solution at
-35 °C for 3-4 days. The solid-state molecular structure of 3.6 is shown in figure 3.14. The
molecular structure of 3.6 reveals the trigonal planar geometry at the C6 carbon atom with a
N1-C6-N2 angle of 107.43(14)°, which is in between of 5-SIDipp and its imidazolium salt
(3.5). The C6-N1/N2[1.399 (2) (av) A] bond lengths are significantly longer compared to those
in 3.5 (C11-N1/N2 1.328 (av) A). The mean bond lengths of C6-C5 is 1.381(2) A, which is
much shorter compared to those in the dicationic salt, 3.5 (1.474(3) A). There are some bond
alternations in the CioHe linker across Cortno-Cipso Which suggests that the unpaired electrons
are delocalized into the aryl ring. (av. Cortho 1.447A and av. Cipso 1.360 A). The imidazole rings
of 3.6 are twisted 12.9° (av) from the plane of the bridging phenylene ring, which is
substantially lesser than those in 3.5, indicating a significant contribution of the quinoid

resonance form in the former.

H H
H Br
Br H H  H Dipp © H Di
. . \ - 2Br pp
Dipp H H Dipp H Dlpp H
, EN> 5 mol %,Ni(COD), [N J © j Excess Zn powder C
: ; N
N  o-xylene, Reflux,1 h N — H Dippl THF, RT, 3h C H Dlpp
Dipp DippH H Dlpp H
3.5 3.6

Scheme 3.4. Synthesis of naphthalene based Kekulé diradicaloid, 3.6.
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Figure 3.13. The molecular structures of 3.5. Hydrogen atoms except the protons attached to
boron are omitted for the clarity. Selected bond distances (A) and bond angles (deg): C11-N1
1.327(3), C11-N2 1.330(3), C11-C8 1.474(3), C8-C7 1.375(3), C7-C6 1.415(3); N1-C11-N2
111.7(2), N1-C11-C8 123.9(2), N2-C11-C8 124.5(2); N1-C11-C8-C7 —42.3(3), N2-C11-C8-

C9 -41.4(3).

Figure 3.14. The molecular structures of 3.6. Hydrogen atoms except the protons attached to
boron are omitted for the clarity. Selected bond distances (A) and bond angles (deg): C6-N1

1.399(2), C6-N2 1.399(2), C6-C5 1.381(2), C5-C1 1.450(2), C1-C2 1.354(2), C2-C3 1.440(2),
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C3-C4 1.367(2), C4-C5 1.445(2); N1-C6-N2 107.43(14), N1-C6-C5 125.59(15), N2-C6-C5

126.96(15); N1-C6-C5-C4 12.3(3), N2-C6-C5-C1 13.4 (3).

In order to get the electronic structure and to understand the bonding scenario in compound

3.6, DFT calculations were performed at B3LYP/def2-SVP level of theory. Computed

electronic states of 3.6 reveal that close-shell singlet remains the electronic ground state with

singlet-triplet energy difference (AEs—.t) of —15.8 kcal mol™ (gas phase). The computed bond

lengths and angles of singlet state are in good agreement with the experimentally obtained X-

ray crystal structure of those of the triplet state, which can be seen from the alignment sand

super position plot of the conformers. It is of note here that the extension of one more phenylene

linker from benzene to naphthalene linker led to the decrease of S—T gap by 7.5 kcal mol™.

Dlpp
Hexane
OO RT, 15 min
Dlpp

4

equiv Co(Cpy)

THF, 6 h, RT

Scheme 3.5. Stepwise synthesis of fluorine substituted naphthalene based Kekulé biradical 3.9.
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Next, we sought to replace the hydrogen atoms of naphthalene with fluorine atoms and study
whether it has any impact in the diradical character. An attractive strategy to replace the
hydrogen with fluorine is to exploit the C-F bond activation tactic by NHC. Therefore, we have
treated two equivalents of 5-SIDipp with one equivalent of octafluoro-naphthalene in toluene
at ambient condition, which yielded the red colored dicationic salt 3.7 with two fluoride ions
as counter anions (Scheme 3.5) within 15 min stirring. Interestingly, the double C-F activation
of octafluoronaphthalene is not reparted with any NHCs. 3.7 is well characterized via single
crystal X-ray studies, NMR spectroscopy, and mass spectrometry. In the *°F NMR spectrum,
the signals at 6 -114.14, -132.13 ppm characteristics for the four ortho fluorine atoms and -
141.51 and -143.33 ppm for the two meta fluorine atoms in the naphthalene ring. The resonance
at 6 -175.98 ppm corresponds to the two fluoride anions. The molecular ion peak at m/z

556.2871 in the HRMS supports the formation of 3.7.

%
Y

Figure 3.15. The molecular structure of 3.7. Hydrogen atoms are omitted for clarity. Selected

bond distances (A) and angles (deg): C15-N1 1.316(3), C15-N2 1.320(3), C14N1 1.487(3),
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C13-N2 1.488(3), C15-C16 1.483(3), C17-F5 1.299(3); N1-C15-N2 113.97(18), C13-N2-C15
109.49(17), N1-C15-C16 109.70(17), N2-C15-C16 124.23(19); N1-C15-C16-C17 54.9(3),

N2-C15-C16-C18 58.3(3).

The molecular structure of 3.7 (Figure 3.15) has been determined by single crystal X-ray
diffraction studies. The C-C bond lengths in the perfluoro naphthalene linker is unsymmetrical,
which is in agreement with that expected for the reported naphthyl ring. The Ccarbene adopts a
trigonal planar geometry with an average angle of 113.9°(N1-C15-N2). The distance between
the imidazolium ring and the C1oFs ring is 1.483(3) A indicating a C-C single bond, which is
similar with recently reported imidazolium salts. The bridging hexafluoro naphthyl ring of 3.7
is planar and twisted by 56.63° (average value) from the plane (torsion angles (deg) N1-C15-
C16-C17 54.9(3), N2-C15-C16-C18 58.3(3)) of the imidazole rings.

Treatment of 3.7 with the four equivalents of cobaltocene at -30 °C temperature in THF led to
the unprecedented formation of an over reduced product 3.9 via the formation of the
intermediate 3.8. In 3.9, two meta-C-F bonds of the naphthalene moiety have been replaced by
cobaltocene and forms two C-C bonds. One of the cyclopentadiene ring which connects with
the meta carbon of the naphthyl ring lost the planarity and binds with the four electrons at the
cobalt atom and Co(ll) oxidised to stable Co(lll) centre. The side products Co(Cp)2F was
separated as brown precipitate from the system by extracting the product in n-hexane with
28 % yield. In 2017, the group of Bertrand and co-workers has shown the insertion of CoCp
ring in the alkyne salt to trap the radical in the reduction with cobaltocene. The selective
reduction of 3.7 with 2 equivalents of cobaltocene to isolate 3.8 was unsuccessful. 3.9 is only
characterized by single crystal X-ray diffraction studies and mass spectrometry. Attempt to

characterize 3.9 with NMR spectroscopy only results broadening of the spectrum due to
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presence of the presence of mono radical impurities, which is very common for Kekulé type of

biradicaloid species.

Figure 3.16. The molecular structure of 3.9. Hydrogen atoms expect one on the cp ring and the
isopropy! groups of Dipp moieties are omitted for clarity of the figure. Selected bond distances
(A), bond angles (deg) and torsion angles (deg): C11-N3 1.3912(14), C11-N4 1.3893(14), C37-
N1 1.3881(14), C37-N2 1.3852(14), C11-C3 1.3897(15), C37-C8 1.3896(14), C3-C2
1.4400(15), C2-C1 1.3636(14), C1-C6 1.4610(14), C6-C5 1.3641(15), C5-C4 1.3515(15), C4-
C3 1.4486(15); C2-F1 1.3589(12), C10-C70 1.5426(15), C5-C74 1.5330(16); N3-C11-N4
107.82(9), N1-C37-N2 108.07(9), N3-C11-C3 125.10(10), N4-C11-C3 127.08(10); N3-C11-

C3-C2-21.9(2), N4-C11-C3-C4 —25.5(2), N2-C37-C8-C9 —24.4(2), N1-C37-C8-C7 —24.6(2).

The single crystals of 3.9 were grown by keeping the concentrated n-hexane solution of 3.9 at
room temperature for 2 days. The molecular structure of 3 (Figure 3.16) reveals the trigonal
planar geometry at the C11/C37 carbon atom with a N3-C11-N4/N1-C37-N2 angle of
107.82(9)°/ 108.07(9)°, which is in between of 5-SIDipp and its imidazolium salt, 3.7. The

C11-N3/N4 [1.390(av) A]. and C37-N1/N2 [1.386 (av) A] bond lengths are significantly longer
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compared to those in 3.7 (C15-N1/N2 1.318 (av) A). The mean bond lengths of C11-C3/C37-
C8is 1.389A, which is shorter compared to those in the dicationic salt, 3.7 (1.483(3) A). There
are some bond alternations in the CioFe linker across Cortho-Cipso Which suggests that the
unpaired electrons are delocalized into the aryl ring. (av. Cortho 1.444 A and av. Cipso 1.357 A).
The imidazole rings of 3.9 are twisted 24.1° (av) from the plane of the bridging phenylene ring,
which is substantially lesser than those in 3.7, indicating a significant contribution of the
quinoid resonance form in the former. These geometric parameters suggest a close-shell singlet
state is the ground state for 3.9. Further conformation for the quinoidal character of 3.9 comes
from the slight pyramidalization of one of the nitrogen atoms in the NHC units (the sum of the

angles at the nitrogen atom {ZN = 350.7°})

Tetrafluoro-Naphthalene

Hexafluoro-Naphthalene Cobaltocene substituted

GAP | 2.15eV

Figure 3.14. The HOMO-LUMO energy gap calculations of 3.8 and 3.9.

In order to get the electronic structure and to understand the bonding scenario in compound 3.8

and 3.9, DFT calculations were performed at B3LYP/def2-SVP level of theory. Computed
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electronic states of both reveal that close-shell singlet remains the electronic ground state with
singlet-triplet energy difference (AEs_r) of —17.1 kcal mol™. The computed bond lengths and
angles of singlet state are in good agreement with the experimentally obtained X-ray crystal
structure. It is of note here that the replacement of H by F in the naphthalene linker led to

increase of S—T gap by 1.3 kcal mol™,

3.5. Conclusion:

Herein, we have demonstrated a new synthetic pathway to obtain the NHC based Kekulé di-
radicaloids. To prepare the NHC analogue of Thiele’s hydrocarbon we have exploited the C-F
activation of hexafluorobenzene and the replacement of hydrogen atoms with fluorines reduce
the AEs_.r by 5.4 kcal mol™. Further, we have prepared the NHC analogue of Chichibabin’s
hydrocarbon from the reduction of the dicationic imidazolium salt, 3.3. The extension of
fluorine based phenylene spacer to a biphenylene spacer reduced the AEs_.t to —3.7 kcal mol*
with a higher diradical character (y = 0.61). Subsequently, we have prepared for the first time
the naphthalene based Kekulé hydrocarbons. For this purpose, we have chosen the
octafluoronaphthalene and 2,6-dibromonaphthalene as precursors. The theoretical calculations
reveal that the introduction of the fused ring in the spacer decreases the S-T energy gaps
significantly (AEs_.t for 3.6: —15.8 kcal mol™ and AEs_,t of 3.9: =17.1 Kcal mol?) from that

of phenylene.
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Chapter-4

Stepwise  Nucleophilic  Substitution to Access Saturated
N-heterocyclic Carbene-haloboranes with Boron—methyl Bonds

Abstract: Compounds of boranes

Dipp Cl

with N-heterocyclic carbenes

(NHCs) are known, yet little attention

SNHE HALOBORANES WITHOUT SNHE HALOBORANES WITH
USING MeBCl CHIRAL BORON GENTRE

has been paid to NHC compounds of
boron bearing a methyl and halogen moieties together. The reason for the less attention can be
attributed to the hazardous methyldichloroborane (MeBCl;), which ignites in air. In this
chapter, we have used a saturated five-membered N-Heterocyclic carbene for the synthesis of
SNHC-haloboranes adducts and their further nucleophilic substitutions to put unusual
functional groups at the central boron atom. The reaction of 5-SIDipp with BRs, BClz and
R’BCI; yields Lewis-base adducts, 5-SIDipp-BRs [R = H (4.1), CeFs (4.2)], 5-SIDipp-BCl3
(4.3) and 5-SIDipp- R'BCI> [R" = H (4.4), Ph (4.5)]. The hydrolysis of 4.4 gives the NHC
stabilized boric acid, 5-SIDipp-B(OH)z3 (4.6), selectively. Replacement of chlorine atoms from
4.4 and 4.5 with one equivalent of AgOTT led to the formation of 5-SIDipp-HBCI(OTTY) (4.7)
and 5-SIDipp-PhBCI(OTf) (4.8). The addition of two equivalents of AgNOs to 4.5 leads to the
formation of rare di-nitro substituted 5-SIDipp-BPh(NO3)2 (4.10). We describe here convenient
solution-phase access to 5-SIDipp-MeBCl> (4.11) by salt metathesis reaction of 5-SIDipp-BCls
(4.3) with MeL.i. Replacement of chlorine atoms from 4.11 with stepwise addition of AgOTf
led to the formation of 5-SIDipp-MeBCI(OTf) (4.12), and 5-SIDipp-MeB(OTf)2 (4.13). In the
cases of 4.6, 4.9 and 4.12 all the substituents on the boron atom are different. Further, the
reaction of 5-SIDipp with B(CeFs)s in tetrahydrofuran and diethyl ether shows a frustrated

Lewis pair type small molecule activated products, 4.14 and 4.15.
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4.1. Introduction:

The combination of an N-heterocyclic carbene (NHC) with a borane usually results in a
complex called NHC-borane. Although before 2008, there was not many reports on
NHC-borane complexes, significant advances have been made in the subsequent years. Early
work on NHC-boranes was centered on the complexes of simple boranes such as BHs, BF3 that
were prepared by direct complexation of the NHC with the corresponding borane.'?
Subsequently, the synthesis of more than two dozen NHC-borane complexes of composition
NHC-BX3, NHC-BHX2, NHC-BH2X, etc. have been reported, mainly from the groups of
Curran, Braunschweig, Robinson, Tamm, and others.®® In an elegant review on NHC-borane
adducts,*® Curran and co-workers noted that the field is still open and concluded by posing a
question what other NHC-boranes can be made? Interestingly, a survey of known NHC-RBX:
with different R groups reveal that the common functional groups in carbon chemistry like
methyl groups are rarely found bound to boron atoms in NHC-borane adducts. For example,
NHC-BCI.Ph is known,” but NHC-BCl-Me is unknown. One reason could be the needed
borane (MeBCl,) is not widely available. It is prepared from the reaction of MesSnCl with
excess BCls that gives rise to a mixture of products (eqn. 1). MeBClI; has a boiling point of
11 °C, ignites in contact with air, and should be stored in a Schlenk tube equipped with a grease-
free stopcock at a temperature below —30 °C.'® So, handling of MeBCl, under laboratory
condition is non-trivial. The other reason is that in carbon chemistry the methyl group behaves
as electron donor (+1 effect), while in boron chemistry the methyl groups are electron-
withdrawing (—I effect) due to the difference in electronegativity between carbon (2.5) and
boron (2.0).® To our knowledge, no structural information is available on

NHC-methylhaloborane compounds to dateand IDipp-BCLiPr is the only known

alkylhaloborane adduct prepared by Braunschweig and coworkers.?% So, we were interested to
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make NHC-haloborane adducts, where one of the substituents of the boron atom is a methyl
group. It is of note here that MeBCl, was detected as an intermediate in the chemical vapor
deposition synthesis of boron carbide,?* and studying the chemistry of MeBCl. might provide
a deeper understanding of its chemical reactivity.

MesSnCl + excess BClz — MeBClz + Me2SnCl; (egn. 1)

In 2007, Robinson and co-workers introduced IDipp ligand for making the IDipp-BBr3
adduct and subsequent stabilization of compounds with B-B single and double bonds.'® The
same NHC was later employed by Braunschweig and co-workers for the isolation of a
compound with a B=B triple bond.?? Curran and co-workers reported a series of NHC-boranes
with the same NHC by means of nucleophilic substitution reaction.'? In view of our current
interest in saturated NHCs, we have chosen the saturated version of IDipp, known as 5-SIDipp
for our study. We have noted that the contribution of saturated NHCs in boron chemistry is
rather cursory. Nonetheless, the Braunschweig group isolated a B-B triply bound compound
using 5-SIDipp as a ligand [SIDipp—B=B«-SIDipp].

Herein we demonstrate a detailed study of nucleophilic substitution reactions of 5-
SIDipp-haloboranes. 5-SIDipp-BCls compound (4.3), which led to 5-SIDipp-BMeCl adduct
(4.11). This is the first carbene-BMeCl, adduct, and it does not require the use of hazardous
MeBCl2. Removal of another chlorine from 4.3 with the trifluoromethanesulfonate (OTf) group
resulted in an unusual NHC-borane, 5-SIDipp-B(Me)(CI)(OTf) (4.12), where the three groups
attached to the boron center are different. Subsequent removal of another chloride by OTf
moiety led to 5-SIDipp-B(Me)(OTf). (4.13). We have also studied the substitution reactions of
5-SIDipp-BHCI>, 4.4 and 5-SIDipp-BPhClI», 4.5 with AgOTf, AgNOs, and water to attach rare
functional groups on the boron atom. Furthermore, we have shown that the combination 5-
SIDipp and B(CeFs)s led to the activation of THF and diethyl ether via frustrated Lewis pair

(FLP) way.
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4.2. Preparation of 5-SIDipp-boranes and haloborane adducts:

We started our investigation by reacting 5-SIDipp with simple commercially available boron
compounds. The addition of one equivalent of BHs-ether in the n-hexane solution of 5-SIDipp
at low temperature led to the formation of 4.1 (Scheme 4.1). The latter was previously
characterized by NMR spectroscopy by the group of Curran in 2010,%* but was not structurally
characterized. Storing the concentrated toluene solution at -35 °C in a freezer afforded the
colorless crystals of 4.1 suitable for single crystal X-ray analysis. It crystallizes in the
monoclinic space group, P2:i/n (Figure 4.1) The formation of the adduct resulted in
pyramidalization of the boron atom leading to a distorted tetrahedral geometry, with a change
in hybridization at boron from approximately sp? to sp®. The distance between the boron and
the carbene carbon atom is 1.594(4) A, which is comparable with those in the previously

reported NHC-BHj3 adducts.?

Dipp
BR3 _ [N>. . B/TR
n-hexane/ N R
toluene Dipp
0 °C-RT
(R = H (4.1), G4F5 (4.2))
Dipp Dipp
N, Bcl, N Cl
) [ > —B-Cl
N n-hexane N \CI
Dipp 0 °C-RT bipp
4.3
Dipp
oo, (N
n-hexane N Cl

(R'=H (4.4), Ph (4.5))

Scheme 4.1. Synthesis of 4.1-4.5
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5-SIDipp-B(CsFs)s (4.2) is synthesized by the treatment of tris(pentafluorophenyl)borane in
toluene solution of 5-SIDipp with at very low temperature. Colorless crystals of 4.2 are isolated
by keeping the solution at -36 °C for in a day. 4.2 Crystallizes in the monoclinic P-1 space
group. The molecular structure of 4.2 is shown in figure 4.2. The distance between carbene
carbon atom C27 and B atom 1.696(3) A, which is longer than normal IDipp-B(CsFs)s adduct
(1.663(5) A). This bond elongation is probably a consequence of the enhanced steric bulk at
the tetracoordinated boron center. One of the pentafluoroarene rings is co-planar with the Dipp
arene ring, stabilized through the m arene interaction. The 1B NMR spectrum of 4.2 shows one
signal at -15.5 ppm, which is in accordance with the recently reported a aNHC adduct of
B(CsFs)3.2” Similar to IDipp-B(CsFs)s, 4.2 is not stable in solution at room temperature and

hence we were unable to satisfactorily characterize by NMR spectroscopy.

Figure 4.1. The molecular structure of 4.1, there is only half molecule in the asymmetric unit
(except hydrogen atoms attached to the boron atom and the carbene backbone, other hydrogen
atoms are omitted for the clarity of the picture). Selected bond lengths [A] and angles [deg]:
C2-C21.517(4), C2-N1 1.465(2), C1-N1 1.338(2), C1-B1 1.593(4), B1-H1 1.0851; N1-C1-

N1 108.5(2), N1-C1-B1 125.73(11), C1-B1-H1 111.1.
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Figure 4.2. The molecular structure of 4.2 (hydrogen atoms are omitted for the clarity of the
picture). Selected bond lengths [A] and angles [deg]: C7—C8 1.483(4), C8-N1 1.484(3), C7—
N2 1.477(3), C27-N2 1.355(3), C27-N1 1.343(3), C27-B1 1.696(3); N1-C27-N2 107.69(18),
N1-C27-B1 130.5(2), N2-C27-B1 121.42(18).

The addition of BHCI-dioxane in the solution of 5-SIDipp in n-hexane gives the white
precipitation of 5-SIDipp-BHCI>, 4.4 at room temperature (Scheme 1). The precipitate was
further dissolved in toluene and dichloromethane to afford the colorless crystals of 4.4 at =36
°C. The 'B NMR spectrum of 4.4 displays a resonance at 6.9 ppm as a sharp singlet. The
backbone four protons appeared at 4.08 ppm in the *H NMR spectrum. 4.4 is characterized by
single-crystal X-ray diffraction studies (Figure 4.3). 4.4 is crystalized in the monoclinic P21/n
space group. The B—C bond length in 4.4 [1.628(7) A] is considerably longer compared to that
in the 5-SIDipp-BHs [1.593(4) A]. The increase in the bond length can be ascribed to the
enhancement of steric hindrance at the central boron atom. The average B—CI distance is 1.86
A, which matches with the previously reported carbene-haloborane adducts (NHC-BCls,

NHC-BRClI2, and NHC-BR:ClI).
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Figure 4.3. The molecular structure of 4.4 (hydrogen atoms except at the boron atom in 1 are
omitted for clarity). Selected bond lengths [A] or angles [deg]: C5-N1 1.337(5), C5-N2
1.329(6), C25-N1 1.491(6), C26-N2 1.477(6), C5-B1 1.628(7), B1-Cl1 1.865(5), B1-CI2
1.869(5); N1-C5-N2 109.2(4), N1-C5-B1 128.9(4), N2-C5-B1 121.9(4), Cl1-B1-CI2

110.1(3).

a1

cig

c19

el

Figure 4.4. The molecular structure of 4.5. Hydrogen atoms are omitted for clarity. Selected

bond lengths [A] or angles [deg]: C5-N1 1.3403(8), C5-N2 1.3443(8), C19-N1 1.4810(9),
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C18-N2 1.4756(9), C5-B20 1.6661(10), B20—C21 1.6204(10), B20-CI1 1.8992(8), B20-CI2
1.8698(8); N1-C5-N2 108.63(6), N1-C5-B20 127.41(6), N2-C5-B20 123.20(6), C5-B20—
ClI1 100.88(4), C5-B20-C21 110.99(5), CI1-B20-CI2 106.42(4).

The reaction of 1.1 equivalent of PhBCl, with 5-SIDipp in n-hexane gives an immediate white
precipitate formation of 5-SIDipp-PhBCl; (4.5) (Scheme 4.1). The !B NMR spectrum of 4.5
shows one resonance at 1.8 ppm. 4.5 crystallizes in the monoclinic P21/n space group (Figure
4.4). The carbene carbon atom C5 is tri-coordinated and features a trigonal-planar geometry,
and the boron atom connected with the C5 atom adopts a tetrahedral geometry. The B—Cnnc
bond distance is 1.6661(10) A, which is slightly longer in comparison to that in 4.4 due to the
steric congestion rendered by the phenyl group at the boron center. The B—CI bonds are
1.8992(8) A and 1.8698(8) A, which are in good agreement with the previously reported B—ClI

bond distance.

4.3. Nucleophilic substitution at the tetracoordinate 5-SIDipp-haloborane centre:

Dipp
HyO N OH
— E >:— (B*OH
DCM, 2 h, RT \
Y OH
Dipp Dipp
N 4.6
[ »:—HBCl,
N
Dipp Dipp o
4.4 AgOTf N 4
— i B\\O—S—CF3
pcMm,2h, N ol o
-78°C-RT  Dipp
47

Scheme 4.2. Reactivity of 4.4 with H2O and AgOTHf.
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Treatment of 1.05 equivalents of water in a dichloromethane solution of 4.4 hydrolyses all the
B-H and B—CI bonds and forms NHC-stabilized boric acid, 5-SIDipp-B(OH)3, 4.6 (Scheme
4.2) exclusively. Replacement of the chloride and the hydride groups by hydroxide moieties in
4.4 is accompanied by an upfield shift in the !B NMR spectrum (—1.6 ppm) from that of 4.1.
4.4 crystallizes in the monoclinic P2:/c space group (Figure 4.5). The central boron-carbon

distance is 1.650(5) A and the average B-O bond distances are 1.38 A.

Figure 4.5. The molecular structure of 4.6. Hydrogen atoms are omitted for clarity. Selected
bond lengths [A] or angles [deg]: N1-C1 1.316(4), N2—-C1 1.337(4), C2-N1 1.471(4), C3-N2
1.478(4), C1-B1 1.650(5), B1-01 1.375(4), B1-02 1.386(4); N1-C1-N2 113.2(3), N1-C1-
B1 125.4(3), N2-C1-B1 125.0(3), C1-B1-O1 110.4(3), C1-B1-02 108.5(3), 01-B1-02

111.1(3).

Further, we added silver triflate (AgOTT) to a dichloromethane solution of 4.4 at =78 °C, which

replaced one of the labile chlorine atoms by the triflate group (Scheme 4.2). In the !B NMR
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spectrum of 4.7, the resonance for the central boron atom appears at —3.4 ppm. The resonance
at —76.7 ppm in the °F NMR is characteristic of the triflate group attached to the central boron
atom. Colorless crystals of 4.7 suitable for X-ray diffraction studies were grown from a
saturated toluene solution at 4 °C. The constitution of 4.7 was authenticated by a single-crystal
X-ray study (Figure 4.6). 4.7 crystallizes in the monoclinic space group P2:/n. The relevant
bond length and angles are given in the legend of figure 4.6. All the four substituents on the
central boron atom are different in 4.7. The central boron atom (B1) lies slightly below the
plane of an imidazolinium ring (torsion angles (deg): C2—-N1-C1-Bl = 174.4(2) and
C3-N2-C1-B1 —166.5(2)) and the B—O bond is not orthogonal to the plane of the
imidazolinium ring with the torsion angles N1-C1-B1-0O1 = —41.6(2)° and N2—C1-B1-01
= 148.4(2)°. The B-OTf bond length is 1.515(2) A, which is in good agreement with the B—O

bond length in our previously reported 5-SIDipp-BMeOTfCI (B1—-03 1.503(3) A).
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Figure 4.6. The molecular structure of 4.7. Hydrogen atom expect H1 are omitted for clarity.
Selected bond lengths [A] or angles [deg]: N1-C1 1.316(4), N2-C1 1.337(4), C2-N1 1.471(4),
C3-N2 1.478(4), C1-B1 1.650(5), B1-01 1.375(4); N1-C1-N2 113.2(3), N1-C1-B1

125.4(3), N2-C1-B1 125.0(3), C1-B1-01 110.4(3).

Treatment of one and two equivalents of AgOTfand AgNO3z with 4.5 in toluene afforded mono-
triflate and di-nitro substituted 5-SIDipp-boranes, respectively. Substitution of one and two
chlorine atoms from the tetra coordinated boron atom of 4.5 resulted in the formation of 5-
SIDipp-BPhCI(OTf), 4.8, and 5-SIDipp-BPh(ONO3)2, 4.10 (Scheme 4.3). The functional
groups such as nitrate and triflate are rarely found to bind with the boron atom.?®34 4.8
crystallizes in the monoclinic P2:/n space group (Figure 4.7). The boron atom lies on a
tetrahedral geometry, which can be confirmed from the bond angles around the boron atoms in
4.8 (C5-B2-CI1 100.54(11), C5-B2-01 106.51(13), and C5-B2-C7 118.55(14)). The B-

Cnhc bond length in 4.8 (1.648(2) A) is in well agreement with that in 4.5. The B-O and B—ClI
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bonds in 4.8 are almost orthogonal to the plane (torsion angle: N1-C5-B2-CI1 76.96(17)°, N2-
C5-B2-CI1 —89.6(2)° and torsion angle: N1-C5-B2-0O1 —170.96(14)°, N2-C5-B2-01

22.5(2)°, respectively).

Dipp Dipp
N . 1 equiv AgOTf N /Ph
yi—=pnBC, — ———> [ (B
N Toluene, RT, 2h —N \
\ \
Dipp 45 Dipp ot
) 4.8
2 equiv AgNO3
Toluene, RT, 2 h
Dipp Dipp
N ph N ®, P o
[ Yi—(BL [ ):— (B oTf
N ¥ "ONO, N N
\ ONO v OH
Dipp 2 Dipp
410 4.9

Scheme 4.3. Nucleophilic substitution of 4.5 with AgOTf and AgNO:s.

However, the spectroscopic characterization of 4.8 becomes complicated because of solvent-
mediated slow hydrolysis. The only signal in the 1B NMR spectra of the product, 4.9 appears
at 30.9 ppm as a singlet, which is indicative of a three-coordinated boron center, instead of a
four-coordinated boron, as expected in 4.8. We regrow the crystals from the NMR tube and
realized that there is hydrolysis taking place at the B—CI bond with adventitious water leading
to 5-SIDipp stabilized borenium cation, with a triflate as a counter anion (4.9). The constitution
of 4.9 rationalizes the resonance at 30.9 ppm in the !B NMR spectrum. Although the formation
of the 4.9 clearly can be seen from the molecular structure, but due to low-quality data we
refrain from discussing its structural parameters. However, even after repeated attempts, we
were unable to stop this hydrolysis and hence, could not characterize 4.8 spectroscopically.

The CFs group of the triflate moiety in 4.9 resonates at —78.6 ppm in the °F NMR, which is
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slightly different from the resonances of triflates bound to the boron atom (—=76.7 ppm in 4.6)

and is characteristic of the free triflate anion.

Figure 4.7. The molecular structure of 4.8. Hydrogen atoms are omitted for clarity. Selected
bond lengths [A] or angles [deg]: N1-C5 1.341(2), N2—C5 1.330(2), C23-N1 1.485(2), C24—
N2 1.482(2), C5-B2 1.648(2), B2-CI1 1.8948(19), B2-01 1.532(2); N1-C5-N2 109.30(14),
N1-C5-B2 123.00(14), N2-C5-B2 126.57(14), C5-B2-Cl1 100.54(11), C5-B2-O1

106.51(13), C5-B2-C7 118.55(14).

In the 1B NMR, 4.10 shows resonance at 4.2 ppm shifted slightly low-field with respect to that
in 45 (1.9 ppm), which is presumably due to electron-withdrawing nature of the ONO:
moieties. The solid-state structure of 4.10 also was confirmed by X-ray crystal analysis. 4.10
crystallizes in the monoclinic P21/c space group with important structural parameters are given

in the legend of figure 4.8.
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Figure 4.8. The molecular structure of 4.10. Hydrogen atoms are omitted for clarity. Selected
bond lengths [A] or angles [deg]: N1-C1 1.337(3), C1-N2 1.340(3), N1—-C2 1.480(3), N2—C3
1.484(3), C1-B1 1.662(4), B1-05 1.535(4), B1-06 1.522(3); N1-C1-N2 112.4(2), C1-N1-
C2 112.4(2), C1-N2-C3 111.8(2), C1-B1-05 101.59(19), C1-B1-06 109.7(2), 05-B1-06

111.3(2), C1-B1-C28 118.4(2).

4.4. Preparation of first carbene-MeBCl. adduct and its stepwise nucleophilic

substitution:

Subsequently, we have also prepared SIDipp-BCls adduct (4.3) which was characterized by the
NMR spectroscopy. The addition of an equivalent of MeLi in the toluene solution of 4.3 at
-78 °C cleanly afforded the monosubstituted product 4.11 (Scheme 4.4). After filtration of the
lithium chloride precipitate, the concentrated toluene solution was kept for crystallization at 4
°C, which afforded colourless crystals of 4.11 after 1 day in a 60% yield. This is to the best of

our knowledge the first methyldichloroborane adduct of any carbene because no
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CAAC:B(Me)Cl adduct is also reported. We have also attempted the analogous metathesis
reaction with IDipp-BCl3, which was not successful and leading to a mixture of products, which

we could not identify.

Dipp Dipp
N O cHy N CHs
[ )t~ B-Cl ——— [ > = B-Cl
N Cl toluene N Cl
4.3 4.1
AgOTf
toluene
-78 °C to RT
!Z)ipp I NPipp CH E
N CHs  AgOTf | [ N oo
[ )i B-oTf =——— & L !
N oTf  toluene L cr .
Dipp 78 “Cto RT ; Dipp |
413 a2

Scheme 4.4. Synthesis of 5-SIDipp-MeBCl> adduct and its stepwise nucleophilic substitution

with AgOTf

The molecular structure of 4.11 is shown in figure 4.9 along with the important bond
lengths and angles. 4.11 crystallizes in the monoclinic space group, P2:/n. The carbene carbon
atom C5 is tri-coordinated and featured a trigonal planar geometry and the boron atom
connected with the C5 atom forms a tetrahedral geometry. The B1-C5 bond distance is
1.6261(19) A, which is slightly longer compared to that in 4.1 (1.59(4) A). There is a disorder
in the methyl position of 4.11 (for clarity we are showing only one carbon atom). The C5 atom
is associated with 78 % occupancy and the C2 atom is associated with 28 % occupancy. The

B1-C1 distance (1.844(3) A) is little higher compared to the B1-C2 distance (1.610(6) A).
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Figure 4.9. The molecular structure of 4.11 (hydrogen atoms except the back protons are
omitted for the clarity of the picture). Selected bond lengths [A] and angles [deg]: C14-C15
1.516(2), C5-N1 1.3307(17), C15-N2 1.4806(19), C5-N21.3338(16), C5-B1 1.6261(19), B1-
C2 1.610(6), B1-C1 1.844(3), B1-CI1 1.822(2); N1-C5-N2 109.93(11), N1-C5-B1
121.23(11), N2-C5-B1 128.40(12), C2-B1-Cl1 132.0(3).

In order to study the reactivity of 4.11, we have added silver triflate into the toluene
solution of 4.11 at -78 °C temperature, which led to a nucleophilic substitution of one of the
chlorine atoms with the triflate group (Scheme 4.4). Colorless crystals of 4.12 suitable for X-
ray diffraction studies were grown from the saturated toluene solution at 4 °C. 4.12 is one of
the rare NHC stabilized boron compounds, where the four groups are different on the central
boron atom.**38 Further addition of one more equivalent of silver triflate to the toluene solution
of 4.12 replaces another chlorine atom from the boron core with the triflate group and gives
4.12 with two triflate groups and one methyl at the centre boron atom.

The molecular structure of 4.12 is in agreement with the data obtained in solution and
is depicted in figure 4.10 together with the important geometrical parameters. The chiral boron

atom exhibits a distorted tetrahedral geometry. The distance between the methyl group from
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the boron atom is B1-C26 1.682(3) A, which is significantly shorter than that in 4.11
presumably due to the electron withdrawing nature of the triflate group. The boron atom (B1)
lies little below in the plane of an imidazolium ring (torsion angles (deg): C15-N1-C5-B1
166.53(16), C16-N2-C5-B1-173.64(15)) and the B-O bond is not orthogonal to the plane of
imidazolium ring with a torsion angle (deg) N1-C5-B1-03 41.58, N2-C5-B1-03 -148.93. The
B-OTf bond length is 1.503(3) A, which is in good agreement with the B—O bond length in

Curran's IDipp-BH20Ts (1.522(7) A, OTs = tosylate).*?

05

C27

F28

Figure 4.10. The molecular structure of 4.12 (hydrogen atoms except the back protons are
omitted for the clarity of the picture). There is a disorder associated with the fluorine, oxygen
and sulfur atoms in the triflate group; for clarity we are not showing the disordered atoms.
Selected bond lengths [A] and angles [deg]: C15-C16 1.525(3), C5-B1 1.617(3), B1-CI2
1.880(3), B1-C26 1.682(3), B1-03 1.503(3), 03-S1A 1.515(16), SIA-O5 1.427(2); N1-C5-

N2 110.21(15), Cl2-B1-C26 115.59(16), B1-O3-S1A 124.16(14), O3-S1A-C27 97.94(15).

The NMR spectra of compounds 4.11-4.13 were compatible with their molecular

structures. The !B NMR spectrum of 4.11 shows a resonance at 1.98 ppm, which is downfield
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than that in 4.3 (1.28 ppm). The presence of the methyl group bound to the boron atom is
reflected from the resonance at 1.24 ppm in the *H NMR spectrum of 4.11. Replacement of
another chloride atom by the triflate moiety in 4.12 led to upfield shift in the !B NMR spectrum
(~2.54 ppm). The methyl protons of 4.12 bound to the boron atom resonate at 1.29 ppm in the
'H NMR. In the ®F NMR spectrum of 4.12, the -CF3SOs group appears at -78.21 ppm.
Substitution of the last chloride atom by another triflate moiety led to further upfield shift in
the 1'B NMR of 4.13 (-6.62 ppm). The °F NMR spectrum of 4.13 shows a broad signal at &

—76.99 ppm, which is shifted to marginally low-field than that in 4.12.

4.5. Lewis pair mediated tetrahydrofuran and diethyl ether activation:

Dipp Dipp
N B(CgFs)s N o
[ oo —— E®>>—\IOB(CGF5)3
N THF, 12 h N
\ \
Dipp Dipp  4.14
B(CsFs)3
C,H, DEE, 2 h
Dipp Dipp
N e N S
0.0
E@’?_H E\B(%Fs)3 ﬁ’[?‘H H—0-B(C¢Fs)s
\ \
Dipp  H -C2Ha o Dipp 4.5

Scheme 4.5. 5-SIDipp-B(CesFs)3 Lewis pair mediated tetrahydrofuran and diethyl ether
activation at room temperature

The combination of N-heterocyclic carbene and B(CeFs)z has been exploited in frustrated
Lewis pair (FLP) chemistry.®® We have also demonstrated the adduct formation between 5-
SIDipp and B(CsFs)3 in toluene (vide supra). When we performed the same reaction in THF or
diethyl ether, it led to the activation of those etheral solvents. The THF solution of the 5-

SIDipp-B(CeFs)3 was kept for 12 h at room temperature, which afforded the zwitterionic
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species 4.14 in quantitative yield as a white solid (Scheme 4.5). The molecular structure of 4.14
was established by X-ray diffraction analysis (Figure 4.11). 4.14 crystallizes in the trclinic P1
space group. One of the C-O bonds in the THF molecule is cleaved, and as a result, the THF
ring becomes acyclic and inserts between the Lewis pairs. Similar to the case for 5-
SIDipp-B(CeFs)s, 4.14 is not stable in solution at room temperature, so we were unable to
satisfactorily characterize it by NMR spectroscopy. The B NMR resonance at —2.8 ppm is
similar to those established for the tetra-coordinated boron compounds. The C5 atom adopts a
trigonal planar geometry, which is confirmed by the sum of the bond angles [N1-C5-N2
112.29(15)°, N1-C5-C6 125.21(15)°, N2—-C5-C6 122.50(14)°]. The C5-C6 bond distance is
marginally shorter compared to the adjacent C—C bond (C5-C6 1.501(2) A and C6-C7
1.539(2) A). The boron atom adopts a tetrahedral geometry. The C—O (1.404(2) A) and the B—
O (1.453(2) A) bond distances are similar to the other previously reported structures.*® This
reactivity was extended to diethyl ether (DEE), which resulted in the isolation of imidazolinium

salt with a borate counter-anion (4.15). This compound presumably results from activation of
the C-O bond of the diethyl ether with concomitant elimination of two ethylene molecules

(Scheme 4.5). A signal at 8.9 ppm in the 'H NMR spectrum confirms the presence of an

imidazolinium cation. The !B NMR displays the characteristic resonance at —4.2 ppm, which
can be assigned to a tetrahedral [(HO)B(CsFs)s] anion. X-ray crystallographic analysis later

confirmed the structure of 4.15 (Figure 4.12).
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Figure 4.11. The molecular structure of 4.14. Hydrogen atoms are omitted for clarity. Selected
bond lengths [A] or angles [deg]: N2—C5 1.322(2), N1-C5 1.327(2), N1-C22 1.479(2), N2—
C211.484(2), C5-C6 1.501(2), C6-C7 1.539(2), C9-01 1.404(2), 01-B10 1.453(2); N1-C5-

N2 112.29(15), N1-C5-C6 125.21(15), N2-C5-C6 122.50(14), C9-O1-B10 117.96(13).

Figure 4.12. The molecular structure of 4.15. Hydrogen atoms except the H5 and H7 are
omitted for clarity. Selected bond lengths [A] or angles [deg]: N1-C5 1.3156(11), N2—C5

1.3174(12), C5-H5 0.950, N1-C27 1.4810(13), N2-C26 1.4817(12), B1-O7 1.4696(12), O7—
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H1 0.83(2); N1-C5-N2 112.94(8), C27-N1-C5 110.17(8), C26—-N2-C5 109.91(8), B1-O7—

H7 114.3(15).

4.6. Conclusions

NHC-boranes are typically readily accessible, but we have mentioned in the introduction that
no NHC adduct of MeBCl, has been known. The hesitance of the chemistry community
probably stems from the synthetic routes, which are tedious and require special techniques.
Here we have prepared saturated N-Heterocyclic carbene boranes bearing methyl groups by
simple salt metathesis reaction starting from 5-SIDipp-BCls (4.3). 4.11 is the first
carbene-MeBCl, adduct and its preparation does not require the hazardous MeBCl>. 4.6, 4.9
and 4.12 are rare examples of NHC coordinated boron compounds, where all three substituents
of the boron atom are different. Further, we have shown the selective nucleophilic substitution
at the tetra-coordinated boron center to obtain several boranes with rare functional groups such
as —ONOy, —OTf, -OH etc. The combination of 5-SIDipp and B(C¢Fs)s were shown to affect
the C-O bond cleavage differently for THF and diethyl ether. As expected, the 5-
SIDipp/B(CsFs)3 combination in THF resulted in ring opening of the THF to produce borate
4.14. In the case of diethyl ether, the rupture of the C-O bond takes place along with the
elimination of two molecules of ethylene, leading to the formation of an imidazolinium cation

with tris (pentafluorophenyl) hydroxy borate as the counter anion (4.15).
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The chemistry of six-membered N-heterocyclic carbene boranes

Abstract:  The  chemistry  of
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the reactivity of a variety of boranes with a 6-membered saturated NHC, which has been
unexplored so far. The lower HOMO-LUMO gap along with a higher HOMO of 6-SIDipp
compared to other typical five-membered NHCs encouraged us to study such chemistry. The
stoichiometric reactions of BHs and other haloboranes (BRCI) (R = H, Ph) with 6-SIDipp led
to mono-SNHC adducts 5.1, 5.10 and 5.16. Similar adduct formation (5.11) was observed with
9-borabicyclo [3.3.1] nonane (9-BBN) but it is not so stable and undergoes ring expansion at
mild conditions to give a seven membered NCBNCzring, 5.12. Further, we have prepared 6-
SIDipp-BH2X (X= Br (5.8) and | (5.6)) by reacting 5.1 with alkyl halides (R-X) and CBra.
Direct electrophilic halogenation of 5.1 with a stoichiometric amount of 1, led to NHC boryl
iodides, 6-SIDipp-BH:l (5.2) and 6-SIDipp-BHI> (5.3), which were further reacted towards
various nucleophiles to give novel 6-SIDipp based mono and disubstituted boranes with OTf
(5.4 and 5.5) or ONO> (5.6 and 5.7) functional groups. Interestingly, the reaction of HBpin
with 6-SIDipp led to the oxidative addition of the B-H bond at the carbene carbon (5.13), which

is the first example of a B-H bond insertion at the NHC-carbon atom The addition of Bro/H20
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to 5.1 smoothly results in forming of a three-coordinate dihydroxyborenium cation (5.21). The
addition of triflic acid to 5.16 gives the monohydroxyborenium cation (5.18), the first isolated

cationic analogue of the phenylborinic acid.
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5.1. Introduction:

Although NHC complexes of boranes were first detected in 1968, little chemistry
involving NHC-boranes was known until Robinson prepared, 5-IDipp-BHs.2 Since then, there
IS an increasing interest in the synthesis and reactivity of carbene-borane complexes.
Especially, the substitution reaction of carbene-borane adducts led to very rare classes of boron
compounds with unusual functional groups such as azide, nitro, etc. attached to the boron
atom.® As of now, mainly two classes of carbene have been employed for such studies. While
the works from the groups of Fensterbank, Lac6te, Malacria, and Curran mainly concentrated
on typical “Arduengo type” carbenes,*® Braunschweig and co-workers recently reported
nucleophilic addition and substitution of cAAC-BH3 adduct.’® So, it is apparent that the
expansion in carbene-borane chemistry took place from borane perspective, not much from
carbene side. In fact, in a recent review, Curran et al. concluded by posing a question on what
other NHC-boranes can be made.

It is known that an increase in the carbene angle by an increase in the ring size from a five- to
a six-membered ring usually diminishes the HOMO-LUMO gap and renders a more reactive
NHC (Figure 5.1). The higher HOMO and lower HOMO-LUMO gap (AE = 3.9 eV) of the six-
membered saturated NHC (6-SIDipp) anticipates more reactivity.!* However, the reports of
six-membered carbenes are limited in literature partly due to their less thermal stability and
structural rigidity. Nonetheless, Aldridge and co-workers reported stable adduct formation of
6-SIDipp with AlH3.1? Subsequently, Jones and Stasch isolated monomeric complexes of 6-
SIDipp and group-15 element trichlorides.™® Besides, Tamm and co-workers used 6-SIDipp as

a Lewis base component in a FLP for the activation of dihydrogen.*
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Figure 5.1. HOMO-LUMO energy gap of NHCs and CAAC.!

Given our current interest in boron chemistry,™®17 we have undertaken the reactivity study of
saturated six-membered N-heterocyclic carbene (6-SIDipp) with various boranes. While BH3,
HBCI», PhBCl,, and 9-BBN form the corresponding adducts with 6-SIDipp, the unprecedented
1,1-activation of HBpin at the NHC carbene center was observed. Interestingly, 6-SIDipp-BH3
is amenable to further functionalization via halogenation using alkyl bromide, CBr4 as well as
I2, which provide access to NHC mono and diboryl halides, selectively. Despite having a formal
negative charge on the boron, 6-SIDipp-BH2l and 6-SIDipp-BHI> undergo nucleophilic
substitution reactions with AgOTf and AgNOs to give boron compounds with OTf and ONO>
functionalities. Dihydroxyborenium cations, the cationic analogues of phenylboronic acid and
phenylhydroxyborenium cation, the cationic analogue of phenyl borinic acid, are difficult to
prepare due to the lack of any R group.'® Here, we have prepared a range of mono and

dihydroxyborenium cations starting from 6-SIDipp-RBCla.

5.2. Selective electrophilic mono- and di-iodination at 6-SIDipp-BH3 Center:

The addition of BH3-SMe> to 6-SIDipp in n-hexane and toluene mixture at —30 °C gives
an adduct (5.1) as a white precipitate (Scheme 5.1). The quartet at —31.3 ppm (Jg-+H= 84.04 Hz)
in the !B NMR indicates the presence of a tetra-coordinated boron atom. The H{*'B} NMR

shows a sharp singlet at 0.25 ppm for the BH3 protons. The molecular-ion peak was observed

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 134



Chapter-5 The chemistry of six-membered.........
at m/z 419.3409 in the high resolution mass spectrum with the highest relative intensity. The
B-C bond length in 5.1 is 1.602(3) A, slightly longer than those in the previously known

NHC-BH3 adducts, presumably due to the enhanced steric crowding around the BHs unit

(Figure 5.2).
Dipp D|pp
0.5 equiv I, N /I Nucleophile >
————
Toluene N> B\\H Toluene, RT, 2 h
Dlpp Dipp RT, 2h \ H
M Dipp Dlpp
BH3 SMe2 .
> )i —=BH, 5.2 Nu = 0,SOCF; (5.4), ONO, (5.5)
Toluene RT, 2h N
Dipp Dipp PP /DIpp
5.1 1 equiv I2 <: > Nucleophile : N> /Nu
B — e —
Toluene ! Toluene, RT, 2 h N B\\NU
RT, 2 h \ H
5.3

Nu = 0,SOCF; (5.6), ONO, (5.7)
Scheme 5.1. Synthesis and halogenation of 5.1 and subsequent nucleophilic substitution

reactions.

Figure 5.2. The molecular structures of 5.1 (hydrogen atoms except on the boron atoms are

omitted for the clarity of the picture). Selected bond lengths (A) and angles (deg): C43-N3
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1.340(2), C43-N4 1.348(2), B1-C43 1.602(3); N3-C43-N4 117.17(17), N3-C43-Bl

122.75(16), N4-C43-B1 120.08(16).

Figure 5.3. The molecular structures of 5.2 (hydrogen atoms except on the boron atoms are
omitted for the clarity of the picture). Selected bond lengths (&), angles (deg) and torsion angle
(deg): C40-N1 1.3424(13), N2-C40 1.3433(13), B1-C40 1.6145(16), B1-11 2.3005(13); N2-
C40-N1 118.29(9), N1-C40-B1 120.86(9), C40-B1-11 106.79(7); C34-N1-C40-B1 -175.7(1),
C32-N2-C40-B1 178.3(1), N1-C40-B1-11 -91.1(1), N2-C40-B1-11 -90.4(2).

Direct electrophilic halogenation of NHC-boranes to access NHC boryl halide products has a
modicum of precedence. Treatment of 5.1 with 0.5 equiv of I, at room temperature selectively
replaces only one hydrogen atom to give rise 5.2, which exhibits a broad signal at —30.2 ppm
in the 1B NMR spectrum. When one equivalent of 1, was used, double iodination at 6-BH3
center was achieved in 88% vyield (5.3). The di-iodination was detected by the rapid
disappearance of quartet of 5.1 and the appearance of a signal at —39.4 ppm in the !B NMR
spectrum. The *H{*!B} NMR spectra of 5.2 and 5.3 show a sharp singlet at 1.6 and 2.38 ppm

for the boron bound protons. The molecular structures of 5.2 and 5.3 are shown in Figures 5.3
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and 5.4. The boron atom lies in the plane of the tetrahydropyrimidinium ring for 5.2 and the B-
| bond [2.3005(13) A] is perfectly orthogonal to the plane [torsion angle (deg) N1-C40-B1-11
~91.1(1), N2-C40-B1-11 —90.4(1)]. The B~C bond distance in 5.3 [1.643(4) A] is marginally
longer than that in 5.2 [1.6145(16) A]. The 11-B1-12 angle in 5.3 is 111.54(11), which confirms
a nearly perfect tetrahedral geometry around the boron atom. The B1-I1 bond is almost
orthogonal to the plane, while the B1-12 is not orthogonal to the plane [torsion angle (deg) N1-
C2-B1-12 138.73(18), N2-C2-B1- 12 —48.0(3)]. The B-I (2.3 A) bond in 5.2 is little longer
compare to the B-1 bond in 5.3 (av 2.27 A). For comparison, we have studied the disubstitution
reaction of I> with 5-1Dipp-BHs, but the reaction led to formation of a mixture of mono-iodide,
di-iodide, and tri-iodide (minor), as evaluated from !B NMR spectroscopy.?

Next, we hypothesized that 5.2 and 5.3 can react with nucleophiles to displace the
iodide ligand and give various substituted NHC-boranes. lodides of both 5.2 and 5.3 could be
replaced smoothly to afford the corresponding boranes with OTf (5.4 and 5.6) and ONO; (5.5
and 5.7) functionalities (Figures 5.5-5.7). The B1-C2 bond (1.629(2) A) distance in 5.4 is little
increased compare to 5.1 (1.60). The torsion angles of plane C2-B1-01-S1 and N1-C2-B1-0O1
are 150.07(11) and 6.3(2) which suggest that the B1-O1 bond is not orthogonal to the respective
planes. To our knowledge, the ONO- functional group in NHC-Borane chemistry is not known

so far.
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Figure 5.4. The molecular structures of 5.3 (hydrogen atoms except on the boron atoms are
omitted for the clarity of the picture). Selected bond lengths (A), angles (deg) and torsion angle
(deg): C2-N1 1.350(3), N2-C2 1.357(3), B1-C2 1.643(4), B1-11 2.279(3), B1-12 2.264(3), B1-
H1 1.0000; N2-C2-N1 118.2(2), N1-C2-B1 115.01(19), N2-C2-B1 126.4(2), C2-B1-11
103.74(15), C2-B1-12 120.81(17) 11-B1-12 111.54(11); N1-C2-B1-11 —95.4(2), N2-C2-B1-I1

77.9(3), N1-C2-B1-12 138.73(18), N2-C2-B1-12 —48.0(3).

Figure 5.5. The molecular structures of 5.4 (hydrogen atoms except on the boron atoms are

omitted for the clarity of the picture). Selected bond lengths (A), angles (deg) and torsion angle
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(deg): N3-C2 1.3426(19), N1-C2 1.3386(19), B1-C2 1.629(2), B1-O1 1.551(2), S1-O1
1.5014(15), C26-F1 1.327(2); N3-C2-N1 118.53(13), N3-C2-B1 114.90(12), C2-B1-O1
113.04(12); C2-B1-01-S1 150.07(11), N1-C2-B1-01 6.3(2), N3-C2-B1-01 -174.30(12), B1-

01-S1-C17 81.86(14).

Figure 5.6. The molecular structures of 5.6 (hydrogen atoms except on the boron atoms are
omitted for the clarity of the picture). Selected bond lengths (&), angles (deg) and torsion angle
(deg): N2-C5 1.3421(13), N1-C5 1.3521(13), B1-C5 1.6621(15), B1-O1 1.5394(14), B1-04
1.4943(13); N1-C5-B1 123.54(9), N2-C5-B1 117.98(9), C5-B1-O1 106.91(8), O1-B1-04
105.64(8); C5-B1-01-S1 ~105.82(9), C5-B1-04-S2 168.34(7), N1-C5-B1-01 —61.57(12), N2-

C5-B1-01 113.79(10).
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Figure 5.7. The molecular structures of 5.7. Hydrogen atoms except the protons attached to
boron are omitted for the clarity. Selected bond distances (A) and bond and torsion angles
(deg): C5-N3 1.3381(17), N4-C5 1.3341(18), B1-C5 1.659(2), B1-O5 1.4961(18), B1-06
1.5166(19), N1-O1 1.2169(19), N1-O2 1.2269(19); N3-C5-N4 118.50(12), N4-C5-B1
124.07(12), N3-C5-B1 117.25(12), C5-B1-06 102.92(10), C5-B1-0O5 112.39(11), O5-B1-06
106.35(12), 01-N1-02 126.26(14); N4-C5-B1-06 102.02(14), N4-C5-B1-05 -11.98(19), N3-

C5-B1-05 163.11(12), N3-C5-B1-06 —82.88(14).
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Figure 5.8. The free energy profile for the disubstitution reaction of 5.1 with iodine molecule
(energy values are in kcal/mol).

We have studied the mechanism (Figure 5.8) for the disubstitution reaction of 5.1 by the iodine
molecule using density functional theory (DFT) calculations. In the first step, the reaction goes
through a barrier (TS_1) of 12.3 kcal/mol, where the B-H and I-1 bonds break and the H-I bond
forms, leading to the formation of HI and Int_1 (consisting of a boron cation and an iodide
ion). It is followed by the second barrier (TS_2) of 9.3 kcal/mol, where the B-I bond forms,
leading to the formation of the mono-substituted Int_2. Then, the reaction proceeds through
TS_3, with a barrier of 20.1 kcal/mol, in which the B-H and the H-I bonds break, and the H-H
bond forms. TS_3 leads to the formation of H2 and Int_3. In the last step, the reaction crosses
an 8.9 kcal/mol barrier (TS_4), where the B-I bond forms, leading to the final disubstituted

product. Calculations also suggest that the 5-1Dipp-BH3 would result in disubstituted products.
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However, both the barriers (TS_3 and TS_4) for the conversion of the mono-substituted
intermediate to the disubstituted product are higher for 5-1Dipp-BH3 (23.2 kcal/mol and 9.9
kcal/mol, respectively) than for 6-SIDipp-BHs (20.1 kcal/mol and 8.9 kcal/mol, respectively),
which is why the disubstituted product is exclusively observed only for 6-SIDipp case, while

5-1Dipp gives a mixture of mono- and di-substituted products.

5.3. Mono- and di-bromination at 6-SIDipp-BHs center:

Dipp Dipp
/ B / Br
1.2 equiv NBS N N N 7
- >!—>B\H + >Z—>B\Br
Tolunene, 70 °C N \ N \
\ H \ H
Dipp Dipp
5.8 (40%) 5.9 (20 %)
. Dipp
Di
$ {
. R-Br . /Br
N o-xylene,145-155 °C N \
\ 48 h \ H
Dipp Dipp
5.8 (65-70%)
Dipp
/
CBry N \Bj
> > e B\H
Toluene, 105 °C, N \
24 h \ H
Dipp
5.8 (70%)

Scheme 5.2. Synthesis of 6-SIDipp-BH:2Br (5.8) and 6-SIDipp-BHBr: (5.9).

In order to get the selective bromination, we have added 1.2 equivalents of N-
bromosuccinimide (NBS) to the toluene solution of 6-SIDipp-BHs at 70 °C temperature, but it
afforded the dibromo product, 5.9 with 20% yield along with the mono-bromo product (5.8) in
40% vyield (Scheme 5.2). The formation of both 5.8 and 5.9 were indicated by !B NMR
spectroscopy with the appearance of two new peaks at —20.1 ppm and —14.7 ppm, which are

shifted downfield with respect to that in 6-SIDipp-BH3 (—31.3 ppm). We were unable to get
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the pure *H NMR spectrum of 5.9 due to the formation of mixture of products. However, we
were able to get the single crystals of 5.9 suitable for X-ray studies, which confirms its
constitution (Figure 5.10). Compound 5.9 was crystallized in the monoclinic P2:/n space
group. The C5-B1 bond length in 5.9 is 1.639(4) A, which is slightly longer than that in 6-
SIDipp-BHs [1.602(3) A].

To selectively prepare 5.8, we reacted the 6-SIDipp-BH3 with n-octyl, n-decyl, and n-dodecyl
bromides in o-xylene at 145 °C for a fixed time period of 48 h, which led to 65-70% conversion
of borane to bromoborane, 5.8. Table 5.1 summarizes the results from this series of
experiments. A more facile route to obtain 5.8 involved heating of 6-SIDipp-BH3 in CBr; in
toluene at 105 °C for 24 h (entry 5, table 5.1). We obtained the single crystals of 5.8 from the
latter methodology (Figure 5.9). 5.8 crystallizes in monoclinic P21/n space group. The C5-B1
bond lengths in 5.8 [1.619(6) A] is shorter compared to that in 5.9 [1.639(4) A)]. The molecular
ion peaks for 5.8 and 5.9 were detected in the HRMS spectra with m/z 497.2541 and 575.1605,
respectively.

Table 5.1: Formation of 6-SIDipp-BH2Br (5.8) from the reduction of CBr4 and alkyl halides

Entry | R-Br | Equivalents | Solvent | Temperature Time Yield (%)
(°C)
1 CsHa17Br 1.5 0-Xylene 145 48 h 68
2 | CroH21Br 1.5 0-Xylene 145 48 h 70
3 | Ci2H2sBr 1.5 0-Xylene 145 48 h 65
4 CBry 1.2 Toluene 95 48 h 36
5 CBry 2 Toluene 105 24 h 70
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Figure 5.9. The molecular structures of 5.8 (hydrogen atoms except on the boron atom are
omitted for the clarity of the picture). Selected bond lengths (&), angles (deg) and torsion angle
(deg): C5-N1 1.349(6), N2-C5 1.342(4), B1-C5 1.619(6), B1-Brl 2.102(9); N1-C5-B1
120.70(17), N2-C5-B1 118.2(2), C5-B1-Brl 104.01(14); C17-N1-C5-B1 —174.72(15), C19-

N2-C5-B1-173.13(15), N1-C5-B1-Brl —85.48(18), N2-C5-B1-Brl 93.62(17).

Brl

Figure 5.10. The molecular structures of 5.9 (hydrogen atoms except on the boron atoms are

omitted for the clarity of the picture). Selected bond lengths (A), angles (deg) and torsion angle

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 144



Chapter-5 The chemistry of six-membered.........

(deg): C5-N1 1.356(3), N2-C5 1.348(3), B1-C5 1.639(4), B1-Brl 2.048(3), B1-Br2 2.018(3),
B1-H1 1.000; N2-C5-N1 117.9(2), N1-C5-B1 116.1(2), N2-C5-B1 117.9(2), C5-B1-Brl
117.86(19), C5-B1-Br2 104.09(19) Br1-B1-Br2 115.36(16); N2-C5-B1-Brl 56.0(3), N1-C5-
B1-Brl -133.9(2), N1-C5-B1-Br2 96.9(2), N2-C5-B1-Br2 -73.2(3), C26-N1-C5-B1 —

158.8(3), C28-N2-C5-B1 172.7(2).

5.4. Reactivity of 6-SIDipp with 9-BBN and ring expansion of 6-NHC:

Following the isolation of 6-SIDipp-BHz3, we were curious to study the reactions of 6-
SIDipp with other boranes. The reactions of 6-SIDipp with one equivalent of BHCI, form
Lewis acid base adduct (5.10) (Scheme 5.3), which shows resonance at —7.4 ppm in the B
NMR spectrum. Inspection of the molecular structures of 5.10 reveals that the B-C bond
lengths in 5.10 [1.6438(12) A] is longer than that of 6-SIDipp-BHs [1.602(3) A], which is
thought to be due to increased steric congestion at the boron center (Figure 5.11). The other
important bond lengths and angles are given in the legends of the Figure 5.11. In the HRMS

spectrum, the molecular ion peaks were found at m/z 509.2636 for 5.10.

Dlpp
BHCI2 dioxane
¢ > —>B\
Toluene, RT, 2 h C'
Dipp
N/ Dlpp
: > 5.10
N
\ Dlpp Dlpp
Dipp N
| 9BBN <: . <
, — _ =
Benzene-dg, RT, 2 h

DIPP D|pp

Scheme 5.3. Lewis acid-base adduct formation of 6-SIDipp with HBCI, and 9-BBN.
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Figure 5.11. The molecular structures of 5.10 (hydrogen atoms except the proton on the central
boron atom are omitted for the clarity of the picture). Selected bond lengths (A) and angles
(deg): C5-N1 1.349(10), C5-N2 1.345(10), C5-B1 1.643(12), B1-CI1 1.886(10), B1-CI2
1.876(9), B1-H1 1.000; N1-C5-N2 118.29(7), N1-C5-B1 116.03(6), N2-C5-B1 125.08(7), Cl2-

B1-CI1 110.74(5).

Figure 5.12. The molecular structures of 5.11 (hydrogen atoms are omitted for the clarity of

the picture). Selected bond lengths (A) and angles (deg): C13-N1 1.351(2), N2—C13 1.348(5),
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B1-C13 1.647(4), B1-C15 1.713(8), B1-C18 1.536(7); N1-C13-N2 116.4(2), N1-C13-B1

123.1(4), N2-C13-B1 120.5(4).

Figure 5.13. The molecular structures of 5.12 (hydrogen atoms except the C4 atom are omitted
for the clarity of the picture). Selected bond lengths (A) and angles (deg): N1-B1 1.411(3), N1-
C4 1.484(2), N2-C2 1.447(2), C2-C3 1.524(3), C3-C4 1.530(3), N2-C1 1.476(2), B1-C1
1.612(3), B1-C33 1.588(3), C1-C29 1.546(3); N1-B1-C1 118.90(16), N2-C1-B1 115.39(15),
N2-C1-C29 110.40(15), N1-B1-C33 120.53(17), C2-C3-C4 113.19(16).

The reaction of 6-SIDipp with 9-BBN led to the formation of an adduct (5.11), which is not
very stable and underwent ring expansion at room temperature to afford an unusual seven
membered BCNC3N ring (5.12) (Scheme 5.3). The conversion of 5.11 to 5.12 was monitored
by !B NMR. After 30 minutes of the reaction, a doublet appears at —13.3 ppm (Jg-n = 63.81
Hz) in the !B NMR spectrum, which is characteristics for the tetra-coordinated boron center
in 5.11. After 6 h of reaction, the latter resonance disappears, and a new resonance is detected
at 49.1 ppm, which is a characteristic for the tri-coordinated boron atom. It is of note here that

the group of Stephan demonstrated that five-membered N-heterocyclic carbene with PRz (R =
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tBu, NiPr,) at the wingtip positions underwent ring expansion with 9-BBN,*° while the typical
5-1Dipp was shown to form a stable adduct with 9-BBN.?° While the ring expansion of 5-NHCs
in presence of s/p-block hydrides are well-established,?? there is only one literature
precedence of ring expansion of 6-SIMes to a seven-membered ring in presence of PhSiHs,
which required 3 days and 110 °C.%® Though we did not perform any theoretical studies, it can
be postulated from the literature that the mechanism proceeds via initial coordination of the
NHC to the boron center of 9-BBN (5.11). Afterwards, the hydrogen atom attached with the
boron atom migrates to the electron deficient carbene carbon atom. This hydride migration
prompted the attack of one of the adjacent nitrogen atoms to the boron atom, and thereby
resulting the C—N bond cleavage and the C—C bond formation. Despite of varying the reaction
parameters, we were unsuccessful to obtain 5.11 and 5.12 separately in preparative reasonable
amounts that can permit their full characterization. However, we were able to grow the single
crystals of 5.11 and 5.12 (Figures 5.12 and 5.13). The B-C bond length in 5.11 is 1.647(4) A.

Upon ring expansion, the same B—C bond length is slightly shortened to 1.612(3) A.

5.5. 6-SIDipp mediated B-H activation of HBpin, HBcat and Bzneop::

The 1,1-addition of a B-H bond of HBpin to any NHC is not known. In 2010, Bertrand
and co-workers studied the reaction of HBpin and 5-SIDipp and isolated an unexpected dimer
via the ring cleavage of NHC.?” On the other hand, the similar reaction with CAACM® afforded
1,1-activation product,?”?8 which was rationalized by the increased nucleophilic character over
5-SIDipp. As 6-SIDipp is more nucleophilic than 5-SIDipp,'?° we studied its reaction with
HBpin. Gratifyingly, the reaction led to the 1,1-adition of the B-H bond of HBpin at the

carbene carbon (Scheme 5.4).
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Scheme 5.4. B-H activation of HBpin, HBcat, BoNeop, with 6-SIDipp.

Storing the reaction mixture for a day at room temperature led to the colorless crystal of 5.13,
which was analyzed by single crystal X-ray method (Figure 5.14). 5.13 crystallizes in the
monoclinic space group, P2:/n. The oxidative addition of the B-H bond of HBpin forms a
tetrahedral geometry at the carbene center. The solid-state structure of 5.13 shows that the six
membered NHC ring adopts a perfect chair conformation. The distance between the B1 and C5
atom is 1.592(2) A, which is significantly longer than CAACMe mediated B-H activated
products (1.55 A),?” but shorter compared to those in the aforementioned NHC-borane adducts.
The constitution of 5.13 was further confirmed by H, !B, and **C, NMR spectroscopy, and
mass spectrometry. The broad signal at 30.9 ppm in *B NMR spectra indicates the insertion
of the carbene-carbon atom into the B—H bond. The same carbon atom displays a broad
resonance at 82.4 ppm in the *C{*H} NMR spectrum, which indicates sp3-hybridized carbon
atom. The hydrogen atom attached to the carbene carbon atom gives a peak at 4.87 ppm. The

molecular ion peak was detected at m/z 533.4267 in the HRMS spectrum.
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Figure 5.14. The molecular structure of 5.13 (except for hydrogen atom attached to the carbene
carbon atom, other hydrogen atoms are omitted for the clarity of the picture). Selected bond
lengths (A) and angles (deg): B1-C5 1.592(2), B1-O1 1.360(2), B1-02 1.361(2), C5-H5

1.0000, C5-N1 1.471(2), C5-N2 1.463(2); N1-C5-N2 106.99(12), N2-C5-B1 112.89(13), N1-

Dipp o
/ /
N B
(Yo
N H

\
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C5-B1 111.89(13), 01-B1-02 114.25(14).
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Figure 5.15. The reaction energy profile diagram for the oxidative addition of HBpin with 6-
SIDipp. The values (in kcal/mol) have been calculated at the PBE/TZVP level of theory with

DFT.
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In order to understand the mechanism of oxidative addition of HBpin with six-membered NHC,
we have done the full quantum chemical calculations (Figure 5.15) using the density functional
theory (DFT). 6-SIDipp reacts with HBpin to give the adduct Int A, which is
thermodynamically unstable by 0.2 kcal/mol, with the bond distance of 1.66 A between NHC
carbon and boron of HBpin. In the next step, Int_A was transformed into 5.13 via a three-
membered transition state TS_A with the activation free energy barrier (AG*) 7.6 kcal/mol and
reaction free energy (AG) being -15.1 kcal/mol. The bond distance of 1.59 A was found
between NHC carbon and boron of HBpin in 5.17. We have also studied why 5-SIDipp does
not undergo 1,1-oxidative addition with HBpin. It was found that the oxidative addition with
6-SIDipp was favourable by ~15 kcal/mol than 5-SIDipp.

NHCs form adducts with HBcat, while CAAC gives the B-H bond activated product. However,
6-SIDipp does not lead to an adduct formation in the reaction with HBcat. Instead, a
pyrimidinium salt with [Bcat2]  counter anion was obtained. It can be assumed that 6-SIDipp
undergoes B-H bond activation leading to the formation of 5.14 (Scheme 5.4). Subsequently,
another molecule of HBcat attacks the C—B bond resulting in the formation of 5.14. The
formation of such [Bcat2] anion arises from the nucleophile-promoted degradation of HBcat,
and subsequent substituent redistribution are documented in the literature.’32 Colorless
crystals of 5.14 were isolated after storing the solution for a day at room temperature. 5.14
crystallizes in the monoclinic P21/c space group (Figure 5.16). The !B NMR spectrum of 5.14
shows one signal at 14.3 ppm for tetra-coordinated boron center. The proton attached to the
pyrimidinium salt gives a signal at 7.48 ppm in the *H NMR spectrum. The formation of 5.14
was further confirmed from the molecular ion peaks at m/z 405.3260 ([M-C12HsBO4]*) and
226.9510 ([M-C2sHa1N2]*) for the two separate ions in the HRMS spectrum.

The reaction of B2neop. with 6-SIDipp in toluene at room temperature results an unprecedented

pyrimidinium salt formation along with [Bneoz] anion, 5.15 (Scheme 5.4), which was obtained
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as colorless crystals after keeping the toluene solution at 4 °C for one day. The solid-state
structure of 5.15 is shown in Figure 5.17. The !B NMR spectrum of 5.15 displays one sharp
signal at 1.85 ppm for the tetra coordinated borate anion. The peak at 7.48 ppm is characteristic
for the pyrimidinium proton. The question on the source of the proton is very difficult to
answer; it could be moisture or solvent. Similar reactivities were also seen for iPr2lm and
Me2ImMe carbene in the reaction with B2egs by the groups of Radius and Marder, though

structural isolation of the spiro borate anion remained elusive in their cases.

Figure 5.16. The molecular structure of 5.14 (hydrogen atoms except on C17 are omitted for
clarity of the picture). Selected bond lengths (A) and angles (deg): N1-C17 1.307(2), C17-N2
1.310(2), C17-H17 0.9500, B1-01 1.475(2), B1-02 1.481(2); N1-C17-N2 123.10(15), O1-B1-

02 104.65(15).
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Figure 5.17. The molecular structure of 5.15 (hydrogen atoms except the proton on C15 are
omitted for the clarity of the picture). Selected bond lengths (A) and angles (deg): N1-C15
1.315(4), C15-N2 1.325(4), C15-H15 0.9300, B1-O1 1.453(4), B1-02 1.467(4), B1-03

1.492(4), B1-04 1.487(4):; N1-C15-N2 124.2(3), 01-B1-02 107.6(3), 03-B1-04 110.3(3).

5.6. 6-SIDipp stabilized borenium cations; isolation of a cationic analogue of borinic Acid
and its reactivity:

While phenylboronic acid (PhB(OH).) is ubiquitous in organic chemistry such as in Suzuki—
Miyaura, Chan—Evans—Lam cross coupling reactions, Petasis reaction etc.,>>-*> diphenylborinic
acid [PhoB(OH)] is very less illustrated due to its instability.**3® Though diphenylborinic acid
was disputably first prepared in 1894 by Michaelis by hydrolysis of diphenylchloroborane,*
the first structurally characterized borinic acid [Mes,B(OH),] was reported by Power in 1987,
almost after a century.*® Displacement of the phenyl group by a strong c-donor neutral ligand
like N-heterocyclic carbenes (NHCs) in phenylboronic acid resulted in the dihydroxyborenium

cations, [LB(OH):]*, the cationic analogues of phenylboronic acid, which have been
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structurally authenticated first by the group of Curran'® and recently by ourselves. In the same
line, removal of one phenyl group from diphenylborinic acid should furnish a three-coordinate
monohydroxy borenium cation of composition [LB(Ph)(OH)]", however, no such compound

has been realized till to date (Scheme 5.5).

Phenylboronic acid and its cationic analogue:
dihydroxyborenium cation

N/Dlpp on ®
Ph.__OH /
5 [[ )8
OH N OH
Dipp

Curran (2012)

Diphenylborinic acid and its cationic analogue:
monohydroxyborenium cation

®

Ph.__Ph NHC, _Ph
B~ Eﬁ

OH OH

Structurally not known

Scheme 5.5. Phenylboronic, diphenylborinic acid and their NHC supported cationic analogues.

Though NHC supported borenium cations with different substituents at boron such as
diarylborenium by Gabbai’s (A)*! and Tamm (B),** dialkylborenium by Lindsay (C)** and
Stephan (D),%° diaminoborenium (E) by Weber,* aminochloroborenium (F) by Robinson,*
and dibromoborenium (G) by Aldridge* have been reported (Scheme 5.5), a seemingly simple
compound such as [NHC-B(Ph)CI]" has still not been isolated. Ingleson and co-workers
isolated [(2-DMAP)B(Ph)CI]" cation by the sequential addition of 2-DMAP and AICI; to
PhBCl,,*” but the coordination number of the boron atom in the cation is four. So, according to

4849 it is a boronium cation, and not a borenium cation. It must be noted

Noth’s classification,
here that Cade and Ingleson reported an ArOB(L)Ph cation, which can be considered as a

cationic analogue of a borinic ester.>
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Scheme 5.6. Selected examples of previously reported NHC-stabilized borenium cations
(excluding dihydroxyborenium cations). Counter anions are not shown for clarity of the
scheme.

We have synthesized the adduct 5.16 by reacting 6-SIDipp with PhBClI; in toluene (Scheme
5.7). The 1'B NMR spectrum of 5.16 displays a resonance at 3.4 ppm as a broad singlet. The
molecular structure of 5.16 is determined by single-crystal X-ray studies (Figure 5.18). The B—
C bond length in 5.1 (1.691(3) A) is quite longer compared to the 6-SIDipp-BHs adduct
(1.602(3) A). The B-CI bond distances (1.8861(10) and 1.8769(9) A) are in good agreement
with the previously reported carbene-chloroborane adducts.>® The X-ray structural studies of
5.16 show that the phenyl ring on the boron atom lies parallel to the plane of one Dipp-arene
ring. The molecular ion peak was detected at m/z 563.3173 for 5.16 with the highest relative

intensity.
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i ( )

Figure 5.18. The molecular structure of 5.16. Hydrogen atoms are omitted for clarity. Selected
bond distances (A) and bond angles (deg): C5-N1 1.352(3), C5-N2 1.344(3), B16-C5 1.691(3),
B16-CI1 1.889(2), B16-CI2 1.910(2), B16-C3 1.620(3); N1-C5-N2 116.38(17), N1-C5-B16

122.30(17), N2-C5-B16 120.57(16), C11-B16-CI2 105.77(11).
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Scheme 5.7. Synthesis of phenylchloroborenium (5.17) and phenylhydroxyborenium (5.18).
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We reckon that the displacement of one chloride ligand from 5.16 should result in NHC
stabilized phenylchloroborenium cation. Adopting Ingleson’s strategy,*’ we reacted 5.16 with
one equivalent of AICl3 in toluene, which led to [6-SIDipp-B(Ph)(CI)]" (5.17) with AICls as
the counter anion (Scheme 5.7). The "B NMR spectrum indicates the generation of the
borenium cation, which displays a resonance at 29.5 ppm. It is in good agreement with
Robinson’s [5-IDipp-B(NiPr2)(CI)]" (C), but substantially upfield with respect to Aldridge’s
[6-SIDipp-BBr]" (E) (51.4 ppm). **** The molecular structure of 5.17 is shown in figure 5.19.
5.17 crystallizes in the monoclinic P2/c space group. The B-Cnnuc distance (1.628(11) A) is
significantly reduced from that in 5.16 (1.691(3) A) apparently due to the change in the
hybridization of the boron atom from sp* (in 5.16) to sp® (in 5.17). Due to the m-stacking
interaction, the phenyl ring on the boron atom is parallel with one of the Dipp arene ring leading
to different B—Cips, contacts (2.77 and 2.92 A), which are common to the borenium cations for
bending of the flanking arene rings towards the boron center. The B-Cl distance (1.737(9) A)
is 0.15 A shorter compared to 5.16 due to the electron donation from the chlorine atom to the

electrophilic boron center in 5.17.
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Figure 5.19. The molecular structure of 5.17. Hydrogen atoms are omitted for clarity. Selected
bond distances (A), bond angles (deg) and torsion angles (deg): C35-N2 1.338(9), C35-N1
1.320(9), N2-C31 1.470(9), N1-C32 1.468(10), C35-B1 1.628(11), B1-C1 1.523(12), B1-Cl1
1.737(9), CI12-All 2.136(3), CI3-All 2.131(3); N1-C35-N2 121.0(6), N2-C35-B1 116.7(6),
N1-C35-B1 122.2(6), C11-B1-C35 115.4(6), C35-B1-C1 126.2(7), C11-B1-C1 118.4(6); N1-
C35-B1-C1 —108.6(9), N2-C35-B1-C1 69(1), N1-C35-B1-Cl1 72.0(8), N2-C35-B1-Cll —

110.8(7).

Figure 5.20. The molecular structure of 5.18. Hydrogen atoms except on O2 atom are omitted
for clarity. Selected bond distances (A), bond angles (deg) and torsion angles (deg): N1-C1

1.3330(13), N2-C1 1.3333(14), N1-C4 1.4811(15), N2-C2 1.4783(14), B1-C1 1.6231(16), B1-
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02 1.3830(15), B1-C5 1.5580(17), S1-O5 1.4497(11), C43-F1 1.335(2); N1-C1-N2
121.43(10), N2-C1-B1 119.14(9), N1-C1-B1 119.43(9), C5-B1-02 124.65(10); N1-C1-B1-02

91.08(12), N2-C1-B1-02 89.20(12), N1-C1-B1-C5 88.81(13), N2-C1-B1-C5 —90.91(12).

Encouraged by this result, we decided to test the viability of isolating our target compound,
[B(Ph)OH] " using 6-SIDipp. Deliberate hydrolysis of 5.17 did not furnish the target compound.
In 2014, Curran and co-workers reported the generation of dihydroxyborenium cation [5-
IDipp-B(OH):][OTH] by reacting [5-IDipp-B(X)(OTf)] (X = Cl, OTf) with triflic acid, and
concluded that the hydrolysis happened by the adventitious water.'® So, we reacted 5.16 with
triflic acid and to our delight, the reaction afforded the 6-SIDipp stabilized phenyl hydroxy
borenium cation (5.18) with triflate as a counter anion. The dropwise addition of triflic acid
into the toluene solution of 5.16 at low temperature forms a turbid solution immediately. The
reaction mixture was continued stirring for another two hours at room temperature and dried
completely to give a white precipitate. The colourless crystals of 5.18 were grown from the
concentrated toluene solution at 4 °C and characterized by single crystal X-ray as well as NMR
spectroscopy, and mass spectrometry. The !'B NMR of 5.18 gives a resonance at 28.9 ppm.
The peak at —78.2 ppm in the '°F NMR confirms the presence of the triflate group as the counter
anion. The molecular ion peak with the highest intensity at m/z 509.3700 further confirms the
formation of 5.18. The stretching frequency for the O-H group in 5.18 appears at 3438 cm™.

Figure 5.20 depicts the molecular structure of 5.18, which is, to our knowledge, the first
isolated compound containing a phenylhydroxyborenium cation. 5.18 crystallizes in the
monoclinic P2/n space group. The B—Cupc distance is 1.6231(16) A, which is comparable with
that in 5.16 and the previously reported [6-SIDipp-B(OH)]" (1.614(7) A). The dearth of -R

group is compensated by the hydrogen bonding of the oxygen atom of the triflate group with
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the hydroxyl group at the boron center with a O-H:---O distance 2.736 A. The average B-Cjpso
contacts are 2.86 A, which is marginally longer compared to the Aldridge’s dibromoborenium
(2.786(7) and 2.798(8) A).*¢ Both B-O and the B-Cp bonds are lying perfectly orthogonal to
the planes (torsion angle: N1-C1-B1-02 91.08(12)°, N2-C1-B1-02 89.20(12)°, N1-C1-B1-C5
88.81(13)°, N2-C1-B1-C5 -90.91(12)°.

Cation 5.18 readily reacts with 4-dimethylaminopyridine (4-DMAP) to give 4-DMAP
stabilized boroxine (5.19) at room temperature along with the tetrahydro-pyrimidinium salt
with a triflate anion, 5.20. Though PhB(OH): is known to undergo dehydration reaction at 110
°C for 6 h,>? generation of a boroxine derivative at room temperature from a cationic analogue
of borinic acid is not known. It must be noted here that Braunschweig and co-workers recently
reported the isolation of a cAAC stabilized boroxine by reacting cAAC stabilized diborene
with CO,.%* The separation of 5.19 and 5.20 was done via fractional crystallization. The
molecular structure of 5.19 is shown in figure 5.21. 5.19 crystallizes in the monoclinic P-1
space group. The coordination geometry of the boron atoms in boroxine ring is not equal
because two boron atoms are four-coordinated, while the third one is three-coordinated. As a
result, the B-O bond lengths in 5.20 are not same. As a matter of fact, attempts to prepare
boroxine derivative where all boron atoms are coordinated to DMAP was not successful even
when excess amount of 4-DMAP was used. The B-O bond lengths in 5.19, where the boron
atom is coordinated to DMAP (1.4334(19) and 1.4696(19) A) are longer than B-O bond
lengths, where the boron atom is three coordinated (1.358(2) and 1.355(2) A). The B-N bond
lengths (1.677(2) and 1.648(2) A) are marginally longer than Alcarazo’s carbodiphosphorane
and DMAP stabilized boronium cation.>* In the 'B NMR, 5.19 gives a resonance at 20.5 ppm
for due to a fast exchange of the two DMAP molecules across the three boron centers. In the

HRMS spectrum, the molecular ion peak at m/z 405.3256 approves the formation of 5.19.
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Figure 5.21. The molecular structure of 5.19. Hydrogen atoms are omitted for clarity.
Selected bond distances (A) and bond angles (deg): B1-O1 1.419(2), B2-O1 1.4334(19), B2-
03 1.4696(19), 0O2-B1 1.4766(19), O2-B11 1.358(2), B11-O3 1.355(2), B1-N2 1.677(2), B2-
C27 1.627(2), B1-C18 1.623(2), B2-N3 1.648(2), B11-C12 1.588(2); B1-02-B11 119.12(12),

B2-03-B11 121.12(12), B1-O1-B2 122.26(11).

5.7. 6-SIDipp stabilized dihydroxyborenium cations:

The preparation of borenium cations relies on two main approaches: (a) the replacement
of X in R2B-X by a free NHC or (b) by reacting an acid (HX) with NHC-BR2H. The Curran’s
group reported the dihydroxyborenium cation by treating 5-IDipp-BH(X)OTf (X = Cl, OTf)
with excess TfOH in 5 days.'® Here, we have isolated a new dihydroxyborenium cation 5.21;

the cationic analogue of phenyl borenic acid, in a seemingly simple way by reacting 5.1 with

Bro/H-0.

/Dipp /Dipp Br /Dipp

N Bry/H,0 N @_o-H N OH
>:—> BH3 —(B + >:—> B‘O"H
N Toluene N \O—H N N

\ RT, 3h \ \ O-H
Dipp Dipp Dipp

5.1 5.21 5.22

Scheme 5.8. Preparation of a dihydroxy borenium cation 5.21 in a single step from 5.1.
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The reaction of 5.1 with bromine water led to an immediate color change from colorless to
yellow and afforded a 6-SIDipp stabilized dihydroxyborenium cation (5.21) at room
temperature in 3 h (Scheme 5.8). Yellow color crystals were grown from the saturated toluene
solution at 4 °C. Along with 55% of the yellow crystals of 5.21, a 7% yield of colorless crystals
was found, which was the 6-SIDipp-B(OH)s adduct, 5.22. Both the compounds are separated
by fractional crystallization. There is no report of the formation of NHC-B(OH)3 type Lewis
adducts so far. Both 5.21 and 5.22 were characterized with single-crystal X-ray studies (Figures
5.22 and 5.23). The B NMR spectrum gives a singlet at 25.4 ppm for 5.21 and —5.2 ppm for
5.22. The cyclic voltammogram of 5.21 exhibits reversible redox wave at Ep red = —1.7 V, and

oxidation at Ep, oxa = 0.56 V, respectively.

Figure 5.22. The molecular structure of 5.21 (except hydrogen atoms attached to the oxygen
atom, other hydrogen atoms are omitted for the clarity of the picture). Selected bond lengths
(A), angles (deg) and torsion angles (deg): N1-C5 1.321(4), C5-B1 1.614(7), B1-02 1.344(7),
B1-03 1.341(7), 02/03-H2/H3 0.80(7); N1-C5-N1° 121.5(4), N1-C5-B1 119.2(2), 03-B1-02
127.7(5); N1-C5-B1-02 -90.4(4), N1°-C5-B1-02 90.4(4), N1-C5-B1-03 89.6(4), N1’-C5-B1-

03 -89.6(4).
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Figure 5.23. The molecular structures of 5.22 (hydrogen atoms are omitted for the clarity of
the picture). Selected bond lengths (A), angles (deg): N1-C33 1.3338(17), C33-B2 1.683(4),
B2-0O1 1.326(5), B2-02 1.282(4), B2-03 1.381(4); N1-C33-N1’, 118.74(19), C33-B2-01
110.6(3), 01-B2-02 115.1(4).

5.21 crystallizes in the orthorhombic Pnma space group (Figure 5.22). The boron atom adopts
a trigonal planar (03-B1-02 bond angle is 127.7(5)°) environment with the B-O distances of
1.344(7) and 1.341(7) A, which are substantially shorter than the typical B—O single bond (>1.5
A). The B-O bonds are perfectly orthogonal to the plane (torsion angles (deg) N1-C5-B1-02 —
90.4(4), N1°-C5-B1-02 90.4(4), N1-C5-B1-O3 89.6(4), N1’-C5-B1-03 —89.6(4)). The
hydroxyl groups attached to the boron atom in 5.21 involve in hydrogen bonding with the
bromide anion, which presumably stabilizes the dihydroxyborenium cation via formation of a
six-membered ring with O—H---Br bond distances of 2.422 and 2.466 A.

With 5.10 in hand, we attempted its reaction with two equivalents of TfOH, which smoothly
afforded a stable dihydroxyborenium cation with a triflate anion [6-SIDipp-B(OH)2]"OTf",
5.23 (Scheme 5.9) within only 2 h. Colorless crystals of 5.23, which crystallizes in the

orthorhombic Pbca space group were grown from the saturated toluene solution (Figure 5.24).
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5.23 is air-stable, but gradually decomposes in the presence of THF and Et2O to [6-SIDipp-
H]*OTf. The !B NMR chemical shift for 5.23 was detected at 21.08 ppm, reflecting a tri-
coordinate boron environment. The molecular ion peak for 5.23 was identified at m/z 599.3036
in the HRMS spectrum. Anion exchange reaction of 5.23 with AgSbFs in CH2Cl, at low
temperature led to the replacement of the OTf anion with the SbFs~ moiety (5.24). Unlike 5.23,
the latter is not very stable and decomposes with time to tetrahydropyrimidinium salt with
SbFe~as a counter anion as confirmed by single-crystal X-ray studies. In the molecular structure
of 5.24 (Figure 5.25), there are two molecules among which one belongs to 5.24, and another

one is the decomposed pyrimidinium salt.

/Dipp Dipp
N TfOH N O-H----0 (o]
€ >:—>BHC|2 - >:—>@B/ >S<
N Toluene, “0-H---0" CF,
\ _ RT, 2h \ ©)
Dipp Dipp
5.10 5.23
Toluene,
RT, 2h
Dipp
N/ SbFS
: @ /O—H
— B
N “O-H
Dipp
5.24

Scheme 5.9. Preparation of a dihydroxy borenium cation 5.23 with a triflate anion and its anion

exchange reactivity.
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Figure 5.24. The molecular structure of 5.23 (except hydrogen atoms attached to the oxygen
boron atom, other hydrogen atoms are omitted for the clarity of the picture). Selected bond
lengths (A), angles (deg) and torsion angles (deg): N1-C4 1.325(3), N2-C4 1.330(3), B1-C4
1.610(4), B1-01 1.347(3), B1-02 1.337(3), 01/02-H1/H2 0.8400, S1-O4 1.4585(19), S1-0O5
1.4365(19), S1-06 1.427(2); N1-C4-N2 120.9(2), N1-C4-B1 120.0(2), N2-C4-B1 119.1(2),
01-B1-02 129.7(3); N1-C4-B1-O1 —85.5(3), N1-C4-B1-02 94.1(3), N2-C4-B1-01 96.3(3),

N2-C4-B1-02 -84.1(3).

F7

Sh2

Figure 5.25. The molecular structures of 5.24. Selected bond lengths (A), angles (deg): N3-

C29 1.324(11), N4-C29 1.460(10), C29-B1 1.636(14), B1-O1 1.347(12), B1-02 1.336(13),
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Sbh2-F7 1.869(7); N3-C29-N4 121.9(8), N3-C29-B1 117.0(8), N4-C29-B1 121.0(8), C29-B1-

01 116.1(8), 01-B1-02 129.7(10).

D|pp
AONOs > B
Toluene —O
i RT, 12 h -
N/Dlpp D|pp o/
{ >Z — PhBCl, 5.25
N\ D
Dipp PP
5.16 | 2AgNO; < > _ B o—
Toluene o
RT, 12 h D|pp \N§O
|l
5.26 O

Scheme 5.10. Nucleophilic substitution reaction of 5.16 with AgNO:s.

5.8. Nucleophilic substitution at 6-SIDipp-PhBCl: center:

Treatment of 5.16 with one and two equivalents of AgNO3 in toluene afforded good yield
of mono- and di- nitrate substituted 6-SIDipp-boranes, respectively (5.25 and 5.26, Scheme
5.10). It must be noted here that functional group such as ONO; is seldom found bonded to
boron atoms. The ''B NMR of 5.25 display characteristic resonance signal at 5.7 ppm. The ''B
NMR of 5.26 exhibits a resonance at —1.4 ppm in the solid-state NMR along with the formation
of very minor peak at 19.4 ppm, which is indicative of a three-coordinated boron species.
Despite repetitive attempts, we could not observe any other upfield resonance. We assume that
5.26 undergoes slow degradation to an unknown three coordinate boron species that we could
not identify. The solid-state structures of 5.25 and 5.26 were confirmed by X-ray
crystallographic analysis. 5.25 crystallizes in the monoclinic space P2/n space group (Figure
5.26). The B-Cl bond length in 5.25 (1.955(7) A) is little longer compared to those in 5.16, and

it is orthogonal to the plane (torsion angle: N1-C7-B1-Cl1 —87.7(3)°, N2-C7-B1-CI1 81.8(3)°).
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5.26 crystallizes in the triclinic P-1 space group (Figure 5.27). The B-O distances in 5.26
(1.5197(17) and 1.5019(17) A) are marginally longer than that in 5.25 (1.479(4) A). In the
HRMS mass spectrum, the molecular ion peak with the highest intensity at m/z 590.3353 is the

characteristics for 5.25.

Figure 5.26. The molecular structure of 5.25. Hydrogen atoms are omitted for clarity. Selected
bond distances (A), bond angles (deg), and torsion angles (deg): C7-N1 1.347(4), C7-N2
1.337(4), N1-C10 1.478(4), N2-C8 1.465(4), B1-C7 1.671(5), B1-Cl1 1.955(7), B1-Cl1
1.617(5), B1-03 1.479(4), N3-02 1.220(4), N3-O1 1.204(4), N3-03 1.319(4); N1-C7-N2
117.7(3), N2-C7-B1 120.0(2), N1-C7-B1 121.5(2), C7-B1-03 102.2(2), C7-B1-Cl1 96.9(3),
O1-N3-02 123.7(4); N1-C7-B1-CI1 —87.7(3), N2-C7-B1-Cl1 81.8(3), N1-C7-B1-03 25.5(4),

N2-C7-B1-03 —165.0(3).
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Figure 5.27. The molecular structure of 5.26. Hydrogen atoms are omitted for clarity. Selected
bond distances (A), bond angles (deg), and torsion angles (deg): C5-N1 1.3502(17), C5-N2
1.3406(17), B1-CS5 1.6942(19), N2-C19 1.4858(17), N1-C17 1.4835(17), B1-C30 1.603(2),
B1-O6 1.5197(17), BI1-O5 1.5019(17), N3-O5 1.3798(15), N4-O6 1.3604(15), N3-03
1.214(5), N4-O1 1.2126(16); NI1-C5-N2 118.09(12), N1-C5-B1 117.41(11), N2-C5-Bl1
124.15(11), C5-B1-06 108.07(11), C5-B1-O5 103.05(10), C5-B1-C30 119.50(11), O5-B1-06
109.04(11); C17-N1-C5-B1 162.71(12), C19-N2-C5-B1 -166.92(12), N2-C5-B1-C30 —
108.04(15), N1-C5-B1-C30 78.92(16), N1-C5-B1-06 —41.36(15), N1-C5-B1-O5 -156.69(11),

N2-C5-B1-05 16.35(17), N2-C5-B1-06 131.68(12).

5.9. Conclusion:

While the body of work on carbene-borane chemistry is growing, the carbene component
has been restricted to two classes of carbenes: (a) Arduengo type five-membered NHC and (b)
CAAC. Here, we have introduced a new NHC, 6-SIDipp for NHC-borane chemistry, and
described a detailed study of substitution reactions of 6-SIDipp-BH3 (5.1). These results have

uncovered the facile substitution to the coordinatively saturated sp® boron atom in 6-
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SIDipp-BHz with a range of functional groups such as bromide (5.8, 5.9), iodide (5.2 and 5.3),
triflate (5.4 and 5.6), ONO> (5.5 and 5.7) chloride. It is interesting to note that prototypical
Arduengo type NHCs do not yield such double substitution upon halogenation. 5.1 was also
found to generate a novel dihydroxyborenium ion (5.21) just by reacting with bromine water
at room temperature in 3 h. We have also demonstrated the ability of a six-membered NHC (6-
SIDipp) for stabilizing borenium cations. For this purpose, we have first prepared 6-
SIDipp-PhBCIl; adduct (5.16). The reaction of 5.16 with AICI3 led to the first borenium cation
of composition [6-SIDipp-B(Ph)(CI)]* (5.17). Analogous reaction with triflic acid resulted in
[6-SIDipp-B(Ph)(OH)]* (5.18), which can be considered as the cationic analogue of less
illustrated phenylborinic acid. Attempts to do the Lewis base exchange reaction with 4-DMAP
led to the formation of an unusual boroxine (5.19) where the boron atoms are differently
coordinated. 5.16 is also amenable towards nucleophilic substitution reaction with AgNOs
furnishing 6-SIDipp-PhBCI(ONO2) (5.25) and 6-SIDipp-PhB(ONO2)2 (5.26). It can be
mentioned that examples of structurally characterized boranes with ONO; functionality are
relatively scarce. Interestingly, 9-BBN forms an adduct with 6-SIDipp (5.11) which undergoes
ring expansion to a seven membered ring (5.12) at room temperature. Finally, the stronger
nucleophilic properties of six-membered NHC (6-SIDipp) than those of typical five-membered
NHCs was epitomized in the 1,1-activation of the B-H bond of HBpin (5.13) at the carbene
carbon. Although CAAC was shown to exhibit such reactivity, no NHC has been known to add

the B-H bond of HBpin in this fashion.
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6.1: Experimental details for chapter-2
6.1.1. Synthesis and Characterization of Compounds 2.1-2.11

Synthesis and Characterization of Compound 2.1

Dipp F, F
H N
Hj:@},‘ F
He N
Dipp F F
21

Benzene (10 mL) was charged in a Schlenk flask containing 5-SIPr (0.2 g, 0.51 mmol) and CsFs
(0.190 g, 1.02 mmol). The reaction mixture was stirred at room temperature for 15 min. The color
of the reaction mixture was changed from yellow to brown. A greenish yellow precipitate was
separated through cannula filtration from the reaction mixture. The volatiles were removed in
vacuum and the resulting residue was washed with n-hexane (5 mL) to give 2.1 as a greenish
yellow solid. 2.1 was dissolved in CHClI3 (3 mL) and was kept at 4 °C in a freezer for 5-7 days to
afford colorless crystals suitable for single crystal X-ray analysis. Yield: 0.22 g (77.8 %). MP:
198.6 °C.

H NMR (400 MHz, 298 K, CDClg): § =1.18 (d, J = 6.62 Hz, 12H, CH(CH3)2), 1.25 (d, J =7.39
Hz, 12H, CH(CHs)), 2.98 (br sept, J = 6.73 Hz, 4H, CHCH), 4.34 (s, 3H, N-CH,CH-N), 7.21 (d,
J=7.42 Hz, 4H, meta-Ar-H), 7.39 (t, J = 6.95 Hz, 2H, para-Ar-H) ppm

BBC{*H} NMR (101 MHz, 298 K, CDCls): § = 23.12, 26.81 (HCMey), 29.59 (HCMey), 53.15 (N-
CH2CH-N), 125.34, 130.94, 132.13 (Ar-Ce¢Has), 146.17 (ipso-CeHz) ppm, C(CeFs) and C(CeFs)
were not detected due to signal broadening (*°F coupling)

E{IH} NMR (377 MHz, 298 K, CDCls): § = -113.29 (s, 1F, para-Ar-F), -141.90 (d, Jrr = 18.31

Hz, 2F, ortho-Ar-F), -166.89 (d, Jrr = 18.31 Hz, 2F, meta-Ar-F) ppm
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HRMS (CH3CN): m/z Calcd. for CssHs7FsN2 [M]*556.1871, found 556.3005
Elemental analysis: Calcd. C, 71.20; H, 6.70; N, 5.03; Found. C, 70.5; H, 6.27; N, 4.89. Due to

the sensitivity of the crystals the analytical values show deviations from the calculated one.

Synthesis and Characterization of Compound 2.2
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\
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2.2

CeFs (0.190 g, 1.02 mmol) was added to 3 ml benzene solution of 5-SIPr (0.2 g, 0.51 mmol) at
room temperature. After 15 min the reaction mixture was again cooled to -30 °C and 0.5 equivalent
of 2 ml benzene solution of 5-SIPr (0.1 g, 0.26 mmol) was added to the reaction mixture. The
reaction was kept for 2-3 h at room temperature and a precipitate was formed. 5 ml of
dichloromethane was added to dissolve the precipitate. Finally, it was concentrated and kept for
crystallization at 4 °C. Colorless crystals of 2.2 were isolated after 2 days which was characterized
by single crystal X-ray study. Yield: 0.140 g (64.2 %). MP: 198.6 °C.

IH NMR (400 MHz, 298 K, CDCls): 6 = 0.75-1.29 (m, 24H, 2CH(CHs3)2), 2.79 (br sept, J = 6.73
Hz, 4H, CHCH3), 4.92 (s, 4H, N-CH2CH2-N), 8.09 (s, 1H, N-CH-N), 15.89 (s, 2H, HF2) ppm
19F{!H} NMR (377 MHz, 298 K, CDCls): d = -162.42 (s, 2F, HF2) ppm

HRMS (CHsCN): m/z Calcd. for Ca7HaoF2N2[M]* 430.3108, found [ M-HF2] 391.3105.

Synthesis and Characterization of Compound 2.3
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: 'Ié/B(C6F5)3

Dichloromethane (5 mL) solution of 2.1 (0.2 g, 0.36 mmol) was added to the THF (5 mL) solution
of B(CeFs)3 (0.185 g, 0.36 mmol) drop by drop at -78 °C. The reaction mixture was allowed to
come at room temperature to give rise a golden yellow solution in 12 h. The volatiles were removed
in vacuum and extracted with THF (5 mL). Concentration of the THF solution resulted in the
crystals of 2.3. Yield: 0.32 g (85.34 %). MP: 141.6 °C.

IH NMR (400 MHz, 298 K, DMSO-ds): = 1.00-1.35 (m, 24H, CH(CHs)2), 2.91, 3.08 (br sept,
J = 6.73 Hz, 4H, CHCHs), 4.53 (s, 2H, N-CH2-CH-N), 4.64 (s, 1H, N-CH2-CH-N), 7.32 (m, 4H,
Ar-H), 7.43 (m, 2H, Ar-H) ppm

BBC{'H} NMR (101 MHz, 298 K, DMSO-ds): § = 21.80, 25.09 (HCMe), 26.80, 28.04 (HCMe),
53.89, 54.78 (CH,CH), 125.50, 127.66, 132.09 (Ar-CeHs), 146.61 (ipso-Ar-CeHs) ppm, C(CsFs)
and C(CgFs) were not detected due to signal broadening (*°F coupling)

18F{H} NMR (377 MHz, 298 K, DMSO-ds): 5 = -134.56 to -134.92 (m, 6F, ortho-CsFs), -136.88
(d, Jer = 16.02 Hz, 2F, ortho-CsF4), -155.98 (d, Jer = 20.60, 1F, bridging F), -158.91 (t, Jrr =
22.89, 2F, meta-CeF4), -160.62 (t, Jrr = 22.89, 3F, para-CeFs), -165.06 to -165.50 (m, 6F, meta-
CeFs) ppm

LB{1H} NMR (128 MHz, 298 K, DMSO-ds): -0.81 (d, J = 79.41 Hz, 1B, B(CcFs)3) ppm

HRMS (CHsCN): m/z Calcd. for Cs1Hz7BF2oN2 + Na™ [M+Na*] 1091.2623, found 1091.2629
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Elemental analysis: Calcd. (%) for CsiHs7BF20N2 [1068.27 gmol™]: C 57.32, H 3.49, N 2.51;

found: C 57.27, H 3.58, N 2.62

Synthesis and Characterization of Compound 2.4
Ar R F

N o
E@; CF3 0.5 [SiFg] 2

N

\

Ar F F
2.4

In a Schlenk tube, 5-SIPr (0.2 g, 0.51 mmol) was dissolved in benzene (5 mL) and CeFs(CF3)
(0.12 g, 0.51 mmol) was added to the solution at -30 °C. The reaction was instantaneously changed
to green and finally yellow after 1h. The volatiles were removed in vacuum and the resulting
residue was washed with n-hexane (5 mL) to give 2.4 as a yellow solid. Benzene (2 mL) solution
of 2.4 was kept at room temperature to afford a colorless crystal of 2.4 suitable for X-ray analysis.
Yield: 0.28 g (79.0%), MP: 155.3 °C.

IH NMR (400 MHz, 298 K, DMSO-ds): J = 1.15 (d, J = 6.10 Hz, 12H, CH(CHs3)2), 1.30 (d, J =
6.71 Hz, 12H, CH(CHs)2), 3.03 (br sept, 4H, CHCHs), 4.58, 4.76 (s, 4H, N-CH2CH,-N), 7.40 (m,
4H, meta-Ar-H), 7.53 (t, 2H, J=7.93 Hz, para-Ar-H) ppm

BBC{*H} NMR (101 MHz, 298 K, DMSO-ds): d = 22.23, 26.67 (HCMey), 28.34 (HCMey), 54.80
(CH2CH), 125.57, 128.52, 131.79 (Ar-CeHs), 145.83 (ipso-Ar-CeHs) ppm, C(CsFs) and C(CsFs)
were not detected due to signal broadening (*°F coupling)

1F{!H} NMR (377 MHz, 298K, DMSO-ds): d = -56.42 (t, Jsr = 27.47 Hz, 3F, CF3), -124.62 (s,
6F, SiFe®), -131.82 (s, 2F, ortho-Ar-F), -137.11 (m, Jer = 9.15 Hz, 2F, meta-Ar-F) ppm

HRMS (CHsCN): m/z Calcd. for CsaHasF7N2 [M-0.5 SiFs] 607.2918, found 607.2921

Elemental Analysis: Calcd. C, 67.20; H, 6.30; N, 4.61; Found. C, 67.75; H, 6.56; N, 4.57
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Synthesis and Characterization of Compound 2.5

\\_ Ar F, F
Re N
F—B—F._ @;>—<j §>—0F3
F ‘H—N\

ArF F
25

To a solution of 5-SIPr (0.2 g, 0.18 mmol) in 5 mL of benzene, CsFs(CF3) (0.12 g, 0.51 mmol)
was added at -30 °C. The mixture was stirred for 30 min and trifluoroboranediethyletherate (0.062
mL, 0.51 mmol) was added drop by drop at -30 °C to the reaction mixture. The resulting solution
color was changed to light greenish immediately with the formation of a white precipitate. After
stirring for further 1 h at room temperature, the volatiles were removed under vacuum and
extracted through the frit filtration with dichloromethane (5 mL). Colorless crystals appeared after
keeping the dichloromethane (2 mL) solution at 4 °C for 1 day. Yield 0.3 g (85 %), MP: 141.6 °C.
IH NMR (200 MHz, 298 K, CDCl3): 6 = 1.17 (d, J = 6.10 Hz, 12H, CH(CHa),), 1.35 (d, J = 6.10
Hz, 12H, CH(CH3)2), 3.00 ( sept, J = 5.49, 4H, CHCH3), 3.57 (s, 1H, NH), 4.82 (s, 3H, CH,=CH),
7.25 (d, J = 7.93 Hz, 4H, Ar-H), 7.462 (t, J = 7.32, 2H, Ar-H) ppm

BC{H} NMR (101 MHz, 298 K, DMSO-ds): § = 22.72, (HCMe), 26.78, 29.09 (HCMey), 55.12
(CH2CH), 125.51, 128.45, 132.08 (Ar-CsHz3), 146.37 (ipso-Ar-CgHs) ppm, C(CsFs) and C(CeFs)
were not detected due to signal broadening (*°F coupling)

PE{IH} NMR (377 MHz, 298 K, DMSO-ds): 6 = -56.70 (t, J = 22.89 Hz, 3F, CF3), -129.49 (m,
2F, ortho-Ar-CF), 134.95 (m, 2F, meta-Ar-CF), -149.65 (s, 1F, BF, attached with N-H via H
bonding), -152.30 (s, 3 F, BF4, remaining 3F) ppm

UB{*H} NMR (128 MHz, 298 K, DMSO-de): 4.26 (s, 1B, BF4) ppm
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HRMS (CH3CN): m/z calculated for CssHasBF11N2 694.4816, found 607.2916 (M-BFy)

Elemental Analysis: Calcd. C, 58.80; H, 5.52; N, 4.03; Found. C, 58.63; H, 5.45; N, 4.41

Synthesis and Characterization of Compound 2.6

Pentafluoropyridine (0.261 g, 1.53 mmol) was added to a solution of IDipp (0.2 g, 0.51 mmol) at
0 °C, in 10 mL of toluene and n-hexane mixture. An immediate formation of yellow precipitate
was noticed after coming to room temperature. The resulting mixture was stirred for 15 minutes
and the precipitate was filtered through a cannula followed by washing with n-hexane and diethyl
ether. The solution was dried in vacuum and kept for crystallization with the mixture of
tetrahydrofuran (5 mL) and toluene (2 mL). Yellow crystals came after keeping this solution at 4
°C for 2-3 days with a yield of 0.468 g (56 %). MP: decomposition at 120 °C.

IH NMR (200 MHz, 298 K, CDCls): 6 = 1.26-1.16 (m, 24 H, CH(CHs)2), 2.41 (sept, J = 6.87 Hz,
4 H, CH(CHs)2), 7.33 (d, J = 8.39 Hz, 4 H, meta-Ar-H), 7.58 (t, J = 7.63 Hz, 2 H, para-Ar-H),
15.05 (br s, 1H, HF>) ppm

BBC{'H} NMR (101 MHz, 298 K, CDCl3): 6 = 15.21 (CHs, diethyl ether) 22.65, 26.92 (HCMey),
29.08 (HCMey), 65.84 (CH20, diethyl ether), 55.31 (tetrahydrofuran), 125.02 (NCH=CHN)
125.54, 128.13, 132.24 (Ar-CeHs), 125.40, 127.67, 128.58, 129.04, 131.59, 131.83 (CsFsN),

146.25 (ipso-CeHs), 157.14 (NCN) ppm
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F{H} NMR (377 MHz, 298 K, CDCls): 6 =-168.49 (br s, 2 F, HF2), -135.04 (m), -133.77 (m),
-123.52 (m), -120.18 (d = 27.62 Hz)), -83.82 (m), -82.48 (d, J = 31.57 Hz) ppm

Elemental analysis: calcd (%) for Ca2HssF12Ns [837.27 gmol™]: C 60.22, H 4.21, N 8.36; found:

C60.47,H4.01,N8.21

Synthesis and Characterization of Compound 2.7

He N>_§:<<

2.7

Pentafluoropyridine (0.17 g, 1.02 mmol) was added to a hexane solution of SIDipp (0.2 g, 0.51
mmol) at 0 °C. An immediate formation of yellow precipitate was noticed after coming to room
temperature. The resulting mixture was stirred for 1 hour at that temperature. The precipitate was
filtered through a cannula followed by washing with n-hexane. The solution was dried in vacuum.
Yellow powder of 2.7 was collected with a yield of 0.350 g (65%). MP: decomposition at 120 °C.
IH NMR (500 MHz, 298 K, CDCls): 6 = 1.30-1.16 (m, 12H, CH(CHs)2), 3.00 (sept, J = 6.38 Hz,
4H, CH(CHs)2), 4.65 (s, 1H, N-CH2CH-N), 5.00 (s, 2H, N-CH2CH-N), 7.19-7.43 (m, 6H, Ar-H)
pPpm

BC{H} NMR (101 MHz, 298 K, CDCls): § = 22.65, 23.67 (HCMe), 26.88, 28.99 (HCMey),
54.42,56.03 (CH2CH), 125.43, 128.37, 132.04 (Ar-CeHs), 124.80, 125.07, 129.77, 130.98, 131.31
(CsFaN), 146.25 (ipso-CsHs) ppm

18F{H} NMR (377 MHz, 298 K, CDCls): 6 = -132.93 (s, 2F, meta-Ar-CsF4N) -83.74 (s, 2F,

ortho-Ar-CsFsN) ppm
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Elemental analysis: calcd (%) for Cs2Ha7FaN3 [539.66 gmol™]: C 71.22, H 6.91, N 7.79; found:

C71.27,H6.58, N 7.62

Synthesis and Characterization of Compound 2.8
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Pentafluoropyridine (0.086 g, 0.51 mmol) was added to a solution of SIDipp (0.2 g, 0.51 mmol) at
0 °C, in 10 mL of THF. The resulting mixture was stirred for 30 minutes at room temperature and
trifluoroboranediethyletherate (0.065 mL, 0.051 mmol) was added drop wise at -78 °C. The
solution became colorless immediately. After stirring the reaction mixture for further 30 minutes
at room temperature, the solution was dried in vacuum and extracted through a frit with the mixture
of tetrahydrofuran and dichloromethane. Colorless crystals came after keeping this solution
mixture at - 36 °C for 45 days with a yield of 0.29 g (48 %). MP: decomposition at 72 °C.

IH NMR (200 MHz, 298 K, CDCls): § = 1.19 (d, J = 6.10 Hz, 12H, CH(CH3)), 1.37 (d, J =
6.87 Hz, 12H, CH(CH?3)2), 3.01 (sept, J = 6.87 Hz, 4H, CH(CHs),, 4.87 (bs, 2H, NH), 7.23(d, J =
8.39 Hz, 4H, meta-Ar-H), 7.47 (t, J = 7.63 Hz, para-Ar-H) ppm

BBC{IH} NMR (101 MHz, 298 K, CDCls): 6 = 22.63, 23.72 (HCMe), 26.86, 29.08 (HCMey),
55.31 (CH2Cly, dichloromethane) 125.55, 128.16, 132.24 (Ar-Ce¢Hs), 124.44, 136.40, 139.11
(CsFaN), 146.34 (ipso-CeHs), 157.14 (NCN) ppm

19F{'H} NMR (377 MHz, 298 K, CDCls): 6 = -153.18 (s, 4F, 2BF4), -132.86 (s, 2F, meta-Ar-

CsF4N), -83.61 (s, 2F, ortho-Ar-CsFsN) ppm
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HB{*H} NMR (128 MHz, 298 K, CDCls3): -1.05 (br s, 1B, BF4) ppm
Elemental analysis: calcd (%) for CsoHasFsBN3 [601.43 gmol™]: C 59.91, H 6.03, N 6.99; found:

C59.11, H5.61, N 6.12

Synthesis and Characterization of Compound 2.9

Pentafluoropyridine (0.85 g, 0.51 mmol) and B(CsFs)3 (0.52 g, 1.02 mmol) were added to a toluene
solution (20 mL) of SIDipp (0.60 g, 1.53 mmol) at 0 °C. The resulting solution was changed to
pink color after coming to room temperature. After stirring for further 1 hour at room temperature,
we have collected an aliquot of 0.5 mL to monitor the reaction by NMR spectroscopy, which
revealed multiple product formation. The solution was subsequently filtered through a frit. Storing
the solution at 4 °C for 2-3 days resulted in colorless crystals of 2.9. Yield 0.26 g (28 %).

IH NMR (500 MHz, 298 K, CDCls): 6 = 1.20-1.35 (m, 12H, CH(CHs)2), 2.87 (sept, J = 6.5 Hz,
4H, CH(CHa)2), 4.41 (s, 4H, N-CH2CH,-N), 7.31-7.53 (m, 12H, Ar-H), 8.78 (s, 1H, N-CH-N) ppm
BBC{H} NMR (101 MHz, 298 K, CDCls): 6 = 23.84, 24.48 (HCMe), 28.15, 29.37 (HCMey),
53.59, 55.19 (CH2CH,),122.38, 123.38, 124.90, 129.48, 134.13, 135.41, 137.24, 146.69, 147.47,
148.53 (3*C¢Fs), 125.18, 128.57, 131.95 (Ar-CsHs), 145.63 (ipso-CsHs), 160.06 (N-CH-N) ppm
BE{*H} NMR (377 MHz, 298 K, CDCls): § = -109.91, -119.91, -124.85, -127.78, -130.91, -
133.50, -135.65, -158.47, -162.62, -164.62, -166.19, -166.99 (15 F, 3*CeFs) -135.73 (d, J = 31.21
Hz, 1 F, B-F) ppm

LB{*H} NMR (128 MHz, 298 K, CDCls): -15.55 (SIDipp-B(CsFs)3, -4.19 (s, 1B, FB(CsFs)3)

ppm.
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Synthesis and Characterization of Compounds 2.10 and 2.11
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Tetrafluoropyridine (0.038 g, 0.255 mmol) was added to a solution of IDipp (0.2 g, 0.51 mmol) at
0 °C, in 10 mL of toluene and hexane mixture. An immediate formation of yellow precipitate was
noticed after coming to room temperature. The resulting mixture was stirred for 15 minutes at that
temperature. The precipitate was filtered through a cannula followed by washing with pentane.
The saturated dichloromethane solution (5 mL) was kept for crystallization at 4 °C. Yellow crystals
of 2.11 along with few crystals of 2.10 came after 2-3 days.

IH NMR (500 MHz, 298 K, CDCls): ¢ = 1.24-1.02 (m, 48H, CH(CHa)2), 2.44 (m, 8H, CH(CHsz)y),
7.59 (m, 1H, CsF2HN), 8.49-9.06 (s, 4H, 2*CH=CH) ppm; 7.43-7.16 (m, 12H, Ar-H) ppm
BBC{H} NMR (101 MHz, 298 K, CDCls): 6 = 22.37, 25.49 (HCMey), 29.23 (HCMey), 124.42,
124.78 (NCH=CHN), 128.18, 128.99, 132.05, 132.37 (Ar-CeHs), 125.25, 128.01, 127.67, 128.85,
130.35, 131.37 (CsF2HN), 146.23 (ipso-CeHs)

18F{H} NMR (377 MHz, 298 K, CDCls): 6 =-130.14 (br s, 6F, SiFe?), -124.07 (d, J = 27.62 Hz,

1F), -84.60 (d, J = 27.62 Hz, 1F) ppm.

6.1.2. Crystallographic data for the structural analysis of compounds 2.1-2.6, 2.8, and 2.11:

Single crystals of 2.1 and 2.4 were mounted on a Super Nova Dual Source X-ray Diffractometer
system (Agilent Technologies) equipped with a CCD area detector and the X-ray generator was

operated at 50 kV and 0.8 mA to generate Mo-Ka radiation (A = 0.71073 A) and Cu-Ka radiation
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(L = 1.54178 A) at 100(2) K. Data reduction was performed using CrysAlisPro software.*
Remaining crystals (2.2, 2.3, 2.5, 2.6, 2.8, 2.9, and 2.11) were mounted on a Bruker SMART
APEX II single crystal X-ray CCD diffractometer having graphite monochromatised (Mo-Ko =
0.71073 A) radiation at low temperature 100 K. The X-ray generator was operated at 50 kV and
30 mA. The X-ray data acquisition was monitored by APEX2 program suit. The data were
corrected for Lorentz-polarization and absorption effects using SAINT and SADABS programs
which are an integral part of APEX2 package.? The structures were solved by direct methods and
refined by full matrix least squares, based on F2, using SHELXL. Crystal structures were refined
using Olex2-1.0 software. Anisotropic refinement was performed for all non-H atom. The C-H
hydrogen atoms were calculated using the riding model.>* The structures were examined using the
ADSYM subroutine of PLATON to assure that no additional symmetry could be applied to the
models. The molecular weight of each structure mentioned herein has been calculated considering
the solvent molecules trapped in the crystal. Mercury software was used to prepare packing
diagrams and molecular interactions.*

Crystal Data for Compound 2.1 (CCDC 1868728). CasH3aFsN2Clg (2.1-2CHCI3), M = 795.38,
colorless, 0.28 x 0.25 x 0.21 mm?, triclinic, space group P-1, a = 10.5133(4) A, b = 19.4207(9) A,
c =20.7354(9) A, a = 74.723(4)°, B= 79.836(4)°, y = 89.317(4)°, V = 4017.3(3) A%, 2 =4, T =
100 K, 26hax = 50°, Deaic (g cm~3) = 1.315, F(000) = 1640, x (mm™) = 0.48, 14122 reflections
collected, 32048 unique reflections (Rint = 0.029), 9830 observed (I > 2o (1)) reflections, multi-
scan absorption correction, Tmin = 0.875, Tmax = 0.905, 346 refined parameters, S = 1.099, R1 =
0.078, wR2 =0.303 (all data R = 0.1057, wR2 = 0.2626), maximum and minimum residual electron

densities; Apmax = 1.18, A pmin=-0.81 (eA™3).
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Crystal Data for Compound 2.2 (CCDC 1872249). C29H44ClsF2N2, M = 600.46, colorless, 0.10
x 0.10 x 0.08 mm3, Monoclinic, space group P21/c, a=10.817(3) A, b=16.139(4) A, ¢ = 18.616(5)
A, a=vy=90°, B=97.246(13)°, V = 3224.1(15) A%, Z = 4, T = 100 K, 26hmax= 54.2°, Dcaic (g cm™
%) =1.237, F(000) = 1272, 1 (mm™1) = 0.400, 49988 reflections collected, 7013 unique reflections
(Rint = 0.025), 6510 observed (I > 2o (I)) reflections, multi-scan absorption correction, Tmin =
0.705, Tmax = 0.746, 355 refined parameters, S = 1.11, R1 = 0.036, wR2 = 0.120 (all data R =
0.0487, wR2 = 0.1367), maximum and minimum residual electron densities; 4pmax = 0.62, 4,0min =
-0.86 (eA®).

Crystal Data for Compound 2.3 (CCDC 1868731). C114Ha0B2F40N40s3, colorless, 0.20 x 0.17 x
0.13 mm?, monoclinic, space group P2i1/c, a = 11.923(5) A, b = 14.962(6) A, ¢ = 30.699(14) A, «
=y =90° S =100.096(18), V = 5391(4) A3, Z = 2, T = 100 K, 26hax = 50.00°, Dearc (g cm3) =
1.455, F(000) = 2396, x (mm™) = 0.13, 86407 reflections collected, 9483 unique reflections (Rint
= 0.065), 7573 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.6676,
Tmax = 0.7461, 747 refined parameters, S = 1.16, R1 = 0.051, wR2 = 0.141 (all data R = 0.0.0694,
wR2 = 0.1286), maximum and minimum residual electron densities; 4pmax = 0.59, 4pmin= -0.79
(eAd).

Crystal Data for Compound 2.4 (CCDC 1868732). C166H190F34NgO4Si, (2.4-H20)4, yellow, 0.27
x 0.20 x 0.16 mm?®, Triclinic, space group P-1, a = 11.252(7)A, b = 19.515(12) A, ¢ = 20.392 (11)
A, 0 =116.63 (3), B = 104.14 (5), y = 91.96 (3), V = 3828 (4) A%, Z = 1, T = 100(2) K, 26hax =
49.6°, Dealc (g cm~3) = 1.317, F(000) = 1594, 1 (mm™) = 0.11, 148250 reflections collected, 15719
unique reflections (Rint = 0.052), 93050bserved (I > 2o (I)) reflections, multi-scan absorption

correction, Tmin = 0.973, Tmax = 0.982, 1045 refined parameters, S =1.03, R1 =0.064, wR2 = 0.137
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(all data R = 0.150, wR2 = 0.113), maximum and minimum residual electron densities; Aomax =
0.64, 4pmin=-0.31 (eA).

Crystal Data for Compound 2.5 (CCDC 1868733) CasH0BF1:N2Cl>, M = 779.40, colorless, 0.15
x 0.15 x 0.1 mm?, orthorhombic, space group Pbca, a = 18.032(9) A, b = 19.755(10) A, ¢ =
20.827(12) A, o= f=y=90° V =7419(7) A3, Z =8, T = 100(2) K, 26max = 52.80°, Dcaic (g cm™
%) =1.396, F(000) = 3216, 1 (mm™) = 0.258, 53759 reflections collected, 7261 unique reflections
(Rint = 0.066), 5644 observed (I > 2o(l)) reflections, multi-scan absorption correction, Tmin =
0.5948, Tmax = 0.7454, 493 refined parameters, S = 1.063, R1 = 0.062, wR2 = 0.182 (all data R =
0.0809, wR2 = 0.1664), maximum and minimum residual electron densities; 4omax = 1.07, 4 pmin=
-0.950 (eA®).

Crystal Data for Compound 2.6 (CCDC 2055788). CgHa4F15Ns, yellow, 0.2 x 0.12 x 0.1 mm?®,
monoclinic, space group P2i/n, a = 12.4788(17) A, b = 19.2697(19)A, ¢ = 18.877(3)A, a =y =
90°, 8 =9 0.694(8), V = 4538.9(11) A3, Z = 4, T = 100(2) K, 26hax = 144.74°, Dearc (g cm3) =
1.446, F(000) = 2032, 1 (mm™) = 1.125, 201625 reflections collected, 7877 unique reflections
(Rint=0.16), 8937 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.6293,
Tmax = 0.7536, 649 refined parameters, S = 1.099, R1 = 0.0638, wR2 = 0.1272 (all data R = 0.0740,
wR2 = 0.1394), maximum and minimum residual electron densities; 4pmax = 0.45, A pmin= -0.37
(eAd).

Crystal Data for Compound 2.8 (CCDC 2055789). Ca1H3sBCI2FgNs3, colorless, 0.35 x 0.32 x
0.27 mm?, monoclinic, space group P21/n, a = 10.7352(3) A, b = 17.7450(5) A, ¢ = 18.4206(5) A,
a=y=90°, f=100.624(2), V = 3448.90(17) A3, Z = 4, T = 100(2) K, 26hax = 56.68°, Deatc (g cm"

%) =1.321, F(000) = 1412, u(mm™) = 0.257, 59318 reflections collected, 8556 unique reflections

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 189



Chapter-6 Experimental and characterizaton.........
(Rint = 0.042), 6946 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin =
0.5546, Tmax = 0.7457, 439 refined parameters, S = 0.978, R1 = 0.0623, wR2 = 0.1771 (all data R
=0.0748, wR2 = 0.1895), maximum and minimum residual electron densities; 4,0max = 0.88, 4 pmin=
-0.72 (eA®).

Crystal Data for Compound 2.9 (CCDC 2055790). (Cs7Hs:BF16N>), colorless, 0.22 x 0.12 x 0.1
mm?3, triclinic, space group P-1, a = 10.350(2) A, b = 11.9292(18) A, ¢ = 22.376(12) A, «
=83.095(18)°, = 83.19(2)°, y = 70.263(12)°, V = 2572.5(15) A3, Z = 2, T = 100(2) K, 26hax =
52.08°, Dealc (g cm~3) = 1.393, F(000) = 1112, 2 (mm™) =0.121, 36581 reflections collected, 10656
unique reflections (Rint = 0.032), 8721 observed (I > 2o (I)) reflections, multi-scan absorption
correction, Tmin = 0.6846, Tmax = 0.7454, 693 refined parameters, S = 1.097, R1 = 0.0622, wR2 =
0.1492 (all data R = 0.0783, wR2 = 0.1573), maximum and minimum residual electron densities;
Apmax = 0.48, Apmin=-0.52 (eA?).

Crystal Data for Compound 2.11 (CCDC 2070006). (CsgH73F2NsFsSi- 6(CH2Cl>)), yellow, 0.12
x 0.09 x 0.08 mm?®, monoclinic, space group P2:/n, a = 15.6778(15)A, b = 19.214(2) A, ¢ =
26.770(3)A, a =y = 90°, #=105.888(3)°, V = 7755.9(14) A3, Z = 4, T = 100(2) K, 2 6hnax = 49.32°,
Deatc (g cm~3) = 1.32, F(000) = 3200, 1z (mm™) = 0.503, 309048 reflections collected, 13648 unique
reflections (Rint = 0.16), 9882 observed (I > 2o (1)) reflections, multi-scan absorption correction,
Tmin = 0.6324, Tmax = 0.961, 854 refined parameters, S = 1.058, R1 = 0.0861, wR2 = 0.2161 (all
data R = 0.1100, wR2 = 0.2342), maximum and minimum residual electron densities; 4pmax =

0.097, 4 pmin=-0.903 (€A 3).

6.1.3. Details of the theoretical computational fer-Cempound-21
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All the calculations in this study have been performed with density functional theory (DFT), with
the aid of the Turbomole 7.1 suite of programs,® using the PBE functional.” The TZVP® basis set
has been employed. The resolution of identity (RI),° along with the multipole accelerated
resolution of identity (marij)*® approximations have been employed for an accurate and efficient
treatment of the electronic Coulomb term in the DFT calculations. Solvent correction were
incorporated with optimization calculations using the COSMO model,** with benzene (¢ = 2.27)
or hexane-toluene mixture (€ = 2.99) as the solvent. The values reported are AG values, with zero
point energy corrections, internal energy and entropic contributions included through frequency
calculations on the optimized minima with the temperature taken to be 298.15 K. Harmonic
frequency calculations were performed for all stationary points to confirm them as a local minima

or transition state structures.

Care was taken to ensure that the obtained transition state structures possessed only one imaginary
frequency corresponding to the correct normal mode. The validity of the obtained transition states
was further confirmed by doing IRCE% 51 calculations: the correct reactant and product structures
were obtained for every transition state obtained. To do the IRC calculations, Turbomole 7.1 was

employed.

Details of minima and TS search. Stationary points are places on the potential energy surface
(PES) with a zero gradient, i.e. zero first derivatives of the energy with respect to atomic
coordinates. Two types of stationary points are of special importance to chemists. These are
minima (reactants, products, intermediates) and first-order saddle points (transition states). These

two types of stationary points can be characterized by the curvature of the PES. At a minimum the
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Hessian matrix (second derivatives of energy with respect to atomic coordinates) is positive, that
is the curvature is positive in all directions. If there is only one negative curvature, the stationary
point is a transition state (TS). Because vibrational frequencies are basically the square roots of
the curvatures, a minima has all real frequencies, and a saddle point has one imaginary vibrational
“frequency”. Structure optimizations are most efficiently done by so-called quasi-Newton—
Raphson methods.[5*? For TS optimizations the TRIM (Trust Radius Image Minimization) method
implemented in Turbomole 7.1 software packages, tries to maximize the energy along one of the
Hessian eigen vectors, while minimizing it in all other directions. Thus, one “follows” one
particular eigen vector, hereafter called the “transition” vector. After computing the Hessian for
the guess structure one have to identify which vector to follow. For a good TS guess, this is the

eigenvector with negative eigen value, or imaginary frequency.

6.1.4. Cyclic Voltammetry of 2.1.

Cyclic voltammetry (CV) measurements were carried out using a PGSTAT 101 electrochemical
workstation (METROHM). All experiments were carried out under an atmosphere of argon in
degassed and anhydrous acetonitrile solution containing n-BusNPFs (0.1 M) at a scan rate of 0.10
mV s. The setup consisted of a glassy carbon working electrode (surface area = 0.04 cm?), a
glassy carbon counter electrode, and a silver wire immersed in a saturated LiCl solution in EtOH
and 0.1 M n-BusNPFs solution in acetonitrile as the reference electrode. The recorded

voltammograms were referenced to the internal standard Fc*/Fc (ferrocenium/ferrocene) couple.
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Figure S30. Cyclic voltammogram of compound 2.1 recorded at 0.1 mV s,
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6.2: Experimental details for chapter-3
6.2.1. Synthesis and Characterization of Compounds 3.1-3.9
Synthesis and Characterization of Compound 3.1
. ©
IIDipp F = El)lpp 2 BF,
N N
[@%@%@j

N N

| L
Dipp F 3.1 F Dipp

To a solution of SIPr (0.2 g, 0.051 mmol) in 10 mL of benzene, hexafluorobenzene (0.19 g, 1.02
mmol) was added at 0 °C. The mixture was stirred for 15 min at room temperature and
trifluoroboranediethyletherate (0.065 mL, 0.051 mmol) was added dropwise at -78 °C. The
resulting solution color was changed to orange immediately with the formation of a white
precipitate. After stirring the reaction mixture for further 1 h at room temperature, the solution was
dried in vacuum and extracted through the frit filtration with the mixture of tetrahydrofuran and
dichloromethane. Colorless crystals came after keeping this solution mixture at 4 °C for 2-3 days
with a yield of 0.315 g (56 %). MP: decomposition at 210.6 °C.

IH NMR (500 MHz, 298 K, DMSO-ds): & = 1.30-0.71 (m, 2x24H, CH(CHa)2), 2.81 (sept, 4H,
CH(CH2)2), 3.03 (sept, 4H, CH(CHa)2, 4.69 (s, 4H, N-CH2CH2-N), 4.73 (s, 4H, N-CH2CH2-N),
7.54-7.27 (m, 12H, Ar-H) ppm

BBC{'H} NMR (101 MHz, 298K, DMSO-ds): § = 21.97, 22.48 (HCMey), 28.26, 28.59 (HCMey),
54.18, 54.90 (CH2CH>), 125.47, 125.69, 127.83, 129.65, 131.55, 132.36 (Ar-Ce¢Hs), 146.03,
155.98 (ipso-CsHs) ppm, C(CsFs) were not detected due to signal broadness (*°F coupling), due to

heavy molecular weight of 3.1 we could not get high intensity **C NMR spectra.
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F{H} NMR (377 MHz, 298K, DMSO-de): 6 = —146.22 (s, 4F, Ar-CsFa), -148.37 (s, 8F, 2BFs°
) ppm

LB{IH} NMR (128 MHz, 298K, DMSO-ds): -1.1 (br s, 1B, BF4) ppm

IR (ATR, cm): 2975, 2876 (C-Hstretching), 1599, 1565 (C=C), 1365, 1378 (C-Hpending), 1052 (C-
F), 798 (C-Cl)

UV-Vis (solid state, Amax (NM)): 356, 450, 510

Elemental analysis: calcd (%) for CeoH76B2F12N4 [1102.61 gmol™]: C 65.34, H 6.95, N 5.08;
found: C 66.27, H 6.58, N 5.62

HRMS (CH3CN): m/z calcd for [CeoH76B2F12N4-BF4]*™* 464.3003 found 464.3034; [CeoH76F4aNa4]

928.5987 found [CeoH76F4N4+ H*] found 929.6081; [CeoH7sFsN4+ NH4™] 946.6070

Synthesis and Characterization of Compound 3.2
DippF, F DiPP
[N B N
N \
Dipp F F  Dipp
3.2b
THF (20 mL) was added to a mixture of lithium (0.005 g, 0.068 mmol) and 3.1 (0.5 g, 0.045 mmol)
at —60 °C. The reaction mixture was slowly allowed to come to room temperature and was stirred
for 1 hour at room temperature. The solvent was removed in vacuo, and the residue was extracted
with THF (10 mL). After evaporation and drying under vacuum, yellow crystals of 3.2 were
obtained at 4 °C after one day. Yield 0.26 g (62 %)
Alternative method: Hexafluorobenzene (0.190 g, 1.02 mmol) was added to a solution of SIPr (0.2

g, 0.51 mmol) in 10 mL of THF at 0 °C. After stirring for 30 min at room temperature, the reaction
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mixture was again added to a THF solution (10 mL) of Mg powder (0.030 g, 1.25 mmol) at 0 °C.
The resulting solution color was changed to black after coming to room temperature. After stirring
for further 1h at room temperature; the solution was extracted through the frit filtration. Yellow
crystals came after keeping this THF solution mixture at 4 °C for 1 day. Yield 0.23 g (68 %). MP:
decomposition at 164 °C.

'H NMR: Due to the presence of a paramagnetic impurity, we were unable to obtain a well-
resolved NMR spectrum of 3.2.

IR (ATR, cmL): 2962, 2858 (C-Hstretching), 1461, 1565 (C=C), 1386,1320 (C-Hbending), 1027 (C-
F), 798 (C-Cl)

UV-Vis (c = 2 * 10“ M THF, A (nm) (¢ (M1 cm™)): 384 (13634), 476 (14352), 769 (43324)
Elemental analysis: calcd (%) for CeoH76FsN4 [929.29 gmol™]: C 77.55, H 8.24, N 6.03; found:
C 75.27, H 6.58, N 5.84; Due to the sensitivity of the crystals of 3.2 the analytical values show
some deviation from the calcd one

HRMS (THF): m/z calcd for CeoH7eFaNa [M] 928.6008, found 928.6006

Synthesis and Characterization of Compound 3.3

To a solution 10 ml solution of SIDipp (0.4 g, 1.04 mmol), 10 ml solution of decafluorobiphenyl
(0.170 g, 0.052 mmol) was added at room temperature. The resulting solution color was changed

to orange immediately with the formation of a yellow precipitate. After stirring the reaction
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mixture for further 1 h at room temperature, the filtrate was filtered through cannula and the
precipitate was dried in vacuum. Yellow color crystals came after keeping the 3-4 ml
dichloromethane solution mixture at 4 °C for 2-3 days with a yield of 0.315 g (65 %).

IH NMR (400 MHz, 298 K, CDCls): § = 1.18-1.42 (m, 2x24H, CH(CHz)2), 3.07 (m, 4Hx2,
CH(CH2)2), 3.03 (sept, 4H, CH(CHz)2, 4.90 (s, 4H, N-CH2CH>-N), 4.98 (s, 4H, N-CH2CH2-N),
7.22-7.49 (m, 12H, Ar-H) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): 6 = 22.8, 23.5, 24.2, 26.7, 26.9, 28.8, 29.1. 53.1, 54.2,
54.5,55.3, 55.6, 122.4, 122.8, 123.6, 124.3, 124.5, 125.1, 125.4, 128.7, 128.9, 130.2, 131.7, 132,
132.1, 145.4, 146.3, 146.3 147.3 ppm

HE{*H} NMR (377 MHz, 298 K, CDClz): 6 =-130.1, -131.2, -132.2, -133.2, -133.4, -134.7, -
135.9, —139.5 (8F, Ar-CeFs), —218.6 (s, 2F, 2F°) ppm

UV-Vis (solid state, Amax (nm)): 435 and 385

ESI (CHsCN): m/z calcd for [CesH77F10Ns-F2]"* 1077.4828 found 1077.60158

Synthesis and Characterization of Compound 3.4

Dipp s
N
B

DippLF  F.J,Dipp

5 ml THF solution of cobaltocene (0.17 g, 0.045 mmol) was added to 15 ml THF solution of 3.3
(0.5 g, 0.045 mmol) dropwise at 0 °C temperature over 15 min. The reaction mixture was slowly
allowed to come to room temperature and was stirred for another 1 hour at room temperature. The

solvent was removed in vacuo, and the residue was extracted with toluene (10 mL). Green color
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crystals of 3.4 were obtained after keeping the concentrated toluene solution at room temperature
for one day. Yield 0.26 g (30 %).

UV-Vis (c=7.4*10°M THF), A (nm): 697.

Synthesis and Characterization of Compound 3.5

In a dry Schlenk flask, SIDipp (1.5 g, 0.39 mmol) and 2,6-Dibromonaphthalene (0.56 g, 0.18
mmol) were added in presence of 5 mol% Ni(COD). and 30 mL of ortho-xylene was added to it.
The solution was refluxed for 1 h. Yellow color precipitate was filtered through cannula filtration
and the dried under vacuum. The solid was further washed with toluene and colorless crystals were
grown from the dichloromethane solution of the product at 4 °C after 1 day with a yield of 1.3 g
(62%).

IH NMR (500 MHz, 298 K, DMSO-ds): 6 = 0.79-1.29 (m, 2x24H, CH(CHs)2), 3.03 (sept, 4H,
CH(CHs3)2), 3.03 (sept, 8H, CH(CHa)2, 4.62 (s, 8H, N-CH.CH2-N), 6.92-7.76 (m, 18H, Ar-H)
BC{'H} NMR (101 MHz, 298 K, DMSO-ds): 6 = 22.6, 25.6, 28.2, 53.71, 121.4, 124.7, 125.6,

129.65, 130.1, 131.3, 131.7, 145.1, 146

Synthesis and Characterization of Compound 3.6
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THF (20 mL) was added to a mixture of magnesium (0.092 g, 0.135 mmol) and 3.5 (0.5 g, 0.045
mmol) at —30 °C. The reaction mixture was slowly allowed to come to room temperature and was
stirred for 3 hours at room temperature. The solvent was removed in vacuo, and the residue was
extracted with toluene (10 mL). Pink color crystals of 3.6 were obtained after keeping the 5 ml
concentrated toluene solution at -36 °C for 10 days. Yield 0.12 g (26 %). 3.6 is NMR silent due to

the presence of mono-radical impurities.

Synthesis and Characterization of Compound 3.7

To a solution 10 ml solution of SIDipp (0.4 g, 0.104 mmol), 10 ml solution of
octafluoronaphthalene (0.147 g, 0.052 mmol) was added at room temperature. The resulting
solution color was changed to red immediately with the formation of a red precipitate. After stirring
the reaction mixture for further 15 min at room temperature, the filtrate was filtered through
cannula and the precipitate was dried in vacuum. Red color crystals came after keeping the 3-4 ml

dichloromethane solution mixture at -36 °C for 7 days with a yield of 0.343 g (65 %).
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IH NMR (400 MHz, 298 K, CDCls): § = 0.91-1.27 (m, 2x24H, CH(CH3)2), 2.99 (sept, 8H,
CH(CHa)2, 4.74 (s, 8H, N-CH2CH2-N), 7.28-7.45 (m, 12H, Ar-H)

LFE{IH} NMR (377 MHz, 298 K, CDCls): § =—114.3 (2F, ortho-Ar-CeFs), —132.2 (2F, para-Ar-

CeF4), —141.5, -143.8 (2F, meta-Ar-CeF4), —176.2 (2F, 2F").

Synthesis and Characterization of Compound 3.9

5 ml THF solution of cobaltocene (0.38 g, 0.188 mmol) was added to 15 ml THF solution of 3.7
(0.5 g, 0.047 mmol) dropwise at -30 °C temperature over 15 min. The reaction mixture was slowly
allowed to come to room temperature and was stirred for another 6 hours at room temperature. The
solvent was removed in vacuo, and the residue was extracted with hexane (10 mL). Red color
crystals of 3.7 were obtained after keeping the concentrated hexane solution (4 ml) at room
temperature for one day. Yield 0.14 g (26%). 3.9 is NMR silent due to the presence of mono-

radical impurities.

6.2.2. Crystallographic data for the structural analysis of compounds 3.3-3.9
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Single crystals of suitable size were mounted on a Bruker SMART APEX Il single crystal X-ray
CCD diffractometer having graphite monochromatised (Mo-Ko = 0.71073 A) radiation at low
temperature 100 K. The X-ray generator was operated at 50 kV and 30 mA. The X-ray data
acquisition was monitored by APEX2 program suit. The data were corrected for Lorentz-
polarization and absorption effects using SAINT and SADABS programs which are an integral
part of APEX2 package.[5 The structures were solved by direct methods and refined by full matrix
least squares, based on F?, using SHELXL Crystal structures were refined using Olex2-1.0
software. Anisotropic refinement was performed for all non-H atom. The C-H hydrogen atoms
were calculated using the riding model.[5354 The structures were examined using the ADSYM
subroutine of PLATON to assure that no additional symmetry could be applied to the models. The
molecular weight of each structure mentioned herein has been calculated considering the solvent
molecules trapped in the crystal. Mercury software was used to prepare packing diagrams and
molecular interactions.®1  Crystallographic information files are are available at

www.ccdc.cam.ac.uk/data with the mentioned accession numbers.

Crystal Data for Compound 3.1 (CCDC 1868729): C13sH164B4Cl12F24NgO2, colorless, 0.19 x
0.15 x 0.1 mm?®, monoclinic, space group P21/n, a=15.370 (8) A, b =39.968(19) A, ¢ = 23.287(11)
A a=y=90° f=92.65(2), V=14290(12) A3, Z =2, T =100 K, 26hax = 52.8°, Dcaic (g cm ) =
1.33, F(000) = 5956, 2 (mm™) =0.32, 305294 reflections collected, 29113 unique reflections (Rin
=0.067), 21434 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.6943,
Tmax = 0.7454, 1798 refined parameters, S = 1.08, R1 = 0.086, wR2 = 0.245 (all data R = 0.1099,

WR2 = 0.2468), maximum and minimum residual electron densities; 4pmax = 0.79, 4pmin= -1.02

(eAd).
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Crystal Data for Compound 3.2 (CCDC 1951186): CeoH7e6F4Ns, M = 929.24, Yellow, 0.15 x
0.12 x 0.1 mm®, monoclinic, space group P2i1/c, a = 10.45(3) A, b = 25.95(6) A, ¢ = 19.75(5) A, «
=y=90°, £=102.94(10), V = 5220(21) A3, Z =4, T =100 K, 2 6lnax = 52.6°, Dcaic (g cm ) = 1.182,
F(000) = 2000, x (mm™) = 0.078, 90636 reflections collected, 10586 unique reflections (Rint =
0.063), 7574 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.634, Tmax
=0.745, 629 refined parameters, S = 1.042, R1 = 0.0526, wR2 = 0.1110 (all data R = 0.0828, wR2
= 0.1244), maximum and minimum residual electron densities; 4pmax = 0.28, 4 pmin= -0.25 (€A3).
Crystal Data for Compound 3.3: CesH7eF10Ns, M = 1115.35, Yellow, 0.2 x 0.2 x 0.2 mm?,
monoclinic, space group C2/c, a = 20.123(5) A, b = 21.977(6) A, ¢ = 20.646(5) A, a = y=90°,
=95.924(10), V = 9082(4) A3, Z = 4, T = 200 K, 26hax = 53°, Dcarc (g cm=) = 0.816, F(000) =
2361.7, u (mm™) = 0.062, 140412 reflections collected, 9286 unique reflections (Rint = 0.1458),
7574 observed (1 > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.988, Tmax =0.745,
370 refined parameters, S =1.608, R1 =0.1377, wR2 = 0.3982 (all data R = 0.1966, wR2 = 0.4714),
maximum and minimum residual electron densities; 4 pmax = 1.03, 4 pmin=-0.61 (eA?).

Crystal Data for Compound 3.4: CesH76FsN4, M = 1077.353, Dark green, 0.2 x 0.2 x 0.15 mm?,
monoclinic, space group C2/c, a = 29.005(3) A, b = 13.5928(15) A, ¢ = 20.342(4) A, a =y =90°,
$=126.388(2), V = 6456.3(15) A3, Z =4, T = 100 K, 2 Gnax = 56.74°, Dcaic (g cm~3) = 1.108, F(000)
=2289.6, 1 (mm™) = 0.080, 158185 reflections collected, 8049 unique reflections (Rint = 0.0785),
7574 observed (1 > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.634, Tmax =0.745,
361 refined parameters, S=1.077, R1 =0.1037, wR2 = 0.2919 (all data R =0.1337, wR2 = 0.3371),

maximum and minimum residual electron densities; 4 pmax = 0.88, 4 pmin=-0.68 (eA?).
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Crystal Data for Compound 3.5: C37H4sBrClisN2, M = 1130.42, Colorless, 0.28 x 0.24 x 0.12
mm3, monoclinic, space group P21/n, a = 14.6550(13) A, b = 23.548(2) A, ¢ = 14.9100(12) A, «
=y =90°, £=102.290(3), V = 5027.4(7) A3, Z = 4, T = 100 K, 26hax = 58.62°, Deaic (g cm3) =
1.493, F(000) = 2288, u (mm™) = 1.644, 275302 reflections collected, 9286 unique reflections
(Rint = 0.1458), 7574 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin =
0.5104, Tmax =0.7457, 537 refined parameters, S = 1.231, R1 = 0.0425, wR2 = 0.1051 (all dataR =
0.0453, wR2 = 0.1101), maximum and minimum residual electron densities; 4,omax = 0.94, 4 pmin=
-0.82 (eA®).

Crystal Data for Compound 3.6: CgsHs2Ns, M = 907.33, Colorless, 0.19 x 0.14 x 0.08 mm?®,
monoclinic, space group P21/n, a = 15.6821(10) A, b = 12.2442(7) A, c = 18.5784(13) A, a =y =
90°, = 108.907(2), V = 3374.9(4) A3, Z = 2, T = 100 K, 26hax = 56.63°, Deaic (g cm3) = 0.893,
F(000) = 988, 1 (mm™) = 0.051, 92545 reflections collected, 8404 unique reflections (Rint =
0.1458), 7574 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.6479,
Tmax =0.7457, 335 refined parameters, S = 1.093, R1 = 0.0738, wR2 = 0.2213 (all data R = 0.0980,
WR2 = 0.2424), maximum and minimum residual electron densities; 4pmax = 0.37, 4pmin= -0.50
(eAd).

Crystal Data for Compound 3.7: CesH76ClsF12N4, M = 1473.02, Colorless, 0.16 x 0.12 x 0.10
mmS, monoclinic, space group P2i1/c, a = 14.6927(8) A, b = 18.5978(11) A, ¢ = 14.5593(8) A, «
=y =90°, B=112.463(2), V = 3676.5(4) A3, Z =2, T = 100 K, 26hax = 56.68°, Deaic (g cm3) =
1.331, F(000) = 1536,  (mm™) = 0.378, 61641 reflections collected, 8404 unique reflections (Rin
=0.1458), 7574 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.6799,

Tmax =0.7457, 441 refined parameters, S = 1.073, R1 = 0.0652, wR2 = 0.1714 (all data R = 0.0759,
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wR2 = 0.1818), maximum and minimum residual electron densities; 4pmax = 1.49, A4 pmin= -0.71

(eAd).

6.2.3. Cyclic voltammetry of compound 3.1

All experiments were carried out under an atmosphere of argon in degassed and anhydrous
acetonitrile solution containing n-BusNPFs (0.1 M) at a scan rate of 0.70 Vs™*. The set up consisted
of a glassy carbon working electrode (surface area = 0.04 cm?), Pt counter electrode, Ag/AgCl

reference electrode and 0.1 M n-BusNPFs solution in acetonitrile as the electrolyte.

20 — Compound 3.1

-20 —

40 —

Current (UA)

-60 —

-80 —

I I I I I I
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

Potential (V vs Ag/AgCl)

Figure 6.2.1. Cyclic voltammogram of 3.1 recorded at 0.7 V s,

6.2.4. IR spectra of 3.1 and 3.2
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Figure 6.2.2. IR spectrum of 3.1.
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Figure 6.2.3. IR spectrum of 3.2.
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6.2.5. Solid state absorption and emission spectra of 3.1

Absorption spectrum of 3.1

| Absorption of 3.1]

1.0 1 356nm
q)0.8 E 450 nm
2 510 nm
@
2
0.6 1
O
<

0.4

0.2

T T T T T T
300 400 500 600

Wavelength (nm)

Figure 6.3.4. Solid state UV-Visible spectrum of 3.1.

Emission spectrum of 3.1
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Figure 6.3.5. Solid state emission spectrum of 3.1 at absorption 356 hm and 450 nm.
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Figure 6.3.6. Calculation of Stokes shift from absorption at 356 nm of 3.1 (Stokes shift ca. 12080

cm™).

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 207



Chapter-6 Experimental and characterizaton.........
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Figure 6.3.7. Calculation of stokes shift from absorption at 510 nm of 3.1 (Stokes shift ca. 2056

cm?).

6.2.6. Lifetime measurement of 3.1
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Figure 6.3.8. Lifetime measurement of 3.1 in solid state at emission 636 nm.

6.2.7. Absorption spectrum of 3.2
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Figure 6.2.8. UV-Visible spectra of 3.2 at different concentration recorded in THF (c = 2*104).
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Figure 6.2.9. Plot of absorption/L vs. concentration.
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Figure 6.2.10. UV-Visible spectra of 3.2 (c = 10* M THF solution) with variable temperature.
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Figure 6.2.11. Temperature dependency of the UV-Vis transitions of 3.2.
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6.3.9. EPR spectrum of 3 at 298 K and 77 K
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Figure 6.2.12. X-band EPR spectra of 3.3 at 298 K (a) in solution (5 mM in THF) and (b) in the

solid state; at 77 K (c) in solution (5 mM in THF) and (d) in the solid state. Microwave frequency

9.41 GHz, power 0.995 mW, modulation frequency 100 KHz, amplitude 100 mT.

6.3.10. Details of the theoretical computational for Compound 3.2

All computations reported in this article were performed by density functional theory (DFT)

method using Gaussian 09 (G09) program package.S®! Geometry optimizations were carried out

using the exchange-correlation functional, R/U-B3LYP (Becke, three parameter, Lee-Yang-

Parr)B71 in conjugation with def2-SVP basis setl® for all atoms without symmetry constraints.

Natural bond orbital (NBO) analysis® and Wiberg bond indices (WB1)5*were performed at the
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B3LYP/def2-TZVPPIM//B3LYP/def2-SVP level using the NBO Version 3.1 program
implemented in the Gaussian package.

According to the multi-configurational (MC)-SCF theory, the weight of the doubly excited
configuration is expressed as the diradical character which is formally defined in the spin-projected

UFH(PUHF) theory as(s*?

(1)

Where, Ti is the orbital overlap between the orbital pairs which can also be demonstrated by the
occupations numbers (n;) of the UHF natural orbitals (UNOs) [Eq 2]:

Ngomo-i — NLuMo+i

T; = > (2)

The calculation of the diradical character were performed from the occupation number of the
lowest unoccupied natural orbital (LUNO) at UHF/6-31G(d,p) level of theory.

TDDFT calculations were accomplished in a tetrahydrofuran (THF) solvent using CPCM
model®¥] to calculate excitation energies as implemented in Gaussian program. We used CAM-
B3LYPS functional in conjugation with the def2-SVP basis set. Orbital diagrams are rendered
in the Chemcraft visualization software.[S*°]

Table 6.3.1. Selected experimental and calculated bond lengths (A), BLA of compound 3.2.

Avgofa b, |Avgofeand | Avgofgandh | Avgof ZN-C-N | =N BLAL!

c,andd f

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 214



Chapter-6 Experimental and characterizaton.........

3.20a | 1,448 1.346 1.384 108.5 350.5 |0.10
CS |1.452 1.360 1.394 108.2 355.3 | 0.09
T 1.418 1.388 1.446 109.4 355.4 | 0.03

(8 X-ray crystal data: the bond lengths [A] and angles [°]; ) BLA = Bond Length Alteration i.e.,
the difference between the average of length of longitudinal bonds (a, b, ¢ and d) and the average

of length of transverse bonds (e and f). [CS = Close shell singlet, T = Triplet]

" ’. A | g [\ \“
. | Ry o A WA
ﬁf ,.-;_- - is o it '_!E:rl:“- -\élia
NN N
< 2 ; o
] n . "
‘,‘ i i ’:.!! ‘(“ = L. “.J /

3_Singlet 3 Triplet

Figure 6.3.13. Superposition of crystal structure of 3.2 with optimized geometries of different
spin states at R/U-B3LYP/def2-SVP level
Table 6.3.2. Calculated geometrical parameters [distances (d) are in A and angles (A) are in

degree (°)] of 3.2 (in Closed shell singlet and triplet electronic states)

3.2 Crystal Structure R/U-B3LYP/def2-SVP

Singlet Triplet
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d(C5-N1) 1.390 1.396 1.399
d(C5-N4) 1.404 1.396 1.399
d(N2-C10) 1.398 1.398 1.403
d(N3-C10) 1.402 1.398 1.403
d(C5-C6) 1.385 1.394 1.440
d(C10-C9) 1.384 1.394 1.452
d(C9-C35) 1.449 1.453 1.415
d(C35-C34) 1.344 1.360 1.388
d(C34-C6) 1.451 1.451 1.420
d(C7-F2) 1.356 1.349 1.345
d(C35-F4) 1.358 1.349 1.345
d(C34-F3) 1.360 1.349 1.345
d(C7-C8) 1.348 1.360 1.388
d(C8-C9) 1.444 1.453 1.415
d(C8-F1) 1.363 1.349 1.345
A(N1-C5-N4) 108.3 108.4 109.2
A(N2-C10-N3) 108.6 107.9 109.5
A(C9-C10-N2) 126.6 126.0 125.3
A(C9-C10-N3) 124.8 126.0 125.3
A(C8-C9-C35) 110.3 1117 113.9
A(C7-C6-C34) 110.2 111.9 1137
A(C6-C5-N1) 126.7 1258 125.4
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A(C6-C5-N4) 125.0 125.8 125.4

Table 6.3.3 Results of the NBO analysis of 3.2 at B3LYP/def2-TZVPP//B3LYP/def2-SVP level

Compound | Bond Bond type | Occupancy (e) | Atomic contribution. WEIR

hybridization

3.2 C5-C6 o 1.973 C5: 48.9%, sp1.51 1.394

C6: 51.1 %, spl1.60

T 1.776 C5:40.9%, p
C6:59.1%, p
C9-C10 |o 1.973 C9: 51.0%, sp1.60 1.403

C10: 49.0%, sp1.51

n 1.784 C9: 58.6%, p

C10: 41.4%, p

[B\wiberg Bond Index
Table 6.3.4 TDDFT result of 3.2 at CAM-B3LYP/def2-SVP(CPCM)//B3LYP/def2-SVP level.

Total no. of states in the calculation: 20

Compound | A (nm)& (bl AE(cm™)El | Transitions!d!
3.2 446 1.1079 | 224054 HOMO—LUMO (97%)
332 0.0635 30050.0 HOMO—LUMO+2 (90%)

lBlwavelength of the transition. PIThe oscillator strength of the transition. [CIExcitation energies

for each transition. [Molecular orbitals involved in the transitions.
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6.3: Experimental details for chapter-4
6.3.1. Synthesis and Characterization of Compounds 4.2-4.15
Synthesis of 4.2
Dipp

N ) /
[>'_’B\_CGF5

N
Dipp
4.2

CeFs

To a solution of B(CeFs)3 (0.26 g, 0.51 mmol) in 5 mL of toluene was added 10 mL of a toluene
solution of SIDipp (0.2 g, 0.51 mmol) dropwise at —78 °C. The mixture was warmed to room
temperature and stirred for 1 h. The resulting colorless solution was filtered through cannula
filtration. The filtrate toluene solution was concentrated to 3—4 mL and kept for crystallization at
—35 °C in a freezer, which afforded colorless crystals of 4.2. The compound was not very stable,

and hence we are unable to give proper spectroscopic evidence.

Synthesis and characterization of 4.3

Dipp
N Cl
[ >t —B-Cl
N Cl
Dipp
4.3
To a solution of SIDipp (0.2 g, 0.51 mmol) in 10 mL of n-hexane was added BClz (0.42 mL, 0.51
mmol) dropwise at —78 °C. The mixture was warmed to room temperature and stirred for 1 h. The
formation of a white precipitate was observed, which was filtered through cannula filtration. After

the precipitate was washed one to two times with n-hexane, it was dried under high vacuum. The

isolated yield of the white powdered compound was 70%. MP = 295 °C.
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IH NMR (400 MHz, 298 K, CDCls): & 1.35 (d, J = 6.63 Hz, 12H, CH(CH3)2), 1.46 (d, J = 6.88
Hz, 12H, CH(CHa)s), 3.25 (sept, J = 6.76 Hz, 4H, CH(CHa)z, 4.13 (s, 4H, N-CH2CH,-N),
7.25-7.43 (m, 12H, Ar-H)

BBC{H} NMR (101 MHz, 298 K, CDCls): & 23.47, 26.04 (HCMey), 29.11 (HCMey), 53.70
(CH2CH>), 124.42, 129.83, 134.61 (Ar-CsHs), 145.82 (ipso-CsHs)

LB{IH} NMR (128 MHz, 298 K, CDCls): 1.28 (s, 1B, BCls)

Elemental analysis: Anal. Calcd for C27H3sBCIsN2 [506.22 g mol™]: C, 63.87; H, 7.54; N, 5.52.

Found: C, 63.85; H, 7.58; N, 5.48

Synthesis and characterization of 4.4
Dipp
N H
[ )t —=B—Cl
N Cl

Dipp
4.4

A slightly excess of BHCI,-dioxane (0.20 ml, 0.58 mmol) was added to a 10 ml hexane solution
of 5-SIDipp (0.20 g, 0.48 mmol) at room temperature in a flask. Stirring the resulted mixture for
further 2 hours at room temperature accessed a white precipitate. Colourless crystals of 4.4 were
isolated after keeping the white powder in the mixture of 1 ml dichloromethane and 2 ml toluene
solution. Yield = 0.20 g (90 %).

H NMR (400 MHz, 298 K, CDCls): § =1.29 (d, J = 6.88 Hz, 12H, CH(CH3)2), 1.40 (d, J = 6.63
Hz, 12H, CH(CHa),), 3.17 (sept, J = 6.75 Hz, 4H, CH(CH3)2), 4.08 (s, 4H, NCH2CH:N), 7.23 (d,

J=7.75Hz, 4H, Ar-H), 7.40 (t, J = 7.75 Hz, 2H, Ar-H) ppm
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BC{*H} NMR (101 MHz, 298 K, CDCls): § = 23.4, 26.0, 28.9, 53.1, 124.4, 129.8, 133.2, 146.1

ppm
LB{IH} NMR (128 MHz, 298 K, CDCls): 6 = 6.9 (s, 1B, BHCI2) ppm

Synthesis and characterization of 4.5
Dipp
N Ph
[ )t —=B—Cl
N Cl
Dipp
4.5

A slightly excess of BPhClI.-dioxane (0.090 g, 0.58 mmol) was added to a 10 ml hexane solution
of 5-SIDipp (0.20 g, 0.48 mmol) at room temperature in a flask. Stirring the resulted mixture for
further 2 hours at room temperature accessed a white precipitate. Colorless crystals of 4.5 were
isolated after keeping the white powder in the mixture of 1 ml dichloromethane and 2 ml toluene
solution. Yield = 0.24 g (90 %).

IH NMR (400 MHz, 298 K, CDCls): § = 1.42 (d, J = 6.72 Hz, 12 H, CH(CHs)2), 1.51 (d, J = 6.65
Hz, 12 H, CH(CH3)2), 3.39 (sept, J = 6.75 Hz, 4H, CH(CHa),), 4.22 (s, 4 H, NCH2CH2N), 6.95 (d,
J = 6.88 Hz, 2H, ortho-H of B-Ph), 7.25 (d, J = 7.75 Hz, 4H, Ar-H), 7.26 (bs, 1H, para-H of B-
Ph), 7.44 (t, J =7.73 Hz, 2H, Ar-H), 7.49 (t, J = 7.88 Hz, meta-H of B-Ph) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): § = 23.2, 26.2, 28.9, 53.9, 124.2, 129.6, 133.5, 135.2,
145.7 ppm

LB{!H} NMR (128 MHz, 298 K, CDCls): 5 = 1.8 (s, 1B, BPhCl) ppm

Synthesis and characterization of 4.6
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Di
- on

N /
[ )i B-OH
N OH

bipp
4.6

1.05 equivalent of water (0.01 g, 0.54 mmol) was added drop by drop to a 15 mL dichloromethane
solution of 4.4 (0.20 g, 0.53 mmol) at room temperature in a flask. Stirring the resulted mixture
for further 2 h at room temperature accessed a clear solution. The reaction mixture was
concentrated to 5 mL and kept at 4 °C to obtain the colorless crystals of 4.6. Yield = 0.36 g (80%).
IH NMR (400 MHz, 298 K, CDCl3): 6 = 1.31 (d, J = 6.97 Hz, 12H, CH(CHa),), 1.35 (d, J = 6.85
Hz, 12H, CH(CHa),), 3.07 (sept, J = 6.85 Hz, 4H, CH(CH3)2), 4.06 (s, 4H, NCH2CH:N), 7.23 (d,
J=7.70 Hz, 4H, Ar-H), 7.39 (t, J = 7.75 Hz, 2H, Ar-H) ppm

BBC{'H} NMR (101 MHz, 298 K, CDCl3): 6 = 23.4, 25.4, 28.9, 53.3, 67.9, 124.2, 129.6, 133.1,
146.0 ppm

LB{IH} NMR (128 MHz, 298 K, CDCl3): 5 = 1.6 (s, 1B, B(OH)s) ppm

Synthesis and characterization of 4.7
Dipp
[N>=—’ B/\O—g—CF
N \ 3

I}
bipp Cl

4.7
A DCM solution (20 mL) of 4.4 (0.47 g, 1 mmol) was added dropwise to a DCM solution (20 mL)
of previously weighed AgOTf (0.25 g, 1 mmol) at =78 °C in the absence of light. A white
precipitate of AgCIl was formed immediately, and it was filtered through frit filtration after the

reaction mixture was warmed to room temperature. The colorless toluene solution was
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concentrated (5 mL) and kept for crystallization at 4 °C, which afforded colorless crystals of 4.7
after 1-2 day(s). Yield = 0.48 g (82%).

IH NMR (400 MHz, 298 K, CDCls): 5 = 1.31 (d, J = 6.88 Hz, 12H, CH(CHs)2), 1.40 (d, J = 6.63
Hz, 12H, CH(CHa)2), 3.13 (sept, J = 7.63 Hz, 4H, CH(CHsa)2), 4.11 (s, 4H, NCH2CH2N), 7.20 (d,
J=7.38 Hz, 4H, Ar-H), 7.42 (t, J = 7.63 Hz, 2H, Ar-H) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): § = 21.4, 23.2, 25.9, 26.3, 28.9, 53.4, 124.7, 128.2,
130.2, 132.4, 137.8, 145.7, 145.9 ppm

LB{*H} NMR (128 MHz, 298 K, CDCls): § = 3.4 (s, 1B, BH(OTf)CI) ppm).

19F{1H} NMR (377 MHz, 298 K, CDCl3): d = ~76.7 (s, 3F, OSO2CF3) ppm

Synthesis and characterization of 4.9

Dipp
49

A toluene solution (20 mL) of 4.5 (0.55 g, 1 mmol) was added dropwise to a toluene solution (20
mL) of previously weighed AgOTf (0.25 g, 1 mmol) at =30 °C in the absence of light. A white
precipitate of AgCl formed immediately, and it was filtered through frit filtration after the reaction
mixture was warmed to room temperature. The colorless toluene solution was concentrated (5 mL)
and was kept for crystallization at 4 °C, which afforded colorless crystals of 4.9 after 1 day. Yield
= 0.25 g (45%).

IH NMR (400 MHz, 298 K, CDCls): 5 = 1.24 (d, J = 6.88 Hz, 12H, CH(CHs)2), 1.38 (d, J = 6.63

Hz, 12H, CH(CHs)2), 2.99 (sept, J = 6.75 Hz, 4H, CH(CHs)2), 4.59 (s, 4H, NCH2CHN), 7.29 (d,
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J =7.75 Hz, 4H, Ar-H), 7.48 (t, J = 7.75 Hz, 2H, Ar-H), 7.52 (t, J = 7.50 Hz, 2H, meta-H of B-
Ph), 7.61 (t, J = 7.38 Hz, para-H of B-Ph), 8.25 (d, J = 6.75 Hz, 2H, ortho-H of B-Ph) ppm
BC{*H} NMR (101 MHz, 298 K, CDCls): § = 21.4, 23.8, 25.1, 29.2, 54.7, 125.0, 127.9, 129.0,
135.6, 137.8, 146.2 ppm

LB{1H} NMR (128 MHz, 298 K, CDCls): § = 30.9 (s, 1B, BPh(OH)) ppm

9F{!H} NMR (377 MHz, 298 K, CDCl3): d = ~78.6 (s, 3F, OSO2CF3) ppm

Synthesis and characterization of 4.10

Dipp
1 Ph

e
y \~ono,

Dipp  ONO:

4.10

A toluene solution (20 mL) of 4.5 (0.55 g, 1 mmol) was added dropwise to a toluene solution (20
mL) of previously weighed AgNO3z (0.34 g, 2 mmol) at —30 °C in the absence of light. A white
precipitate of AgCl was formed slowly, and it was filtered via frit filtration after 6 h. The colorless
toluene solution was concentrated (5 mL) and was kept for crystallization at 4 °C, which afforded
colorless crystals of 4.10 after 2 days. Yield = 0.37 g (62%).

IH NMR (400 MHz, 298 K, CDCls): 6 = 1.12 (d, J = 6.75 Hz, 12H, CH(CHa)2), 1.20 (d, J = 6.75
Hz, 12H, CH(CHa),), 3.13 (sept, J = 6.75 Hz, 4H, CH(CH3)2), 4.15 (s, 4H, NCH2CH:N), 6.50 (d,
J =6.88 Hz, 2H, ortho-H of B-Ph), 6.89 (t, J = 7.38 Hz, 2H, meta-H of B-Ph), 7.01 (t, J = 7.25
Hz, para-H of B-Ph), 7.24 (d, J = 7.88 Hz, 4H, Ar-H), 7.46 (t, J = 7.75 Hz, 2H, Ar-H), ppm
BC{*H} NMR (101 MHz, 298 K, CDClz): 6 = 22.4, 26.8, 28.8, 53.8, 124.6, 127.1, 131.6, 134.5,

146.2 ppm
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UB{!H} NMR (128 MHz, 298 K, CDCls): 6 = 4.2 (s, 1B, BPh(NO3),) ppm

Synthesis and characterization of 4.11

Dipp

[N>= —- B’(—:gf
N Cl
Dipp
4.11

One equivalent of MeL.i (0.61 ml, 1.1 mmol) was added dropwise to the toluene solution of 4.3
(0.506 g, 1 mmol) at -78 °C. The reaction mixture was allowed to come to room temperature and
stirred for 12 h, which resulted in the generation of the white precipitate of the lithium chloride. It
was further filtered through frit filtration. The toluene solution of the filtrate was concentrated and
was kept for crystallization at 4 °C, which afforded colourless crystals of 4.11 after 1 day in a 60%
(0.29 g) yield. MP: decomposes at 200 °C
IH NMR (400 MHz, 298K, CsDe): d = 1.11 (d, J = 6.49 Hz, 12H, CH(CHz)2), 1.49 (d, J = 6.87
Hz, 12H, CH(CH3)2), 1.24 (s, 3H, B(CH3)Cly), 3.27 (sept, J = 6.49 Hz, 4H, CH(CHs)2, 3.46 (s, 4H,
N-CH2CH,-N), 7.04-7.19 (m, 12H, Ar-H) ppm
BBC{!H} NMR (101 MHz, 298K, CsDs): § = 24.32, 26.56 (HCMe), 29.81 (HCMey), 53.69
(CH2CH>), 125.30, 130.70, 134.59 (Ar-CsHs), 146.97 (ipso-CsHs) ppm
LB{1H} NMR (128 MHz, 298K, CsDs): 1.98 (s, 1B, BMeCl2) ppm
Elemental analysis: calcd (%) for C2oH41BCI2N2 [486.27 gmol™]: C 69.01, H 8.48, N 5.75; found:

C 58.88, H 8.40, N 5.69

Synthesis and characterization of 4.12
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Dipp

N CH
[ ) — B-OTf
N Cl

Dipp

412

Toluene solution (20 mL) of 4.11 (0.48 g, 1 mmol) was added dropwise to the toluene solution (20
mL) of previously weighted AgOTf (0.25 g, 1 mmol) at -78 °C in absenec of light. Immidiate
formation of white precipitate of AgCl was filtered through frit filtration after allowing the reaction
mixture to come at room temperature. The colorless toluene solution was concentrated (5 mL) and
was kept for crystallization at 4 °C, which afforded colourless crystals of 4.12 after 1-2 day(s) in
a 68 % (0.41 g) yield. MP =158 °C

IH NMR (400 MHz, 298K, CsDg): & = 1.12 (d, J =6.63 Hz, 12H, CH(CH3)2), 1.43 (d, J = 6.88
Hz, 12H, CH(CH3)2), 1.29 (s, 3H, B(CH3)Cly), 3.27 (sept, J = 6.75 Hz, 4H, CH(CHs)2, 3.51 (s, 4H,
N-CH2CH,-N), 7.06-7.18 (m, 12H, Ar-H) ppm

BBC{!H} NMR (101 MHz, 298K, CsDs): § = 24.37, 26.61 (HCMey), 29.85 (HCMey), 53.88
(CH2CHy), 125.33, 130.73, 134.62 (Ar-CsHs), 147.06 (ipso-CsHs) ppm

1B{1H} NMR (128 MHz, 298K, CeDs-ds): -2.54 (br s, 1B, BCI(Me)OTf) ppm

18F{H} NMR (128 MHz, 298K, CsDg): -78.21 (br s, 3F, BCI(Me)OSO2CF3) ppm

Elemental analysis: calcd (%) for C2sHa1BCIFsN20sS 4 [600.26 gmol™]: C 57.96, H 6.88, N 4.66;

found: C 56.88, H 6.05, N 4.62

Synthesis and characterization of 4.13
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Dipp

N CHs

[ ) — B-OTf
N OTf
Dipp
4.13

Toluene solution of 4.12 (0.60 g, 1 mmol) was added dropwise to the toluene solution of previously
weighted AgOTf (0.25 g, 1 mmol) at -78°C in absence of light. Immediate formation of white
precipitate of AgCl was filtered through frit filtration after coming the reaction mixture at room
temperature. The colorless toluene solution was dried under vacuum and afforded white powder
of 4.13 in 56 % (0.39 g) yield. MP: decomposes at 147°C
IH NMR (400 MHz, 298K, CsDs): 6 = 1.06 (s, 3H, B(CH3)Cl,), 1.17 (d, J = 6.63 Hz, 12H,
CH(CHs)2), 1.40 (d, J = 6.63 Hz, 12H, CH(CH3)z2), 3.22 (sept, J= 6.75 Hz, 4H, CH(CHs)2, 3.71 (s,
4H, N-CH2CH2-N), 6.96-7.04 (m, 12H, Ar-H) ppm
BC{*H} NMR (101 MHz, 298K, CeDs): 6 = 24.31, 26.60 (HCMe>), 29.81 (HCMey), 54.06
(CH2CHy), 125.26, 130.72, 134.47 (Ar-CgHs), 147.08 (ipso-CsHs); *B{*H} NMR (128 MHz,
298K, CeDs): -6.62 (br s, 1B, BCI(Me)OTf) ppm
BE{*H} NMR (128 MHz, 298K, CsDs): -76.99 (br s, BCIMe(OSO.CF3), ppm
Elemental analysis: calcd (%) for CsoHa1BFsN206S: [714.24 gmol™]: C 50.42, H 5.78, N 3.92;

found: C 50.27, H 5.41, N 3.83

Synthesis and characterization of 4.14

Dipp

\
Dipp  4.14
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A THF solution (5 mL) of 5-SIDipp (0.382 g, 1 mmol) was added dropwise to a THF solution (20
mL) of previously weighed B(CsFs)3 (0.512 g, 1 mmol) at room temperature. The reaction mixture
turned to a clear colorless solution immediately and run for 12 h. The solution was dried
completely and 3 mL of toluene solution was added to dissolve the white solid product. Colorless
crystals of 4.14 were afforded after keeping the toluene solution for crystallization at 4 °C after 2
days. Yield = 0.45 g (46%). The formation of 4.14 was accompanied by some other side products,
which could not be identified. Hence, we did not have a spectroscopically pure product to record
the 'H and *C NMR.

UB{!H} NMR (128 MHz, 298 K, CDCls): 6 = —2.8 (s, 1B, B(CsFs)3) ppm.

Synthesis and characterization of 4.15

Dipp

N S
[D—H  H—0-B(CFs)

N

Dipp  4.15

A diethyl ether solution (5 mL) of 5-SIDipp (0.382 g, 1 mmol) was added dropwise to a diethyl
ether solution (5 mL) of previously weighed B(CeFs)3 (0.512 g, 1 mmol) at room temperature. The
reaction mixture turned to a clear colorless solution immediately and run for 12 h. The solution
was dried completely and 3 mL of toluene solution was added to dissolve the white solid product.
Colorless crystals of 4.15 were afforded after keeping the toluene solution for crystallization at 4
°C after 1 day. Yield = 0.78 g (85%).

H NMR (400 MHz, 298 K, CDCls): 6 =1.20 (d, J = 6.88 Hz, 12H, CH(CHa)), 1.35 (d, J = 6.88
Hz, 12H, CH(CHa),), 2.87 (sept, J = 6.75 Hz, 4H, CH(CH3)2), 4.39 (s, 4H, NCH2CH:N), 7.29 (d,

J=7.75Hz, 4H, Ar-H), 7.54 (t, J = 7.88 Hz, 2H, Ar-H), 8.90 (s, 1H, N-CH-N) ppm
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BC{*H} NMR (101 MHz, 298 K, CDCls): § = 23.9 24.4, 29.4, 53.6, 60.8 125.2, 128.6, 131.9,
145.6, 160.3 ppm

LB{1H} NMR (128 MHz, 298 K, CDCls): 6 = —4.2 (s, 1B, HO-B(CsFs)3) ppm

9F{IH} NMR (377 MHz, 298 K, CDCla): 6 = —135.6, —162.4, —166.1 (15F, B(CsFs)s) ppm

6.3.2. Crystallographic data for the structural analysis of compounds 4.1-2.6, 2.8, and 2.11:

Single crystals of 1a, 4.2, 4.11, 4.12, were mounted on a Bruker SMART APEX II single crystal
X-ray CCD diffractometer having graphite monochromatised (Mo-Ka = 0.71073 A) radiation at
low temperature 100 K. The X-ray generator was operated at 50 kV and 30 mA. The X-ray data
acquisition was monitored by APEX2 program suit. The data were corrected for Lorentz-
polarization and absorption effects using SAINT and SADABS programs which are an integral
part of APEX2 package. The structures were solved by direct methods and refined by full matrix
least squares, based on F2, using SHELXL Crystal structures were refined using Olex2-1.0
software. Anisotropic refinement was performed for all non-H atom. The C-H hydrogen atoms
were calculated using the riding model. The structures were examined using the ADSYM
subroutine of PLATON to assure that no additional symmetry could be applied to the models. The
molecular weight of each structure mentioned herein has been calculated considering the solvent
molecules trapped in the crystal. Crystallographic information files are available at

www.ccdc.cam.ac.uk/data with the mentioned CCDC numbers.

Crystal Data for Compound 4.1 (CCDC 2040725): (C27Hs1BN>), colorless, 0.17 x 0.15 x 0.1
mm?, monoclinic, space group Pnma, a = 11.953(4) A, b = 20.524(7) A, ¢ = 10.9103) A, a =y
=£=90,V =2676.5(15) A%, Z =4, T = 105K, 26hax = 40.7°, Dcarc (g cm3) = 1.004, F(000) = 888,

1 (mm™?) = 0.057 , 30029 reflections collected, 3486 unique reflections (Rint = 0.067), 1867
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observed (1 > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.636, Tmax = 0.746, 143
refined parameters, S = 1.022, R1 = 0.099, wR2 = 0.1937 (all data R = 0.1476, wR2 = 0.226),
maximum and minimum residual electron densities; 4pmax = 0.229, Apmin = -0.221(eA3).

Crystal Data for Compound 4.2 (CCDC 2040726): (C4sH3sBF1sNz2), colorless, 0.4 x 0.34 x 0.18
mm?, monoclinic, space group P-1, a = 9.2054(8) A, b = 12.0369(11) A, ¢ = 19.8417(17) A, a =
78.184(4), B = 86.061(4), y = 74.567(4), V = 2074.1(3) A3, Z = 2, T = 267(2) K, 26hax = 56.58°,
Deatc (g cm~3) = 1.445, F(000) = 924, 1 (mm™) = 0.131, 79662 reflections collected, 10321 unique
reflections (Rint= 0.0549), 5975 observed (1 > 2o (1)) reflections, multi-scan absorption correction,
Tmin = 0.948, Tmax = 0.977, 576 refined parameters, S = 1.019, R1 = 0.0632, wR2 = 0.1352 (all data
R =0.1193, wR2 = 0.1686), maximum and minimum residual electron densities; 4pmax = 0.236,
Apmin=—0.235 (eA3).

Crystal Data for Compound 4.4 (CCDC 2180189): (C39Hs1BCI2N2), colorless, 0.14 x 0.13 x
0.06 mm®, monoclinic, space group P2:/n, a = 12.3193(19) A, b = 14.797(3) A, ¢ = 20.094(3) A,
a=v=90, 3= 94.984(5), V = 3649.0(10) A3, Z = 4, T = 100 K, 26hax = 49.996°, Dcaic (g cm 3) =
1.146, F(000) = 1352, x (mm™) = 0.206, 156159 reflections collected, 6392 unique reflections
(Rinte= 0.1716), multi-scan absorption correction, Tmin = 0.746, Tmax = 0.629, 405 refined
parameters, S = 1.151, R1 = 0.0933, wR2 = 0.2291 (all data R = 0.1166, wR2 = 0.2441), maximum
and minimum residual electron densities; 4,0max = 0.42, 4 pmin= —0.52 (€A?).

Crystal Data for Compound 4.5 (CCDC 2180190): (C33H43BCI2Ny), colorless, 0.12 x 0.12 x
0.08 mm?, monoclinic, space group P2:/n, a = 11.8231(7) A, b = 18.7331(11) A, ¢ = 14.2604(8)
A, o =y=90, =106.906(2), V = 3021.9(3) A%, Z =4, T = 100 K, 26hax = 72.752°, Deaic (g cm"~

%) = 1.208, F(000) = 1176, x (mm™) = 0.239, 134803 reflections collected, 14650 unique
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reflections (Rine= 0.0564), multi-scan absorption correction, Tmin = 0.693, Tmax = 0.747, 351 refined
parameters, S =1.107, R1 = 0.0349, wR2 = 0.0984 (all data R = 0.0424, wR2 = 0.1074), maximum
and minimum residual electron densities; 4omax = 0.61, 4omin= —0.53 (€A?).

Crystal Data for Compound 4.6 (CCDC 2180191): (C27H42BN20O3), colorless, 0.2 x 0.2 x 0.2
mm&, monoclinic, space group P2i/c, a = 12.8167(19) A, b = 15.081(3) A, c = 14.254(3) A, a =y
=90, # = 108.660(3), V = 2612.1(6) A%, Z = 4, T = 296.15 K, 26hax = 56.96°, Deaic (g cm™S) =
1.153, F(000) = 988, « (mm™) = 0.2074, 113995 reflections collected, 6560 unique reflections
(Rint = 0.3107), S = 1.043, R1 = 0.0985, wR2 = 0.1721 (all data R = 0.2309, wR2 = 0.2185),
maximum and minimum residual electron densities; 4pmax = 0.32, 4 pmin= —0.42 (eA3).

Crystal Data for Compound 4.7 (CCDC 2180197): (CssH47BCIF3N203S), colorless, 0.15 x 0.12
x 0.09 mm?, monoclinic, space group P21/n, a = 12.286(3) A, b = 14.731(3) A, ¢ = 20.644(4) A,
a =7v=90, f=104.789(9), V = 3612.8(13) A3, Z = 4, T = 100 K, 26hax = 52.998°, Dcaic (g cm3)
= 1.248, F(000) = 1440, 1 (mm™) = 0.215, 53931 reflections collected, 7489 unique reflections
(Rint= 0.0481), multi-scan absorption correction, Tmin = 0.644, Tmax = 0.746, 424 refined
parameters, S = 1.058, R1 = 0.0541, wR2 = 0.1529 (all data R = 0.0580, wR2 = 0.1580), maximum
and minimum residual electron densities; 4pmax = 1.35, 4 pmin= —0.84 (eA™3).

Crystal Data for Compound 4.8 (CCDC 2180198): (C41Hs:BCIF3N203S), colorless, 0.26 x 0.22
x 0.2 mm?, monoclinic, space group P2:/n, a = 16.0556(5) A, b = 22.2837(7) A, ¢ = 23.3059(7)
A, a =y=90, #=107.6690(10), V = 7945.0(4) A%, Z =8, T = 100 K, 26nax = 49.998°, Dcaic (g
cm3) = 1.263, F(000) = 3200, x (mm™) = 0.203, 196375 reflections collected, 13881 unique

reflections (Rint=0.0508), multi-scan absorption correction, Tmin = 0.701, Tmax = 0.746, 976 refined
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parameters, S =1.136, R1 = 0.0463, wR2 = 0.1329 (all data R = 0.0508, wR2 = 0.1386), maximum
and minimum residual electron densities; 4omax = 1.11, 4min= —0.43 (€A?).

Crystal Data for Compound 4.10 (CCDC 2180199): (C33H43BN4Os), colorless, 0.14 x 0.13 x
0.06 mm?, monoclinic, space group P2i1/c, a = 10.1256(5) A, b = 16.8204(13) A, ¢ = 18.9207(16)
A a=vy=90, 3= 98.178(2), V = 3189.7(4) A3, Z = 4, T = 160 K, 2max = 59.156°, Dcaic (g cm )
= 1.255, F(000) = 1288, x (mm™) = 0.086, 21918 reflections collected, 7552 unique reflections
(Rint= 0.1113), multi-scan absorption correction, Tmin = 0.683, Tmax = 0.746, 405 refined
parameters, S = 0.995, R1 = 0.0693, wR2 = 0.1688 (all data R = 0.1607, wR2 = 0.2175), maximum
and minimum residual electron densities; 4,0max = 0.51, 40min= —0.76 (€A?).

Crystal Data for Compound 4.11 (CCDC 2040731): (C2sH3sBCi2Nz2), colorless, 0.25 x 0.1 x 0.1
mm?S, monoclinic, space group P 21/c, a = 13.5240(10) A, b = 14.8694(10) A, ¢ = 14.9855(9) A, «
=y =90, #=113.028(2), V = 2773.4(3) A3, Z = 4, T = 100(2) K, 26max = 61.09°, Dearc (g cm™3) =
1.160, F(000) = 1036, # (mm™) = 0.252, 113554 reflections collected, 9811 unique reflections
(Rint= 0.1478), 8448 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin =
0.970, Tmax = 0.975, 325 refined parameters, S = 1.082, R1 = 0.0485, wR2 = 0.1346 (all data R =
0.0594, wR2 = 0.1478), maximum and minimum residual electron densities; 4pmax = 0.698, 4 omin=
-0.617 (eA).

Crystal Data for Compound 4.12 (CCDC 2040732): (CssHasBCIF3N203sS) Sum formula,
colorless, 0.16 x 0.15 x 0.12 mm?, monoclinic, space group P2i/n, a = 12.2563(12) A, b =
14.7943(14) A, ¢ = 20.6918(18) A, a =y =90, B = 104.604(4) A,V =3630.7(6) A%, 2 =4, T =
100(2) K, 26hax = 61.18°, Deatc (g cm3) = 1.266, F(000) = 1468.0, 1 (mm™) = 0.215, 269370

reflections collected, 11118 unique reflections (Rine= 0.056), 9675 observed (I > 2o (1)) reflections,
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multi-scan absorption correction, Tmin = 0.966, Tmax = 0.975, 500 refined parameters, S = 1.121,
R1=0.0679, wR2 = 0.2003 (all data R = 0.0780, wR2 = 0.2129), maximum and minimum residual
electron densities; 4 pmax = 0.791, 4 pmin= -1.248 (eA3).

Crystal Data for Compound 4.14 (CCDC 2180200): (Cs2H49BF15N20), colorless, 0.3 x 0.15 x
0.1 mm?, triclinic, space group P-1, a = 9.4393(13) A, b = 14.568(2) A, ¢ = 17.814(3) A, a =
97.195(6), A= 97.145(5), v = 99.872 (5), V = 2367.6(6) A3, Z = 2, T = 100 K, 26hax = 62.2°, Deatc
(g cm™) = 1.146, F(000) = 1352, 1 (mm™) = 0.206, 156159 reflections collected, 6392 unique
reflections (Rine= 0.1716), S = 1.151, R1 = 0.0933, wR2 = 0.2291 (all data R = 0.1166, wR2 =

0.2441), maximum and minimum residual electron densities; 4 pmax = 0.42, 4,0min = —0.52 (eA®).
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6.4: Experimental details for chapter-5
6.4.1. Synthesis and Characterization of Compounds 5.1-5.11

Synthesis and Characterization of Compound 5.1

BH3-SMe> (0.05 ml, 0.70 mmol) was added to a solution of 6-SIDipp (0.2 g, 0.50 mmol) in 5 ml
toluene solvent at -36 °C. The resulting mixture was stirred for 2 hours at room temperature.
Colorless crystals of 5.1 were isolated from the concentrated toluene solution with a yield of 0.15
g (70 %).

IH NMR (400 MHz, 298 K, CDCl3): 6 = 0.25 (s, 3H, BH3), 1.30 (d, J = 6.97 Hz, 12H, CH(CH3)>),
1.36 (d, J = 6.72, 12H, CH(CHs)2), 2.33 (q, J = 5.88 Hz, 2H, NCH2CH2CH:N), 3.06 (sept, J = 6.88
Hz, 4H, CH(CHs)2), 3.52 (t, J = 5.87 Hz, 4H, NCH2CH2CH:N), 7.18 (d, J = 7.70 Hz, 4H, Ar-H),
7.32 (t,J=7.70 Hz, 2 H, Ar-H) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): § = 20.5, 23.5, 25.3, 28.7, 49.3, 124.1, 128.2, 142.0,
144.3 ppm

LB{1H} NMR (128 MHz, 298 K, CDCls): 6 = -31.3 (q, 1B, BH3) ppm

ESI-MS (CH3CN): m/z Calcd. for CosHasBN2 [M+H]* 419.3592, found 419.3409

Elemental Analysis: calcd. C, 80.36; H, 10.36; N, 6.69; found: C, 80.41; H, 10.53; N, 6.61

Synthesis and Characterization of Compound 5.2
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0.5 equivalent of lodine (I2) (0.061 g, 0.24 mmol) and 5.1 (0.2 g, 0.48 mmol) were taken in a
Schlenk flask and 5 ml of toluene was added to the reaction mixture. The reaction was run for 1 h
at room temperature. The toluene solution was concentrated and filtered through cannula.
Colorless crystals of 5.2 were isolated after keeping the solution at 4 °C for a day with a yield of
0.22 g (85 %).

IH {#B} NMR (400 MHz, 298 K, CDCls): 6 = 1.28 (d, J = 6.88 Hz, 12H, CH(CHa)2), 1.47 (d, J
= 6.63 Hz, 12H, CH(CHs3)2), 1.60 (s, 2 H, BH2l), 2.30 (quintet, J = 5.40 Hz, 2H, NCH,CH2CH2N),
3.14 (sept, J = 6.16 Hz, 4H, CH(CHa)2), 3.64 (t, J = 5.67 Hz, 4H, NCH,CH2CH2N), 7.19 (m, 4H,
Ar-H), 7.33 (t, J = 7.75 Hz, 2H, Ar-H) ppm

1BC{*H} NMR (101 MHz, 298 K, CDCls): § = 19.5, 24.0, 26.1, 28.6, 50.9, 124.4, 128.8, 140.8,
144.5 ppm

LB{1H} NMR (127 MHz, 298 K, CDCls): § = -30.2 (bs, 1B, BHzl) ppm

ESI-MS (CHsCN): m/z Calcd. for CagHa2 N2BI [M+H]" 545. 2558, found 545. 3156

Elemental Analysis: Calcd. C, 61.78; H, 7.78; N, 5.15; found C, 61.72; H, 7.68; N, 5.13

Synthesis and Characterization of Compound 5.3
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1.0 equivalent of iodine (I2) (0.12 g, 0.48 mmol) and 5.1 (0.2 g, 0.48 mmol) were taken in a Schlenk
flask and 5 ml of benzene was added to the reaction mixture. The reaction was run for an hour at
room temperature. The benzene solution was concentrated and filtered through cannula. Colorless
crystals of 5.3 were isolated after storing the solution at 4 °C for a day with a yield of 0.3 g (88 %).
IH {#B} NMR (400 MHz, 298 K, CDCls): § = 1.29 (d, J = 6.88 Hz, 12H, CH(CHa)z), 1.51 (d, J
= 6.65 Hz, 12 H, CH(CHa)2), 2.38 (s, 1H, BHI2), 2.40 (quintet, J =5.63 Hz, 2H, NCH,CH2CH2N),
3.25 (sept, J = 6.75 Hz, 4H, CH(CHz)2), 3.72 (t, J = 5.62 Hz, 4H, NCH2CH,CH:N), 7.22 (m, 4H,
Ar-H), 7.37 (t, J = 7.75 Hz, 2H, Ar-H) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): 6 = 20.2, 24.5, 26.3, 28.9, 52.6, 125.1, 129.4, 140.8,
145.0 ppm

LB{1H} NMR (128 MHz, 298 K, CDCls): 6 = -39.4 (bs, 1B, BHI) ppm

ESI-MS (CHsCN): m/z Calcd. for CasHa1 N2Bl2 [M+H]" 671.1525, found 670.8353

Elemental Analysis: Calcd. C, 50.18; H, 6.17; N, 4.18; found C, 50.15; H, 6.12; N, 4.24

Synthesis and Characterization of Compound 5.4
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One equivalent of AgOSO,CF3 (0.10 g, 0.37 mmol) and 5.2 (0.2 g, 0.37 mmol) were taken in a
Schlenk flask and 5 ml of toluene was added to the reaction mixture. The reaction was run for 4 h
at room temperature. The yellow precipitate of Agl was filtered through frit and the reaction
mixture was concentrated. Colorless crystals of 5.4 were isolated after keeping the solution at room
temperature for a day with a yield of 0.12 g (55 %).
IH{1B} NMR (400 MHz, 298 K, CDCls): 6 = 1.31 (d, J = 6.88 Hz, 12H, CH(CHs)), 1.36 (d, J
= 6.63 Hz, 12H, CH(CH3)2), 2.34 (quintet, J = 5.50 Hz, 2H, NCH>CH>CH2N), 2.37 (bs, 2H,
BH20S0,CFs), 2.98 (sept, J = 6.75 Hz, 4H, CH(CHa).), 3.56 (' t, J = 5.75 Hz, 4H,
NCH,CH>CH:N), 7.18 (m, 4H, Ar-H), 7.35 (t, J = 7.75 Hz, 2H, Ar-H) ppm
1BC{*H} NMR (101 MHz, 298 K, CDCls): § = 23.6, 26.2, 26.1, 29.0, 51.9, 124.3, 129.1, 140.1,
144.9 ppm
LB{1H} NMR (128 MHz, 298 K, CDCls): 6 = -7.1 (bs, 1B, BH20SO2CF3) ppm
1F{IH} NMR (377 MHz, 298 K, CDCls): ¢ = -78.2 (s, 3F, BH20S02CF3) ppm
ESI-MS (CHsCN): m/z Calcd. for C29H42N2BF3SO3 [M+Na]* 579.2839, found 597.2588

Elemental Analysis: Calcd. C, 61.48; H, 7.47; N, 4.94; found C, 61.32; H, 7.62; N, 4.88

Synthesis and Characterization of Compound 5.5
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One equivalent of AgNO3z (0.07 g, 0.38 mmol) and 5.2 (0.2 g, 0.37 mmol) were taken in a Schlenk
flask and 5 ml of toluene was added to the reaction mixture. The reaction was run for 4 h at room
temperature. The yellow precipitate of Agl was filtered through frit and the reaction mixture was
concentrated. Colorless crystals of 5.5 were isolated after keeping the solution at room temperature
for a day with a yield of 0.085 g (48 %).

IH{1B} NMR (400 MHz, 298 K, CDCls): 6 = 1.28 (d, J = 6.88 Hz, 12H, CH(CHs)), 1.38 (d, J
= 6.75 Hz, 12H, CH(CH3)2)), 2.32 (s, 2H, BH20NO), 2.37 (m, 2H, NCH2CH2CH:N), 3.04 (sept,
J=6.88 Hz, 4H, CH(CHs)2), 3.59 (t, J = 5.88 Hz, 4H, NCH.CH>CH:N), 7.19 (m, 4H, Ar-H), 7.33
(t, J=7.75 Hz, 2H, Ar-H) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): 6 = 19.8, 23.2, 25.9, 28.9, 50.2, 124.3, 125.2, 129.0,
139.9, 144.4 ppm

ESI-MS (CHsCN): m/z Calcd. for C2sH42N2BN3Os [M+Na]* 507.3375, found 507.3315

Elemental Analysis: Calcd. C, 70.14; H, 8.83; N, 8.76; found C, 70.24; H, 8.79; N, 8.71

Synthesis and Characterization of Compound 5.6

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 237



Chapter-6 Experimental and characterizaton.........

Dlpp
0280CF3
<: > B\OZSOCF3
Dlpp
5.6

Two equivalents of AgOSO.CF3 (0.23 g, 0.90 mmol) and 5.3 (0.3 g, 0.45 mmol) were taken in a
Schlenk flask and 5 ml of toluene was added to the reaction mixture. The reaction was run for 4 h
at room temperature. The yellow precipitate of Agl was filtered through frit and the reaction
mixture was concentrated. Colorless crystals of 5.6 were isolated after keeping the solution at -36
°C temperature for 3 days with a yield of 0.17 g (54 %).

IH NMR (400 MHz, 298 K, CDCls): 6 = 1.28 (d, J = 6.88 Hz, 12H, CH(CHa)2), 1.31 (d, J = 6.63
Hz, 12H, CH(CHs)2), 2.34 (s, 1H, BH(OSO:CFs),), 2.46 (quintet, J = 525 Hz, 2H,
NCH2CH2CH:N), 2.96 (sept, J = 6.75 Hz, 4H, CH(CHa)2), 3.68 ( t, J = 5.75 Hz, 4H,
NCH2CH>CH:N), 7.20 (m, 4H, Ar-H), 7.42 (t, J = 7.75 Hz, 2H, Ar-H) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): § = 22.4, 26.3, 29.1, 48.2, 124.9, 130.1, 136.0, 146.1
pPpm

LB{1H} NMR (128 MHz, 298 K, CDCls): 6 = -3.24 (bs, 1B, BH(OSO,CF3)2) ppm

1F{H} NMR (377 MHz, 298 K, CDCl3): 6 = -78.9 (s, 2*3F, BH(OSO2CF3)2) ppm

ESI-MS (CHsCN): m/z Calcd. for C3oHa1N2BFsS206 [M+Na]* 715.2476, found 715.2108

Elemental Analysis: Calcd. C, 50.42; H, 5.78; N, 3.92; found C, 50.32; H, 5.65; N, 3.88

Synthesis and Characterization of Compound 5.7
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Two equivalents of AgNOs (0.152 g, 0.90 mmol) and 5.3 (0.3 g, 0.45 mmol) were taken in a
Schlenk flask and 5 ml of toluene was added to the reaction mixture. The reaction was run for 12
h at room temperature. The yellow precipitate of Agl was filtered through frit and the reaction
mixture was concentrated. Colorless crystals of 5.7 were isolated after keeping the solution at 4 °C
temperature for a day with a yield of 0.11 g (46 %).

IH{:B}NMR (400 MHz, 298 K, CDCl3): 6 = 1.27 (d, J = 6.88 Hz, 12H, CH(CH3)2), 1.39 (d, J =
6.75 Hz, 12H, CH(CHa)2), 2.37, (s, 1H, BH(NO3)2), 2.39 (m, 2 H, NCH,CH-CH:N), 3.06 (sept, J
= 6.88 Hz, 4H, CH(CHs3)2), 3.67 (t, J = 5.75 Hz, 4H, NCH2CH2CH:N), 7.23 (m, 4H, Ar-H), 7.38
(t, J=7.75Hz, 2 H, Ar-H) ppm

1BC{*H} NMR (101 MHz, 298 K, CDCls): 6 = 14.1, 22.6, 26.5, 29.0, 31.6, 51.3, 124.4, 124.6,
129.7, 144.7 ppm

LB{*H} NMR (128 MHz, 298 K, CDCls): § = -0.98 (bd, 1B, BH(NO3); ppm

ESI-MS (CH3CN): m/z Calcd. for C2sHaiN4BOs [M]* 540.3114, found 540.3331

Elemental Analysis: Calcd. C, 62.23; H, 7.65; N, 10.37; found C, 60.24; H, 7.29; N, 9.89

Synthesis and Characterization of Compound 5.8
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Two equivalents of carbon tetrabromide (CBrs) (0.32 g, 0.96 mmol) and 6-SIDipp-BH3 (0.2 g,
0.48 mmol) were taken in a Schlenk flask and 5 ml of toluene was added to it. The reaction mixture
was then heated to 105 °C for 24 h. Colorless crystals of 5.8 were isolated from the flask after
keeping the solution at room temperature for a day with a yield of 0.17 g (70%).

Alternatively, 1.5 equivalents of n-octyl bromide (0.14 g, 0.72 mmol) or n-decyl bromide (0.16 g,
0.72 mmol) or n-dodecyl bromide (0.18 g, 0.72 mmol) were added to 6-SIDipp-BHz (0.2 g, 0.48
mmol) in 5 ml o-xylene solvent and at 145 °C for a fixed time period of 48 h. The reaction mixtures
were dried completely and 3 ml toluene solvent were added to it. colorless crystal of 5.8 came after

keeping the toluene solution for one day at room temperature with a yield of 65%-70%.

Table 6.5.1: Formation of 6-SIDipp-BH2Br from the reduction of CBr4 and alkyl halides

Entry | R-Br Equivalent | Solvent | Temperature (°C) | Time | Yield (%)

1 CgH17Br | 1.5 0-Xylene | 145 48h | 68
2 CioH21Br | 1.5 0-Xylene | 145 48h | 70
3 Ci2H2sBr | 1.5 0-Xylene | 145 48 h | 65
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4 CBry 1.2 Toluene | 95 48 h | 36

5 CBry 2 Toluene | 105 24h |70

IH NMR (400 MHz, 298 K, CDCls): 6 = 1.27 (d, J = 6.88 Hz, 12H, CH(CHa)2), 1.43 (d, J = 6.63
Hz, 12H, CH(CHs)2), 1.56, (s, 2H, BH2Br), 2.35 (quintet, J = 5.38 Hz, 2H, NCH2CH2CH2N), 3.12
(sept, J = 6.75 Hz, 4H, CH(CH3)2), 3.65 (t, J = 5.88 Hz, 4H, NCH2CH,CH:N), 7.20) (d, J = 7.75
Hz, 4H, Ar-H), 7.33 (t, J = 7.75 Hz, 2H, Ar-H) ppm

BBC{!H} NMR (101 MHz, 298 K, CDCl3): & = 19.7 (CH2CH2CHy), 23.7 (CH(CHs)), 26.0
(CH(CHz)2), 28.8 (CH(CH?3)2), 50.5 (NCHy), 124.4 (Ar-C), 128.9 (Ar-C), 140.8 (Ar-C), 144.6 (Ar-
C) ppm, NCN signal not observed

LB{1H} NMR (128 MHz, 298 K, CDCls): § = -20.1 (bs, 1B, BH2Br) ppm

HRMS (CH3CN): m/z Calcd. for C2sH42N2BBr [M-H]" 495.2534, found 497.2541

Elemental Analysis: Calcd. C, 67.62; H, 8.51; N, 5.63; found C, 67.58; H, 8.43; N, 5.41

Synthesis and Characterization of Compound 5.9
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1.2 equivalent of N-bromosuccinamide (NBS) (0.102 g, 0.58 mmol) and 6-SIDipp-BH3z (0.2 g,
0.48 mmol) were taken in a Schlenk flask and 5 ml of toluene was added to the reaction mixture.
The reaction was continued for 12 h at 70 °C temperature. Colorless crystals of 5.8 and 5.9 were

isolated after keeping the solution at 4 °C for a day, where 5.8 was observed to be the major product
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with 40% NMR vyield along with 20% NMR vyield for 5.9. As both 5.8 and 5.9 were crystallized in
similar reaction condition it’s very difficult to separate both the products. Hence the NMRs spectra
are given for mixture of products.

IH NMR (400 MHz, 298 K, CDCls) of 5.9: 6 = 1.29 (d, J = 6.63 Hz, 12 H, CH(CHa)2), 1.48 (d,
J = 6.63 Hz, 12 H, CH(CHa)2), 2.37 (quintet, 2 H, NCH2CH>CH:N), 2.76 (s, 4 H, NCH2CH2N,
NBS), 3.22 (m, 4 H, CH(CHs)), 3.68 (m, J = 5.62 Hz, 4 H, NCH2CH,CH:N), 7.23 (m, 4 H, Ar-
H), 7.36 (t, J = 7.75 Hz, 2 H, Ar-H) ppm

BBC{'H} NMR (101 MHz, 298 K, CDCls) of 5.9: 6 = 19.7 (CH2CH2CHz), 23.9 (CH(CHa)z), 26.2
(CH(CHa)2), 29.5 (N-CH2CH2N, NBS), 28.9 (CH(CHs)2), 52.3 (NCH2), 124.6 (Ar-C), 129.1 (Ar-
C), 140.3 (Ar-C), 144.8 (Ar-C) ppm, NCN signal not observed

LB{1H} NMR (128 MHz, 298 K, CDCl3) 5.8 and 5.9: § = -14.3 (bs, 1 B, BHBI2), -20.1 (bs, 1 B,
BH2Br) ppm

HRMS (CH3CN) of 5.9: m/z Calcd. for C2sH41N2BBr2 [M+H]* 575.1802, found 575.1605

Synthesis and Characterization of Compound 5.10
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A slightly excess of BHCI,-dioxane (0.05 ml, 0.70 mmol) was added to a 5 ml toluene and 3 ml
hexane solution of 6-SIDipp (0.20 g, 0.50 mmol) at room temperature in a flask. Stirring the

resulted reaction mixture for further 2 hours at room temperature accessed a white precipitate.

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 242



Chapter-6 Experimental and characterizaton.........
Colorless crystals of 5.10 were isolated after keeping the white powder in the mixture of 1 ml
dichloromethane and 2 ml toluene solution for overnight. Yield 0.17 g (68%).

IH NMR (400 MHz, 298 K, CDCls): 6 = 1.27 (d, J = 6.85 Hz, 12H, CH(CHa)2), 1.43 (d, J = 6.60
Hz, 12H, CH(CHa)z, 2.35 (g, J = 4.52 Hz, 2H, NCH,CH>CH:N), 3.16 (sept, J = 6.72 Hz, 4H,
CH(CH3)2), 3.65 (t, J = 5.87 Hz, 4H, NCH2CH2CH2N), 7.20 (d, J = 7.70 Hz, 4H, Ar-H), 7.34 (t, J
=7.70 Hz, 2H, Ar-H) ppm

BBC{!H} NMR (101 MHz, 298 K, CDCl3): 6 = 19.7 (CH2CH2CHy), 23.6 (CH(CH3)), 26.2
(CH(CHz)2), 28.9 (CH(CHa)2), 51.9 (NCHy), 124.3 (Ar-C), 129.1(Ar-C), 140.1(Ar-C), 144.9 (Ar-
C) ppm, NCN signal not observed

LB{1H} NMR (128 MHz, 298 K, CDCls): § = -7.4 (s, 1B, BHCI,) ppm

HRMS (CH3CN): m/z Calcd. for C2sH41BCIN2 [M+Na]* 509. 2632, found 509.2636

Elemental Analysis: Calcd. C, 68.45; H, 8.48; N, 5.75; found: C, 68.88; H, 8.53; N, 5.48

Synthesis and Characterization of Compounds 5.11 and 5.12
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6-SIDipp (0.20 g, 0.50 mmol) was dissolved in benzene-de (5 mL) in a vial and 9-BBN (0.061 g,
0.50 mmol) was added to this solution at room temperature. The resulting mixture was directly
kept at -4 °C to get the crystals of 5.11 after 1 day. When the same resulting mixture was kept at
room temperature it gives the colorless crystals of 5.12 after 2 days. We have monitored the

conversion of 5.11 to 5.12 via time dependent B NMR spectra. 5.11 is unstable at room
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temperature and converts to the ring expansion product within 6 hours which is shown below. We
have attempted many times but could not get better *H and 3C spectrum due to the mixture of
product formations.

HB{*H} NMR (128 MHz, 298 K, CsDs) after 30 min reaction: § =-13.3 (bs, 1B, 9-BBN), 27.9
(bs, 1B, excess 9-BBN) ppm

HB{*H} NMR (128 MHz, 298 K, CsDs) after 3 h reaction:  =—13.3 (bs, 1B, 9-BBN), 48.9 (bs,
1 B, NBCNC3) ppm

UB{*H} NMR (128 MHz, 298 K, CDCls) after 6 h reaction: § = 49.1(bs, 1B, NBCNC3), 31.9
(bs, 1B, excess 9-BBN), ppm

HRMS (CHsCN) of 5.12: m/z Calcd. for CssHssBN2 [M+H]* 527.4531, found 527.4514

Synthesis and Characterization of Compound 5.13
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To a benzene-ds solution (5 mL) of 6-SIDipp (0.2 g, 0.50 mmol) in a Schlenk flask, one equivalent
of HBpin (0.06 g, 0.50 mmol) was added at room temperature. Colorless crystals of 5.13 were
isolated from the same flask after keeping the solution at room temperature for a day, with a yield
of 0.17 g (65%).
'H NMR (400 MHz, 298 K, CDCls): 6 = 0.39 (s, 12H, 2*C(CHj3) in Bpin), 1.17 (d, J = 6.88 Hz,
6H, CH(CHs3)2), 1.24 (d, J = 6.75 Hz, 6H, CH(CH?3)2), 1.31 (d, 6H, J = 7.00 Hz, 6H, CH(CH3)2),

1.35 (d, 6H, J = 6.88 Hz, 6H, CH(CHs)z), 3.12 (m, 1H, NCH2CH.CH:N), 3.15 (m, 1H,
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NCH2CH2CH:N), 3.32 (m, 2H, CH(CHs)2), 3.36 (m, 2H, CH(CH3)2), 4.41 (m, J = 5.62 Hz, 4H,
NCH2CH>CH:N), 4.88 (s, 1H, N-CH-N), 6.98-7.10 (m, 6H, Ar-H) ppm

BBC{H} NMR (101 MHz, 298 K, CDCls): 6 = 14.1 (C(CHs)z; Bpin), 22.3 (CH2CH2CHy), 22.7
(CH2CH2CHy), 23.1 (C(CHa)z; Bpin), 23.6 (C(CHs)z; Bpin), 25.7 CH(CHs)2), 26.2 CH(CHs)y),
27.7 CH(CHs)2), 28.1 CH(CHs)2), 29.3 (CH(CHa)2), 31.6 CH(CHs)2), 53.7 (NCH>), 82.7 (NCN),
122.9 (Ar-C), 123.9 (Ar-C), 126.4 (Ar-C), 145.6 (Ar-C), 150.5 (Ar-C), 151.5 (Ar-C) ppm
LB{1H} NMR (127 MHz, 298 K, CDCls): § = 30.9 (g, 1B, Bpin) ppm

HRMS (CHsCN): m/z Calcd. for C3sHssBO2N; [M+H]* 533.4273, found 533.4267

Synthesis and Characterization of Compound 5.14
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HBcat (0.072 g, 0.61 mmol) was added to a benzene-ds solution (4 mL) of 6-SIDipp (0.2 g, 0.50
mmol) in a Schlenk flask at room temperature. Keeping the reaction mixture for 2-3 hours at room
temperature produced the crystals of 5.14 with a yield of 0.14 g (46%).

IH NMR (400 MHz, 298 K, CDCls): 6 = 1.22 (d, J = 6.84 Hz, 12H, CH(CHa)2), 1.31 (d, J = 6.72
Hz, 12H, CH(CHa)2, 2.45 (g, J = 5.14 Hz, 2H, NCH2CH2CH2N), 2.83 (sept, J = 6.85 Hz, 4H,
CH(CHa)2), 3.76 (t, J = 5.62 Hz, 4H, NCH.CH,CH:N), 6.58-6.61 (m, 8H, Ar-H-Bcat), 7.25
(doublet, 4H, Ar-H), 7.46 (t, 2H, Ar-H), 7.48 (s, 1H, NCHN) ppm

BBC{'H} NMR (101 MHz, 298 K, CDCl3): & = 18.8 (CH2CH2CHy), 24.6 (CH(CHs)2), 28.9
(CH(CHs)2), 48.9 (NCH?>), 67.9 (NCN), 108.4 (Ar-C), 117.6 (Ar-C), 125.2 (Ar-C), 128.2 (Ar-C),

128.9 (Ar-C), 131.4 (Ar-C), 135.5 (Ar-C), 145.2 (Ar-C), 151.9 (Ar-C), 153.1 (Ar-C) ppm
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LB{1H} NMR (377 MHz, 298 K, CDCls): § = 14.3 (s, 1B, B(cat)2) ppm

HRMS (CH3CN): m/z Calcd. for CasHaiN2 [M-C12HgBO4]* 405.3264, found 405.3260 and
C12HgBO4 [M-C2sHa1N2]* 227.0510, found 226.9510

Elemental Analysis: Calcd. C, 75.94; H, 7.81; N, 4.43; found Calcd. C, 75.23; H, 7.52; N, 4.21.

Synthesis and Characterization of Compound 5.16

6-SIDipp (0.20 g, 0.50 mmol) was dissolved in toluene (5 mL) in a Schlenk flask and toluene
solution of PhBCI, (0.08 g, 0.50 mmol) was added to it drop by drop at low temperature. The
resulting mixture was kept on stirring for 3 h and then allowed to come to room temperature. After
completion of the reaction, all the volatiles were completely removed under vacuum and the
residue was washed with n-hexane. Crystallization of the resulting solid in toluene at 4 °C yielded
the colorless crystals of 5.16 with a yield of 0.17 g (61 %). MP =134 °C.

IH NMR (400 MHz, 298 K, CDCls): 6 = 1.24 (d, 12H, J = 6.75 Hz, CH(CHa)2), 1.4 (d, J = 6.63
Hz, 12H, CH(CHs)2), 2.37 (g, J = 5.75 Hz, 2H, NCH2CH2CH:N), 3.34 (sept, J = 6.75 Hz, 4H,
CH(CHs3)z2), 3.70 (t, J = 5.88 Hz, 4H, NCH>CH>CH:2N), 6.71-6.73 (m, 3H, meta and para H of B-
Ph), 6.99 (d, J = 7.63 Hz, 4H, ortho-H of Dipp, 7.04-7.06 ( m, 2H, ortho-H of B-Ph), 7.17 (t, J =
7.63 Hz, 2H, para-H of Dipp) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): 6 =19.2, 24.7, 28.9, 48.8, 125.1, 127.2, 129.9, 131.2,

134.2, 135.7, 145.6, 152.9 ppm
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HB{*H} NMR (128 MHz, 298 K, CDCls): 6 = 3.4 (s, 1B, BPhCI) ppm
HRMS (CHsCN): m/z Calcd. for CasH4sBCI2N2 [M+H]* 563.3126, found 563.3173

Elemental analysis: Calcd. C, 72.48; H, 8.05; N, 4.97; found C, 71.95; H, 7.75; N, 4.56

Synthesis and Characterization of Compound 5.17
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5.16 (0.30 g, 0.53 mmol) and AICIs (0 .07 g, 0.53 mmol) were taken in a Schlenk flask and added
10 mL toluene to it at low room temperature and stirred the reaction mixture for 4 h. The resulting
solution was filtered through canula. Concentrating and storing the reaction mixture at -4 °C
afforded crystals of 5.17 with a yield of 0.24 g (65 %). MP =196 °C.

IH NMR (400 MHz, 298 K, CDCls): 6 = 1.24 (d, 12H, J = 5.88 Hz, CH(CHa)2), 1.39 (d, J = 5.24
Hz, 12H, CH(CH3)2), 2.80 (bs, 2H, NCH2CH2CH2N), 3.05 (sept, J = 6.75 Hz, 4H, CH(CH3)2),
4.22 (bs, 4H, NCH2CH2CH;N), 7.26 (d, J = 7.25 Hz, 4H, ortho-H of Dipp, 7.46 (t, J = 7.63 Hz,
2H, para-H of Dipp), 7.52 (t, J = 7.25 Hz, 2H, meta-H of B-Ph), 7.61 (t, J = 7.38, 1H, para-H of
B-Ph), 8.25 (d, J =6.75 Hz, 2H, ortho-H of B-Ph) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): § = 19.1, 21.4, 24.6, 29.0, 48.4, 125.2, 127.9, 131.4,
135.6, 145.5, 153.4 ppm

LB{*H} NMR (128 MHz, 298 K, CDCls): § = 29.5 (s, 1B, BPhCI) ppm

HRMS (CH3CN): m/z Calcd. for C3sHasBCIN2 [(M-AICls)+Na]* 550.3257, found 550.4354

Elemental Analysis: Calcd. C, 58.61; H, 6.51; N, 4.02; found C,58.28; H, 6.71; N, 4.30
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Synthesis and Characterization of Compound 5.18
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5.16 (0.09 g, 0.53 mmol) was dissolved in 10 mL toluene in a Schlenk flask and triflic acid
(0.05mL, 0.54 mmol) was added drop by drop to it at 0 °C. The reaction mixture was allowed to
come to room temperature and stirred for another 2 h. After that the solution was dried completely
and washed with n-hexane to remove all the volatiles. Then 8 ml of toluene was added and the
reaction mixture was filtered through canula, concentrated and kept at 4 °C, which yielded
colorless crystals of 5.18 with a yield of 0.28 g (80 %). MP =83 °C.

H NMR (400 MHz, 298 K, CDCl3): 6 = 1.24 (d, 12H, J = 5.88 Hz, CH(CH3)2), 1.40 (d, J = 5.25
Hz, 12H, CH(CHa)2), 2.76 (bs, 2H, NCH2CH2CH2N), 3.02 (sept, J = 6.88 Hz, 4H, CH(CH3)2),
4.11 (bs, 4H, NCH2CH2CH:N), 7.29 (d, J = 7.25 Hz, 4H, ortho-H of Dipp, 7.47 (t, J = 7.63 Hz,
2H, para-H of Dipp), 7.52 (t, J = 7.50 Hz, 2H, meta-H of B-Ph), 7.61 (t, J = 7.38, 1H, para-H of
B-Ph), 8.25 (d, J = 6.75 Hz, 2H, ortho-H of B-Ph) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): 6 = 19.2, 21.4, 23.8, 24.8, 25.3, 28.9, 48.7, 123.6,
125.3,129.0, 131.4, 135.5, 137.9, 145.5, 153.2 ppm

LB{1H} NMR (128 MHz, 298 K, CDCls): 6 = 28.8 (s, 1B, BPhOH) ppm

1F{!H} NMR (377 MHz, 298 K, CDCl3): ¢ = -78.2 (S, 3F, 0SO2CF3) ppm

HRMS (CH3CN): m/z Calcd. for CasHasBN20 [M(M’-OTf)]* 509.3698, found 509.3700

Synthesis and Characterization of Compound 5.19 and 5.20
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10 mL toluene was added to a Schlenk flask containing 5.18 (0.30 g, 0.46 mmol) and 4-DMAP
(0.112 g, 0.92 mmol) and the reaction mixture was stirred for 12 h at room temperature. The
reaction mixture was filtered through canula and stored it at 4 °C to give mixture of colorless
crystals of compound 5.19 and 5.20 after one day.

H NMR of 5.19 (400 MHz, 298 K, CDCls): 6 = 3.04 (s, 12 H, CH3NCH3(DMAP)), 6.52-8.29
(m, 24 H, H of B-Ph) ppm

BBC{H} NMR of 5.19 (101 MHz, 298 K, CDCls): 6 = 39.3, 106.5, 127.3, 129.1, 133.5, 145.9,
155.1 ppm

LB{IH} NMR (128 MHz, 298 K, CDCls): 6 = 20.7 (s, 1B, BOPh), -5.2 (bs, 2B, -O-B(Ph)(DMAP)
pPpm

PFE{H} NMR (377 MHz, 298 K, CDCl3): 6 = -78.2 (S, 3F, OSO.CF3) ppm

HRMS (CH3CN): m/z Calcd. for C32H35B303N4 [M+H]" 556.2983, found 556.2556

Characterization of Compound 5.20

IH NMR (400 MHz, 298 K, CDCls): § = 1.22 (d, 12 H, J = 6.75 Hz, CH(CH3)2), 1.37 (d, J = 6.75
Hz, 12 H, CH(CHa),), 2.76 (g, J = 5.25 Hz, 2 H, NCH2CH2CH:N), 3.04 (sept, J = 6.88 Hz, 4 H,
CH(CHz3)2), 4.26 (t, J = 5.63 Hz, 4 H, NCH2CH2CH2N), 7.24 (d, J = 7.75 Hz, 4 H, ortho-H of

Dipp), 7.44 (t,J =7.75 Hz, 2H, meta-H of Dipp), 7.56 (para-H of Dipp) ppm
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BC{*H} NMR (101 MHz, 298 K, CDCls): 6 = 19.1, 24.5, 28.6, 48.6, 124.9, 130.9, 135.3, 145.2,
152.7 ppm

HRMS (CHsCN): m/z Calcd. for CosHaiN2 [M-OTf]* 405.3264, found 405.3256

Synthesis and Characterization of Compound 5.21
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1.2 equivalent of bromine-water (Br2/H20) (0.05 uL, 0.58 mmol) was added to the toluene solution
(5 ml) of 5.1 (0.2 g, 0.48 mmol) at low temperature. The reaction was run for 3 h at room
temperature. The toluene solution was concentrated and filtered through cannula. Colorless
crystals of 5.21 were isolated after keeping the solution at 4 °C for a day with a yield of 0.14 g
(55%). The remaining solution was again further kept for recrystallization and colorless crystal of
5.22 were isolated with 7% (16 mg) yield.

H NMR (400 MHz, 298 K, CDCls): § = 1.26 (d, J = 5.88 Hz, 12H, CH(CH3)2), 1.32 (d, J = 6.38
Hz, 12H, CH(CHa)), 2.48 (bs, 2H, NCH2CH2CH2N), 2.95 (sept, J = 5.88 Hz, 4H, CH(CH3)2),
3.71 (bs, 4H, NCH2CH2CH2N), 4.50 (s, 2H, B-(OH)2), 7.19 (m, 4H, Ar-H), 7.38 (t, J = 7.58 Hz,
2H, Ar-H) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): 6 = 19.2, 22.9, 26.8, 29.3, 33.8, 49.1, 125.1, 129.0,
129.2, 131.3, 136.3, 137.9, 146.3 ppm

LB{1H} NMR (127 MHz, 298 K, CDCls): § = 25.4 (bs, 1B, B(OH)2 ) ppm

ESI-MS (CHsCN): m/z Calcd. for C2sH42BO2N2 [M+H]* 449.3334, found 449.3254
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Elemental Analysis: Calcd. C, 63.53; H, 8.00; N, 5.29; found C, 63.42; H, 8.31; N, 5.38

Characterization of Compound 5.22

IH {“B}INMR (400 MHz, 298 K, CDCls): 6 = 1.27 (d, J = 6.85 Hz, 12H, CH(CHs)), 1.42 (d, J
= 6.72 Hz, 12H, CH(CHs),), 2.36 (quintet, J = 4.75 Hz, 2H, NCH2CH2CH:N), 3.16 (sept, J = 6.75
Hz, 4H, CH(CHs)2), 3.63 (t, J = 5.62 Hz, 4H, NCH2CH,CH:N), 7.19 (m, 4H, Ar-H), 7.34 (t, J =
7.5, 2H, Ar-H) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls): 6 = 19.6, 23.5, 26.1, 28.9, 51.9, 124.2, 125.1, 129.0,
131.2, 140.1, 144.8 ppm

UB{!H} NMR (127 MHz, 298 K, CDCl3): 6 = -5.2 (s, 1B, B(OH)3) ppm

Synthesis and Characterization of Compound 5.23
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Two equivalents of triflic acid (0.150 g, 1.0 mmol) were added to the DCM solution of 5.10 (0.3
g, 0.5 mmol) at low temperature. The reaction was run for 12 h at room temperature. The reaction
mixture was dried completely and washed with hexane for 2 times. Then 5 ml of toluene was added
to the reaction mixture and filtered through frit. The reaction mixture was concentrated and
colorless crystals of 5.23 were isolated after keeping the solution at room temperature for a day

with a yield of 0.11 g (35%).
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IH NMR (400 MHz, 298 K, CDCls): 6 = 1.27 (d, J = 6.88 Hz, 12H, CH(CHa)2), 1.32 (d, J = 6.75
Hz, 12H, CH(CHs)2), 2.48 (quintet, J = 5.63 Hz, 2H, NCH2CH>CH:N), 2.97 (sept, J = 6.75 Hz,
4H, CH(CHsa)2), 3.69 (t, J = 5.75 Hz, 4H, NCH2CH2CH2N), 7.21 (m, J = 7.88 Hz, 4H, Ar-H), 7.43
(t, J = 7.75 Hz, 2H, Ar-H) 7.64 (bs, 2H, B(OH),) ppm

BBC{!H} NMR (101 MHz, 298 K, CDCl3): & = 18.7 (CH2CH2CHy), 22.5 (CH(CHs)2), 26.3
(CH(CHs)2), 29.2 (CH(CHs3)2), 48.2 (NCHy), 124.9 (Ar-C), 128.2 (Ar-C), 129.0 (Ar-C), 131.1 (Ar-
C), 136.1 (Ar-C), 146.1 (Ar-C) ppm, NCN signal not observed

LB{1H} NMR (128 MHz, 298 K, CDCls): § = 24.6 (q, 1B, B(OH)2) ppm

8F{H} NMR (377 MHz, 298 K, CDCl3): 6 = -78.9 (s, 3F, CF3) ppm

HRMS (CHsCN): m/z Calcd. for C2oHa2BF305N,S [M+H]* 599.2932, found 599.3036

Elemental Analysis: Calcd. C, 58.20; H, 7.07; N, 4.68; found C, 58.60; H, 7.21; N, 4.53

Synthesis and Characterization of Compound 5.24
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One equivalent silver hexafluoroantimonate (AgSbFs) (0.171 g, 0.50 mmol) was added to the
toluene solution of 5.10 (0.3 g, 0.50 mmol) at low temperature. The reaction was run for 4 h at
room temperature. The reaction mixture was dried completely and washed with hexane. Then 5
ml of toluene was added to the reaction mixture and filtered through frit. The reaction mixture was
concentrated and colorless crystals of 5.24 were isolated after keeping the solution at -36 °C

temperature for a day with a yield of 0.14 g (42%).
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IH NMR (400 MHz, 298 K, CDCls): 6 = 1.32 (d, J = 6.88 Hz, 12H, CH(CHa)2), 1.38 (d, J = 6.75
Hz, 12H, CH(CH3)2), 2.33 (g, J = 5.63 Hz, 2H, NCH2CH2CH:N), 3.06 (sept, J = 6.75 Hz, 4H,
CH(CHa)2), 3.55 (t, J = 5.75 Hz, 4H, NCH2CH,CH:N), 7.21 (d, J = 7.63 Hz, 4H, Ar-H), 7.36 (t, J
=7.75 Hz, 2H, Ar-H) ppm

BBC{!H} NMR (101 MHz, 298 K, CDCl3): & = 19.6 (CH2CH2CHy), 23.3 (CH(CH3)2), 25.7
(CH(CHs)2), 28.9 (CH(CHs3)2), 50.5 (NCHy), 123.9 (Ar-C), 128.8 (Ar-C), 140.4 (Ar-C), 144.7 (Ar-
C) ppm, NCN signal not observed

UB{*H} NMR (127 MHz, 298 K, CDCls): 6 = 24.5 (m, 1B, B(OH)) and -0.03 (doublet, unknown
tetraborate anion fragment due to the decomposition of the 5.24 with time) ppm

18F{H} NMR (377 MHz, 298 K, CDCl3): 6 = -130.7 (s, 6F, SbFs) ppm

HRMS (CHsCN): m/z Calcd. for C2sHa2N20,B [M+H]* 450.3412, found 450.3474

Elemental Analysis: Calcd. C, 49.08; H, 6.18; N, 4.09; found C, 49.12; H, 6.68; N, 4.18

Synthesis and Characterization of Compound 5.25
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The equimolar amount of 5.16 (0.30 g, 0.53 mmol) and AgNO3 (0.090 g, 0.53 mmol) (covered in
aluminum foil) was taken in a Schlenk flask and dissolved in 10 mL dichloromethane. The reaction
was stirred for 12 h at room temperature. Subsequently, the reaction mixture was dried completely

and 8 ml of toluene was added to the reaction mixture. After frit filtration, the filtrate was
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concentrated and the colorless crystals of 5.25 were isolated after storing the solution at 4 °C for
2 days with a yield of 0.15 g (41%). MP: 162 °C.

IH NMR (400 MHz, 298 K, CDCls): 6 = 1.24 (d, 12H, J = 6.50 Hz, CH(CHa)2), 1.37 (d, J = 6.38
Hz, 12H, CH(CH3)2), 2.73 (bs, 4H, NCH2CH,CH:N), 2.97 (sept, J = 6.38 Hz, 4H, CH(CH3)2),
4.10 (bs, 4H, NCH2CH2CH2N), 7.25 (d, J = 7.63 Hz, 4H, ortho-H of Dipp), 7.34 (t, J = 7.63 Hz,
2H, meta-H of B-Ph), 7.45 (t, J = 7.93 Hz, 2H, para-H of Dipp), 7.63 (bs, 1H, para-H of B-Ph),
7.84 (d, J =7.13 Hz, 2H, ortho-H of B-Ph) ppm

BC{*H} NMR (101 MHz, 298 K, CDCls3): 6 = 19.1, 24.6, 28.8, 48.5, 125.1, 131.3, 135.4, 145.3,
153.2 ppm

LB{*H} NMR (128 MHz, 298 K, CDCls): § = 4.7 (s, 1B, BPhNOsCI) ppm

HRMS (CHsCN): m/z Calcd. for CasHasBCIN3O3 [M+H]* 589.3237, found 589.3318

Synthesis and Characterization of Compound 5.26

5.16 (0.30 g, 0.53 mmol) and AgNOs3 (0.180 g, 1.06 mmol) were taken in a Schlenk flask in 1:2
ratio and dissolved in 10 mL dichloromethane. The reaction was stirred for 12 h at room
temperature. The reaction mixture was dried completely and 8 ml of toluene was added to the
reaction mixture. After frit filtration, the filtrate was concentrated and colorless crystals of 5.26
were isolated after storing the solution at room temperature for 4 days with a yield of 0.92 g (28%).

MP =136 °C.
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IH NMR (400 MHz, 298 K, CDCls): 6 = 1.25 (d, 12H, J = 6.10 Hz, CH(CHa)2), 1.38 (d, J = 5.49
Hz, 12 H, CH(CHa)2), 2.76 (g, J = 5.19 Hz, 4 H, NCH,CH>CH:N), 3.02 (sept, J = 6.71 Hz, 4 H,
CH(CHa)2), 4.19 (t, J = 5.19 Hz, 4 H, NCH2CH2CH2N), ), 7.25 (d, J = 8.24 Hz, 4 H, ortho-H of
Dipp, 7.31 (t, J = 7.32 Hz, 2 H, meta-H of B-Ph), 7.38 (t, J = 7.32, 1 H, para-H of B-Ph), 7.45 (t,

J=7.63 Hz, 2 H, para-H of Dipp), 7.85 (d, J =6.71 Hz, 2 H, ortho-H of B-Ph) ppm

6.4.2. Crystallographic data for the structural analysis of compounds 5.1-5.4, 5.6-5.19, 5.21-
5.22, 5.25-5.26:

Single crystals were mounted on a Bruker SMART APEX Il single crystal X-ray CCD
diffractometer having graphite monochromatised (Mo-Ka = 0.71073 A) radiation at low
temperature 100 K and 298 K. The X-ray generator was operated at 50 kV and 30 mA. The X-ray
data acquisition was monitored by APEX2 program suit. The data were corrected for Lorentz-
polarization and absorption effects using SAINT and SADABS programs which are an integral
part of APEX2 package. The structures were solved by direct methods and refined by full matrix
least squares, based on F2, using SHELXL Crystal structures were refined using Olex2-1.0
software. Anisotropic refinement was performed for all non-H atom. The C-H hydrogen atoms
were calculated using the riding model. The structures were examined using the ADSYM
subroutine of PLATON to assure that no additional symmetry could be applied to the models. The
molecular weight of each structure mentioned herein has been calculated considering the solvent
molecules trapped in the crystal. Crystallographic information is available at

www.ccdc.cam.ac.uk/data with the mentioned CCDC number.

Crystal Data for Compound 5.1 (CCDC 2102132): (C28H43BNy), colorless, 0.12 x 0.12 x 0.07

mm?, orthorhombic, space group Pbcn, a = 19.167(2) A, b = 14.1542(17) A, ¢ = 39.176(5) A, «

2022-Ph.D. Thesis: Gargi Kundu, (CSIR-NCL), AcSIR 255


http://www.ccdc.cam.ac.uk/data

Chapter-6 Experimental and characterizaton.........
= f=y=90,V =10628(2) A%, Z =16, T =100(2) K, 2 nax = 48.22°, Dcaic (g cm~®) = 1.046, F(000)
= 3680, x (mm™) = 0.059, 465420 reflections collected, 10905 unique reflections (Rint = 0.1436),
8657 observed (I > 2o (I)) reflections, multi-scan absorption correction, Tmin = 0.6275, Tmax =
0.7454, 599 refined parameters, S = 1.145, R1 = 0.0644, wR2 = 0.1465 (all data R = 0.0902, wR2
=0.1612), maximum and minimum residual electron densities; 4pmax = 0.295, Apmin= -0.483 (eA"
3),

Crystal Data for Compound 5.2 (CCDC 2125724): (C2sH42BIN2 « C7Hy7), colorless, 0.25 x 0.15
x 0.12 mm?, monoclinic, space group C2/c, a = 30.7004(15) A, b =13.6937(5) A, c = 18.6768(8)
A a=y=90, = 118.551(3), V = 6896.9(5) A%, Z =8, T = 100(2) K, 26ax = 66.64°, Dcaic (g cm~
%) = 1.224, F(000) = 2648, u (mm™) = 0.952, 325196 reflections collected, 16717 unique
reflections (Rint=0.0516), 14908 observed (I > 25(1)) reflections, multi-scan absorption correction,
Tmin = 0.6797, Tmax = 0.7471, 379 refined parameters, S = 1.124, R1 = 0.0345, wR2 = 0.0929 (all
data R = 0.0409, wR2 = 0.1005), maximum and minimum residual electron densities; 4pmax =
3.047, Apmin=-2.301 (eA3).

Crystal Data for Compound 5.3 (CCDC 2123602): (C2sH41BI12N>), colorless, 0.1 x 0.06 x 0.05
mm?, monoclinic, space group P21/n, a = 9.5036(4) A, b = 19.9724(6) A, ¢ = 16.0540(6) A, o =
v =90, #=103.2450(10), V = 2966.15(19) A3, Z = 4, T = 100(2) K, 26hnax = 68.59°, Deaic (g cm )
= 1.501, F(000) = 1336, 1 (mm™) = 2.43, 119156 reflections collected, 10349 unique reflections
(Rint = 0.0482), 9558 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin =
0.5564, Tmax = 0.7467, 306 refined parameters, S = 1.222, R1 = 0.0350, wR2 = 0.1352 (all data R
= 0.0431, wR2 = 0.1510), maximum and minimum residual electron densities; 4pmax = 2.177,

Apmin = -3.068 (€A3).
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Crystal Data for Compound 5.4 (CCDC 2123596): (C29H42BF3N203S), colorless, 0.24 x 0.12 x
0.1 mm?, triclinic, space group P-1, a=9.601(6) A, b =9.604(6) A, ¢ =18.081(11) A, « =97.88(2),
B= 90.02(2), v =108.16(3), V = 1567.4(17) A3, Z =2, T = 100(2) K, 26hnax = 60.42°, Deac (g cm™
%)= 1.200, F(000) = 604, z(mm™) =0.152, 102707 reflections collected, 11185 unique reflections
(Rint = 0.0811), 7314 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin =
0.6558, Tmax = 0.7465, 360 refined parameters, S = 1.076, R1 = 0.0579, wR2 = 0.1627 (all data R
= 0.1096, wR2 = 0.1912), maximum and minimum residual electron densities; 4pmax = 0.719,
Apmin=-1.218 (eA3).

Crystal Data for Compound 5.6 (CCDC 2123605): (C3oH41BFsN20sS:), colorless, 0.22 x 0.12
x 0.09 mm?, monoclinic, space group P2i/c, a = 17.311(3) A, b = 11.1748(15) A, ¢ = 17.490(3)
A a=y=90, B=96.691(7), V = 3360.5(9) A3, Z = 4, T = 100(2) K, 26nax = 50.48°, Dcaic (g cm~
%) = 1.412, F(000) = 1496, u (mm™) = 0.236, 113806 reflections collected, 12070 unique
reflections (Rint=0.0487), 9829 observed (1 > 2o (1)) reflections, multi-scan absorption correction,
Tmin = 0.6731, Tmax = 0.7467, 432 refined parameters, S = 1.129, R1 = 0.0361, wR2 = 0.1029 (all
data R = 0.0537, wR2 = 0.1211), maximum and minimum residual electron densities; 4pmax =
0.918, 4pmin = -0.884 (eA™).

Crystal Data for Compound 5.7 (CCDC 2123606): (C28H41BN4Og), colorless, 0.22 x 0.11 x 0.08
mm?&, monoclinic, space group P2i/c, a = 18.736(3) A, b =8.3227(19) A, ¢ = 18.866(3) A, a =y
=90, B = 96.145(5), V = 2925.0(10) A3, Z = 4, T = 100(2) K, 26hax = 62.78°, Deaic (g cm3) =
1.227, F(000) = 1160, z (mm™) = 0.086, 90856 reflections collected, 9543 unique reflections (Rint
=0.0487), 7541 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.6465,

Tmax = 0.7462, 432 refined parameters, S =1.152, R1 = 0.0637, wR2 = 0.1651 (all data R = 0.0875,
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wR2 = 0.1820), maximum and minimum residual electron densities; 4 pmax = 0.683, 4,0min=-0.476
(eAd).

Crystal Data for Compound 5.16 (CCDC 2102134): (CzsHsBCloN2+CsHe) Sum formula,
colorless, 0.14 x 0.12 x 0.10 mm?, monoclinic, space group P21/n, a = 14.805(6) A, b = 15.822(6)
A, c=17.997(6) A, a =y =90, f=98.638(18), V = 4168(3) A%, Z =4, T = 100(2) K, 26 =
56.38°, Dcaic (g cm™) = 1.022, F(000) = 1376, 1 (mm™) = 0.182, 118273 reflections collected,
10300 unique reflections (Rint = 0.083), 8078 observed (I > 2o (I)) reflections, multi-scan
absorption correction, Tmin = 0.6622, Tmax = 0.7457, 414 refined parameters, S = 1.091, R1 =
0.0552, wR2 = 0.1639 (all data R = 0.0733, wR2 = 0.1808), maximum and minimum residual
electron densities; 4pmax = 0.782, A pmin= -0.430 (eA3).

Crystal Data for Compound 5.17 (CCDC 2153463): (C34HsAIBCIsNy), colorless, 0.12 x 0.1 x
0.07 mm?®, monoclinic, space group P 2i1/c, a = 10.6046(15) A, b = 18.021(2) A, ¢ = 19.456(3) A,
a =y =90, = 96.127(4), V = 3696.9(9) A3, Z = 4, T = 100 K, 26max = 51.4 °, Dearc (g cm3) =
1.252, F(000) = 1464, u (mm™) = 0.442, 142086 reflections collected, 6486 unique reflections
(Rint = 0.0782), 5469 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin =
0.6609, Tmax = 0.7453, 416 refined parameters, S = 1.090, R1 = 0.1206, wR2 = 0.3536 (all data R
= 0.1355, wR2 = 0.3744), maximum and minimum residual electron densities; 4pmax = 0.990,
Apmin= -1.042 (eA3).

Crystal Data for Compound 5.18 (CCDC 2153464): (C42Hs4BF3N204S), colorless, 0.15 x 0.12
x 0.08 mm?, monoclinic, space group P21/c, a=12.0999(9) A, b = 19.0144(14) A, ¢ = 18.1852(13)
A o=y, 3=104995(3), V =4041.4(5) A%, Z=4,T =100 (2) K, 26max = 69.48 °, Dcaic (g cm®)

= 1.234, F(000) = 1600, « (mm™) = 0.136, 149282 reflections collected, 17799 unique reflections
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(Rint = 0.0636), 14547 observed (I > 2o (l)) reflections, multi-scan absorption correction, Tmin =
0.6601, Tmax = 0.7469, 487 refined parameters, S = 1.082, R1 = 0.060, wR2 = 0.1655 (all data R =
0.0751, wR2 0.1776), maximum and minimum residual electron densities; 4pmax = -0.766, 4 pmin=
1.104 (eA3).

Crystal Data for Compound 5.19 (CCDC 2153465): (CsHs1B3N4Oz3), colorless, 0.26 x 0.12 x
0.06 mm?, triclinic, space group P -1, a = 10.8369(16) A, b = 14.0568(19) A, ¢ = 14.774(2) A, «
= 86.965(5), = 82.058(5), y = 77.879(5), V = 2178.6(5) A3, Z = 2, T = 100(2) K, 26hax = 65.5 °,
Deatc (g cm™) = 1.129, F(000) = 788, 1 (mm™) = 0.069, 49360 reflections collected, 7574 unique
reflections (Rint= 0.071), 6725 observed (I > 2o (1)) reflections, multi-scan absorption correction,
Tmin = 0.6064, Tmax = 0.7465, 576 refined parameters, S = 1.030, R1 = 0.0500, wR2 = 0.1322 (all
data R = 0.0553, wR2 = 0.1376), maximum and minimum residual electron densities; 4pmax =
0.459, A pmin= -0.348 (eA®).

Crystal Data for Compound 5.21 (CCDC 2123612): (C2sH42BBrN20>), colorless, 0.15 x 0.12 x
0.06 mm?®, orthorhombic, space group Pnma, a = 16.517(10) A, b =20.453(9) A, ¢ =8.264(3) A,
a=B=y=90,V=2792(2) A3, Z =4, T =100(2) K, 26max= 42.30°, Deaic (g cm %) = 1.259, F(000)
=1120, u (mm™) =1.499, 64957 reflections collected, 2527 unique reflections (Rint=0.194), 1755
observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.6212, Tmax = 0.7457,
173 refined parameters, S=1.071, R1 =0.0412, wR2 = 0.0855 (all data R = 0.0795, wR2 = 0.1063),
maximum and minimum residual electron densities; Apmax = 0.558, 4omin= -0.659 (€A).
Crystal Data for Compound 5.22 (CCDC 2123642): (C2sH40BN2QOs4), colorless, 0.15 x 0.10 x
0.08 mm?®, orthorhombic, space group Pnma, a = 12.325(3) A, b =20.525(5) A, ¢ = 10.920(3) A,

a=B= y=90,V =2762.4(12) A%, Z = 4, T = 293(2) K, 26hax = 59.66°, Dearc (g cm %) = 1.153,
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F(000) = 1036, 2 (mm™) = 0.076, 215531 reflections collected, 4981 unique reflections (Rint =
0.100), 3797 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin = 0.6965,
Tmax = 0.7463, 176 refined parameters, S = 1.110, R1 =0.0979, wR2 = 0.2878 (all data R = 0.1463,
wR2 = 0.3238), maximum and minimum residual electron densities; 4pmax = 0.720, 4pmin= -
1.319 (eA?).

Crystal Data for Compound 5.25 (CCDC 2153460): (CasHas BCIN32503), colorless, 0.15 x 0.11
x 0.08 mm?, monoclinic, space group P21/n, a =12.8105(15) A, b =17.071(2) A, ¢ = 15.1302(17)
A a=y=90, p=98.179(4), V = 3275.1(7)A%, Z = 4, T = 100(2) K, 26hax = 52.7°, Deaic (g cm )
=1.204, F(000) = 1271, 1 (mm™) = 0.154, 138965 reflections collected, 6728 unique reflections
(Rint = 0.0893), 5527 observed (I > 2o (1)) reflections, multi-scan absorption correction, Tmin =
0.7070, Tmax = 0.7454, 401 refined parameters, S = 1.134, R1 = 0.0768, wR2 =0.1992 (all data R =
0.0986, wR2 = 0.2188), maximum and minimum residual electron densities; 4 pmax = 0.461, 4 pmin=
-0.855 (eA3).

Crystal Data for Compound 5.26 (CCDC 2153461): (Cs7.50H4850BN4Os), colorless, 0.22 x 0.16
x 0.07 mm?, triclinic, space group P-1, a = 9.3097(5) A, b = 10.3396(6) A, ¢ = 20.4624(11) A, «
= 84.254(2), B = 84.315(2), y = 63.441(2), V = 1749.71(17) A3, Z = 2, T = 100(2) K, 26hax =
72.54°, Deaic (g cm=) = 1.257, F(000) = 709, « (mm™) = 0.085, 82311 reflections collected, 6140
unique reflections (Rint = 0.0971), 5300 observed (I > 2o (1)) reflections, multi-scan absorption
correction, Tmin = 0.4948, Tmax = 0.7476, 461 refined parameters, S = 1.036, R1 = 0.0384, wR2 =
0.0969 (all data R = 0.0452, wR2 = 0.1015), maximum and minimum residual electron densities;

Apmax = 0.330, 4pmin= -0.297 (eA).
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6.4.3. Details of theoretical calculations for the formation of 5.3 and 5.13

All the calculations in this study have been performed with density functional theory (DFT), with
the aid of the Turbomole 7.5 suite of programs,* using the PBE functional,® along with dispersion
correction (DFT-D3) for 5.3.° The def-TZVP basis set’ has been employed. The resolution of
identity (RI),% along with the multipole accelerated resolution of identity (marij)® approximations
have been employed for an accurate and efficient treatment of the electronic Coulomb term in the
DFT calculations. Solvent correction was incorporated with optimization calculations using the
COSMO model, with toluene (¢ = 2.374) as the solvent. The values reported are AG values, with
zero-point energy corrections, internal energy and entropic contributions were included through
frequency calculations on the optimized minima, with the temperature taken to be 298.15 K. The
translational entropy term in the calculated structures was corrected through a free volume
correction introduced by Mammen et al.!! This volume correction is to account for the
unreasonable enhancement in translational entropy that is generally observed in computational
software. Harmonic frequency calculations were performed for all stationary points to confirm
them as local minima or transition state structures.

Energy profile for the disubstitution reaction of 5-1Dipp-BHs:
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Figure 6.5.2. The comparison between six-membered NHC and five-membered NHC after

oxidative addition of HBpin. The values (in kcal/mol) have been calculated at the PBE/TZVP level

of theory with DFT.

6.4.4. Cyclic voltammogram of 5.21

All experiments were carried out under an atmosphere of argon in degassed and anhydrous
acetonitrile solution containing n-BusNPFs (0.1 M) at a scan rate of 0.70 Vs*. The set up consisted
of a glassy carbon working electrode (surface area = 0.04 cm?), Pt counter electrode, Ag/AgClI
reference electrode and 0.1 M n-BusNPFe solution in acetonitrile as the electrolyte.

60

10 1
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N
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Figure 6.5.3. The cyclic voltammogram of 5.21 were recorded at 0.7 VV s,
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changes in the metal’s oxidation states. The last two decades have witnessed that main group metal
complexes, especially N-heterocyclic carbenes were used as the alternative to transition metal
complexes. NHCs have been reported and made the chemistry rich with their novel and
unprecedented bonding and reactivity studies. In this regard, saturated NHCs represent a special
class due to their more nucleophilic character compared to their unsaturated analogues. Higher
HOMOs of the SNHCs results in the lower HOMO-LUMO gap compared to the unsaturated
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Abstract: The reaction of SIPr, [1,3-bis(2,6-diisopropyl-
phenyl)-imidazolin-2-ylidene] (1), with C.Fy led to the for-
mation of an unprecedented mesoionic compound (2). The
formation of 2 is made accessible by deprotonation of the SIPr
backbone with simultaneous elimination of HE. The C—F bond
para to the imidazolium ring in 2 is only of 1.258(4) A, which is
the one of the shortest structurally authenticated C—F bonds
known to date. The liberation of HF during the reaction is
unequivocally proved by the addition of one more equivalent
of SIPr, which leads to the imidazolium salt with the HF,
anion. To functionalize 2, the latter reacted with B(CFs); to
give an unusual donor—acceptor compound, where the fluoride
atom from the C4F5 moiety coordinates to B(C4Fs); and the
carbanion moiety remains unaffected. Such coordination
susceptibility of the fluoride atom of a nonmetallic system to
a main-group Lewis acid (F,,, mea—BR3) is quite unprece-
dented.

Since Robinson’s seminal work on deprotonation of IPr
(1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene) at C4
(alkenic backbone) with nBuLi,"! there has been a flurry of
research activity on deprotonation from the N-heterocyclic
carbenes (NHC) backbone and subsequent C4 metallation
thanks to extensive work from the groups of Hevia, Mulvey,
Braunstein, Braunschweig, and others.”” The deprotonation
of saturated NHCs, however, led to rearranged products
through C—N bond activation and ring cleavage.[®"!

Given our recent interest, as well as that of others in C—F
bond activation by compounds with low-valent main-group
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elements,'*™! we intended to explore saturated NHCs for
C—F bond activation. While both cyclic alkyl amino carbenes
(cAACs) and IPr have been recently explored for C—F bond
activation,!*'" their different electronic properties are
reflected in their mode of C—F bond activation. We have
observed herein that the reaction of SIPr (1; for structure see
Scheme 1) with C4Fy has led to the activation of one of the
C—F bonds with concomitant deprotonation from the back-
bone, resulting in the formation of an unprecedented
mesoionic compound (2) along with HF elimination. The
HF elimination is confirmed by adding one more equivalent
of 1, which forms an imidazolium salt with HF,™ as the
counter anion (3; for structure see Scheme 2). Subsequent to
the isolation of 2, we intended to derivatize this mesoionic
compound by reaction with B(C4Fs);, but it forms a donor—
acceptor adduct (4; for structure see Scheme 3), where the
fluoride atom of the C¢Fs; moiety coordinates to boron,
leaving the carbanion moiety intact. Such behavior displaying
the Lewis basicity of a fluoride atom of the C¢Fs ligand in
a metal-free system is unprecedented.

The reaction of C;F with 1 at 60 °C for 14 hours led to the
formation of 2 as a greenish-yellow solid. However, when
CFs was added to 1 in benzene in 2:1 ratio at room
temperature, the formation of 2 was detected in 15 minutes
(Scheme 1). The formation of 2 is indicated in the "F NMR

Ar

/ Ar R F
N H N
benzene \
[ i+ 2CoFp —menS Hj:(’?,‘ F
N RT, 15 min HB N\
Ar Ar F F
1 2

Scheme 1. C—F bond activation of CsFg by SIPr (1) and subsequent
deprotonation (Ar=2,6-iPr,C¢Hs).

spectrum, which shows signals at d =—113.29 ppm for the
para-fluorine atom, 0 = —141.93 and 6 = —166.92 ppm for the
ortho- and meta-fluorine atoms respectively. Colorless crys-
tals of 2 were isolated from a saturated CDCI; solution
maintained at 4°C for 5-7 days, and they revealed the
formation of a mesoionic compound. The molecular structure
of 2 (Figure 1) reveals the C2-C3 bond length is 1.468(6) A,
which is shorter than the standard C2-C3 bond length in
1 [1.5144(19) A].2 The '"H NMR spectrum shows only one
singlet at 6 =4.34 ppm with an integration for three hydrogen
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Figure 1. Molecular structure (ORTEP) of 2 with anisotropic displace-
ment parameters drawn at 50% probability level.?”) Hydrogen atoms
(except in the SIPr backbone) are not shown for clarity. Selected bond
lengths [A] and angles [°]: C1-N1 1.320(4), C1-N2 1.334(4), C2-N1
1.472(5), C2-C3 1.468(6), C1-C4 1.451(5), C7—F3 1.258(4); N1-C1-N2
111.8(3), C3-C2-N1 104.6(3), N1-C1-C4 123.7(3), N2-C1-C4 124.5(3),
€9-C4-C5 114.7(3).

atoms. The molecular-ion peak at m/z 556.2871 in the HRMS
supports the deprotonation from the backbone. The C—F
bond length para to the imidazolium moiety is determined to
be 1.258(4) A, which is one of the shortest C—F single bonds
known to date (the C—F bond length in perfluoroalkanes is of
about 1.3 A).”!l The bond length is very close to the C=F bond
calculated for [MeC(F)=F]* (1.259A) and [F,C=F]
(1.243 A).?! This value is the consequence of the delocaliza-
tion of the lone pairs of the para-F atom over the aryl ring.
The other C—F bond lengths range from 1.348(4)-1.359(4) A.
The C—C bond lengths in the C4Fs moiety vary from 1.351(5)-
1.427(5) A, indicating the partial delocalization over the aryl
ring. The cyclic voltammogram (CV) of 2 (see Figure S30 in
the Supporting Information) exhibits a reversible one-elec-
tron reduction and oxidation process where the reduction
peak potential (E,,,.q) appears at —0.95 V and the oxidation
peak potential (E,.q) is found at —0.87 V. Along with the
reversible process, an irreversible one-electron reduction
(Eprea=—125V) and irreversible oxidation (E,.q=
—1.09 V) are also observed.

Recently, Tavcar and co-workers showed the reactions of
IPr with different sources of HE.*®! To unambiguously prove
the liberation of HF during the C—F bond activation, we
reasoned that the addition of one more equivalent of 1 to the
reaction mixture might react with the liberated HF. Indeed,
the addition of another equivalent of 1 in the mixture of 1 and
C¢Fs (Scheme 2) led to the formation of the imidazolium
bifluoride 3. The formation of the latter stands as a proof of
HF elimination during the C—F bond activation. As the
solubilities of 2 and 3 are very similar, we were unable to
satisfactorily characterize 3 by NMR spectroscopy. The
'"HNMR spectrum of 3 shows a broad singlet at 6=

Ar Ar
F

N N

2 CoF, 0.5 SIPr N,

[ 2ode HI FaHF ——= 05[ o)—H + 2
N benzene %o N RT, 2h o
\  RT,15min F \ HF2
Ar Ar
2 3

Scheme 2. Trapping of the HF molecule by the formation of the
monocationic salt with HF,™ as a counter anion (3).
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15.88 ppm, which is a characteristic resonance for HF,  and
in accordance with those reported by Tavcar and co-workers
for [IPrH][HF,].””) A singlet at d=—162.42 ppm in the
F NMR spectrum can also be seen. The molecular structure
of 3 (Figure 2) reveals the trigonal-planar geometry at C5 with
a N1-C5-N2 angle of 112.91(13)°. The C2—C3 bond length is
1.544(2) A, which is in accordance with the C2-C3 bond
length in 1 (1.5144(19) A).2

Figure 2. Molecular structure (ORTEP) of 3 with anisotropic displace-
ment parameters drawn at 50% probability level.®” Hydrogen atoms
(except HF,") are not shown for clarity. Selected bond lengths [A] and
angles [°]: C5-N2 1.3137(18), C5-N1 1.3152(18), N2-C18 1.4844(18),
N1-C19 1.4874(18), C18-C19 1.544(2), C5-H5 0.9300, F1-H30 1.233-
(18); N1-C5-N2 112.91(13), C19-C18-N2 102.57(11), C18-N2-C5
111.06(12).

To understand the mechanism for the C—F bond activa-
tion of C4Fg, quantum chemical calculations were performed
using density-functional theory (DFT) methods at the PBE/
TZVP level of theory (Figure 3). The approach of C¢Fg to the

Al R F
N
& -
KW
\ F
Ar F E:
224
1 Ts_1
L 224
F -H. \/\N _Ar
00,
/,Ar
o
N \
Ar Ts 2%
; O 65
E FARETK:} —
FI :[F S i
| o N F
F F | / !
L \-16.6 : e[ ©>/Q
‘ NoJF

/ArF F Int_1 F
R p e
® +
HF +
NFPF F F F F
Ar F F
Figure 3. Reaction energy profile diagram for the C—F bond activation

of C¢F¢ by SIPr. The values (in kcal mol™') have been calculated at the
PBE/TZVP level of theory with DFT.
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carbene leads to the formation of Int_1 via Ts_1, which is
a very stable intermediate (AG = —16.6 kcalmol'). The
barrier for this step is 22.4 kcalmol '. Subsequent to this
step, calculations suggest that a molecule of CiF, acts as
a “fluoride shuttle”, transferring a fluoride to the backbone
carbon center (see Ts_2) to yield the experimentally observed
product (2). This mediating role of C4F, was deemed
important, for it was seen that without the fluoride trans-
ferring assistance of CgFg, it was difficult to break the C—H
bond to eliminate HF from the intermediate Int_1. This role is
in line with our observation on why the reaction takes place at
room temperature in presence of excess C¢Fs. Note that,
Kuhn and co-workers also used a huge excess of C¢F, in the
presence of BF; for carbene mediated C—F bond activa-
tion.?¥

With 2 in hand, we sought to derivatize the backbone with
a Lewis acid. Hence, we reacted 2 with B(C¢Fs); (Scheme 3).

AN R F
H
B(CeFs) N ... #B(CeFs)s
6"5)3 HY 5. F s
THF/CH,Cl, H'&™N
RT,12h Ar F F
4

Scheme 3. Reaction of 2 with B(C4F;); and formation of a donor—
acceptor adduct. THF =tetrahydrofuran.

Surprisingly, it led to a donor-acceptor adduct (4), wherein
the fluoride atom para to the imidazolium moiety coordinates
to B(C¢Fs);, leaving the carbanion moiety intact. Despite the
Lewis-acidic nature of B(C¢Fs);, compounds that feature F—
B(C¢Fs); donor—acceptor interactions are very rare. Parkin
and co-workers reported the reaction of a terminal zinc
fluoride with B(C4Fs); and it led to the adduct [r*
Tptm]ZnF—B(C¢Fs);.! However, such a donor-acceptor
interaction from the fluoride atom of a metal-free system to
borane is thus far not known. The molecular structure of 4 is
shown in Figure 4. The F—B bond in 4 [1.512(3) A] is
substantially longer than that in [x*-Tptm]ZnF—B(CFs),
[1.476(6) A]® and the average value for the [(C4Fs);BF]
anion (1.434 A)?) in non-metal-containing salts. Coordina-
tion of the C—F moiety through the fluoride atom is indicated
by the increase in the C—F bond length [1.308(2) A] relative
to that in 2 [1.258(4) A], but it is shorter than the other C—F
bond lengths [1.339(2)-1.344(2) A]. The mesoionic nature of
the compound is illustrated from the '"H NMR studies, which
show two resonances for the backbone protons at 6 =4.64 and
4.53 ppm, integrating for one and two protons, respectively. A
broad signal appears at 0 =—0.81 ppm in the "B NMR
spectrum, which is substantially shifted from that of B(C¢F5);
(0=61.5 ppm). The fluoride coordinated to B(CFs); reso-
nates at = —155.98 ppm, which is downfield compared to the
BF fragment in [FB(C4Fs);]~, which typically resonates
between 0 = —185 and —192 ppm.*?")

The elimination of HF during the C—F bond activation
was further manifested in the reaction of SIPr with C¢FsCF;.
The reaction led to the activation of the para C—F bond
relative to the CF; group, resulting in the formation of an
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Figure 4. Molecular structure (ORTEP) of 4.7 The anisotropic dis-
placement parameters are drawn at 50% probability level. Hydrogen
atoms (except in the SIPr backbone) are not shown for clarity. Selected
bond lengths [A] and angles [°]: C1-N1 1.326(3), C1-N2 1.324(3), C2—
N1 1.480(3), C3-C2 1.527(4), C4-C1 1.467(3), C7—F3 1.308(3), B1-F3
1.512(3); N1-C1-N2 112.7(2), C3-C2-N1 102.27(19), N1-C1-C4 123.1-
(2), N2-C1-C4 124.2(2), C9-C4-C5 115.7(2).

imidazolium salt along with [SiF]*~ as the counter anion, 5
(Scheme 4). The molecular structure of 5 is shown in Figure 5.
The "FNMR spectrum of 5 shows a peak at 6=
—124.61 ppm, which is in good agreement with that reported
by the groups of Tavéar™! and Atwood.” The C1-C4 bond
length is 1.485(4) A, which is in good agreement with that in 2.
The source of [SiF¢]*~ can be attributed to the glass surface,
which can react with the in situ liberated HF from the

Ar R F
CeF5CF3 N ©
— [@: CF3 0.5 [SiFg) 2
Ar benzene N
N/ -30°C-RT,1h A F 5 F
[N \ Ar R F
V| CeFsCF; _Re \—"!
Ar L =2"% F-B-F_ © CF,
BF;-ether F *H-N
benzene 6 Ar F E
-30°C-RT, 1h

Scheme 4. C—F bond activation of C4FsCF; by SIPr (1).

Figure 5. Molecular structure (ORTEP) of 5.°7! Anisotropic displace-
ment parameters are depicted at the 50% probability level. Hydrogen
atoms are not shown for clarity. Selected bond lengths [A] and angles
[°]: C1-N2 1.324(3), C1-N1 1.318(3), C3-N1 1.484(3), C1-C4 1.485(4),
C2-C3 1.519(4); N1-C1-N2 113.1(2), N1-C3-C2 102.1(2), N1-C1-C4
121.6(2), N2-C1-C4 125.1(2).
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system.[*” We could not stop the reaction of HF with the glass
vessel even when performing the reaction at —30°C.

To prohibit the reaction of in situ generated HF with the
glass vessel by fluoride abstraction, we added BF; to the
reaction mixture of 1 and C¢FsCF; after 30 minutes at low
temperature, and it led to the formation of the NHC ring-
opening product 6 (Figure 6), where HF is captured by

Figure 6. Molecular structure (ORTEP) of 6.°”) Anisotropic displace-
ment parameters are depicted at the 50% probability level. Hydrogen
atoms (except at N2 atom) are not shown for clarity. In crystal packing
one F atom of BF,” shows disorder and occupied in two different sites
with 40% and 60% occupancy. Selected bond lengths [A] and angles
[°]: C1=N1 1.327(3), C1-N2 1.322(3), C1-C4 1.504(4), C2-C3 1.314(4),
F3-B1 1.312(5); N1-C1-N2 122.3(2), C2-N1-C1 121.8(2), N1-C1-C4
118.1(2), F3-B1-F2 98.2(3).

hydrogen bonding. The C—C single bond is oxidized to a C=C
bond (Scheme 4). There are recent reports on ring expansion
of NHCs using either BeH,*! or hydrosilanes,*” and C—N
bond activation by transition metals,"** as well as by main-
group compounds.'® However, in all these cases, the Cpene—
N bond activation takes place and the backbone of the NHC
moiety remains intact. Only Filippou et al. have observed the
formation of an imine compound, CH,=—CH-N(dipp)-CH=
N(dipp), as a minor product while treating (SIPrH)Br with
Na(SiMe;),."!  Very recently, Harder and co-workers
reported the reaction of saturated an N-heterocyclic alkene
with nBuLi in the presence of TMEDA, and it leads to ring
opening by cleavage of one of the cyclic C—N bonds from the
backbone.! The tetrafluoroborate anion serves as an effec-
tive hydrogen-bond acceptor. The "B NMR spectrum gives
asignal at 0 =4.26 ppm for BF, . The C2-C3 bond length was
determined to be 1.314(4) A, confirming the double-bond
formation.

In conclusion, we report the deprotonation of SIPr by
a C—F bond of C¢F,, and it affords a mesoionic compound (2)
with concomitant elimination of HF. Neither NHCs nor
cAACs are known to generate such mesoionic compounds by
such a single-step C—F bond activation. The formation of HF
during the reaction is supported by the addition of another
molecule of SIPr in the reaction medium, and leads to the
imidazolium bifluoride 3. 2 possesses one of the shortest
structurally authenticated C—F bonds [1.258(4) A].The reac-
tion of 2 with B(C¢Fs); results in the donor-acceptor adduct 4,
where the Lewis basicity of the fluoride atom of the CgF;
moiety is illustrated by its coordination to B(C4Fs);. Such
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a donor—acceptor interaction from the fluoride atom of
a metal-free system to borane is unprecedented.

Experimental Section

Synthetic methods, characterization data, computational details,
and details of single- crystal X-ray studies, as well as cif files of 2—6 are
given in the Supporting Information.
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Saturated N-Heterocyclic Carbene Based Thiele’s Hydrocarbon
with a Tetrafluorophenylene Linker
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Abstract: The synthesis of a SIPr [1,3-bis(2,6-diisopropyl-
phenyl)-imidazolin-2-ylidene] derived Kekulé diradicaloid
with a tetrafluorophenylene spacer (3) has been de-
scribed. Two synthetic routes have been reported to
access 3. The cleavage of C—F bond of C,F¢ by SIPr in the
presence of BF; led to double C—F activated compound
with two tetrafluoro borate counter anions (2), which
upon reduction by lithium metal afforded 3. Alternatively,
3 can be directly accessed in one step by reacting SIPr
with C4F¢ in presence of Mg metal. Compounds 2 and 3
were well characterized spectroscopically and by single-
crystal X-ray diffraction studies. Experimental and compu-
tational studies support the cumulenic closed-shell singlet
state of 3 with a singlet-triplet energy gap (AEs;) of
23.7 kcalmol ™.

- /

The activation of C—F bonds of perfluoroarenes by compounds
with Si', P", Al' atoms has become an increasingly popular
topic of research over the last years thanks to pioneering
works by Stephan, Roesky, Nikonov and many others.” The
group of Kuhn, and later the groups of Lee and Radius investi-
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gated the C—F bond activation by using N-heterocyclic car-
benes (NHCs).” In 2015, Bertrand and co-workers reported the
activation of the C—F bond of CsF;N by a cyclic (alkyl)(@amino)-
carbene (cAAC) and subsequently isolated a (cAAC)-tetrafluoro-
pyridyl radical by reducing the C—F bond activated product.”!
In fact, the cAAC moieties are excellent for stabilizing a variety
of organic, main-group and transition-metal radical species, as
demonstrated from the extensive studies by the groups
of Bertrand, Roesky, Braunschweig, and others.** In contrast,
radicals derived from N-heterocyclic carbenes (NHCs) are as-
toundingly small,’® although very recently NHC derivatives of
Kekulé diradicaloids have been realized by Ghadwal and co-
workers 47

Due to lower HOMO-LUMO energy gap of saturated NHCs
than their unsaturated counterparts,” the capability of saturat-
ed NHCs to stabilize organic radicals should be better.®? Re-
cently, we have studied the reactivity of CsFs and C¢FsCF; with
SIPr® In this work, we show the utilization of C—F bond activa-
tion of C¢F chemistry to realize a SIPr-based Thiele’s hydrocar-
bon spanned by a C¢F, linker. The question remains whether
the four substituted fluorine atoms at the central phenylene
ring of 3 would destabilize the quinoid state and stabilize the
biradical state. A further impetus comes from the works of Abe
and co-workers who showed the increase in the biradical char-
acter in 1,4-bis-(4,5-diphenylimidazol-2-ylidene) tetrafluoro cy-
clohexa-2,5-diene (tf-BDPI-2Y) from parent BDPI-2Y.*" Although
tf-BDPI-2Y was not structurally characterized, they were able to
obtain the single-crystal structure of the dimerized product (tF-
BDPI-2YD).®"

We have performed the reaction of SIPr and CiF, but have
added BFj-ether to the reaction mixture after 15 min for the
isolation of the orange colored dicationic salt 2 with two BF,~
molecules as the counter anions (Scheme 1)."? Interestingly,
the addition of BF; led to double C—F bond activation from
CsFs. The activation of another C—F bond is reflected in the
YFNMR spectrum, which shows signals at 6 =—142.22 ppm
for the four fluorine atoms and at —148.37 ppm for the eight
fluorine atoms of two BF, moieties. The "B NMR spectrum ex-
hibits a signal at d=—1.11 ppm. In the HRMS, the molecular
ion peak was found at m/z 464.3034 with the highest relative
intensity, which supports the formation of 2. The cyclic voltam-
mogram of 2 (see Figure 2) exhibits two reversible redox
waves at E, . 4=—0.95V and —1.91V and oxidation at E, 4=
—0.57 V and —1.79V, respectively. The reduction potential of 2
is significantly lower compared to the related C2-protonated
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Scheme 1. Stepwise access to 3. C;F; was used in 1:2 ratio with SIPr to per-
form the reaction at room temperature. A larger amount of C,F, acts as a
“fluoride shuttle”;'*’ Ar=2,6-iPr,-C4H,

imidazolium salts (ca. —2.3 V)" of NHCs, presumably due to
the electron withdrawing effect of the fluoride atoms.

The molecular structure of 2 (Figure 1) reveals that the C2—
C3 bond distance in the imidazolium rings is 1.530(6) A, a
value similar to that in SIPr [1.5144(19) A]."? and other report-

| —
W

Figure 1. The molecular structure (ORTEP) of 2 with anisotropic displace-
ment parameters drawn at 50% probability level. The methyl groups and
the hydrogen atoms are not shown for clarity. Selected bond lengths (A)
and angles (°): C1-N1 1.313(5), C1-N2 1.324(5), C2—N1 1.488(5), C2—C3
1.530(6), C1—C4 1.486(5); N1-C1-N2 114.6(4), C3-C2-N1 102.9(3), N1-C1-C4
122.0(4), N2-C1-C4 123.2(4).
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ed imidazolium salts. The average C—C bond length in the C4F,
linker is 1.38 A, which is in agreement with that expected for
the aryl ring. The C1/C10 carbene carbon adopts a trigonal
planar geometry with an average angle of 114°(N1-C1-N2/N3-
C10-N4). The C1—-C4 bond length is 1.486(5) A, indicating a C—
C single bond. The bridging tetrafluorophenylene ring of 2 are
planar and twisted by 65.9° (average value) from the plane of
the imidazole rings.

After observing a strong visible luminescence under UV
lamp, we have studied the photo-physical phenomenon of 2,
which shows a very intense absorption band at 356 nm along
with weaker, broad bands at higher energy region. Upon exci-
tation at A, 356 nm and 450 nm, 2 gives a strong emissive
band at 636 nm with a huge stokes shift, about 12079 cm™,
and upon excitation at 4,,,=510 nm excitation it shows small
stoke shift, around 2056 cm™". The lifetime measurement of 2
shows very short lifetimes 2.72 ns (B1=30.12%) and 10.87 ns
(B2=69.86%) with bi-exponential in character; which is indica-
tive of fluorescence.

Based on the cyclic voltammetry data (Figure 2), we wonder
whether the reduction of 2 can serve as a precursor to access
the SIPr-mediated carbon diradical or tetrafluoro-substituted
quinoid hydrocarbon. Gratifyingly, the addition of lithium
metal to the THF solution of 2 resulted in an immediate color
change from yellow-orange to black and the compound 3 was
obtained as black solid in 62% yield along with the formation
of an imine, CH,=CH—N(Ar)—CH=N(Ar) (Ar=2,6-iPr,-C¢H;).

Surprisingly, in situ addition of Mg powder at 0°C in the re-
action mixture of SIPr and C¢F4 in THF led to the formation of
3 (Scheme 2) in one step. The Mg is oxidized to Mg" by captur-
ing two fluoride anions and is precipitated out as MgF, from
the system. The generation of MgF, also inhibits the HF elimi-
nation. The molecular ion peak was observed at m/z 928.6006

[%C?%]

1 THF, rt, 30 min

T~ 2 25Mg,
THFO°C t,

2 SIPr + CgFg

Scheme 2. One-step methodology to access 3.
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Figure 2. The cyclic voltammogram of 2 recorded at 0.7 Vs~ (left). Absorption (red lines) and emission (black lines) spectra of 2 at room temperature in the

solid state.
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with the highest relative intensity (See Supporting Information,
section S4). To the best of our knowledge, there is no report so
far on such a single-step access to any NHC-based diradicaloid.
Compound 3 is stable in the solid state under inert atmos-
phere. However, in the solution state, we have observed grad-
ual formation of the aforementioned imine after 2-3 days.

The single crystals of 3 were grown by keeping the THF so-
lution of 3 at 4°C for 2-3 days. The molecular structure of 3
(Figure 3) reveals the trigonal planar geometry at the C5/C10

Figure 3. Molecular structure (ORTEP) of 3 with anisotropic displacement pa-
rameters drawn at 50% probability level. The methyl groups and the hydro-
gen atoms are not shown for clarity. Selected bond lengths (&) and angles
(°): C5—N1 1.390(4), C5—N4 1.404(3), N2—C10 1.398(4), N3—C10 1.402(3), C5—
C6 1.385(4), C10—C9 1.384(4), C9—C35 1.449(3), C35—C34 1.344(4), C34—C6
1.451(4), C7—F2 1.356(3); N1-C5-N4 108.3(2), N2-C10-N3 108.6(2), C9-C10-N2
126.60(17), C8- C9-C35 110.3(2).

carbon atom with a N1-C5-N4/N3-C10-N2 angle of 108.3(2)°/
108.6(2)° which is in between the values for SIPr and its imid-
azolium salt (2). The C5-N4/N1 (1.397 A average) and C10-N2/
N3 (1.40 A, average) bond lengths are significantly longer com-
pared to those in 2 (C1-N1/N2 1318 A and C10-N3/N4
1.326 A, average values). The mean bond lengths of C5-Cé/
C9—C10 is 1.385 A, which is much shorter compared to those
in the dicationic salt, 2 (1.482 A). There are some bond alterna-
tions in the C4F, linker across C,,,—Ci,so Which suggests that
the unpaired electrons are delocalized into the aryl ring (aver-
age values: C,, 1.450 A and C,,,, 1.346 A). The imidazole rings
of 3 are twisted 23.6° (average) from the plane of the bridging
phenylene ring, which is substantially lesser than those in 2, in-
dicating a significant contribution of the quinoid resonance
form in the former. These geometric parameters suggest a
close-shell singlet state is the ground state for 3. Further con-
formation for the quinoidal character of 3 comes from the
slight pyramidalization of one of the nitrogen atoms in the
NHC units [the sum of the angles at the nitrogen atom (EN=
350.7°), Table S1, Supporting Information].I"

In order to get the electronic structure and to understand
the bonding scenario in compound 3, DFT calculations were
performed at B3LYP/def2-SVP level of theory (see the Compu-
tational Details section in the Supporting Information). Com-
puted electronic states of 3 reveal that close-shell singlet re-
mains the electronic ground state with singlet-triplet energy

Chem. Eur. J. 2019, 25, 16533 - 16537
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difference (AE; ;) of 23.7 kcalmol™'. The computed bond
lengths and angles of singlet state are in good agreement
with the experimentally obtained X-ray crystal structure of
those of the triplet state, which can be seen from the align-
ments and superposition plot of the conformers (see Support-
ing Information, Figure S18 and Table S2). It is worth noting
that the replacement of H by F led to decrease of S—T gap by
5.4 kcal mol~".1%¢

To gain insight into the bonding nature in 3, we have also
performed natural bond orbital (NBO) analysis at the B3LYP/
def2-TZVPP//B3LYP/def2-SVP level of theory. NBO population
analysis entails that C5—C6/C9—C10 bonds in 3 shows a double
bond character with ¢ and 7t occupancies of 1.973/1.973 e and
1.776/1.784 e, respectively (Table S3, Supporting Information).
The o bond is formed mainly from the overlap of sp>-hybrid-
ized orbital of C5/C9 and sp*hybridized orbital of C6/C10
atoms, whereas the m-bond is originated by the sideways over-
lap of pure p orbital of both the bonding partners. Calculated
Wiberg bond indices (WBI) of C5—C6/C9—C10 bonds are 1.394
and 1.403 respectively, indicating significant double bond char-
acters in both cases. Thus, from the NBO results, we can pre-
dict the quinoidal bond nature in compound 3. Additionally,
we have measured the diradical character of 3 as described by
Nakano and co-workers,"™ but our calculated results reveal ab-
sence of any diradical character.

The room-temperature UV/Vis spectrum of a THF solution of
3 (Figure S9) features two intense absorption bands at 4,,,, 384
and 476 nm with a shoulder at 769 nm (log &=4.13-
4.63M~'cm™). Subsequently, we have carried out time-depen-
dent density functional theory calculations (TDDFT) to analyze
the UV/Vis spectral signatures of 3 (Table S4, Supporting Infor-
mation). The compound 3 in the close-shell configuration
gives two main absorption bands at 446 and 332 nm, respec-
tively. The higher-lying signal corresponds to the highest occu-
pied molecular orbital (HOMO)—lowest unoccupied molecular
orbital (LUMO) excitation with an oscillator strength of 1.1079,
whereas the lower-lying signal designates the HOMO—
LUMO + 2 transition (f=0.0635). The HOMO represents the m
orbital of C5-C6/C9-C10 bonds delocalized over benzene
moiety, whereas the LUMO and LUMO + 2 designate the lone
pair of the carbene carbon and the m* orbital of the -Dipp
groups bonded to the nitrogen atoms, respectively. The select-
ed KS-MOs of 3 are depicted in Figure 4.

Though our single-crystal data and calculated result indicate
a close-shell ground state for 3, but the latter displays a dou-
blet EPR signal characteristics of a monoradical impurity,’>'®
which could not be isolated (Figure S17, Supporting Informa-
tion). Due to the presence of this paramagnetic impurity, we
were unable to obtain well resolved 'H and "*C NMR reso-
nances.

In conclusion, we have described a route to prepare tetra-
fluorophenylene substituted Thiele’s hydrocarbon (3) by ex-
ploiting the C—F bond activation of C,F¢ using SIPr in a one-
step as well as two step procedure. Single-crystal X-ray data
and DFT calculations suggest a close-shell singlet ground state
for 3 with a singlet-triplet energy gap 23.7 kcalmol™". No dirad-
ical character was found for 3 indicating the quinoidal bond
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HOMO (3)
(-3.79¢V)

LUMO (3)
(-1.05eV)

LUMO#2 (3)
(-0.49eV)

Figure 4. Selected KS-MOs of 3 (isosurface =0.045 a.u.) at the B3LYP/def2-
TZVPP//B3LYP-def2-SVP level of theory. Hydrogen atoms are omitted for
clarity.

nature. Ongoing studies are focused on extending the C—F
bond activation to other NHC derived diradicaloids.

Experimental Section

Crystallographic data: CCDC 1868729 (2) and 1951186 (3) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by The Cambridge Crystallographic
Data Centre.
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ABSTRACT: Compounds of boranes with N-heterocyclic car-
benes are known, yet little attention has been paid to NHC
compounds of boron bearing methyl and halogen moieties together.
The reason can be attributed to the hazardous methyldichlorobor-
ane (MeBCl,), which ignites in air. We describe here convenient
solution-phase access to SIDipp-MeBCl, (SIDipp = 1,3-bis(2,6-
diisopropylphenyl)imidazolin-2-ylidene) (3) by a salt metathesis
reaction of SIDipp-BCl; (2) with MeLi. Replacement of the
chlorine atoms of 3 with stepwise addition of AgOTf led to the
formation of SIDipp-MeBCI(OTf) (4) and SIDipp-MeB(OTf),

SNHC HALOBORANES WITHOUT SNHC HALOBORANES WITH
USING MeBCl, CHIRAL BORON CENTRE

(5). In the case of 4, all of the substituents on the boron atom are different. Subsequently, we extended our synthetic approach
to the amidinate system and prepared PhC(NtBu),B(Me)CI (7) from the reaction of PhC(NtBu),BCl, (6) with MeLi.

B INTRODUCTION

The combination of an N-heterocyclic carbene (NHC) with a
borane usually results in a complex called an NHC-borane.
Although before 2008 there were not many reports on NHC-
borane complexes, significant advances have been made in the
subsequent years. Early work on NHC-boranes was centered
on complexes of simple boranes such as BH; and BF; that were
prepared by direct complexation of the NHC with the
corresponding borane. Subsequently, the synthesis of more
than two dozen NHC-borane complexes with the compositions
NHC-BX;, NHC-BHX,, NHC-BH,X, etc. have been reported,
mainly from the groups of Curran, Braunschweig, Robinson,
Tamm, and others.”” In an elegant review of NHC-borane
adducts,”® Curran and co-workers noted that the field is still
open and concluded by posing this question: what other NHC-
boranes can be made? Interestingly, a survey of known NHC-
RBX, species with different R groups reveals that common
functional groups in carbon chemistry such as methyl groups
are rarely found bound to boron atoms in NHC-borane
adducts. For example, NHC-BCL,Ph is known,* but NHC-
BCl,Me is unknown. One reason could be the needed borane
(MeBCl,) is not widely available. It is prepared from the
reaction of Me;SnCl with excess BCl;, which gives rise to a
mixture of products (eq 1). MeBCl, has a boiling point of 11
°C, ignites in contact with air, and should be stored in a
Schlenk tube equipped with a grease-free stopcock at a
temperature below —30 °C.° Thus, the handling of MeBCl,
under laboratory conditions is nontrivial. The other reason is that
in carbon chemistry the methyl group behaves as an electron
donor (+I effect), while in boron chemistry the methyl group,
contrary to the common conviction, are electron withdrawing
(—I effect) due to the difference in electronegativity between

© 2020 American Chemical Society

7 ACS Publications 4696

carbon (2.5) and boron (2.0).° As a result, no structural
information is available on NHC-methylhaloborane com-
pounds to date. To the best of our knowledge, IDipp-BCL,iPr
(IDipp = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) is
the only known alkylhaloborane adduct, which was prepared
by Braunschweig and co-workers.” Thus, we were interested to
make NHC -haloborane adducts, where one of the substituents
of the boron atom is a methyl group. It is of note here that
MeBCl, was detected as an intermediate in the chemical vapor
deposition synthesis of boron carbide® and studying the
chemistry of MeBCl, might provide a deeper understanding of
its chemical reactivity.

Me;SnCl + excess BCl; — MeBCl, + Me,SnCl, (1)

In 2007, Robinson and co-workers introduced the ligand
IDipp to make the IDipp-BBr; adduct and subsequently
stabilize compounds with B—B single and double bonds.** The
same NHC was later employed by Braunschweig and co-
workers for the isolation of a compound with a B=B triple
bond.” Curran and co-workers reported a series of NHC-
boranes with the same NHC by means of nucleophilic
substitution reactions.”® In view of our current interest in
saturated NHCs,'® we have chosen the saturated version of
IDipp, known as SIDipp (SIDipp = 1,3-bis(2,6-
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diisopropylphenyl)imidazolin-2-ylidene) for our study. We
have noted that the contribution of saturated NHCs to boron
chemistry is rather cursory. Nonetheless, the Braunschweig
group isolated a B—B triply bound compound using the
SIDipp ligand (SIDipp—B=B<«SIDipp)."'

Herein we demonstrate a detailed study of nucleophilic
substitution reactions of SIDipp-BCly (2), which led to the
adduct SIDipp-BMeCl, (3). This is the first carbene-BMeCl,
adduct, and it does not require the use of hazardous MeBCl,.
Removal of another chlorine from 3 with the trifluorometha-
nesulfonate (OTf) group resulted in an unusual NHC-borane,
SIDipp-B(Me)(Cl)(OT%) (4), where the three groups attached
to the boron center are different. Subsequent removal of
another chloride by an OTf moiety led to SIDipp-B(Me)-
(OTf), (5). We further extended the nucleophilic substitution
reaction to the amidinate boron system.

B RESULTS AND DISCUSSION

We started our investigation by reacting SIDipp with simple
commercially available boron compounds. The addition of 1
equiv of BHj-ether in a hexane solution of SIDipp at low
temperature led to the formation of 1a (Scheme 1). The latter

Scheme 1. Synthesis of 1a,b and 2

Dipp
BR; N ) /R
- e > — B\—R
n-hexane/ N R
Di toluene Di
NP 0°C to RT PP
[ > R =H (1a), C4F5 (1b)
N
Dipp Pipp
BCl3 N cl
—— +—=B-Cl
n-hexane N \CI
0°Cto RT bipp
2

was previously characterized by NMR spectroscopy by the
Curran’s group in 2010,'* but was not structurally charac-
terized. Storing the concentrated toluene solution at —35 °C in
a freezer afforded colorless crystals of 1a suitable for single-
crystal X-ray analysis. It crystallizes in the monoclinic space
group P2,/n (Figure 1). The formation of the adduct resulted
in pyramidalization of the boron atom, leading to a distorted
-tetrahedral geometry, with a change in hybridization at boron
from approximately sp” to sp>. The distance between the boron
and the carbene carbon atom is 1.593(4) A, which is
comparable with those in the previously reported NHC-BH,
adducts.'*

SIDipp-B(C4F;); (1b) was synthesized by the treatment of
tris(pentafluorophenyl)borane with a toluene solution of
SIDipp at very low temperature. Colorless crystals of 1b
were isolated by keeping the solution at —36 °C for 1 day. 1b
crystallizes in the monoclinic space group P1. The molecular
structure of 1b is shown in Figure 2. The distance between
carbene carbon atom C27 and the B atom is 1.696(3) A, which
is longer than that for a normal IDipp-B(C.Fs); adduct
(1.663(5) A)."*® This bond elongation is probably a
consequence of the enhanced steric bulk at the tetracoordi-
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Figure 1. Molecular structure of 1a, with only a half-molecule in the
symmetric unit. Except for hydrogen atoms attached to the boron
atom and the carbene backbone, other hydrogen atoms are omitted
for clarity. Selected bond lengths (A) and angles (deg): C2—C2
1.517(4), C2—N1 1.465(2), C1-N1 1.338(2), C1-B1 1.593(4),
B1-H1 1.0851; N1-C1-N1 108.5(2), N1-C1-B1 125.73(11),
Cl1-B1-HI1 111.1.

Figure 2. Molecular structure of 1b. Hydrogen atoms are omitted for
clarity. Selected bond lengths (A) and angles (deg): C7—C8
1.483(4), C8—N1 1.484(3), C7-N2 1.477(3), C27-N2 1.355(3),
C27-N1 1.343(3), C27—-B1 1.696(3); N1-C27—-N2 107.69(18),
N1-C27-B1 130.5(2), N2—C27—-B1 121.42(18).

nated boron center. One of the pentafluoroarene rings is
coplanar with the Dipp arene ring; this is stabilized through a
m—arene interaction. The "B NMR spectrum of 1b shows one
signal at —15.5 ppm, which is in accordance with the recently
reported a aNHC adduct of B(C¢F);."* Similar to the case for
IDipp-B(C¢Fs);, 1b is not stable in solution at room
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temperature and hence we were unable to satisfactorily
characterize it by NMR spectroscopy.

Subsequently, we have also prepared the adduct SIDipp-
BCl,; (2), which was characterized by NMR spectroscopy. The
addition of 1 equiv of MeLi to a toluene solution of 2 at —78
°C cleanly afforded the monosubstituted product 3. After
filtration of the lithium chloride precipitate, the concentrated
toluene solution was kept for crystallization at 4 °C, which
afforded colorless crystals of 3 after 1 day in 60% yield. To the
best of our knowledge, this is the first methyldichloroborane
adduct of any carbene because no cAAC-B(Me)Cl, adduct has
been reported. We have also attempted the analogous
metathesis reaction with IDipp-BCl;, which was not successful
and led to a mixture of products, which we could not identify.

The molecular structure of 3 is shown in Figure 3 along with
the important bond lengths and angles. 3 crystallizes in the

Figure 3. Molecular structure of 3. Hydrogen atoms except for the
back protons are omitted for clarity. Selected bond lengths (A) and
angles (deg): C14—C15 1.516(2), C5—NI1 1.3307(17), C15—N2
1.4806(19), C5—N2 1.3338(16), C5-B1 1.6261(19), B1-C2
1.610(6), B1-C1 1.844(3), B1-Cl1 1.822(2); N1-CS—N2
109.93(11), N1-C5-B1 121.23(11), N2—CS—B1 128.40(12),
C2-B1-Cl1 132.0(3).

monoclinic space group P2,/n. The carbene carbon atom CS5 is
tricoordinated and features a trigonal-planar geometry, and the
boron atom connected with the C5 atom forms a tetrahedral
geometry. The BI—CS bond distance is 1.6261(19) A, which is
slightly longer in comparison to that in 1a (1.59(4) A). There
is a disorder in the methyl position of 3 (for clarity we are
showing only one carbon atom). The CS atom is associated
with 78% occupancy, and the C2 atom is associated with 28%
occupancy. The B1—C1 distance (1.844(3) A) is slightly
higher in comparison to the B1—C2 distance (1.610(6) A).
In order to study the reactivity of 3, we added silver triflate
to a toluene solution of 3 at —78 °C, which led to a
nucleophilic substitution of one of the labile chlorine atoms by
a triflate group (Scheme 2). Colorless crystals of 4 suitable for
X-ray diffraction studies were grown from a saturated toluene
solution at 4 °C. 4 is one of the rare NHC-stabilized boron
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Scheme 2. Synthesis of 3—5
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N Cl CHgli N CHs
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L 78°CtoRT '\ Cl
Dipp Dipp

5 4

OTf = OSO,CF3

compounds where the four groups on the central boron atom
are different.">™"® Further addition of 1 equiv more of silver
triflate to a toluene solution of 4 results in replacement of
another chlorine atom from the boron core by a triflate group
and gives 5 with two triflate groups and one methyl group at
the center boron atom.

The molecular structure of 4 is in agreement with the data
obtained in solution and is depicted in Figure 4 together with
the important geometrical parameters. The chiral boron atom
exhibits a distorted-tetrahedral geometry. The distance
between the methyl and the boron is B1—C26 1.682(3) A,
which is significantly shorter than that in 3 presumably due to
the electron-withdrawing nature of the triflate group. The
boron atom (B1) lies slightly below the plane of an
imidazolium ring (torsion angles (deg): C(15)—N(1)-—
C(5)—B(1) 166.53(16) and C(16)—N(2)—C(5)—B(1)
—173.64(15)) and the B—O bond is not orthogonal to the
plane of the imidazolium ring with the torsion angles N1-C5—
B1-03 41.58° and N2—C5-B1—-03 —148.93. The B—OTf
bond length is 1.503(3) A, which is in good agreement with
the B—O bond length in Curran’s IDipp-BH,OTs (1.522(7) A,
Ts = tosylate).™

Compounds 3—$ were characterized by NMR spectroscopy
(Table 1), and the NMR spectra obtained were compatible
with their structures. The "B NMR spectrum of 3 shows a
resonance at 1.98 ppm, which is downfield from that in 2 (1.28
ppm). The presence of a methyl group bound to the boron
atom is reflected by the resonance at 1.24 ppm in the '"H NMR
spectrum of 3. Replacement of another chloride ligand by a
triflate moiety in 4 led to an upfield shift in the ''B NMR
spectrum (—2.54 ppm). The methyl protons of 4 bound to
boron resonate at 1.29 ppm in the "H NMR. In the '’F NMR
spectrum of 4, the SO;CF; group appears at —78.21 ppm.
Substitution of the last chloride ligand by another triflate
moiety led to a further upfield shift in the ''B NMR of §
(—6.62 ppm). The F NMR spectrum of 5 shows a broad
signal at 6 —76.99 ppm, which is shifted to marginally lower
field from that in 4.
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C27

F28

Figure 4. Molecular structure of 4. Hydrogen atoms except for the
back protons are omitted for clarity. There is a disorder associated
with the fluorine, oxygen, and sulfur atoms in the triflate group; for
clarity we are not showing the disordered atoms. Selected bond
lengths (A) and angles (deg): C15—C16 1.525(3), C5—B1 1.617(3),
B1-CI2 1.880(3), B1-C26 1.682(3), B1-03 1.503(3), O3—S1A
1.515(16), SIA—0S 1.427(2); N1-CS—N2 110.21(15), Cl2—B1—
C26 115.59(16), B1-03—-S1A 124.16(14), O3—S1A—-C27
97.94(15).

Table 1. Comparison of Cgyp,;,,—B Bond Lengths (A) and
"B NMR of SIDipp-borane Adducts

compound Cipipp—B bond length (A) "B NMR (ppm)
la 1.593(4) —36.0"°
1b 1.696(3) -15.53
2 1.28
3 1.6261(19) 1.98
4 1.617(3) —2.54
R —6.62

A nucleophilic substitution reaction was also attempted on
an amidinate boron system. In 1999, Smith and co-workers
reported that the reaction of (Tolylnacnac)BF, (A) with MeLi
resulted in [;*(Me),C(Ntolyl) CH=C(Ntolyl)Me]BMe (B)
(Scheme 3)." In fact, Aldridge and co-workers also reported
that the reaction of PhC{(NiPr),BBr, with Yamashita’s
boryllithium reagent (thf),Li{B(NDippCH),}* did not lead
to a metathetical product but afforded an alternative product
stemming from the nucleophilic attack at the remote C center
rather than the B center.”’ However, the reaction of
PhC{(N#Bu),BCl, (6) (Figure 5) with 1 equiv of MeLi led
to the monosubstituted product 7 (Scheme 3). The methyl
protons attached to boron atom show a new peak at 1.19 ppm
in the "H NMR spectrum. The ''B NMR spectrum of 7 gives a
resonance at 6.20 ppm for the tetracoordinate boron atom.

Storing a concentrated toluene solution of 7 at —30 °C in a
freezer afforded colorless crystals of 7 suitable for X-ray
analysis within 1 day. 7 crystallizes in the orthorhombic space
group Pbca. In the four-membered BNCN ring, the N1-B1—
N2 angle and the B—N distances are 82.60(13)° and average
1.571 A, respectively, which are similar to those for the other

4699

Scheme 3. Previous Attempt of the Nucleophilic
Substitution Reaction of Boron Difluoride (A) with MeLi
(Top)'® and Our Work on the Synthesis of 6 and 7
(bottom)
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reported amidinatoborane complexes.”” The distance between
the tetracoordinated boron and the methyl carbon is 1.646(5)
A, which is slightly longer than that in 3.

B CONCLUSION

NHC-boranes are typically readily accessible, but we have
mentioned in the Introduction that no NHC adduct of
MeBCl, has been known. The hesitance of the chemistry
community probably stems from the synthetic routes, which
are tedious and require special techniques. Here we have
prepared saturated N-heterocyclic carbene—boranes bearing
methyl groups by a simple salt metathesis reaction starting
from SIDipp-BCl; (2). The resulting products 3—5 are
thermally stable, and 3 and 4 have been characterized by X-
ray crystallography. 3 is the first carbene-MeBCl, adduct, and
its preparation does not require the hazardous MeBCl,. 4 is a
rare example of an NHC-coordinated boron compound where
all three substituents of the boron atom are different. Further
chemistry with 3 and 4 is currently ongoing and will be
reported in due course.

B EXPERIMENTAL DETAILS

General Procedures and Instrumentation. All manipulations
were carried out under an inert atmosphere of argon using standard
Schlenk techniques in a argon-filled glovebox. The solvents, especially
tetrahydrofuran, dichloromethane, and hexane, were purified by an
MBRAUN MB SPS-800 solvent purification system. Other chemicals
were purchased from Sigma-Aldrich and TCI Chemicals and were
used without further purification. The starting material SIDipp was
synthesized by using a literature procedure.”> 'H, 1*C, °F, and "B
NMR spectra were recorded in C,Dg and CDCl;, using a Bruker
Avance DPX 200, a Bruker Avance DPX 400, or a Bruker Avance
DPX 500 spectrometer referenced to external SiMe,. Elemental
analyses for compounds 2—7 were performed at the CSIR National
Chemical Laboratory, Pune, India. Due to the sensitivity of the
crystals the analytical values show some deviation from the calculated
values for 3, 4, and 7. Melting points were measured in a sealed glass
tube on a Stuart SMP-30 melting point apparatus and were
uncorrected.

Synthesis of 1b. To a solution of B(C4F;); (0.26 g, 0.51 mmol)
in 5 mL of toluene was added 10 mL of a toluene solution of SIDipp
(0.2 g, 0.51 mmol) dropwise at —78 °C. The mixture was warmed to
room temperature and stirred for 1 h. The resulting colorless solution
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C16

ci

Figure 5. Molecular structures of (left) 6 and (right) 7. Hydrogen atoms are omitted for clarity. For the molecular structure and labeling diagram of
6, there is only a half-molecule in the symmetric unit. Selected bond lengths (A) and angles (deg): for 6, C5—N1 1.337(2), N1-B9 1.568(3), N1—
C6 1.476(2), B9—C11 1.8281(17), N1—C5—N1 101.5(2), NI-B9—N1 82.61(18), N1-B9—Cl1 114.22(7), N1-B9—Cl1 114.22(7); for 7, C1—
C7 1.484(2), N1-B1 1.571(3), N2—B1 1.570(3), C7—N1 1.336(2), C7—N2 1.341(2), B1—-CI1 1.850(2), B1-C16 1.646(S), N1-C7—N2
101.54(15), N1-B1-N2 82.60(13), N1-B1—Cl1 116.30(14), Cl1-B1—C16 108.74(19).

was filtered through cannula filtration. The filtrate toluene solution
was concentrated to 3—4 mL and kept for crystallization at —35 °C in
a freezer, which afforded colorless crystals of 1b. The compound was
not very stable, and hence we are unable to give proper spectroscopic
evidence.

Synthesis of 2. To a solution of SIDipp (0.2 g, 0.51 mmol) in 10
mL of n-hexane was added BCly (0.42 mL, 0.51 mmol) dropwise at
—78 °C. The mixture was warmed to room temperature and stirred
for 1 h. The formation of a white precipitate was observed, which was
filtered through cannula filtration. After the precipitate was washed
one to two times with n-hexane, it was dried under high vacuum. The
isolated yield of the white powdered compound was 70%.

'H NMR (400 MHz, 298 K, CDCL,): & 1.35 (d, ] = 6.63 Hz, 12H,
CH(CHs;),), 1.46 (d, J = 6.88 Hz, 12H, CH(CHj,),), 3.25 (sept, ] =
6.76 Hz, 4H, CH(CH,),, 4.13 (s, 4H, N-CH,CH,-N), 7.25—7.43 (m,
12H, Ar-H). BC{'H} NMR (101 MHz, 298 K, CDCL,): § 23.47,
26.04 (HCMe,), 29.11 (HCMe,), 53.70 (CH,CH,), 124.42, 129.83,
134.61 (Ar-C¢H,), 145.82 (ipso-C¢H,). '"B{'H} NMR (128 MHyg,
298 K, CDCLy): 1.28 (s, 1B, BCl;). Melting point: 295 °C dec. Anal.
Caled for C,,H33BCLN, [506.22 g mol™']: C, 63.87; H, 7.54; N, 5.52.
Found: C, 63.85; H, 7.58; N, 5.48.

Synthesis of 3. One equivalent of MeLi (0.61 mL, 1.1 mmol) was
added dropwise to a toluene solution of 2 (0.506 g, 1 mmol) at —78
°C. The reaction mixture was warmed to room temperature and
stirred for 12 h, which resulted in the generation of a white precipitate
of lithium chloride. It was further filtered through frit filtration. The
toluene solution of the filtrate was concentrated and was kept for
crystallization at 4 °C, which afforded colorless crystals of 3 after 1
day in a 60% (0.29 g) yield.

'"H NMR (400 MHz, 298 K, C(Dy): 6 1.11 (d, ] = 6.49 Hz, 12H,
CH(CH,),), 1.49 (d, J = 6.87 Hz, 12H, CH(CH,),), 1.24 (s, 3H,
B(CH,)ClL,), 3.27 (sept, ] = 6.49 Hz, 4H, CH(CH,),, 3.46 (s, 4H, N-
CH,CH,-N), 7.04—7.19 (m, 12H, Ar-H). BC{*H} NMR (101 MHz,
298 K, CeDg): & 24.32, 26.56 (HCMe,), 29.81 (HCMe,), 53.69
(CH,CH,), 125.30, 130.70, 134.59 (Ar-C¢Hs), 146.97 (ipso-C¢Hs).
UB{'H} NMR (128 MHz, 298 K, C¢Dg): 1.98 (s, 1B, BMeCl,).
Melting point: 200 °C dec. Anal. Caled for C,yH, BCL,N, [486.27 g
mol™'J: C, 69.01; H, 8.48; N, 5.75. Found: C, 58.88; H, 8.40; N, 5.69.

Synthesis of 4. A toluene solution (20 mL) of 3 (0.48 g, 1 mmol)
was added dropwise to a toluene solution (20 mL) of previously
weighed AgOTf (0.25 g, 1 mmol) at —78 °C in the absence of light. A
white precipitate of AgCl formed immediately, and it was filtered
through frit filtration after the reaction mixture was warmed to room
temperature. The colorless toluene solution was concentrated (S mL)
and was kept for crystallization at 4 °C, which afforded colorless
crystals of 4 after 1—2 day(s) in a 68% (0.41 g) yield.
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'H NMR (400 MHz, 298 K, C¢D): & 1.12 (d, J = 6.63 Hz, 12H,
CH(CH,),), 1.43 (d, ] = 6.88 Hz, 12H, CH(CHj,),), 1.29 (s, 3H,
B(CH;)Cl,), 3.27 (sept, ] = 6.75 Hz, 4H, CH(CH,),, 3.51 (s, 4H, N-
CH,CH,-N), 7.06—7.18 (m, 12H, Ar-H). BC{*H} NMR (101 MHz,
298 K, C¢Dy): 6 24.37, 26.61 (HCMe,), 29.85 (HCMe,), 53.88
(CH,CH,), 125.33, 130.73, 134.62 (Ar-C¢H,), 147.06 (ipso-C¢Hs).
UB{'H} NMR (128 MHz, 298 K, C(Dy): —2.54 (br s, 1B,
BCI(Me)OTY). YF{'H} NMR (128 MHz, 298 K, C(Dy): —78.21
(br s, 3F, BCI(Me)OSO,CF;). Melting point: 158 °C. Anal. Calcd for
CaoH, BCIE;N, 0,8, [600.26 g mol™']: C, 57.96; H, 6.88; N, 4.66.
Found: C, 56.88; H, 6.05; N, 4.62.

Synthesis of 5. A toluene solution of 4 (0.60 g, 1 mmol) was
added dropwise to a toluene solution of previously weighed AgOTf
(025 g 1 mmol) at —78 °C in the absence of light. A white
precipitate of AgCl was formed immediately, and it was filtered
through frit filtration after the reaction mixture was warmed to room
temperature. The colorless toluene solution was dried under vacuum
and afforded a white powder of 5 in 56% (0.39 g) yield.

'"H NMR (400 MHz, 298 K, C(Dy): § 1.06 (s, 3H, B(CH;)CL,),
117 (d, ] = 6.63 Hz, 12H, CH(CH,),), 1.40 (d, ] = 6.63 Hz, 12H,
CH(CHj),), 3.22 (sept, ] = 6.75 Hz, 4H, CH(CHj,),, 3.71 (s, 4H, N-
CH,CH,-N), 6.96—7.04 (m, 12H, Ar-H). BC{'H} NMR (101 MHz,
298 K, C¢Dy): 6 24.31, 26.60 (HCMe,), 29.81 (HCMe,), 54.06
(CH,CH,), 12526, 130.72, 13447 (Ar-C¢H,), 147.08 (ipso-C¢Hs).
UB{'H} NMR (128 MHz, 298 K, C¢D¢): —6.62 (br s, 1B,
BCI(Me)OTY). YF{'H} NMR (128 MHz, 298 K, C(Dy): —76.99
(br s, BCIMe(OSO,CF;),. Melting point: 147 °C dec. Anal. Calcd for
CyoHy BEN,O4S, [714.24 g mol™']: C, 50.42; H, 5.78; N, 3.92.
Found: C, 50.27; H, 5.41; N, 3.83.

Synthesis of 6. PhLi (5.4 mL, 10.25 mmol, 1.9 M in diethyl
ether) was added to a solution of tBuN=C=NtBu (1.55 g, 10.0
mmol) in toluene (50 mL) in a 100 mL Schlenk flask at —78 °C. The
solution was warmed to ambient temperature and stirred for 4 h.
Then BCl, (12.5 mL, 12.5 mmol, 1.0 M in hexane) was added drop
by drop to the reaction mixture at —78 °C. The reaction mixture was
warmed to room temperature and stirred for another 18 h. The white
precipitate of the reaction mixture was filtered through Celite. The
resultant toluene solvent was removed under reduced pressure,
concentrated to 10—12 mL, and stored at —30 °C in a freezer, which
afforded colorless crystals of 6 suitable for X-ray analysis within 1 day.
Yield: 3.09 g (98.4%).

'"H NMR (400 MHz, C¢Ds, 298 K): 6 1.19 (s, 18 H), 6.85—6.93
(m, 5 H) ppm. *C NMR (101 MHz, C¢D, 298 K): § 30.88, 54.89,
128.07, 128.15, 128.63, 128.70, 130.87 ppm. 'B{'H} NMR (128
MHz, 298 K, C¢Dg): 6.22 (s, 1B, BCl,). Melting point: 189 °C dec.
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Anal. Calced for C,sH,,BCLN, [313.14 g mol™']: C, 57.36; H, 7.70;
N, 8.92. Found: C, 57.82; H, 7.79; N, 8.52.

Synthesis of 7. One equivalent of MeLi (0.33 mL, 1.02 mmol, 3.1
M in diethoxymethane) was added dropwise to a toluene solution of 6
(0.315 g, 1 mmol) at —78 °C, and the reaction mixture was slowly
warmed to room temperature. After the mixture was stirred for
another 12 h at room temperature, a white precipitate of lithium
chloride was formed, which was further filtered through frit filtration.
The toluene filtrate solution was concentrated to 5—6 mL and was
kept for crystallization at —30 °C, which afforded colorless crystals of
7 within 1 day in 32% (0.095 g) yield.

'"H NMR (400 MHz, C(D,, 298 K): § 1.13 (s, 18 H) 1.19 (s, 3 H)
6.84—6.98 (m, 5 H) ppm. *C NMR (101 MHz, C;Dy, 298 K): §
30.87, 3119, 53.58, 12820, 128.58, 130.54, 132.31, 170.85 ppm.
UB{'H} NMR (128 MHz, 298 K, C¢D¢): 6.20 (s, 1B, BMeCl,), 0.87
ppm. Melting point: 105 °C. Anal. Calcd for C,H,,BCL,N, [293.20. g
mol™]: C, 65.44; H, 9.27; N, 9.54. Found: C, 65.38; H, 9.59; N, 9.30.

Crystallographic Data for the Structural Analysis of
Compounds 1a, 1b, 3, 4, 6, and 7. Single crystals of 1a, 1b, 3,
4, 6, and 7 were mounted on a Bruker SMART APEX II single crystal
X-ray CCD diffractometer having graphite-monochromated (Mo Ka
= 0.71073 A) radiation at a low temperature of 100 K. The X-ray
generator was operated at SO kV and 30 mA. The X-ray data
acquisition was monitored by the APEX2 program suite. The data
were corrected for Lorentz—polarization and absorption effects using
the SAINT and SADABS programs, which are an integral part of the
APEX2 package.”* The structures were solved by direct methods and
refined by full-matrix least squares, based on F?, using SHELXL.
Crystal structures were refined using Olex2-1.0 software. Anisotropic
refinement was performed for all non-H atoms. The C—H hydrogen
atoms were calculated using the riding model.”® The structures were
examined using the ADSYM subroutine of PLATON to ensure that
no additional symmetry could be applied to the models. The
molecular weight of each structure mentioned herein has been
calculated considering the solvent molecules trapped in the crystal.
Crystallographic information is available at www.ccdc.cam.ac.uk/data
or as part of the Supporting Information.

la: C,,H,;BN,, colorless, 0.17 X 0.15 X 0.1 mm?® monoclinic,
space group Pnma , a = 11.953(4) A, b =20.524(7) A, ¢ = 10.910(3)
A a=y=p=90°V=26765(15) A%, Z=4,T=105K, 20,,, =
40.7°, Dy = 1.004 g cm™, F(000) = 888, u = 0.057 mm™', 30029
reflections collected, 3486 unique reflections (R, = 0.067), 1867
observed (I > 26(I)) reflections, multiscan absorption correction, Ty,
= 0.636, T, = 0.746, 143 refined parameters, S = 1.022, R1 = 0.099,
wR2 = 0.1937 (all data R1 = 0.1476, wR2 = 0.226), maximum and
minimum residual electron densities Ap,,, = 0229 e A, Ap .=
—0.221 e A™%). CCDC: 2040725.

1b: C,sH;sBF 5N, colorless, 0.4 X 0.34 X 0.18 mm® monoclinic,
space group Pl , a = 9.2054(8) A, b = 12.0369(11) A, ¢ =
19.8417(17) A, a = 78.184(4)°, B = 86.061(4)°, y = 74.567(4)°, V =
2074.1(3) A%, Z =2, T = 267(2) K, 20, = 56.58°, D, = 1.445 g
cm™3, F(000) = 924, u (mm™") = 0.131, 79662 reflections collected,
10321 unique reflections (R, = 0.0549), 5975 observed (I > 20(I))
reflections, multiscan absorption correction, T, = 0.948, T, =
0.977, 576 refined parameters, S = 1.019, R1 = 0.0632, wR2 = 0.1352
(all data R1 = 0.1193, wR2 = 0.1686), maximum and minimum
residual electron densities Ap,,,, = 0.236 e A3, Ap,.. = —0.235 e A3,
CCDC: 2040726.

3: CyH;3sBC,N,, colorless, 0.25 X 0.1 X 0.1 mm? monoclinic,
space group P2,/c, a = 13.5240(10) A, b = 14.8694(10) A, ¢
14.9855(9) A, a =y =90°, f = 113.028(2)°, V=2773.4(3) A, Z = 4,
T = 100(2) K, 26,,,, = 61.09°, Dy, = 1.160 g cm™3, F(000) = 1036, u
= 0.252 mm™}, 113554 reflections collected, 9811 unique reflections
(R, = 0.1478), 8448 observed (I > 206(I)) reflections, multiscan
absorption correction, T, = 0970, T, = 0.975, 325 refined
parameters, S = 1.082, R1 = 0.0485, wR2 = 0.1346 (all data R1 =
0.0594, wR2 = 0.1478), maximum and minimum residual electron
densities Ap,,, = 0.698 e A3, Ap..= —0.617 ¢ A CCDC:
2040731.

4701

4: C;4H,sBCIF;N,0;S sum formula, colorless, 0.16 X 0.15 X 0.12
mm®, monoclinic, space group P2,/n, a = 12.2563(12) A, b =
14.7943(14) A, ¢ =20.6918(18) A, a = y = 90°, f = 104.604(4)°, V =
3630.7(6) A%, Z = 4, T = 100(2) K, 26, = 61.18°, Dy = 1.266 g
cm™3, F(000) = 1468.0, it = 0.215 mm™, 269370 reflections collected,
11118 unique reflections (R,,= 0.056), 9675 observed (I > 205(I))
reflections, multiscan absorption correction, T, = 0.966, T,..
0.975, 500 refined parameters, S = 1.121, R1 = 0.0679, wR2 = 0.2003
(all data R1 = 0.0780, wR2 = 0.2129), maximum and minimum
residual electron densities Ap,,,, = 0.791 e A=, Ap .= —1.248 ¢ A2,
CCDC: 2040732.

6: C;sH,;BCLN,, colorless, 0.15 X 0.12 X 0.12 mm?®, monoclinic,
space group C2/c, a = 14.3073(5) A, b = 10.6719(4) A, ¢ =
12.4297(7) A, a = y = 90°, = 116.9710(10)°, V = 1691.43(13) A3,
Z =4, T =100(2) K, 26, = 61.04°, Doy = 1.229 g cm™3, F(000) =
664.0, u = 0.376 mm™', 8773 reflections collected, 1546 unique
reflections (R, = 0.034), 1525 observed (I > 20(I)) reflections,
multiscan absorption correction, Ty, = 0.947, T, = 0.956, 96
refined parameters, § = 1.127, R1 = 0.0442, wR2 = 0.1259 (all data R1
= 0.0445, wR2 = 0.1261), maximum and minimum residual electron
densities Ap,,. = 0.405 e A= Ap,,.= —0.408 e A™3 CCDC:
2040733.

7: C3;HyB,CLN, sum formula, colorless, 0.38 X 0.28 X 0.18 mm?,
orthorhombic, space group Pbca, a = 10.3728(6) A, b =13.9814(10)
A c=220596(15) A, a=y==90° V=31992(4) A}, Z=4,T=
100 K, 20, = 56.58°, Dy = 1.184 g cm™, F(000) = 1228, y = 0.229
mm™’, 85885 reflections collected, 3932 unique reflections (Ry, =
0.103), 3110 observed (I > 20(I)) reflections, multiscan absorption
correction, Ty, = 0.926, T, = 0.960, 188 refined parameters, S
1.065, R1 = 0.0721, wR2 = 0.1435 (all data R1 = 0.1236, wR2
0.1527), maximum and minimum residual electron densities Ap,,.
0.509 e A= Ap,., = —0.491 e A3, CCDC: 2040734.
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The reaction of IDipp with CsFsN led to functionalization of all three
carbon atoms of the imidazole ring with HF, ™~ as the counter-anion
(1). Reactivity with 2,3,5,6-tetrafluoropyridine gives only C—F bond
activation leaving C—H bonds intact (5b). The reaction of SIDipp
with CsFsN in the presence of BF; afforded the ring cleavage
product (3). Analogous reactions with silylene led to oxidative
addition at the Si(i) center.

The activation of C-F bonds provides a direct and efficient
strategy for the functionalization of perfluoroarenes. The
importance of C-F activation has mothered the invention of a
plethora of transition metal free-mediated methodologies
involving compounds with main group elements such as
carbenes," ™ N-heterocyclic olefins,'* boryl lithium," silylenes,"*™"”
Al(1),"*2° Mg(1),>"** P(m)**>* compounds etc. In fact, several main
group compounds such as aluminyl anion,® LMg(CsHe)MgL
(L = (CH[C(CH;)N-Ar],, Ar = 2,6-diisopentylphenyl)),>” or Mg(i)
dimer** have been reported to cleave the C-F bond of inert
fluorobenzene, which is a formidable task because decreasing
fluorination increases the C-F bond activation barrier. Among the
main-group species, the activation of the C-F bonds by carbenes
is at the forefront. Since the seminal publication from Bertrand’s
group” on the activation of the para-C~F bond of CsFsN by a cyclic
alkyl amino carbene (cAAC), several other groups have reported
C-F bond activation of perfluoroarenes by different carbenes,
such as those of Radius, Turner, Lee, Baker, Chaplin, and
others.*™" Typically, NHC mediated activations are mostly found
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to undergo in a 1:1 ratio leading to mono functionalization at the
C-2 position. In 2016, Lee and coworkers reported the sequential
C-F bond cleavage of two C¢F5CF; moieties, where one perfluoro
substituent was bound to the former carbene carbon atom, and
the other one to the backbone of the NHC, leading to a tetra-
substituted imidazolium salt.” However, functionalization of all
three carbon atoms of the imidazole moiety starting from an NHC
through C-F bond activation is still not in synthetic chemists’
repertoire.

The reaction of IDipp (IDipp = 1,3-bis(2,6-diisopropyl-
phenyl)-imidazole-2-ylidene) with CsFsN in toluene produced
‘penta-substituted’ imidazolium bifluoride salt, 1 along with
the liberation of one molecule HF (Scheme 1). Yellow crystals of
1 were grown from the toluene and THF mixture. 1 crystallizes
in the monoclinic P2,/n space group (Fig. 1). The 'H NMR
spectrum shows a broad signal at 15.05 ppm for a HF,~ proton.
The peak at -168.49 ppm assigned to '°F NMR is characteristic
of the two fluorine atoms of HF, . The melting point of 1 is
120 °C, indicating its potential to be used as an ionic liquid.*®

Full quantum chemical calculations were done with density
functional theory (DFT) at the dispersion and solvent corrected
PBE/TZVP level of theory in order to understand the mecha-
nism (Fig. 2). In the first step of the reaction, CsFsN approaches
towards NHC and the carbene carbon of NHC attacks the para-
carbon centre of CsFsN; formation of the C-C single bond
and, subsequently, C-F bond activation occurs via TS1
(N---C---C- - -F) leading to the formation of Int1. The reaction
free energy (AG) and the activation free energy (AG*) values for
this step are —24.6 kcal mol * and 13.7 keal mol ', respectively.
In the next step, another molecule of CsFsN reacts with Intl via
a concerted mechanism leading to the formation of the C-C
bond and the simultaneous breaking of the C-F bond via TS2,
forming Int2, and the expulsion of HF. The AG and AG” values
for this step are —30.5 kcal mol ™' and 21.7 kcal mol
respectively. Now in the final step, Int2 reacts with the third
molecule of CsFsN, with F~ abstracting the remaining proton
from Int2. As a result, the carbanion attacks the para-carbon
center of C;F;N, and the formation of another C-C bond,

This journal is © The Royal Society of Chemistry 2021


http://orcid.org/0000-0001-6840-6937
http://orcid.org/0000-0001-7301-7573
http://orcid.org/0000-0002-4955-5408
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cc01401c&domain=pdf&date_stamp=2021-04-03
http://rsc.li/chemcomm
https://doi.org/10.1039/d1cc01401c
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC057036

Published on 25 March 2021. Downloaded by National Chemical Laboratory, Pune on 12/11/2022 6:11:09 AM.

Communication

Single C-F activation (Kuhn and coworkers, 1998):
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Scheme 1 Previous examples of single and double C-F activation of
perfluoroarenes by NHCs. This work describes the triple C-F bond
activation and synthesis of 1 (Ar = 2,6-iPr,-CgH3).

Fig.1 Molecular structure of 1 (only hydrogen atoms of HF and
HF,~ moieties are shown for clarity). Selected bond lengths (A) and bond
angles (°): C12-N1 1.349(2), C12-N2 1.348(2), Cl12-C45 1.477(2),
N1-C38 1.392(2),N2-C32 1.392(2), C32-C38 1.356(2), C12-C45 1.477(2);
N1-C12-N2 109.08(14), N1-Cl12-C45 125.32(15), N2-C12-C45
125.35(15), C38-N1-C12 107.89(14), C32-N2-C12 107.88(14).

as well as a third C-F bond activation occurs via TS3, leading to
the functionalization of all three carbon atoms of the imidazole
ring along with the generation of HF, as the counter-
anion. The calculated AG and AG" values for this step are
—15.6 kecal mol™' and 17.3 kcal mol ' respectively. The AG
(—30.5 kecal mol ") value for the slowest step is quite favorable
and the activation energy (AG") barrier corresponding to the
transition state is 21.7 kcal mol .

This journal is © The Royal Society of Chemistry 2021
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Energy

Reaction Coordinate

Fig. 2 The reaction energy profile diagram for the NHC mediated C-F
bond activation of CsFsN. The values (in kcal mol™) have been calculated
at the PBE/TZVP level of theory with DFT.

The analogous C-F bond activation of CsFsN with SIDipp
(SIDipp = 1,3-bis(2,6-diisopropylphenyl)-imidazolin-2-ylidene)
presumably led to a mesoionic intermediate (2) through the
deprotonation from the backbone?**® with concomitant elimi-
nation of HF (Scheme 2). The formation of 2 is only indicated
by spectroscopic studies. The "H NMR spectrum revealed two
distinct signals for the backbone protons at 5.0 and 4.6 ppm in
2:1 integration (ESIL} Fig. S4). In the '"F NMR spectrum, the
ortho fluorines show a resonance at -83.7 ppm, while the meta
fluorines are assigned at -132.9 ppm (ESL Fig. S6). No detec-
tion of the para fluorine also indicates the formation of 2. The
molecular-ion peak at m/z 540.3014 in the HRMS supports the
formation of intermediate 2 (Fig. S7, ESIt). The addition of BF;
to the reaction mixture led to the cleavage of the ring. We are
not aware of such complete cleavage of NHC and subsequent
formation of an amidinium salt or diaminocarbocation. The
molecular structure of 3 is shown in Fig. 3. The C1 atom is
three-coordinate and features a trigonal planar geometry. From
the crystal structure of 3, we can see that the distance between
H1 and F7 is 1.91 A, which is shorter than the sum of the van
der Waals radii of both H and F (vdw of H: 1.2 A and vdw of F:
1.47 A). Hence, a strong hydrogen bonding can be envisaged

Val AR F o
N HN )= BF4
CsFsN
=5 | HTT oy N+ HF| "> °o)— N
[ H e N C- 't HN
Ar Ar F F
3

Scheme 2 Synthesis of 3.

Chem. Commun., 2021, 57, 4428-4431 | 4429


https://doi.org/10.1039/d1cc01401c

Published on 25 March 2021. Downloaded by National Chemical Laboratory, Pune on 12/11/2022 6:11:09 AM.

ChemComm

N3

Fig. 3 The molecular structure of 3 (hydrogen atoms except NH protons
are not shown for clarity). Selected bond lengths (A) and bond angles (°):
C1-C2 1.494(2), C1-N1 1.317(2), C1-N2 1.318(2), B1-F7 1.416(2), B1-
F5 1.371(4); N1-C1-N2 123.25(15), N1-C1-C2 116.22(15), N2-C1-C2
120.51(14).

between H1 and F7, as N-H works as a strong donor side and
B-F behaves as a strong acceptor.®

The generation of HF during the C-F bond activation of
CsFsN by SIDipp was further confirmed when the analogous
reaction was performed in the presence of B(CgFs)s. The reaction
afforded compound 4, where the in situ generated HF is trapped
between SIDipp and B(C¢Fs);. 4 was unable to be satisfactorily
characterized using spectroscopy because of the formation
of SIDipp-B(C¢Fs);*> and intermediate 2 as side products.
Moreover, SIDipp-B(C¢F5); decomposes after some time at room
temperature.’” Fortuitously, we were able to grow colorless
crystals of 4. The synthetic scheme (Scheme S1, ESIf) and
molecular structure (Fig. S16, ESIT) of 4 is given in the ESL¥

The introduction of C-H bonds into the fluoroarenes brings
competition between the C-F and C-H oxidative addition. The
activation of C-F bonds with tetrafluoro-pyridine is not reported
with any main group elements. The reaction of tetrafluoro-
pyridine with IDipp led to the activation of ortho-fluorine and
generated 5a. The presence of HF, as the counter anion was
indicated from the NMR data. The latter underwent further C-F
bond activation in the presence of another equivalent of IDipp to
give the dicationic salt, 5b (Scheme 3). The formation of SiFg>~ as
the counter anion can be attributed to the reaction of glass with
extrinsic HF generated from side reactions. The C-H bond
remained intact during the reaction as opposed to the C-H bond
cleavage of 2,3,5,6-tetrafluoropyridine by Pt(PCy;),.*>> The
saturated DCM solution mainly yields crystals of 5b (Fig. 4) along
with a few crystals of 5a. However, the data quality of 5a was too
poor to allow a detailed analysis of the structural parameters.

H
F. F

Ar = Ar ) Ar 20

/ | | = / F Ar SiFs

N F ONF [N N= | N N= N |

: e |—I oy

2 [N> rt, 15 min N \ 7/ N \ 7 N

\ \ \ !

v W FH W F o HA

5a 5b

Scheme 3 Synthesis of 5b.
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Fig. 4 The molecular structure of 5b (hydrogen atoms except perfluoro—
CH protons are not shown for clarity). F attached to C1 has disorder at two
positions with atom site occupancies ~74% (F2) and ~26% (F1). Similarly,
F attached to C4 has disorder at two positions with atom site occupancies
~75% (F4) and ~25% (F3). Selected bond lengths (A) and bond angles (°):
C5-C6 1.469(6), C5-N5 1.352(6), C1-F2 1.356(5), C2-C33 1.458(6);
C5-N5-C1 119.1(4), N1-C6-N2 108.0(3), N3-C33-N4 108.1(4).

The scope of C-F bond activation of C;FsN was further studied
with two different types of silylenes: (a) Denk’s two coordinate
silylene (NHSi) with dipp substituents on the N atom®* as they
are isostructural with NHCs and (b) three-coordinate amidinato
hypersilylsilylene, PhC(N¢Bu),SiSi(SiMe;);.*>*® The reaction of
NHSi with CsF;sN is not very conclusive (see ESL Fig S24-5S27),
while the reaction of CsFsN with our recently reported
hypersilylsilylene,** PhC(N¢Bu),SiSi(SiMe;); afforded the oxida-
tive addition product 6 (Scheme 4). The reason to choose
PhC(N?Bu),SiSi(SiMe;); as a substrate is due to the presence of
three types of Si atoms, however, only the Si(u) center selectively
reacts with C;FsN. The resonance in the *Si NMR spectrum
detected at -76.96 ppm (Js;_r = 333.06 Hz) as a doublet indicates
the formation of a penta-coordinate silicon compound. The '°F
NMR spectrum revealed three signals: -50.41 ppm for Si-F,
-140.08 ppm for two ortho fluorines, and -157.18 ppm for two
meta fluorine atoms. The geometry of the central silicon atom is
a distorted trigonal bipyramidal with a terminal Si-F bond of
1.65 A (Fig. 5). The Si1-Si2 bond length is 2.39 A, which is slightly
shorter than that in the parent hypersilylsilylene (2.43 A).3*

In summary, the C-F bond activation of CsFsN by IDipp led
to the functionalization of all three positions of the imidazole
ring. However, the analogous reaction with SIDipp led to a
mesoionic intermediate, which underwent ring cleavage upon
the addition of BF;. 2,3,5,6-Tetrafluoropyridine activates only
the C-F bond leaving the C-H bond intact. The reactions with
hypersilylsilylene resulted in the oxidative addition of the C-F
bond at the Si(u) center.

ItBu
N,
Ph—< i .
ar— N N~ar N si(siMes)s ,ﬂB“ S
2! u N N
Unidentified CsFsN Ph— >SN\
mixture '}‘ Si(SiMe3)3
tBu 6

Scheme 4 Synthesis of 6.
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Fig. 5 The molecular structure of 6 (hydrogen atoms are not shown for
clarity). Selected bond lengths (A) and bond angles (°): C1-C2 1.494(3),
N1-Si11.8199(16), N2-Sil 2.0186(16), Si1—F1 1.6528(12), Si1-Si2 2.3960(7);
N1-C1-N2 107.33(16), N1-Si1-N2 67.86(7), Si2-Sil-F1 95.13(4).
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Herein, we have undertaken the synthesis and investigated the
reactivity of a 6-membered saturated NHC borane adduct (1). Direct
electrophilic halogenation of 1 with a stoichiometric amount of I,
led to NHC boryl iodides, 6-SIDipp-BH,| (2) and 6-SIDipp-BHI; (3),
which were further reacted with various nucleophiles to give novel
6-SIDipp based mono and disubstituted boranes with OTf (4 and 6)
or ONO; (5 and 7) functional groups. The addition of Br,/H,O to 1
smoothly results in a dihydroxyborenium cation (8).

Although NHC complexes of boranes were first detected in 1968,"
little chemistry involving NHC-boranes was known until Robinson
prepared 1,3,-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene bor-
ane (5-IDipp-BH,).” Since then, there has been increasing interest
in the synthesis and reactivity of carbene-borane complexes. In
particular, the substitution reaction of carbene-borane led to very
rare classes of boron compounds with unusual functional groups
such as azide, nitro, etc. attached to the boron atom.? As of now,
mainly two classes of carbene have been employed for such
studies. While the works from the groups of Fensterbank, Lacote,
Malacria, and Curran mainly concentrated on typical Arduengo
type carbenes,”® Braunschweig and coworkers recently reported
nucleophilic addition and substitution of a cyclic alkyl amino
carbene (CAAC) BH; adduct.'® So, it is apparent that the expan-
sion in carbene-borane chemistry took place from a borane
perspective, and not much from the carbene side. In fact, in a
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recent review, Curran et al. concluded by posing a question on
what other NHC-boranes can be made.?

The reports of six-membered carbenes are limited in the
literature partly due to their less thermal stability and structural
rigidity, though they feature a higher HOMO and lower HOMO-
LUMO gap compared to typical five-membered NHCs."" None-
theless, Aldridge and coworkers reported stable adduct formation
of 6-SIDipp with AlH;."> Subsequently, Jones and Stasch isolated
monomeric complexes of 6-SIDipp and group 15 element
trichlorides.”® Besides, Tamm and coworkers used 6-SIDipp
as a Lewis base component in an FLP for the activation of
dihydrogen.™*

Due to our current interest in boron chemistry, we have
studied the synthesis and reactivity of a saturated six-
membered N-heterocyclic carbene (6-SIDipp) borane (1) adduct.
1 is amenable to further functionalization via iodination,
providing access to NHC mono and diboryl iodides (2 and 3),
selectively, which undergo nucleophilic substitution reactions
with AgOTf and AgNO; to give boron compounds with OTf
(4 and 6) and ONO, (5 and 7) functionalities. 5 and 7 represent
the first NHC-boranes with an ONO, functional group. Dihy-
droxyborenium cations, the cationic analogues of phenylboro-
nic acid, are difficult to prepare due to the lack of any R
group.'” Herein, we have prepared a dihydroxyborenium cation
(8) conveniently by reacting 1 with bromine-water.

The addition of BH;-SMe, to 6-SIDipp in n-hexane and toluene
mixture at —30 °C gives an adduct, 1 as a white precipitate
(Scheme 1). The quartet at —31.3 ppm (Jp_u = 84.04 Hz) in the
B NMR indicates the presence of a tetra-coordinated boron
atom. The "H{*'B} NMR shows a sharp singlet at 0.25 ppm for
the BH; protons. The molecular-ion peak was observed at
m/z 419.3409 in the mass spectrum with the highest relative
intensity. The B-C bond length in 1 is 1.602(3) A, slightly longer
than those in the previously known NHC-BH; adducts, presum-
ably due to the enhanced steric crowding around the BH; unit
(Fig. 1).

Direct electrophilic halogenation of NHC-boranes to access
NHC boryl halide products has a modicum of precedence. The

15,16
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Scheme 1 Synthesis and halogenation of 1 and subsequent nucleophilic substitution reactions (Dipp = Ar = 2,6-iPr,CgH3).

treatment of 1 with 0.5 equiv. of I, at room temperature
selectively replaces only one hydrogen atom to give rise to 2,
which exhibits a broad signal at —30.2 ppm in the ''B NMR
spectrum. When one equivalent of I, was used, double iodina-
tion at the 6-BH; center was achieved in 88% yield (3). The
diiodination was detected by the rapid disappearance of the
quartet of 1 and the appearance of a signal at —39.4 ppm in the
"B NMR. The "H{""B} NMR shows a sharp singlet at 1.6 and
2.38 ppm for the boron bound protons. The molecular struc-
tures of 2 and 3 are shown in Fig. 1. The boron atom lies in the
plane of the tetrahydropyrimidinium ring for 2 and the B-I
bond [2.3005(13) A] is perfectly orthogonal to the plane [torsion
angle (deg) N1-C40-B1-11 —91.1(1), N2-C40-B1-11 —90.4(1)].
The B-C bond distance in 3 [1.643(4) A] is marginally longer
than that in 2 [1.6145(16) A]. The I1-B1-12 angle in 3 is
111.54(11), which confirms a nearly perfect tetrahedral

geometry around the boron atom. The B1-I1 bond is almost
orthogonal to the plane, while the B1-12 is not orthogonal to
the plane [torsion angle (deg) N1-C2-B1-12 138.73(18), N2-C2-
B1-12 —48.0(3)]. The B-I [2.3 A] bond in 2 is little longer
compared to the B-I bonds in 3 [av 2.27 A]. For comparison,
we have studied the disubstitution reaction of I, with 5-IDipp-
BHj3, but the reaction led to the formation of a mixture of
monoiodide, diiodide, and triiodide (minor), as evaluated from
"B NMR spectroscopy (Fig. S45 and S48, ESI%).

Next, we assume that 2 and 3 can react with nucleophiles to
displace iodide and give various substituted NHC-boranes.
Iodides of both 2 and 3 could be smoothly replaced to afford
the corresponding boranes with OTf (4 and 6) and ONO, (5 and
7) functionalities (Fig. 1 and 2). The B1-C2 bond [1.629(2) A]
distance in 4 is little increased compared to 1 [1.60 A]. The
torsion angles (deg) of plane C2-B1-O1-S1 and N1-C2-B1-O1

Cc26

Fig. 1 The molecular structures of 1-4 (left to right, hydrogen atoms except on the boron atoms are omitted for the clarity of the picture). Selected
bond lengths [A], bond angles and torsion angles [degl: 1: C43-N3 1.340(2), C43-N4 1.348(2), B1-C43 1.602(3); N3-C43-N4 117.17(17), N3-C43-B1
122.75(16), N4-C43-B1 120.08(16); 2: C40-N1 1.3424(13), N2-C40 1.3433(13), B1-C40 1.6145(16), B1-11 2.3005(13); N2-C40-N1 118.29(9), N1-C40~-
B1 120.86(9), C40-B1-I1 106.79(7); C34-N1-C40-B1 —175.7(1), C32-N2-C40-B1 178.3(1), N1-C40-B1-11 —91.1(1), N2-C40-B1-11 —90.4(1); 3:
C2-N11.350(3), N2—-C2 1.357(3), B1-C2 1.643(4), B1-11 2.279(3), B1-12 2.264(3), BL-H1 1.0000; N2-C2-N1 118.2(2), N1-C2-B1 115.01(19), N2-C2-B1
126.4(2), C2-B1-I11 103.74(15), C2-B1-12 120.81(17) 11-B1-12 111.54(11); N1-C2-B1-11 —95.4(2), N2-C2-B1-11 77.9(3), N1-C2-B1-12 138.73(18),
N2-C2-B1-12 —48.0(3); 4: N3-C2 1.3426(19), N1-C2 1.3386(19), B1-C2 1.629(2), B1-O1 1.551(2), S1-O1 1.5014(15), C17-F1 1.327(2); N3-C2-N1
118.53(13), N3-C2-B1 114.90(12), C2-B1-01 113.04(12); C2-B1-01-S1 150.07(11), N1-C2-B1-01 6.3(2), N3-C2-B1-01 —-174.30(12), B1-O1-S1-C17
81.86(14).
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Fig. 2 The molecular structures of 6 (left) and 7 (right). Hydrogen atoms
except the protons attached to boron are omitted for clarity. Selected bond
distances [A], bond angles and torsion angles [deg] for 6: N2—C5 1.3421(13),
N1-C5 1.3521(13), B1-C5 1.6621(15), B1-O1 1.5394(14), B1-O4 1.4943(13);
N1-C5-B1 123.54(9), N2-C5-B1 117.98(9), C5-B1-0O1 106.91(8), O1-B1-
04 105.64(8); C5-B1-01-51 —105.82(9), C5-B1-04-52 168.34(7), N1-C5-
B1-O1 -6157(12), N2-C5-B1-0O1 113.79(10); 7: C3-N5 13381(17),
N4-C5 1.3341(18), B1-C5 1.659(2), B1-O5 14961(18), B1-O6 1.5166(19),
N1-O1 1.2169(19), N1-O2 1.2269(19); N3-C5-N4 118.50(12), N4-C5-B1
124.07(12), N3-C1-Bl1 117.25(12), C5-B1-0O6 102.92(10), C5-B1-0O5
112.39(11), O5-B1-06 106.35(12), O1-N1-02 126.26(14); N4-C5-B1-06
102.02(14), N4-C5-B1-05 —11.98(19), N3-C5-B1-05 163.11(12), N3-C5-
B1-O6 —82.88(14).

are 150.07(11) and 6.3(2), which suggests that the B1-O1 bond
is not orthogonal to the respective planes. To our knowledge,
the ONO, functional group in NHC-borane chemistry is not
known so far. The nucleophilic substitution of 6-SIDipp-BHI,
(3) is unique because the analogous disubstitution reaction
with 5-IDipp was not reported.

We have studied the mechanism (Fig. 3) for the disubstitution
reaction of 1 by the iodine molecule using density functional
theory (DFT) calculations (see the ESI% for details). In the first
step, the reaction goes through a barrier (TS_1) of 12.3 kcal mol %,

Dipp .~ "

/ H Di
N i i
<: )i— B—H N |
N H <: )i—=H ¥
A N H N e
Dipp \ Dipp Dipp
Dipp H / |
TS 1 10.4 N i N |
TS_2,f==, i gl <: Y
AR N\ H N H
y 7] } Dipp Emp
0.0 / 0.4
—_ TS 3, T
Reactants / NsHy o
—l r HI__ ¢ 8.9
- N h \ / 93
Dipp C yi—# % ;201 Tot 3
d H N H \ ! -
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Fig. 3 The free energy profile for the disubstitution reaction of 1 by the
iodine molecule. Values are in kcal mol™.
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where the B-H and I-I bonds break and the H-I bond forms,
leading to the formation of HI and Int_1 (consisting of a boron
cation and an iodide ion). This is followed by the second barrier
(TS_2) of 9.3 keal mol ™, where the B-I bond forms, leading to the
formation of the monosubstituted Int_2. Then, the reaction
proceeds through TS_3, with a barrier of 20.1 kcal mol ', in
which the B-H and the H-I bonds break, and the H-H bond
forms. TS_3 leads to the formation of H, and Int_3. In the last
step, the reaction crosses an 8.9 kecal mol ™" barrier (TS_4), where
the B-I bond forms, leading to the final disubstituted product.
Calculations also suggest that the 5-IDipp-BH; would result in
disubstituted products. However, both the barriers (TS_3 and
TS_4) for the conversion of the monosubstituted intermediate
to the disubstituted product are higher for 5-IDipp-BH;
[23.2 keal mol " and 9.9 keal mol *, respectively] (Fig. S51, ESI)
than for 6-SIDipp-BH; [20.1 kcal mol ' and 8.9 kcal mol
respectively], which is why the disubstituted product is exclusively
observed only for the 6-SIDipp case, while 5-Idipp gives a mixture
of mono- and disubstituted products.

The preparation of borenium cations relies on two main
approaches: (a) the replacement of X in R,B-X by a free NHC or
(b) by reacting an acid (HX) with NHC-BR,H. These procedures
allow for the preparation of several NHC-based borenium
cations thanks to pioneering work by the groups of Gabbali,
Stephan, Robinson, Lindsay, Curran, Vedejs, and others."” %
All these groups used typical 5-IDipp as the NHC. Only Aldrid-
ge’s group has recently reported a dibromoborenium cation
stabilized by 6-SIDipp.>* Among them, only Curran’s group
reported the dihydroxyborenium cation by treating 5-IDipp-
BH(X)OTf (X = Cl, OTf) with excess TfOH in 5 days."” Here,
we have isolated a new dihydroxyborenium cation 8 in a
seemingly simple way by reacting 1 with Br,/H,0.

The reaction of 1 with bromine water led to an immediate
color change from colorless to yellow and afforded a 6-SIDipp
stabilized dihydroxyborenium cation (8) at room temperature
in 3 h (Scheme 2). Yellow color crystals were grown from the
saturated toluene solution at 4 °C. Along with 55% of the yellow
crystals of 8, a 7% yield of colorless crystals was found, which
was the 6-SIDipp-B(OH); adduct, 9. Both the compounds are
separated by fractional crystallization. There is no report of the
formation of NHC-B(OH); type Lewis adducts so far. Both 8 and
9 were characterized with single-crystal X-ray studies (Fig. 4 and
Fig. S50, ESI%). The "B NMR spectrum gives a singlet at
25.4 ppm for 8 and —5.2 ppm for 9. The cyclic voltammogram
of 8 exhibits a reversible redox wave at Ej,.q = —1.7 V, and
oxidation at Ep, oxa = 0.56 V, respectively (Fig. S49, ESI). For 9,

pipp Piee B Diep
N Bry/H,0 N ®0-H N oH
C p—=pHy———— (=B I+ )—B—on
toluene N -H N \
N 0 OH
\ it,3h \ \
Dipp Dipp Dipp
1 8 9

Scheme 2 Preparation of a dihydroxyborenium cation 8 in a single step
from 1.
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Fig. 4 The molecular structure of 8 (except hydrogen atoms attached to
the oxygen atom, other hydrogen atoms are omitted for the clarity of the
picture). Selected bond lengths [A], bond angles and torsion angles [degl:
N1-C5 1.321(4), C5-B1 1.614(7), B1-O2 1.344(7), B1-O3 1.341(7), O2/
0O3-H2/H3 0.80(7), N1-C5-N1’ 121.5(4), N1-C5-B1 119.2(2), 03-B1-02
127.7(5); N1-C5-B1-02 —90.4(4), N1’'-C5 -B1 —-0O2 90.4(4), N1-C5-B1-
03 89.6(4), N1-C5-B1-03 —89.6(4).

the detailed characterization along with the molecular struc-
ture and bond lengths are described in the ESIE (Fig. S50).

8 crystallizes in the orthorhombic Pnma space group. The
boron atom adopts a trigonal planar [03-B1-O2 bond angle is
127.7(5) deg] environment with the B-O distances of 1.344(7)
and 1.341(7) A, which are substantially shorter than the typical
B-O single bond [>1.5 A]. The B-O bonds are perfectly ortho-
gonal to the plane [torsion angles (deg) N1-C5-B1-02 —90.4(4),
N1'-C5-B1-02 90.4(4), N1-C5-B1-O3 89.6(4), N1-C5-B1-03
—89.6(4)]. The hydroxyl groups attached to the boron atom in
8 are involved in hydrogen bonding with the bromide anion,
which presumably stabilizes the dihydroxyborenium cation via
the formation of a six-membered ring with O-H---Br bond
distances of 2.422 and 2.466 A.

While the body of work on carbene-borane chemistry is
growing, the carbene component is mainly restricted to two
classes of carbenes: (a) Arduengo type five-membered NHC and
(b) CAAC. Here, we have introduced a new NHC, 6-SIDipp for
NHC-borane chemistry, and described a detailed study of
substitution reactions of 6-SIDipp-BH; (1). These results have
uncovered the facile substitution to the coordinatively
saturated sp® boron atom in 6-SIDipp-BH; with a range of
functional groups, such as iodide (2), triflate (4), and ONO,
(5). Apart from mono substitution, we have also shown that 1
readily undergoes a double substitution reaction with iodine to
give 3, and those iodide atoms of 3 can be replaced with other
nucleophiles to generate novel NHC-boranes (6 and 7). 1 was
also found to generate a novel dihydroxyborenium ion (8) by
reacting with bromine water at room temperature.
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ABSTRACT: The reaction of six-membered saturated NHC [1,3-
di(2,6-diisopropylphenyl) tetrahydropyrimidine-2-ylidene; henceforth
abbreviated as 6-SIDipp] with PhBCl, yields a Lewis base adduct, 6- R

Dlpp Ph Borenium cation Dlpp

synthesis
C >—~B*C| Y C >» AICI4
Cl

SIDipp-PhBCl, (1), which readily undergoes nucleophilic substitution /Ph : Dipp . Dipp

reaction with AgNO;, leading to the single (2) and double (3) PhiB leygrgllyzls ;

substitution of both chlorides with ONO, moieties at the boron atom. L .OH orEbon ©\ /@

The reaFt.ion of 1 wi‘th 1 equiv oerAICI3 r.esulted in_ a borenium catior} of Diphenylborinic NyDlpp@/F.h . /B,OB\
composition [6-SIDipp-B(Ph)Cl]* (4) with AICl,” as the counteranion. acid <: Y8, v 0500y
Although borenium cations with different substituents on boron have ND _OH Y= 4-DMAP
been reported, a structurally characterized phenylchloroborenium cation ~1PP @

remains unknown. Similarly, the reaction of 1 with triflic acid provides %i;;? enrlilﬁgﬁlr?iggeci?if Boroxine

the first representative of a new class of borenium cations bearing one
hydroxyl and one phenyl group on boron ($), a cationic analogue of borinic acid.

B INTRODUCTION

Although phenylboronic acid [PhB(OH),] is ubiquitous in
organic chemistry such as in Suzuki—Miyaura, Chan— Evans—
Lam cross-coupling reactions, Petasis reaction, and so on,’
diphenylborinic acid [Ph,B(OH)] is very less illustrated due to
its instability.”* Although diphenylborinic acid was probably
first prepared in 1894 by Michaelis by hydrolysis of
diphenylchloroborane,” the first structurally characterized
borinic acid [Mes,B(OH), Mes = 2,4,6-Me;C¢H,] was
reported by Power in 1987, almost after a century.’
Displacement of the phenyl group with a strong o-donor
neutral ligand like N-heterocyclic carbenes (NHCs) in
phenylboronic acid resulted in dihydroxyborenium cations,
[LB(OH),]*, the cationic analogues of phenylboronic acid,
which were structurally authentlcated first by the group of
Curran’ and recently by us.” On the same line, removal of one
phenyl group from diphenylborinic acid should furnish a three-
coordinated monohydroxy borenium cation of composition
[LB(Ph)(OH)]*; however, no such compound has been
realized to date (Scheme 1).

Inspired by the pioneering studies on carbene—borane
chemistry by Fensterbank, Lacote, Malacria, Curran, Braunsch-
weig, and others,”™"° we have recently demonstrated the
preparation of the 6-SIDipp-BH; adduct and studied its
substitution reaction with iodine, which resulted in mono-
iodides and diboryl iodides.® The latter two are amenable for
nucleophilic substitution reaction, which allowed us to
introduce OSO,CF;- and ONO,-functionalized 6-SIDipp
borane compounds.” Here, we describe the isolation of the
6-SIDipp-PhBCl, adduct (1). The reactions of 1 with AgNO,
leads to the formation of 6-SIDipp-PhBCI(ONO,) (2) and 6-

© 2022 American Chemical Society

7 ACS Publications

Scheme 1. Phenylboronic, Diphenylborinic Acid, and Their
NHC-Supported Cationic Analogues (Dipp = 2,6-iPr,-
CsH,)

Phenylboronic acid and its cationic analogue:

dihydroxyborenium cation

Dipp Dipp ®
o OH N OH N OH
87 L >~ !
OH N OH N OH
Dipp Dipp

Curran (2012) Our group (2022)
Diphenylborinic acid and its cationic analogue:
monohydroxyborenium cation

Ph.__Ph ®
B

|
OH

NHC Ph
\B/

|
OH

Structurally not known

SIDipp-PhB(ONO,), (3). The isolation of a 6-SIDipp-
phenylchloroborenium cation (4) is achieved by reacting 1
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with AICl;. Finally, the synthesis of [6-SIDipp-B(Ph)(OH)]*
(5) is reported for the first time.

B RESULTS AND DISCUSSION

Our studies began with the synthesis of adduct 1, which was
obtained by reacting 6-SIDipp with PhBCI, in toluene
(Scheme 2). The ''B NMR spectrum of 1 displays a resonance

Scheme 2. Synthesis of 1 and Its Nucleophilic Substitution
Reaction with AgNO;

Dipp

/Ph
AgNO
AONBs >:»B»O
toluene N cl N=0
Diop &
2
Dipp
/ Ph
N / s
 )—Bro—N
toluene N N\ o
rt, 12 h N O

signal at 3.4 ppm as a broad singlet. The molecular structure of
1 is determined by single-crystal X-ray studies (Figure 1). The

Figure 1. Molecular structure of 1. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and bond angles (deg): CS—NI1
1.352(3), C5—N2 1.344(3), B16—C5 1.691(3), B16—Cl1 1.889(2),
B16—CI2 1.910(2), B16—C3 1.620(3); N1-C5-N2 116.38(17),
N1-C5-B16 122.30(17), N2—CS5—B16 120.57(16), and CI2—B16—
CI2 105.77(11).

B—C bond length in 1 (1.691(3) A) is quite longer compared
to that in the 6-SIDipp-BH; adduct (1.602(3) A).® The B—Cl
bond distances (1.8861(10) and 1.8769(9) A) are in good
agreement with the previously reported carbene—chloroborane
adducts.'®"” The X-ray structural studies of 1 show that the
phenyl ring on the boron atom lies parallel to the plane of one

Dipp-arene ring. The molecular ion peak was detected at m/z
563.3173 for 1 with the highest relative intensity.

Treatment of 1 and 2 equiv of AgNO; with 1 in toluene
afforded mono- and di-nitrate-substituted 6-SIDipp-boranes, 2
and 3, in good yields. It must be noted here that functional
groups such as ONO, are seldom found bonded to boron
atoms.® The "B NMR spectrum of 2 displays a characteristic
resonance signal at 4.7 ppm. The ''B NMR spectrum of 3
exhibits a resonance signal at 30 ppm in CDCI; as well as in
toluene-dg, which is indicative of a three-coordinated boron
species. The "H NMR spectrum of 3 with minimal exposure in
the solution phase shows the purity of the complex to be
approximately 85%. We surmise that 3 undergoes slow
degradation to an unknown three-coordinated boron species
that we could not identify. Hence, we have recorded the solid-
state ''B NMR spectrum of 3, which exhibits a resonance
signal at —1.4 ppm, reflecting a four-coordinated boron in 3
(see Figure S11). The solid-state structures of 2 and 3 were
confirmed by X-ray crystal analysis. 2 crystallizes in the
monoclinic space P2,/n space group (Figure 2). The B—Cl

Figure 2. Molecular structure of 2. Hydrogen atoms are omitted for
clarity. Selected bond distances (A), bond angles (deg), and torsion
angles (deg): C7—-N1 1.347(4), C7-N2 1.337(4), N1-C10
1.478(4), N2—C8 1.465(4), B1-C7 1.671(5), B1—-CI1 1.955(7),
B1-Cl 1.617(5), B1-03 1.479(4), N3—-02 1.220(4), N3-01
1.204(4), N3—03 1.319(4); N1-C7-N2 117.7(3), N2—C7-B1
120.0(2), N1-C7-B1 121.5(2), C7-B1-03 102.2(2), C7-B1-Cl1
96.9(3), O1-N3—-02 123.7(4); N1-C7-B1-Cl1 —87.7(3), N2—
C7-B1-Cl1 81.8(3), N1-C7-B1-03 25.5(4), and N2—C7-B1—
03 —165.0(3).

bond length (1.955(7) A) is little longer compared to that in 1,
and it is orthogonal to the plane (torsion angle: N1-C7—B1—
Cl1 —87.7(3)° and N2—C7-B1-Cl1 81.8(3)°). 3 crystallizes
in the triclinic P-1 space group (Figure 3). The B—O distances
in 3 (1.5197(17) and 1.5019(17) A) are marginally longer
than those in 2 (1.479(4) A). In the HRMS mass spectrum,
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Figure 3. Molecular structure of 3. Hydrogen atoms are omitted for
clarity. Selected bond distances (A), bond angles (deg), and torsion
angles (deg): CS—NI 1.3502(17), CS—N2 1.3406(17), B1-CS
1.6942(19), N2—C19 1.4858(17), N1-C17 1.4835(17), B1—-C30
1.603(2), B1-06 1.5197(17), B1-0S 1.5019(17), N3-0S5
1.3798(15), N4—06 1.3604(15), N3—03 1.214(S), N4-01
1.2126(16); N1-C5-N2 118.09(12), N1-C5—B1 117.41(11),
N2—-C5-B1 124.15(11), C5-B1-06 108.07(11), C5—B1-05
103.05(10), C5—B1-C30 119.50(11), OS—B1-06 109.04(11);
C17-N1-C5-B1 162.71(12), C19-N2—C5-B1 —166.92(12),
N2—-C5-B1-C30 —108.04(15), N1-C5-B1-C30 78.92(16),
N1-CS-B1-06 —41.36(15), NI-C5—B1-05 —156.69(11), N2—
C5—B1-05 16.35(17), and N2—C5-B1-06 131.68(12).

the molecular ion peak with the highest intensity at m/z
590.3353 is characteristic of 2.

Although NHC-supported borenium cations with different
substituents at boron such as diarylborenium by Gabbai’s
(A)"® and Tamm (B),'” dialkylborenium by Lindsay (C)*°
and Stephan (D),”' diaminoborenium (E) by Weber,*
aminochloroborenium (F) by Robinson,”® and dibromobore-
nium (G) by Aldridge™ have been reported (Scheme 3), a
seemingly simple compound such as [NHC-B(Ph)Cl]* has still
not been isolated. Ingleson and co-workers isolated the [(2-
DMAP)B(Ph)CI]* cation bgf the sequential addition of 2-
DMAP and AICI, to PhBCl,,” but the coordination number of
the boron atom in the cation is 4. Therefore, according to
Noth’s classification,”®*” it is a boronium cation and not a
borenium cation. It must be noted here that Cade and Ingleson
reported an ArOB(L)Ph cation, which can be considered as a
cationic analogue of a borinic ester.”®

We reckon that displacement of one chloride ligand from 1
should result in a NHC-stabilized phenylchloroborenium
cation. By adopting Ingleson’s strategy,” we reacted 1 with
1 equiv of AICl; in toluene, which led to the formation of [6-
SIDipp-B(Ph)(Cl)]* (4) with AICl,~ as the counteranion
(Scheme 4). The "B NMR spectrum indicates the generation
of the borenium cation, which displays a resonance signal at
29.5 ppm. It is in good agreement with Robinson’s [S-IDipp-
B(NiPr,) (CI)]* (F) but substantially upfield with respect to
Aldridge’s [6-SIDipp-BBr,]* (G) (51.4 ppm). The molecular

12993

Scheme 3. Selected Examples of Previously Reported NHC-
Stabilized Borenium Cations (Excluding
Dihydroxyborenium Cations)”

R
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Scheme 4. Synthesis of Phenylchloroborenium (4) and
Phenylhydroxyborenium (5)
Di
N PP pn
AICl, @& o
>:—>B\ AICl,
toluene N cl
_ i, 12 h \
Dipp Dipp 4
N Ph
)8
>~Cl
N Cl
Dipp piep
1 Triflic acid N @/ ¢
):—B 0S0,CF3
toluene N
i, 2 h N\D' OH
pp 5
2 equiv. 4-DMAP
toluene, rt, 12 h
A, e
PON N e
B B
-/6 AN + ®—H 0S0,CF,
7N Y N N
o e
—N N— 7
\ /
6

structure of 4 is shown in Figure 4. 4 crystallizes in the
monoclinic P2;/c space group. The B—Cyyc distance
(1.628(11) A) is significantly reduced from that in 1
(1.691(3) A), apparently due to the change in the hybrid-
ization of the boron atom from sp® (in 1) to sp® (in 4). Due to
the z-stacking interaction, the phenyl ring on the boron atom
is parallel with one of the dipp arene rings, leading to different
B—C,,, contacts (2.77 and 2.92 A), which are common to the
borenium cations for bending of the flanking arene rings
toward the boron center. The B—Cl distance (1.737(9) A) is
0.15 A shorter compared to that in 1 due to the electron
donation from the chlorine atom to the electrophilic boron
center in 4.

Encouraged by this result, we decided to test the viability of
isolating our target compound, [B(Ph)OH]", using 6-SIDipp.
Deliberate hydrolysis of 4 did not furnish the target
compound. In 2014, Curran and co-workers reported the
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Figure 4. Molecular structure of 4. Hydrogen atoms are omitted for
clarity. Selected bond distances (A), bond angles (deg), and torsion
angles (deg): C35—-N2 1.338(9), C35—-N1 1.320(9), N2—C31
1.470(9), N1-C32 1.468(10), C35—-Bl1 1.628(11), B1-Cl1
1.523(12), B1-Cl1 1.737(9), Cl2—All 2.136(3), CI3—All
2.131(3); N1-C35—N2 121.0(6), N2—C35—-B1 116.7(6), N1—
C35—B1 122.2(6), Cl1-B1—C35 115.4(6), C35-B1-C1 126.2(7),
Cl1-B1-C1 118.4(6); N1-C35-B1-Cl1 —108.6(9), N2—C35—
B1-C1 69(1), N1-C35—-B1—CI1 72.0(8), and N2—C35-B1—-Cl1
—110.8(7).

generation of dihydroxyborenium cation [S-IDipp-B(OH),]-
[OTf] by reacting [S-IDipp-B(X)(OTf)] (X = Cl and OTY)

with triflic acid and concluded that the hydrolysis happened
with adventitious water.” Therefore, we reacted 1 with triflic
acid, and to our delight, the reaction afforded the 6-SIDipp-
stabilized phenyl hydroxy borenium cation () with triflate as a
counteranion. The dropwise addition of triflic acid into the
toluene solution of 1 at low temperature formed a turbid
solution immediately. The reaction mixture was run for
another 2 h at room temperature and dried completely to
give a white precipitate. The colorless crystals of 5 were grown
in concentrated toluene solution at 4 °C and characterized by
single-crystal X-ray as well as NMR spectroscopy and mass
spectrometry. The ''B NMR spectrum of 5 shows a resonance
signal at 28.9 ppm. The peak at —78.2 ppm in the '’F NMR
spectrum confirms the presence of the triflate group as the
counteranion. The molecular ion peak with the highest
intensity at m/z 509.3700 further confirms the formation of
S. The stretching frequency for the O—H group in § appears at
3438 em ™.

Figure S depicts the molecular structure of S, which is, to
our knowledge, the first isolated compound containing a
phenylhydroxyborenium cation. § crystallizes in the mono-
clinic P2,/c space group. The B—Cyyy distance is 1.6231(16)
A, which is comparable with that in 4 and the previously
reported [6-SIDipp-B(OH)]* cation (1.614(7) A).® The
dearth of the R group is compensated by the hydrogen
bonding of the oxygen atom of the triflate group with the
hydroxyl group at the boron center with a O—H---O distance
of 2.736 A. The average B—Cj, contact is 2.86 A, which is
marginally longer compared to that in Aldridge’s dibromo-
borenium (2.786(7) and 2.798(8) A).>* Both B—O and B—
Cpp, bonds lie perfectly orthogonal to the planes [torsion angle:

Figure 5. Molecular structure of 5. Hydrogen atoms except the O2 atom are omitted for clarity. Selected bond distances (A), bond angles (deg)
and torsion angles (deg): N1—C1 1.3330(13), N2—C1 1.3333(14), N1-C4 1.4811(15), N2—C2 1.4783(14), B1-C1 1.6231(16), B1-02
1.3830(15), B1-C5 1.5580(17), S1—-0O5 1.4497(11), C43—F1 1.335(2); N1-C1—-N2 121.43(10), N2—C1-B1 119.14(9), N1-C1-B1
119.43(9), C5—B1—-02 124.65(10); N1-C1-B1-02 91.08(12), N2—C1-B1-02 89.20(12), N1-C1-B1—-C5 88.81(13), and N2—C1—-B1—

CS —90.91(12).
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N1-CI1-B1-02 91.08(12)°, N2—C1-B1-02 89.20(12)°,
N1-C1-B1-CS5 88.81(13)°, and N2-C1-B1-CS5S
-90.91(12)°]

Cation § readily reacts with 4-dimethylaminopyridine (4-
DMAP) to give DMAP-stabilized boroxine (6) at room
temperature along with tetrahydropyrimidinium salt with a
triflate anion, 7. Although PhB(OH), is known to undergo
dehydration reaction at 110 °C for 6 h,*” generation of a
boroxine derivative at room temperature from a cationic
analogue of borinic acid is not known. It must be noted here
that Braunschweig and co-workers recently reported the
isolation of a cyclic alkyl amino carbene (CAAC)-stabilized
boroxine by reacting CAAC-stabilized diborene with CO,.*
The separation of 6 and 7 was carried out via fractional
crystallization. The molecular structure of 6 is shown in Figure
6. 6 crystallizes in the triclinic P-1 space group. The

-
W

c27

N1

Figure 6. Molecular structure of 6. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and bond angles (deg): B1-O1
1.419(2), B2—01 1.4334(19), B2—03 1.4696(19), O2—-Bl1
1.4766(19), 02—B11 1.358(2), B11-03 1.355(2), BI-N2
1.677(2), B2—C27 1.627(2), B1-C18 1.623(2), B2—N3 1.648(2),
B11-C12 1.588(2); B1-02-B11 119.12(12), B2—03-B11
121.12(12), and B1-0O1-B2 122.26(11).

coordination geometry of the boron atoms in the boroxine
ring is not equivalent because two boron atoms are four-
coordinated, while the third one is three-coordinated. As a
result, the B—O bond lengths in 6 are not the same. As a
matter of fact, attempts to prepare boroxine derivatives where
all boron atoms are coordinated to DMAP were not successful
even when excess amount of 4-DMAP was used. The B—O
bond lengths in 6, where the boron atom is coordinated to
DMAP (1.4334(19) and 1.4696(19) A), are longer than B—O
bond lengths, where the boron atom is three-coordinated
(1.358(2) and 1.355(2) A). The B—N bond lengths (1.677(2)
and 1.648(2) A) are marginally longer than those in Alcarazo’s
carbodiphosphorane and DMAP-stabilized boronium cati-

ns.’' In the "'B NMR spectrum, 6 shows a resonance signal
at 20.5 ppm due to a fast exchange of the two DMAPs across
the three boron centers. In the mass spectrum, the molecular

ion peak at m/z 405.3256 approves the formation of 7. The
molecular structure of 7 is provided in the Supporting
Information (see Figure S$30).

Bl CONCLUSIONS

In summary, we have demonstrated the ability of a six-
membered NHC (6-SIDipp) for stabilizing borenium cations.
For this purpose, we have first prepared the 6-SIDipp-PhBCl,
adduct (1). The reaction of 1 with AICI; led to the formation
of the first borenium cation of composition [6-SIDipp-B(Ph)
(CD]* (4). Analogous reaction with triflic acid resulted in [6-
SIDipp-B(Ph) (OH)]* (5), which can be considered as the
cationic analogue of less-illustrated phenylborinic acid.
Attempts to carry out the Lewis base exchange reaction with
4-DMAP led to the formation of an unusual boroxine (6),
where the boron atoms are differently coordinated. 1 is also
amenable toward nucleophilic substitution reaction with
AgNO;, furnishing 6-SIDipp-PhBCI(ONO,) (2) and 6-
SIDipp-PhB(ONO,), (3). It can be mentioned that examples
of structurally characterized boranes with ONO, are relatively
scarce.

B EXPERIMENTAL SECTION

All manipulations were carried out in an inert atmosphere of argon
using standard Schlenk techniques and in an argon-filled glovebox.
The solvents, especially toluene, tetrahydrofuran, dichloromethane,
and n-hexane, were purified using a MBRAUN solvent purification
system MB SPS-800. The chemicals used in this study were purchased
from Sigma-Aldrich and TCI Chemicals and were used without
further purification. The starting material, 6-SIDipp, was synthesized
by using a literature procedure.”” The 'H, *C, !B, and 'F NMR
spectra were recorded in CDCl;, using a Bruker Avance DPX 400 and
Bruker Avance DPX 500 spectrometer. Chemical shifts (5) are given
in ppm. NMR spectra were referenced to external SiMe, ('H and
13C), BF;-OEt, ("'B), and CFCl; (’F). Mass spectra (ESI-MS) were
obtained using a Q Exactive Thermo Scientific system at the CSIR
National Chemical Laboratory, Pune. Elemental analyses were
performed at the CSIR National Chemical Laboratory, Pune, India.
Melting points were measured in a sealed glass tube on a Stuart SMP-
30 melting point apparatus and were uncorrected.

Synthesis of 1. 6-SIDipp (0.20 g, 0.50 mmol) was dissolved in
toluene (5 mL) in a Schlenk flask, and toluene solution of PhBCL,
(0.08 g, 0.50 mmol) was added to it drop by drop at low temperature.
The resulting mixture was kept for stirring for 3 h and then allowed to
come to room temperature. After completion of the reaction, all the
volatiles were completely removed under vacuum and the residue was
washed with n-hexane. Crystallization of the resulting solid in toluene
at 4 °C yielded the colorless crystals of 1 with a yield of 0.17 g (61%).
mp 134 °C. '"H NMR (400 MHz, 298 K, CDCLy): § 1.24 (d, 12H, ] =
6.75 Hz, CH(CH,),), 1.44 (d, ] = 6.63 Hz, 12H, CH(CH,),), 2.37
(g, J = 5.75 Hz, 2H, NCH,CH,CH,N), 3.34 (sept, ] = 6.75 Hz, 4H,
CH(CH,),), 3.70 (t, J = 5.88 Hz, 4H, NCH,CH,CH,N), 6.71-6.73
(m, 3H, meta and para H of B-Ph), 6.99 (d, J = 7.63 Hz, 4H, ortho-H
of Dipp), 7.04—7.06 (m, 2H, ortho-H of B-Ph), 7.17 (t, ] = 7.63 Hz,
2H, para-H of Dipp) ppm. “C{'H} NMR (101 MHz, 298 K,
CDCL): 6 19.2, 24.7, 28.9, 48.8, 125.1, 127.2, 129.9, 131.2, 134.2,
135.7, 145.6, 152.9 ppm. ""B{'H} NMR (128 MHz, 298 K, CDCl,): §
34 (s, 1B, BPhCl,) ppm. HRMS (CH;CN): m/z caled for
Cy,H,BCLN, [M + HJ', 563.3126; found, 563.3173. Elemental
analysis: Calcd C, 72.48; H, 8.05; N, 4.97. Found: C, 71.95; H, 7.75;
N, 4.56.

Synthesis of 2. An equimolar amount of 1 (0.30 g, 0.53 mmol)
and AgNO; (0.090 g, 0.53 mmol) (covered in aluminum foil) was
taken in a Schlenk flask and dissolved in 10 mL of dichloromethane.
The reaction was stirred for 12 h at room temperature. Subsequently,
the reaction mixture was dried completely, and 8 mL of toluene was
added to the reaction mixture. After frit filtration, the filtrate was
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concentrated, and the colorless crystals of 2 were isolated after storing
the solution at 4 °C for 2 days with a yield of 0.15 g (41%). mp 162
°C."H NMR (400 MHz, 298 K, CDCL,): 5 1.24 (d, 12H, ] = 6.50 Hz,
CH(CHS,),), 1.37 (d, J = 6.38 Hz, 12H, CH(CHL),), 2.73 (br s, 2H,
NCH,CH,CH,N), 2.97 (sept, ] = 6.38 Hz, 4H, CH(CHS,),), 4.10 (br
s, 4H, NCH,CH,CH,N), 7.25 (d, ] = 7.63 Hz, 4H, ortho-H of Dipp),
7.34 (t, ] = 7.63 Hz, 2H, meta-H of B-Ph), 7.45 (t, ] = 7.93 Hz, 2H,
para-H of Dipp), 7.63 (br s, 1H, para-H of B-Ph), 7.84 (d, ] = 7.13
Hz, 2H, ortho-H of B-Ph) ppm. BC{'H} NMR (101 MHz, 298 K,
CDCI3): 6 19.1, 24.6, 28.8, 48.5, 125.1, 131.3, 135.4, 145.3, 153.2
ppm. "B{'"H} NMR (128 MHz, 298 K, CDCLy): & 4.7 (s, 1B,
BPhNO,Cl) ppm. HRMS (CH,CN): m/z calcd for C3,H,sBCIN;0,
[M + H]*, 589.3237; found, 589.3318.

Synthesis of 3. 1 (0.30 g, 0.53 mmol) and AgNO; (0.180 g, 1.06
mmol) were taken in a Schlenk flask in a 1:2 ratio and dissolved in 10
mL of dichloromethane. The reaction was stirred for 12 h at room
temperature. The reaction mixture was dried completely, and 8 mL of
toluene was added to the reaction mixture. After frit filtration, the
filtrate was concentrated, and colorless crystals of 3 were isolated after
storing the solution at room temperature for 4 days with a yield of
0.92 g (28%). mp 136 °C. '"H NMR (400 MHz, 298 K, CDCL,): §
1.11 (d, 12H, J = 6.63 Hz, CH(CHs,),), 1.22 (d, J = 6.75 Hz, 12H,
CH(CH,;),), 242 (q, ] = 5.75 Hz, 2H, NCH,CH,CH,N), 3.15 (sept,
J = 675 Hz, 4H, CH(CH,),), 3.74 (t, ] = 5.88 Hz, 4H,
NCH,CH,CH,N), 6.26 (d, J] = 8.13 Hz, 2H, ortho-H of B-Ph),
6.82 (t, ] = 7.38 Hz, 2H, meta-H of B-Ph), 6.94 (t, ] = 7.38, 1H, para-
H of B-Ph), 7.21 (t, ] = 7.75 Hz, 4H, meta-H of Dipp),7.42 (t, ] = 7.75
Hz, 2H, para-H of Dipp) ppm. *C{'H} NMR (101 MHz, 298 K,
CDCL): § 19.1, 24.6, 28.9, 48.4, 1252, 127.9, 131.4, 132.7, 135.6,
145.5, 153.5 ppm. "B{'"H} NMR (128 MHz, 298 K): § —1.4 (s, 1B,
BPh(NO;),) ppm.

Synthesis of 4. 1 (0.30 g, 0.53 mmol) and AICL; (0 0.07 g, 0.53
mmol) were taken in a Schlenk flask, 10 mL of toluene was added to it
at room temperature, and the reaction mixture was stirred for 4 h. The
resulting solution was filtered through a canula. Concentrating and
storing the reaction mixture at —4 °C afforded crystals of 4 with a
yield of 0.24 g (65%). mp 196 °C. 'H NMR (400 MHz, 298 K,
CDCL): 6 124 (d, 12H, J = 5.88 Hz, CH(CHS,),), 1.39 (d, ] = 5.24
Hz, 12H, CH(CHj,),), 2.80 (br s, 2H, NCH,CH,CH,N), 3.05 (sept, J
= 6.75 Hz, 4H, CH(CHS,),), 4.22 (br s, 4, NCH,CH,CH,N), 7.26
(d, J = 7.25 Hz, 4H, ortho-H of Dipp), 7.46 (t, ] = 7.63 Hz, 2H, para-
H of Dipp), 7.52 (t, J = 7.25 Hz, 2H, meta-H of B-Ph), 7.61 (t, ] =
7.38, 1H, para-H of B-Ph), 8.25 (d, ] = 6.75 Hz, 2H, ortho-H of B-Ph)
ppm. *C{'H} NMR (101 MHz, 298 K, CDCL): § 19.1, 21.4, 24.6,
29.0, 48.4, 1252, 127.9, 131.4, 135.6, 145.5, 153.4 ppm. "'B{'H}
NMR (128 MHz, 298 K, CDCL,): § 29.5 (s, 1B, BPhCl) ppm. HRMS
(CH4CN): m/z caled for C3,H,sBCIN, [(M-AICl,)+Na]*, 550.3257;
found, 550.4354.

Synthesis of 5. Compound 1 (0.09 g, 0.53 mmol) was dissolved
in 10 mL of toluene in a Schlenk flask, and triflic acid (0.05 mL, 0.54
mmol) was added drop by drop to it at 0 °C. The reaction mixture
was allowed to come to room temperature and stirred for another 2 h.
After that, the solution was dried completely and washed with n-
hexane to remove all the volatiles. Then, 8 mL of toluene was added,
and the reaction mixture was filtered through a canula, concentrated,
and kept at 4 °C, which yielded colorless crystals of 5§ with a yield of
0.28 g (80%). Mp: 83 °C. 'H NMR (400 MHz, 298 K, CDCL): §
1.24 (d, 12H, J = 5.88 Hz, CH(CHs;),), 1.40 (d, J = 5.25 Hz, 12H,
CH(CH,;),), 2.76 (br s, 2H, NCH,CH,CH,N), 3.02 (sept, ] = 6.88
Hz, 4H, CH(CH,;),), 4.11 (br s, 4H, NCH,CH,CH,N), 7.29 (d, ] =
7.2S Hz, 4H, ortho-H of Dipp), 7.47 (t, ] = 7.63 Hz, 2H, para-H of
Dipp), 7.52 (t, J = 7.50 Hz, 2H, meta-H of B-Ph), 7.61 (t, ] = 7.38,
1H, para-H of B-Ph), 8.25 (d, ] = 6.75 Hz, 2H, ortho-H of B-Ph) ppm.
BC{'H} NMR (101 MHz, 298 K, CDCL): § 19.0, 21.4, 24.7, 28.9,
484, 1252, 127.5, 1282, 129.0, 1314, 134.1, 135.6, 145.6, 153.2
ppm. "B{'H} NMR (128 MHz, 298 K, CDCL): § 289 (s, 1B,
BPhOH) ppm. F{'H} NMR (377 MHz, 298 K, CDCL;): § —78.2
(S, 3F, OSO,CF;) ppm. HRMS (CH;CN): m/z calcd. for
C34H,BN,O [M(M'-OTf)]*, 509.3698; found, 509.3700.

Synthesis of 6 and 7. 10 mL of toluene was added to a Schlenk
flask containing § (0.30 g, 0.46 mmol) and 4-DMAP (0.112 g, 0.92
mmol), and the reaction mixture was stirred for 12 h at room
temperature. The reaction mixture was filtered through a canula and
stored at 4 °C to give a mixture of colorless crystals of compound 6
and 7, which were separated by fractional crystallization.

6 and 7. "H NMR of 6 (400 MHz, 298 K, CDCL,): 6 3.04 (s, 12H,
CH,NCH,(DMAP)), 6.52—8.29 (m, 24H, H of B-Ph) ppm, "H NMR
of 7 (400 MHz, 298 K, CDCL): & 122 (d, 12H, | = 6.75 Hz,
CH(CH,;),), 1.37 (d, ] = 6.75 Hz, 12H, CH(CHs;),), 2.76 (g, ] = 5.25
Hz, 2H, NCH,CH,CH,N), 3.04 (sept, ] = 6.88 Hz, 4H, CH(CHj,),),
4.26 (t, ] = 5.63 Hz, 4H, NCH,CH,CH,N), 7.24 (d, ] = 7.75 Hz, 4H,
ortho-H of Dipp), 7.44 (t, ] = 7.75 Hz, 2H, meta-H of Dipp), 7.56
(para-H of dipp) ppm. “C{'H} NMR of 6 (101 MHz, 298 K,
CDCL): & 39.3, 1065, 127.3, 129.1, 133.5, 1459, 155.1 ppm.
BC{'H} NMR of 7 (101 MHz, 298 K, CDCl;): § 19.1, 24.5, 28.6,
48.6, 124.9, 130.9, 135.3, 145.2, 152.7 ppm. 'B{'H} NMR of 6 (128
MHz, 298 K, CDCL,): § 20.5 (s, 1B, BOPh) ppm. F{'"H} NMR of 7
(377 MHz, 298 K, CDCl,): 5 —78.2 (S, 3F, OSO,CF;) ppm. HRMS
(6) (CH5CN): m/z caled for C;,H,yB,O3N, [M + H]*, 556.2983;
found, 556.2556. HRMS (7) (CH,CN): m/z calcd for C,sH, N, [M-
OT{]*, 405.3264; found, 405.3256.
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Abstract: In this paper, we have used a saturated five-membered N-Heterocyclic carbene (5SIDipp =1,3-
bis-(2,6-diisopropylphenyl)imidazolin-2-ylidine) for the synthesis of SNHC-haloboranes adducts
and their further nucleophilic substitutions to put unusual functional groups at the central boron
atom. The reaction of 5-SIDipp with RBCI, yields Lewis-base adducts, 5-SIDipp-RBCl, [R = H (1),
Ph (2)]. The hydrolysis of 1 gives the NHC stabilized boric acid, 5-SIDipp-B(OH)3 (3), selectively.
Replacement of chlorine atoms from 1 and 2 with one equivalent of AgOT( led to the formation
of 5-SIDipp-HBCI(OTf) (4) and 5-SIDipp-PhBCI(OTf) (5a), where all the substituents on the boron
atoms are different. The addition of two equivalents of AgNOj to 2 leads to the formation of rare
di-nitro substituted 5-SIDipp-BPh(NOj3); (6). Further, the reaction of 5-SIDipp with B(C4¢Fs)s3 in
tetrahydrofuran and diethyl ether shows a frustrated Lewis pair type small molecule activated
products, 7 and 8.

Keywords: saturated NHC; NHC-haloboranes; nucleophilic substitution; tetra-coordinate boron

1. Introduction

While less than two decades ago, the N-heterocyclic carbene-borane adducts were
conceived rare and exotic, they are now readily accessible owing to rapid synthetic
development and constitute an important class of compounds because they display
different chemistry from the most existing classes of boron compounds such as bo-
ranes or borates [1]. Since the unveiling of the concept that NHC-boranes undergo
nucleophilic substitution at boron by the groups of Fensterbank, Lacote, Malacria, and
Curran, the chemistry of these systems has flourished [2-6]. However, these systems
largely rely on imidazole-2-ylidene type carbenes. Braunschweig and coworkers recently
broadened the range of Lewis base by demonstrating nucleophilic addition and substi-
tution of cyclic alkyl amino carbene (cAAC) BH3 adduct [7]. In our previous works, we
have shown the nucleophilic substitution at 5-SIDipp-MeBCl, (5-SIDipp = 1,3,-bis-(2,6-
diisopropylphenyl)imidazolin-2-ylidine) [8]. Further, we have explored the substitution
at 6-SIDipp-BHj3 (6-SIDpp = 1,3-di(2,6-diisopropylphenyl) tetrahydropyrimidine-2-ylidene)
center and the introduction of rare functional groups such as -OTf, -NOj3 [9]. Although the
saturated NHCs are more nucleophilic than its unsaturated analogue, the earlier work on
the synthesis of more than two dozen of NHC-borane and haloborane complexes relied
on the unsaturated five-membered NHC [1-6,10-16]. Clearly, the extension of unexplored
carbenes in NHC -borane chemistry is desirable, as it may lead to the discovery of a range
of interesting new applications. Due to our current interest in 5-SIDipp [17-19], we have
prepared here haloboranes 5SIDipp-BHCI,, 1 and 5SIDipp-BPhCl,, 2 and studied their
substitution reactions with AgOTf, AgNO3, and water. Furthermore, we have shown that
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the combination 5-SIDipp and B(C¢Fs)3 led to the activation of THF and diethyl ether via
frustrated Lewis pair (FLP) way. Our results are reported herein.

2. Results and Discussion

In our previous work, we have reported the first carbene MeBCl, adduct via salt
metathesis procedure [8]. In this work, we have prepared the 5SIDipp-haloborane adducts
and shown their reactivities towards nucleophilic substitution. The addition of BHCI,-dioxane
in the solution of 5SIDipp in n-hexane gives the white precipitation of 5-SIDipp-BHCl,,
1 at room temperature (Scheme 1). The precipitate was further dissolved in toluene and
dichloromethane to afford colorless crystals of 1 at —36 °C. The !B NMR spectrum of
1 displays a resonance at 6.9 ppm as a sharp singlet. The backbone four protons ap-
peared at 4.08 ppm in the 'H NMR spectrum. 1 is characterized by single-crystal X-
ray diffraction studies (Figure 1). 1 is crystalized in the monoclinic P2; /n space group.
The B-C bond length in 1 [1.628(7) Al is in good accordance with the previously re-
ported 5-SIDipp-MeBCl, [1.6261(19) A], but considerably longer compared to that in
the 5-SIDipp-BHj3 [1.593(4) A][8]. The increase in the bond length can be ascribed to
the enhancement of steric hindrance at the central boron atom. The average B-CI dis-
tance is 1.86 A, which matches with the previously reported carbene-haloborane adducts
(NHC-BCl3, NHC-BRCl,, and NHC-BR,Cl).

Dipp Pipp
[N RBCl,; R=H, Ph EN
N . Hexane, 2 h, RT N\
Dipp Dipp
RBCly; R=H, (1) Ph, (2)

e
ps B-Cl
Cl

Scheme 1. Synthesis of 5-SIDipp-RBCl, adducts 1 and 2.

C26

Cc25

Figure 1. The molecular structure of 1 (hydrogen atoms except at the boron atom in 1 are omitted for
clarity). Selected bond lengths [A] or angles [deg]: C5-N1 1.337(5), C5-N2 1.329(6), C25-N1 1.491(6),
C26-N2 1.477(6), C5-B1 1.628(7), B1-Cl1 1.865(5), B1-CI2 1.869(5); N1-C5-N2 109.2(4), N1-C5-B1
128.9(4), N2-C5-B1 121.9(4), C11-B1-CI2 110.1(3).
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The reaction of 1.1 equivalent of PhBCl, with 5-SIDipp in n-hexane gives an immediate
white precipitate formation of 5-SIDipp-PhBCl; (2) (Scheme 1). The 1B NMR spectrum
of 2 shows one resonance at 1.8 ppm. 2 crystallizes in the monoclinic P2;/n space group
(Figure 2). The carbene carbon atom C5 is tri-coordinated and features a trigonal-planar
geometry, and the boron atom connected with the C5 atom adopts a tetrahedral geometry.
The B—Cypc bond distance is 1.6661(10) A, which is slightly longer in comparison to that
in 1 due to the steric congestion of the phenyl group at the boron center. The B-CI bonds
are 1.8992(8) A and 1.8698(8) A, which match with the previously reported B—Cl bond
distance [8].

cis8

C19

Figure 2. The molecular structure of 2. Hydrogen atoms are omitted for clarity. Selected bond lengths
[A] or angles [deg]: C5-N1 1.3403(8), C5-N2 1.3443(8), C19-N1 1.4810(9), C18-N2 1.4756(9), C5-B20
1.6661(10), B20—C21 1.6204(10), B20-C11 1.8992(8), B20-C12 1.8698(8); N1-C5-N2 108.63(6), N1-C5-B20
127.41(6), N2-C5-B20 123.20(6), C5-B20-Cl1 100.88(4), C5-B20-C21 110.99(5), C11-B20-CI2 106.42(4).

Treatment of 1.05 equivalents of water in a dichloromethane solution of 1 hydrolyzes
all the B-H and B-Cl bonds and forms NHC-stabilized boric acid, 5-SIDipp-B(OH)3, 3
(Scheme 2) exclusively. In our earlier work, we have reported the isolation of 6-SIDipp-B(OH)s
as a minor product from the reaction of Br, /H,O with 6-SIDipp-BHj3 [9]. Replacement
of the chloride and the hydride groups by hydroxide moieties in 3 is accompanied by an
upfield shift in the 1B NMR spectrum (—1.6 ppm) from that of 1. 3 crystallizes in the
monoclinic P2; /¢ space group (Figure 3). The central boron-carbon distance is 1.650(5) A,
which is marginally shorter compared to that in 6-SIDipp-B(OH)3. The average B- (OH)
bond distances are 1.38 A.

Further, we added silver triflate to a dichloromethane solution of 1 at —78 °C, which
replaced one of the labile chlorine atoms by the triflate group (Scheme 2). In the !B NMR
spectrum of 4, the resonance for the central boron atom appears at —3.4 ppm. The resonance
at —76.7 ppm in the ’F NMR is characteristic of the triflate group attached to the central
boron atom. Colorless crystals of 4 suitable for X-ray diffraction studies were grown from a
saturated toluene solution at 4 °C. The constitution of 4 was authenticated by a single-crystal
X-ray study (Figure 4). 4 crystallizes in the monoclinic space group P2;/n. The relevant
bond length and angles are given in the legend of Figure 4. All the four substituents
on the central boron atom are different in 4. The central boron atom (B1) lies slightly
below the plane of an imidazolinium ring (torsion angles (deg): C(2)—N(1)—C(1)—B(1)
=174.4(2) and C(3)—N(2)—C(1)—B(1) —166.5(2)) and the B—O bond is not orthogonal to
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the plane of the imidazolinium ring with the torsion angles N1-C1-B1-01 = —41.6 (2)°
and N2—C1-B1-01 = 148.4 (2)°. The B—OTf bond length is 1.515(2) A, which is in good
agreement with the B—O bond length in our previously reported 5-SIDipp-BMeOT{Cl
(B1—03 1.503(3) A) [8].

Treatment of one and two equivalents of AgOTf and AgNOj3 with 2 in toluene afforded
mono-triflate and di-nitro substituted 5-SIDipp-boranes, respectively. Substitution of one
and two chlorine atoms from the tetra coordinated boron atom of 2 resulted in the formation
of 5-SIDipp-BPhCI(OTf), 5a, and 5-SIDipp-BPh(ONO,);, 6 (Scheme 3). The functional
groups such as nitrate and triflate are rarely found to bind with the boron atom [5,9,20-26].
5a crystallizes in the monoclinic P2; /n space group (Figure 5). The boron atom lies on a
tetrahedral geometry, which can be confirmed from the bond angles around the boron atoms
in 5a (C5-B2-Cl1 100.54(11), C5-B2-01 106.51(13), and C5-B2-C7 118.55(14)). The B-Cnnc
bond length in 5a (1.648(2) A) is in well agreement with that in 2. The B-O and B-Cl bonds
in 5a is almost orthogonal to the plane (torsion angle: N1-C5-B2-Cl1 76.96(17)°, N2-C5-
B2-CI1 —89.6(2)° and torsion angle: N1-C5-B2-0O1 —170.96(14)°, N2-C5-B2-0O1 22.5(2)°,
respectively). However, the spectroscopic characterization of 5a becomes complicated
because of solvent-mediated slow hydrolysis. The only signal in the !B NMR spectra of
the product, 5b appears at 30.9 ppm as a singlet, which is indicative of a three-coordinated
boron center, instead of a four-coordinated boron, as expected in 5a. We regrow the crystals
from the NMR tube and realized that there is hydrolysis taking place at the B-Cl bond
with adventitious water leading to 5-SIDipp stabilized borenium cation, with a triflate
as a counter anion (5b). The constitution of 5b rationalizes the resonance at 30.9 ppm in
the 1B NMR spectrum. Although the formation of the 5b clearly can be seen from the
molecular structure (Figure S2), but due to low-quality data we refrain from discussing its
structural parameters. However, even after repeated attempts, we were unable to stop this
hydrolysis and hence, could not characterize 5a spectroscopically. The CF; group of the
triflate moiety in 5b resonates at —78.6 ppm in the 1°F NMR, which is slightly different from
the resonances of triflates bound to the boron atom (—76.7 ppm in 4) and is characteristic
of the free triflate anion.

In the ''BINMR, 6 shows resonance at 4.2 ppm, shifted slight low-field with respect to
that in 2 (1.9 ppm), presumably due to electron-withdrawing nature of the ONO, moieties.
The solid-state structure of 6 also was confirmed by X-ray crystal analysis. 6 crystallizes in
the monoclinic P2, /¢ space group (Figure 6) and important structural parameters are given
in the legend of Figure 6.

Dipp
H,0 N OH
[ ):— (B*OH
DCM, 2 h, RT \
| OH
Dipp Dipp
N 3
[ >:—HBCl,
N
Dipp Dipp o
1 AgOTf N I
)i (B¢~0-5—CF,
DCM,2h, N o O
-78 °C-RT Dipp
4

Scheme 2. Reactivity of 1 with H,O and AgOTf.
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Figure 3. The molecular structure of 3. Hydrogen atoms are omitted for clarity. Selected bond
lengths [A] or angles [deg]: N1-C1 1.316(4), N2-C1 1.337(4), C2-N1 1.471(4), C3-N2 1.478(4), C1-B1
1.650(5), B1-O1 1.375(4), B1-02 1.386(4); N1-C1-N2 113.2(3), N1-C1-B1 125.4(3), N2-C1-B1 125.0(3),
C1-B1-0O1 110.4(3), C1-B1-02 108.5(3), O1-B1-O2 111.1(3).

Figure 4. The molecular structure of 4. Hydrogen atom expect H1 in 4 are omitted for clarity.
Selected bond lengths [A] or angles [deg]: N1-C1 1.316(4), N2—-C1 1.337(4), C2-N1 1.471(4), C3-N2
1.478(4), C1-B1 1.650(5), B1-O1 1.375(4); N1-C1-N2 113.2(3), N1-C1-B1 125.4(3), N2-C1-B1 125.0(3),
C1-B1-0O1 110.4(3).
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Dipp Dipp
N 1 equiv AgOTf N Ph
[ ) — PhBCI, - [ (B3
N Toluene, RT, 2 h N \
Dipp Dipp oTi
2
5a
2 equiv AgNO4
Toluene, RT, 2 h
Dipp Dipp
[N /Ph [N L @%/Ph o
>'_> B\ONOZ N \ OTf
N\ L OH
Dipp  ONO2 Dipp
5b

Scheme 3. Nucleophilic substitution of 2 with AgOTf and AgNOs.

Figure 5. The molecular structure of 5a. Hydrogen atoms are omitted for clarity. Selected bond
lengths [A] or angles [deg]: N1-C5 1.341(2), N2-C5 1.330(2), C23-N1 1.485(2), C24-N2 1.482(2), C5-B2
1.648(2), B2—Cl1 1.8948(19), B2-0O1 1.532(2); N1-C5-N2 109.30(14), N1-C5-B2 123.00(14), N2—-C5-B2

126.57(14), C5-B2-Cl1 100.54(11), C5-B2-O1 106.51(13), C5-B2-C7 118.55(14).
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Figure 6. The molecular structure of 6. Hydrogen atoms are omitted for clarity. Selected bond
lengths [A] or angles [deg]: N1—C1 1.337(3), C1—N2 1.340(3), N1—C2 1.480(3), N2-C3 1.484(3), C1-B1
1.662(4), B1-05 1.535(4), B1-06 1.522(3); N1-C1-N2 112.4(2), C1-N1-C2 112.4(2), C1-N2-C3 111.8(2),
C1-B1-05 101.59(19), C1-B1-06 109.7(2), 05-B1-06 111.3(2), C1-B1-C28 118.4(2).

The combination of N-heterocyclic carbene and B(C¢Fs)3 has been exploited in FLP
chemistry [27]. In our previous work, we have demonstrated the adduct formation between
5-SIDipp and B(C¢Fs)s3 [8]. We have prepared the adduct in toluene/n-hexane. When we
performed the same reaction in THF or diethyl ether, it led to the activation of those etheral
solvents. The THF solution of the 5-SIDipp-B(C¢F5)3 was kept for 12 h at room temperature,
which afforded the zwitterionic species 7 in quantitative yield as a white solid (Scheme 4).
The molecular structure of 7 was additionally established by X-ray diffraction analysis
(Figure 7). 7 crystallizes in the triclinic P1 space group. One of the C-O bonds in the THF
molecule is cleaved, and as a result, the THF ring becomes acyclic and inserts between
the Lewis pairs. Similar to the case for 5-SIDipp-B(C¢Fs)3, 7 is not stable in solution at
room temperature, so we were unable to satisfactorily characterize it by NMR spectroscopy.
The ''B NMR resonance at —2.8 ppm is similar to those established for the tetra-coordinated
boron compounds. The C5 atom adopts a trigonal planar geometry, which is confirmed
by the sum of the bond angles [N1-C5-N2 112.29(15)°, N1-C5-C6 125.21(15)°, N2-C5-C6
122.50(14)°]. The C5-C6 bond distance is marginally shorter compared to the adjacent
C-C bond (C5-C6 1.501(2) A and C6-C7 1.539(2) A). The boron atom adopts a tetrahedral
geometry. The C-O (1.404(2) A) and the B-O (1.453(2) A) bond distances are similar to the
other previously reported structures [28]. This reactivity was extended to diethyl ether
(DEE), which resulted in the isolation of imidazolinium salt with a borate counter-anion (8).
This compound presumably results from activation of the C—O bond of the diethyl ether
with concomitant elimination of two ethylene molecules (Scheme 4). A signal at 8.9 ppm in
the 'H NMR spectrum confirms the presence of an imidazolinium cation. The 'B NMR
displays the characteristic resonance at —4.2 ppm, which can be assigned to a tetrahedral
[(HO)B(CgF5)3] anion. X-ray crystallographic analysis later confirmed the structure of 8
(Figure 8).
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Dipp Dipp
N B(CeFs)3 N S
[ - [ /0B
N THF, 12 h N
Dipp Dipp 7
B(CeFs)3
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0.0
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Dipp  “H -C:Hs Dipp g

Scheme 4. 5-SIDipp-B(CgF5); Lewis pair mediated tetrahydrofuran and diethyl ether activation at
room temperature.

Figure 7. The molecular structure of 7. Hydrogen atoms are omitted for clarity. Selected bond
lengths [A] or angles [deg]: N2-C5 1.322(2), N1-C5 1.327(2), N1-C22 1.479(2), N2-C21 1.484(2),
C5-C6 1.501(2), C6—-C7 1.539(2), C9-0O1 1.404(2), O1-B10 1.453(2); N1-C5-N2 112.29(15), N1-C5-C6
125.21(15), N2-C5-C6 122.50(14), C9-O1-B10 117.96(13).
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Figure 8. The molecular structure of 8. Hydrogen atoms except the H5 and H7 are omitted for clarity.
Selected bond lengths [A] or angles [deg]: N1-C5 1.3156(11), N2-C5 1.3174(12), C5-H5 0.950, N1-C27
1.4810(13), N2—-C26 1.4817(12), B1-07 1.4696(12), O7-H1 0.83(2); N1-C5-N2 112.94(8), C27-N1-C5
110.17(8), C26-N2-C5 109.91(8), B1-O7-H7 114.3(15).

3. Conclusions

In summary, we have prepared 5-SIDipp-haloboranes adducts, 5-SIDipp-HBCl, (1),
and 5-SIDipp-PhBCl, (2) and shown the selective nucleophilic substitution at the tetra-
coordinated boron center to obtain several boranes with rare functional groups such as
-ONO,, -OTf, etc. The treatment of one equivalent of AgOTf with 1 and 2 led to the for-
mation of haloboranes, 5-SIDipp-BHCI(OTY), 4 and 5-SIDipp-BPhCI(OTf), 5a, respectively,
where all three substituents of the boron atom are different. 5a was found to be unstable
and undergoes hydrolysis in the presence of adventitious water to give hydroxyborenium
cation, 5b. The treatment of two equivalents of AgNOj3 forms a rare di-nitrate substituted
NHC-coordinated borane (6). The combination of 5-SIDipp and B(CgFs)3 were shown
to affect the C—O bond cleavage differently for THF and diethyl ether. As expected, the
5-SIDipp/B(CsFs)3 combination in THF resulted in ring opening of the THF to produce
borate 7. In the case of diethyl ether, the rupture of the C-O bond takes place along with
the elimination of two molecules of ethylene, leading to the formation of an imidazolinium
cation with tris (pentafluorophenyl) hydroxy borate as the counter anion (8).

4. General Procedures and Instrumentation

All manipulations were carried out in an inert atmosphere of argon using standard
Schlenk techniques and in argon filled glove box. The solvents, especially toluene, tetrahy-
drofuran, dichloromethane, and n-hexane were purified by MBRAUN solvent purification
system MB SPS-800. Other chemicals were purchased from Sigma Aldrich and TCI Chem-
icals and were used without further purification. The starting material, 5-SIDipp, was
synthesized by using the literature procedure [29]. 'H, *C, !B NMR, and "F spectra
were recorded in CDCl3, using Bruker Avance DPX 400, or a Bruker Avance DPX 500
spectrometer. CDCl3 was dried by distillation over CaH,. Chemical shifts (0) are given in
ppm. NMR spectra were referenced to external SiMey (*H and '3C), BF;-OEt, (}'B), CFCl3
(1F) respectively.

1: A slightly excess of BHCI, -dioxane (0.20 mL, 0.58 mmol) was added to a 10 mL
hexane solution of 5-SIDipp (0.20 g, 0.48 mmol) at room temperature in a Schlenk flask.
Stirring the resulted mixture for 2 h at room temperature resulted in the generation of a
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white precipitate. Colorless crystals of 1 were isolated after keeping the white powder in the
mixture of 1 mL dichloromethane and 2 mL toluene solution at —36 °C. Yield = 0.20 g (90%).

TH NMR (400 MHz, 298 K, CDCl3): § = 1.29 (d, | = 6.88 Hz, 12 H, CH(CHj3)), 1.40
(d, ] = 6.63 Hz, 12 H, CH(CH3)y), 3.17 (sept, | = 6.75 Hz, 4 H, CH(CH3),), 4.08 (s, 4 H,
NCH,CH;N), 7.23 (d, ] = 7.75 Hz, 4 H, Ar-H), 7.40 (t, ] = 7.75 Hz, 2 H, Ar-H) ppm
(Figure S1).

1BC{'H} NMR (101 MHz, 298 K, CDCl3): § = 23.4, 26.0, 28.9, 53.1, 124.4, 129.8, 133.2,
146.1 ppm (Figure S2).

HB{1H} NMR (128 MHz, 298 K, CDCl3): 6 = 6.9 (s, 1B, BHCl,) ppm (Figure S3).

2. A slightly excess of BPhCl,-dioxane (0.090 g, 0.58 mmol) was added to a 10 mL
hexane solution of 5-SIDipp (0.20 g, 0.48 mmol) at room temperature in a flask. Stirring
the resulted mixture for further 2 h at room temperature accessed a white precipitate.
Colorless crystals of 2 were isolated after keeping the white powder in the mixture of 1 mL
dichloromethane and 2 mL toluene solution. Yield = 0.24 g (90%).

'H NMR (400 MHz, 298 K, CDCl3): § = 1.42 (d, ] = 6.72 Hz, 12 H, CH(CHj3),), 1.51
(d, J = 6.65 Hz, 12 H, CH(CH3)3), 3.39 (sept, | = 6.75 Hz, 4 H, CH(CH3),), 422 (s, 4 H,
NCH,CH;N), 6.95 (d, ] = 6.88 Hz, 2 H, ortho-H of B-Ph), 7.25 (d, ] =7.75 Hz, 4 H, Ar-H),
7.26 (bs, 1 H, para-H of B-Ph), 7.44 (t,] =7.73 Hz, 2 H, Ar-H), 7.49 (t, ] = 7.88 Hz, meta-H of
B-Ph) ppm (Figure 54).

1BC{'H} NMR (101 MHz, 298 K, CDCl3): § = 23.2, 26.2, 28.9, 53.9, 124.2, 129.6, 133.5,
135.2, 145.7 ppm (Figure S5).

TIB{TH} NMR (128 MHz, 298 K, CDCl3): § = 1.8 (s, 1 B, BPhCl,) ppm (Figure S6).

3: 1.05 equivalent of water (0.01 g, 0.54 mmol) was added drop by drop to a 15 mL
dichloromethane solution of 1 (0.20 g, 0.53 mmol) at room temperature in a flask. Stirring the
resulted mixture for further 2 h at room temperature accessed a clear solution. The reaction
mixture was concentrated to 5 mL and kept at 4 °C to obtain the colorless crystals of 3.
Yield = 0.36 g (80%).

'H NMR (400 MHz, 298 K, CDCl3): 6 = 1.31 (d, ] = 6.97 Hz, 12 H, CH(CH3),), 1.35
(d, ] = 6.85 Hz, 12 H, CH(CH3)3), 3.07 (sept, | = 6.85 Hz, 4 H, CH(CH3),), 4.06 (s, 4 H,
NCH,CH;N), 723 (d, ] = 7.70 Hz, 4 H, Ar-H), 7.39 (t, ] = 7.75 Hz, 2 H, Ar-H) ppm
(Figure S7).

3C{'H} NMR (101 MHz, 298 K, CDCl3): § = 23.4, 25.4, 28.9, 53.3, 67.9, 124.2, 129.6,
133.1, 146.0 ppm (Figure S8).

H1B{1H} NMR (128 MHz, 298 K, CDCl3): 6 = —1.6 (s, 1 B, B(OH)3) ppm (Figure S9).

4: A DCM solution (20 mL) of 1 (0.47 g, 1 mmol) was added dropwise to a DCM
solution (20 mL) of previously weighed AgOTf (0.25 g, 1 mmol) at —78 °C in the absence of
light. A white precipitate of AgCl was formed immediately, and it was filtered through
frit filtration after the reaction mixture was warmed to room temperature. The colorless
toluene solution was concentrated (5 mL) and kept for crystallization at 4 °C, which
afforded colorless crystals of 4 after 1—2 day(s). Yield = 0.48 g (82%).

'H NMR (400 MHz, 298 K, CDCl3): 6 = 1.31 (d, ] = 6.88 Hz, 12 H, CH(CH3),), 1.40
(d, ] = 6.63 Hz, 12 H, CH(CH3)3), 3.13 (sept, ] = 7.63 Hz, 4 H, CH(CH3),), 411 (s, 4 H,
NCH,CH;N), 7.20 (d, ] = 7.38 Hz, 4 H, Ar-H), 7.42 (t, ] = 7.63 Hz, 2 H, Ar-H) ppm
(Figure S10).

BBC{TH} NMR (101 MHz, 298 K, CDCl3): § = 21.4, 23.2, 25.9, 26.3, 28.9, 53.4, 124.7,
128.2,130.2,132.4,137.8, 145.7, 145.9 ppm (Figure S11).

H1B{1H} NMR (128 MHz, 298 K, CDCl3): 6 = 3.4 (s, 1 B, BH(OTf)Cl) ppm (Figure S12).

PF{'H} NMR (377 MHz, 298 K, CDCl3): 6 = —76.7 (s, 3 F, 0SO,CF3) ppm (Figure S13).

5b: A toluene solution (20 mL) of 2 (0.55 g, 1 mmol) was added dropwise to a toluene
solution (20 mL) of previously weighed AgOTf (0.25 g, 1 mmol) at —30 °C in the absence
of light. A white precipitate of AgCl formed immediately, and it was filtered through frit
filtration after the reaction mixture was warmed to room temperature. The colorless toluene
solution was concentrated (5 mL) and was kept for crystallization at 4 °C, which afforded
colorless crystals of 5b after 1 day. Yield = 0.25 g (45%).
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'H NMR (400 MHz, 298 K, CDCl3): 6 = 1.24 (d, ] = 6.88 Hz, 12 H, CH(CH3),), 1.38
(d, ] = 6.63 Hz, 12 H, CH(CH3)3), 2.99 (sept, | = 6.75 Hz, 4 H, CH(CH3),), 459 (s, 4 H,
NCH,CH;,N), 7.29 (d, ] =7.75 Hz, 4 H, Ar-H), 7.48 (t, | = 7.75 Hz, 2 H, Ar-H), 7.52 (t,
J =7.50 Hz, 2 H, meta-H of B-Ph), 7.61 (t, ] = 7.38 Hz, para—H of B-Ph), 8.25 (d, ] = 6.75 Hz,
2 H, ortho—H of B-Ph) ppm (Figure 514).

BBC{TH} NMR (101 MHz, 298 K, CDCl3): § = 21.4, 23.8, 25.1, 29.2, 54.7, 125.0, 127.9,
129.0, 135.6, 137.8, 146.2 ppm (Figure S15).

HB{1H} NMR (128 MHz, 298 K, CDCl3): 6 = 30.9 (s, 1 B, BPh(OH)) ppm (Figure S16).

PF{'H} NMR (377 MHz, 298 K, CDCl3): 6 = —78.6 (s, 3 F, OSO,CF3) ppm (Figure S17).

6: A toluene solution (20 mL) of 2 (0.55 g, 1 mmol) was added dropwise to a toluene
solution (20 mL) of previously weighed AgNO3 (0.34 g, 2 mmol) at —30 °C in the absence
of light. A white precipitate of AgCl was formed slowly, and it was filtered via frit filtration
after 6 h. The colorless toluene solution was concentrated (5 mL) and was kept for crystal-
lization at 4 °C, which afforded colorless crystals of 6 after 2 days. Yield = 0.37 g (62%).

'H NMR (400 MHz, 298 K, CDCl3): 6 = 1.12 (d, ] = 6.75 Hz, 12 H, CH(CH3),), 1.20
(d, J = 6.75 Hz, 12 H, CH(CH3)y), 3.13 (sept, | = 6.75 Hz, 4 H, CH(CH3),), 415 (s, 4 H,
NCH,CH;N), 6.50 (d, ] = 6.88 Hz, 2 H, ortho-H of B-Ph), 6.89 (t, ] = 7.38 Hz, 2 H, meta-H
of B-Ph), 7.01 (t, ] = 7.25 Hz, para—H of B-Ph), 7.24 (d, ] = 7.88 Hz, 4 H, Ar-H), 7.46 (t,
J=7.75Hz, 2 H, Ar-H), ppm (Figures S18 and S19).

1BC{'H} NMR (101 MHz, 298 K, CDCl3): § = 22.4, 26.8, 28.8, 53.8, 124.6, 127.1, 131.6,
134.5, 146.2 ppm (Figure 520).

H1B{1H} NMR (128 MHz, 298 K, CDCl3): § =4.2 (s, 1 B, BPh(NO;),) ppm (Figure S21).

7: A THF solution (5 mL) of 5-SIDipp (0.382 g, 1 mmol) was added dropwise to a THF
solution (20 mL) of previously weighed B(CgF5)3 (0.512 g, 1 mmol) at room temperature.
The reaction mixture turned to a clear colorless solution immediately and run for 12 h.
The solution was dried completely and 3 mL of toluene solution was added to dissolve
the white solid product. Colorless crystals of 7 were afforded after keeping the toluene
solution for crystallization at 4 °C after 2 days. Yield = 0.45 g (46%). The formation of 7
was accompanied by some other side products, which could not be identified. Hence, we
did not have a spectroscopically pure product to record the 'H and '3C NMR.

HUB{'H} NMR (128 MHz, 298 K, CDCl3): § = —2.8 (s, 1 B, B(CsF5)3) ppm (Figure S23).

8: A diethyl ether solution (5 mL) of 5-SIDipp (0.382 g, 1 mmol) was added dropwise
to a diethyl ether solution (5 mL) of previously weighed B(C¢Fs)3 (0.512 g, 1 mmol) at room
temperature. The reaction mixture turned to a clear colorless solution immediately and run
for 12 h. The solution was dried completely and 3 mL of toluene solution was added to
dissolve the white solid product. Colorless crystals of 8 were afforded after keeping the
toluene solution for crystallization at 4 °C after 1 day. Yield = 0.78 g (85%).

'H NMR (400 MHz, 298 K, CDCl3): 6 = 1.20 (d, ] = 6.88 Hz, 12 H, CH(CH3),), 1.35
(d, ] = 6.88 Hz, 12 H, CH(CH3)y), 2.87 (sept, | = 6.75 Hz, 4 H, CH(CH3);), 439 (s, 4 H,
NCH,CH;N),7.29 (d,] =7.75Hz,4H, Ar-H), 7.54 (t, ] =7.88 Hz, 2 H, Ar-H), 8.90 (s, 1 H,
N-CH-N) ppm (Figure 524).

BBC{TH} NMR (101 MHz, 298 K, CDCl3): 6 = 23.9 24.4, 29.4, 53.6, 60.8 125.2, 128.6,
131.9, 145.6, 160.3 ppm (Figure S25).

UB{'H} NMR (128 MHz, 298 K, CDCl3): § = —4.2 (s, 1 B, HO-B(C4F5)3) ppm (Figure 526).

F{1H} NMR (377 MHz, 298 K, CDCl3): 6 = —135.6, —162.4, —166.1 (15 F, B(CgF5)3)
ppm (Figure 527).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics10070097/s1. The Supplementary Materials contains
structural description of 1-8 and representative NMR spectra. The callouts of each Figure given in
the Supporting Information are provided in the main text. (accessed on 19 June). References [30-34]
are cited in the Supplementary Materials.
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The NHC-borane chemistry has been majorly restricted to imidazol-2-ylidene classes of carbenes. In our
previous communication, we reported the synthesis of 6-SIDipp-BHz [6-SIDipp = 1,3-di(2,6-diisopropyl-
phenyl) tetrahydropyrimidine-2-ylidene] and its electrophilic substitution reaction with iodine. Here, we
have shown selective bromination of a 6-SIDipp stabilized sp® B—H bond. Treatment of 1.2 equivalents of
N-bromosuccinamide with 6-SIDipp-BHs gives a mixture of mono- and disubstituted products
6-SIDipp-BH>Br (1) and 6-SIDipp-BHBr; (2). However, the reactions with alkyl bromides or carbon tetra-
bromide resulted in 6-SIDipp-BH,Br (1) selectively. Exploration of the chemistry of 6-SIDipp with BHCl,
and 9-BBN (9-borabicyclo[3.3.1]nonane) led to mono-6-SIDipp adducts 3 and 6a. Furthermore, 6a
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undergoes ring expansion to afford a seven-membered product, 6b, under mild conditions. Unlike BHCl,
or 9-BBN, the B—H bond of HBpin undergoes oxidative addition upon reaction with 6-SIDipp, epitomizing
the first example (7) of a B—H bond insertion at NHCs. The analogous reactivity with HBcat led to a tetra-
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Introduction

In contrast to five-membered Arduengo type N-heterocyclic car-
benes (NHCs), the chemistry of six-membered NHCs has
limited precedence in the literature, partly due to their less
thermal stability and structural rigidity. Nonetheless, Aldridge
and coworkers reported stable adduct formation of a saturated
six-membered N-heterocyclic carbene (6-SIDipp) with AlH;."
The same group also reported the synthesis of a 6-SIMes
ligated dibromoborenium cation (Br,B*).”> The groups of Jones
and Stasch isolated monomeric complexes of 6-SIDipp and

“Inorganic Chemistry and Catalysis Division, CSIR-National Chemical Laboratory,
Dr. Homi Bhabha Road, Pashan, Pune 411008, India. E-mail: ss.sen@ncl.res.in
bAcademy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India
‘Physical and Material Chemistry Division, CSIR-National Chemical Laboratory, Dr.
Homi Bhabha Road, Pashan, Pune 411008, India

“Analytical and Environmental Sciences Division and Centralized Instrumentation
Facility, CSIR-Central Salt and Marine Chemicals Research Institute, Gijubhai
Badheka Marg, Bhavnagar 364002, India

+Dedicated to Professor Cameron Jones on the occasion of his 60™ birthday.
{Electronic supplementary information (ESI) available: Synthesis and spectro-
scopic and structural data of 1, 2, 3, 6a, 6b, 7 and 8. CCDC 2123564 (1), 2176142
(2), 2102133 (3), 2102135 (6a), 2191019 (6b), 2102136 (7) and 2102137 (8). For
ESI and crystallographic data in CIF or other electronic format see DOI: https:/
doi.org/10.1039/d2dt01707e
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hydropyrimidinium salt with B(cat), as a counteranion (8).

group 15 element trichlorides.® Besides, Tamm and coworkers
used 6-SIDipp as a Lewis base component in an FLP for the
activation of dihydrogen.* Seminal work by both Curran and
coworkers and Braunschweig and coworkers in carbene-borane
chemistry involves either imidazole-2-ylidine or a cyclic alkyl
amino carbene (CAAC).™" In the same line, Radius and co-
workers established carbene-alane/gallane chemistry and its
facile halogenation.'>™* Due to our current interest in boron
chemistry,””™® we proceeded to study the chemistry of
6-SIDipp with boranes. In our previous communication, we
have shown that the reaction of a saturated six-membered
N-heterocyclic carbene (6-SIDipp) with BH; led to the for-
mation of an adduct, 6-SIDipp-BH;.>° The latter undergoes a
facile electrophilic substitution reaction with I,, leading to
6-SIDipp mono- and diboryl iodides, selectively.*® However,
the corresponding reaction with Br, was not selective, and
resulted in a mixture of mono-, di-, and tribromide adducts,
akin to what was noted by Curran and coworkers with 1,3-bis-
(2,6-diisopropylphenyl)imidazole-2-ylidine (5-IDipp).” In this
paper, we have shown selective bromination at the sp® B-H
bond. In addition, we have also performed the reaction of
6-SIDipp with other boranes such as BHCl,, 9-BBN, and
HBpin. While 6-SIDipp forms an adduct with BHCI,, the
carbene undergoes ring expansion with 9-BBN under mild con-
ditions. The activation of the B-H bond of HBpin takes place

This journal is © The Royal Society of Chemistry 2022


http://rsc.li/dalton
http://orcid.org/0000-0001-6840-6937
http://orcid.org/0000-0001-7301-7573
http://orcid.org/0000-0002-4955-5408
https://doi.org/10.1039/d2dt01707e
https://doi.org/10.1039/d2dt01707e
https://doi.org/10.1039/d2dt01707e
http://crossmark.crossref.org/dialog/?doi=10.1039/d2dt01707e&domain=pdf&date_stamp=2022-09-27
https://doi.org/10.1039/d2dt01707e
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT051038

Published on 24 August 2022. Downloaded by National Chemical Laboratory, Pune on 12/11/2022 6:21:50 AM.

Dalton Transactions

with the carbene, which is reminiscent of the oxidative
addition of R,BH on a transition metal fragment. It must be
noted here that the analogous reaction with a five-membered
saturated NHC (5-SIDipp) did not lead to 1,1-oxidative
addition; instead, the rupture of the C-N bond took place
leading to dimer formation.”*

Results and discussion

In order to achieve selective bromination, we added 1.2 equiva-
lents of NBS to the toluene solution of 6-SIDipp-BH; at a temp-
erature of 70 °C, but a dibromo product 2 was obtained in 20%
yield along with a monobromo product (1) in 40% yield
(Scheme 1). The formation of both 1 and 2 was indicated by
"B NMR spectroscopy, which shows the appearance of two
new peaks at —20.1 ppm and —14.3 ppm, which are shifted
downfield with respect to that in 6-SIDipp-BH; (—31.3 ppm).>°
We were unable to obtain the pure '"H NMR spectrum of 2 due
to the formation of a mixture of products. However, we were
able to obtain the single crystals of 2 suitable for X-ray studies,
which confirms its constitution (Fig. 1). Compound 2 was crys-
tallized in the monoclinic P2,/n space group. The C5-B1 bond
length in 2 is 1.639(4) A, which is slightly longer than that in
6-SIDipp-BH; [1.602(3) A].

To selectively prepare 1, we reacted 6-SIDipp-BH; with
n-octyl, n-decyl, and n-dodecyl bromides in o-xylene at 145 °C
for a fixed time period of 48 h, which led to 65-70% conver-
sion of borane to bromoborane 1. Table S1} summarizes the
results from this series of experiments (see the ESIf). A more
facile route to obtain 1 involved heating of 6-SIDipp-BH; in
CBr, in toluene at 105 °C for 24 h (entry 5, Table S1i). We
obtained the single crystals of 1 from the latter methodology
(Fig. 1). 1 crystallizes in monoclinic P2,/n. The C5-B1 bond
length in 1 [1.610(3) A] is shorter compared to that in 2 [1.639
(4) A]. The molecular ion peaks for 1 and 2 were detected at
m/z 497.2541 and 575.1605 in the HRMS spectrum.

Dlpp D'PP
1.2 equlv NBS C
o i
toluene, 70 °C
12h H
D|pp DIPP
1 (40%) 2 (20%)
Pipp Dlpp
N
e S
N o- xylene 145 °C
\Dipp 48h Dlpp
1 (65-70%)
Dlpp
CBr4 <: >
B
toluene, 105 °C \
24h H
D|pp
1(70%)

Scheme 1 Synthesis of 6-SIDipp-BH,Br (1) and 6-SIDipp-BHBr; (2).
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Fig. 1 The molecular structures of 1 and 2 (hydrogen atoms except on
the boron atoms are omitted for the clarity of the picture). Selected
bond lengths [A], angles [deg] and torsion angles [deg]: 1: C5—-N1 1.344
(2), N2-C5 1.341(2), B1-C5 1.610(3), B1-Br1lA 2.0878(19); N1-C5-B1
120.92(15); N2-C5-B1 120.66(14), C5-B1-BrlA 103.85(11); C17-N1-
C5-B1 174.61(14), C19-N2-C5-B1 173.25(15), N1-C5-B1-BrlA 85.44
(15), N2-C5-B1-Br1A 85.44(15); 2: C5-N1 1.356(3), N2-C5 1.348(3),
B1-C5 1.639(4), B1-Brl 2.048(3), B1-Br2 2.018(3), B1-H1 1.000; N2-
C5-N1 117.9(2), N1-C5-B1 116.1(2), N2-C5-B1 117.9(2), C5-B1-Brl
117.86(19), C5-B1-Br2 104.09(19), Br1-B1-Br2 115.36(16); N2—-C5-B5—
Brl 56.0(3), N1-C5-B5-Brl 133.9(2), N1-C5-B5-Br2 96.9(2), N2-C5-
B5-Br2 73.2(3), C26—N1-C5-B1 158.8(3), C28—-N2-C5-B1 172.7(2).

Following the isolation of 6-SIDipp-BH;,”° we were curious
to study the reactions of 6-SIDipp with other boranes. The reac-
tion of 6-SIDipp with one equivalent of BHCI, forms Lewis
acid-base adducts (3) (Scheme 2), which show resonances at
—7.4 ppm in the ''B NMR spectrum. Inspection of the mole-
cular structure of 3 reveals that the B-C bond length is 1.6414
(8) A, which is longer than that of 6-SIDipp-BH; [1.602(3) A].
The lengthening is thought to be due to increased steric con-
gestion at the boron center (Fig. 2). The other important bond
lengths and angles are given in the legends of Fig. 2. In the
HRMS spectrum, the molecular ion peaks were found at m/z
509.2636.

The facile synthesis of 3 prompted us to check whether it
can be a suitable precursor for borenium cations.***"*”

Dlpp Dipp
BHCI2 dioxane N /H
<:: : B
toluene, rt, 2 h N \
\ Cl
DIPP Dipp
TfOH
toluene,
rt,2h
/DiPP s|;,|:ga D'PP
N ®.,0-H AngFe @ ,O-H----0_ 0
N _ B\O—H toluene > O—H*"O/S\CFS
\ rt,2h €)
Dipp DlPP
5

Scheme 2 Preparation of 3-5.
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Fig. 2 The molecular structure of 3 (hydrogen atoms except the proton
on the central boron atom for 3 are omitted for the clarity of the
picture). Selected bond lengths [A] and angles [deg]: C5—-N1 1.3414(7),
C5-N2 1.3468(7), C5-B1 1.6414(8), B1-Cl1 1.8814(7), B1-CI2 1.8719(7),
B1-H1 1.084(12); N1-C5-N2 118.34(5), N1-C5-B1 125.00(5), N2-C5-
B1116.09(5), C12-B1-Cl1 110.72(4).

Curran and coworkers recently showed the formation of a dihy-
droxyborenium cation with the composition [5-IDippB(OH),]
OTf from the reaction of 5-IDipp-BH; with TfOH; however, the
reaction took 5 days to complete.”” With 3 in hand, we
attempted its reaction with two equivalents of TfOH, which
smoothly afforded a stable dihydroxyborenium cation with a
triflate anion [6-SIDipp-B(OH),]'OTf™, 4 (Scheme 2), within
only 2 h. Compound 4 is air-stable but gradually decomposes
in the presence of THF and Et,O to [6-SIDipp-H]'OTf . The ''B
NMR chemical shift for 4 was detected at 24.6 ppm, reflecting
a tri-coordinate boron environment. The molecular ion peak
for 4 was identified at m/z 599.3036 in the HRMS spectrum. An
anion exchange reaction of 4 with AgSbFs in toluene at a low
temperature led to the replacement of the OTf™ anion with the
SbFs~ moiety (5) (Scheme 2). As the molecular structures of 4"
and 5" are identical to our previously reported dihydroxybore-
nium cation generated from the reaction of 6-SIDipp-BH; with
Br,/H,0,?° we are not discussing their structural parameters
here.

The reaction of 6-SIDipp with 9-BBN led to the formation of
an adduct (6a), which is not very stable and undergoes ring
expansion at room temperature to afford an unusual seven-
membered BCNC;N ring (6b) (Scheme 3). The conversion of 6a
to 6b was monitored by ''B NMR (see Fig. S23-S261%). After
30 minutes of the reaction, a doublet appears at —13.4 ppm

/Dlpp Dlpp Dlpp
N N
<: y; SBEN __9-BBN _ > _»B
N benzene-dg
\ rt,2 h
Dipp D|pp Dlpp
6b

Scheme 3 Lewis acid—base adduct with 9-BBN and subsequent ring
expansion.
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(Je_u = 63.81 Hz) in the "B NMR spectrum, which is a charac-
teristic of the tetra-coordinated boron center in 6a. After 6 h of
reaction, the latter resonance disappeared, and a new reso-
nance was detected at 49.1 ppm, which is for the tri-co-
ordinated boron atom of the ring expansion product, 6b. It
should be noted here that the group of Stephan demonstrated
that a five-membered N-heterocyclic carbene with PR, (R = tBu,
NiPr,) at the wingtip positions underwent ring expansion with
9-BBN,*® while the typical 5-IDipp was shown to form a stable
adduct with 9-BBN.*®> While the ring expansion of 5-NHCs in
the presence of s/p-block hydrides is well established,**™*
there is only one literature precedence of the ring expansion of
6-SIMes to a seven-membered ring in the presence of PhSiHj;,
which required 3 days and 110 °C.** Though we did not
perform any theoretical studies, we can speculate from the lit-
erature that the mechanism proceeds via the initial coordi-
nation of the NHC to the boron center of 9-BBN (6a).”®
Afterwards, the hydrogen atom attached to the boron atom
migrates to the electron-deficient carbene carbon atom. This
hydride migration prompted the attack of one of the adjacent
nitrogen atoms on the boron atom, thereby resulting in C-N
bond cleavage and C-C bond formation.

Despite varying the reaction parameters, we were unsuc-
cessful in obtaining 6a and 6b separately in preparative reason-
able amounts that can permit their full characterization.
However, we were able to grow the single crystals of 6a and 6b
(Fig. 3). The B-C bond length in 6a is 1.644(4) A. After ring
expansion, the same B-C bond length is slightly shortened to
1.612(3) A.

The 1,1-addition of a B-H bond of HBpin to any NHC is not
known. In 2010, Bertrand and coworkers studied the reaction
of HBpin and 5-SIDipp and isolated an unexpected dimer via
the ring cleavage of NHCs.>" On the other hand, a similar reac-
tion with CAACM® or bicyclic (alkyl)(amino)carbene (BICAAC)

Fig. 3 The molecular structures of 6a and 6b (hydrogen atoms except
on Bl in 6a and C1 in 6b are omitted for the clarity of the picture).
Selected bond lengths [A] and angles [deg]: 6a: C13—N1 1.3530(19), B1—
C13 1.644(4), B1-C14 1.529(4), N1-C21 1.477(2); N1-C13-N2 116.0(2),
N1-C13-B1 122.00(10); 6b: N1-B1l 1.410(3), N1-C4 1.485(2), N2—-C2
1.447(2), C2-C3 1.524(3), C3-C4 1.530(3), N2-C1 1.476(2), B1-C1 1.612
(3), B1-C33 1.588(3), C1-C29 1.546(3); N1-B1-C1 118.91(16), N2-C1-
B1 115.40(15), N2—-C1-C29 110.40(15), N1-B1-C33 120.54(17), C2-C3-
C4 113.19(15).

This journal is © The Royal Society of Chemistry 2022
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afforded a 1,1-activation product,>’*> which was rationalized
by its increased nucleophilic characters over 5-SIDipp. As
6-SIDipp is more nucleophilic than 5-SIDipp,**?” we studied
its reaction with HBpin. Delightfully, the reaction led to the
1,1-addition of the B-H bond of HBpin at the carbene carbon
(Scheme 4).

Storing the reaction mixture for 1 day at room temperature
led to the formation of colorless crystals of 7, which was ana-
lyzed by single crystal X-ray diffraction (Fig. 4, left). 7 crystal-
lizes in the monoclinic space group, P2;/n. The solid-state

C-N bond cleavage with 5-SIDipp (Bertrand and coworkers, 2010):

Dipp Dipp, — Dipp

[N . H=Bpin /\N 4
N " toluene, rt,2h Bpin —\N N/Bpin
Diep Dipg’ \—/ \Dipp

B-H bond activation with 6-SIDipp (This work) :

DIPP
H-—Bpin
G
toluene, rt, 2 h
P P D|
G L
N pep
Dipp H-—Bcat
L -
toluene, rt,2 h
D|pp
HBcat
DIPP
0. O
N
\
>—“ [:I:// oj::]
Dlpp

+ Unidentified mixtures

Scheme 4 B-H activation of HBpin and HBcat with 6-SIDipp.

Ne,

N
o1
01
s 8 o &
/W
’ n2

Fig. 4 The molecular structures of 7 and 8 (except hydrogen atoms
attached to the C5 atom in 7 and the C17 atom in 8, other hydrogen
atoms are omitted for the clarity of the picture). Selected bond lengths
[A]l and angles [degl: 7: B1-C5 1.590(2), B1-O1 1.3639(18), B1-02
1.3693(18), C5-H5 0.980, C5-N1 1.4692(16), C5-N2 1.4704(16); N1-
C5-N2 106.94(10), N2-C5-B1 112.81(11), N1-C5-B1 112.07(10), O1-
B1-02 114.06(12); 8: N1-C17 1.308(2), C17-N2 1.3050(19), C17-H17
0.9500, B1-01 1.474(2), B1-02 1.472(2); N1-C17-N2 123.19(14), O1-
B1-02 111.47(15).
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structure of 7 shows that the six-membered NHC ring adopts a
perfect chair conformation. The distance between the B1 and
C5 atoms is 1.590(2) A, which is significantly longer than
CAACM®-mediated B-H activated products (1.55 A).*"

The constitution of 7 was further confirmed by ''B, *C,
and 'H NMR spectroscopy, and mass spectrometry. The broad
signal at 31.0 ppm in "B NMR spectra indicates the insertion
of the carbene carbon atom into the B-H bond. The same
carbon atom shows a broad resonance at 82.7 ppm in the '*C
{'"H} NMR spectrum, which usually indicates sp’-hybridized
carbon atoms. The hydrogen atom attached to the carbene
carbon atom gives a peak at 4.88 ppm in the "H NMR spectra.
The molecular ion peak was detected at m/z 533.4267 in the
HRMS spectrum.

In order to understand the mechanism of oxidative
addition of HBpin with the six-membered NHC (Fig. 5), we
performed full quantum chemical calculations using the
density functional theory (DFT). 6-SIDipp reacts with HBpin to
give adduct Int_1, which is thermodynamically unstable by
0.2 keal mol™?, with a bond distance of 1.66 A between NHC
carbon and boron of HBpin. In the next step, Int_1 was trans-
formed into 7 via a three-membered transition state TS_1 with
an activation free energy barrier (AG") of 7.6 kcal mol™ and a
reaction free energy (AG) of —15.1 kcal mol™". The bond dis-
tance of 1.59 A was found between NHC carbon and boron of
HBpin in 7. We have also studied why 5-SIDipp does not
undergo 1,1-oxidative addition with HBpin. It was found that
the oxidative addition with 6-SIDipp was favourable by
~15 kecal mol™" than that with 5-SIDipp (see Fig. S37%).

The reaction of 6-SIDipp with HBcat yielded a tetrahydro-
pyrimidinium salt with a [Bcat,]” counteranion (Scheme 4).
From the appearance of a peak at 6.5 ppm in the ''B NMR
spectrum, it can be assumed that 6-SIDipp undergoes adduct
formation immediately. The formation of such a [Bcat,]”

Fig. 5 The reaction energy profile diagram for the oxidative addition of
HBpin with 6-SIDipp. The values (in kcal mol™) were calculated at the
PBE/TZVP level of theory with DFT.
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anion arises from the nucleophile-promoted degradation of
HBcat, and subsequent substituent redistribution, which are
documented in the literature.*®*° Colorless crystals of 8 were
isolated after storing the solution for a day at room tempera-
ture. 8 crystallizes in the monoclinic P2,/c space group (Fig. 4,
right). The "B NMR spectrum of 8 shows one signal at
14.3 ppm for the tetra-coordinated boron center. The proton
attached to the tetrahydropyrimidinium salt gives a signal at
7.48 ppm in the 'H NMR spectrum. The molecular ion peaks
were detected at m/z 405.3260 and 226.9510 in the HRMS spec-
trum for the cation and anion, respectively.

Conclusions

We have demonstrated selective bromination at a sp® B-H
bond supported by 6-SIDipp using alkyl halides or CBr,.
Subsequently, we have realized the stronger nucleophilic pro-
perties of a six-membered NHC (6-SIDipp) toward the 1,1-acti-
vation of the B-H bond of HBpin (7) at the carbene carbon.
Although CAAC was shown to exhibit such reactivity, no NHC
has been known to add the B-H bond of HBpin in this
fashion. The same was observed with HBcat, but we speculated
that a subsequent nucleophilic attack of another molecule of
HBcat led to the tetrahydropyrimidinium salt with [Beat,]” as
the counteranion (8). Besides, we have also investigated the
reactions of 6-SIDipp with BHCI, and 9-BBN, which resulted in
monomeric adducts (3 and 6a). We have also shown the con-
version of 6a to a seven-membered ring expansion product, 6b.
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