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ical formation via homolytic
cleavage of B–B bonds and its role in organic
reactions†

Laura Kuehn,a Ludwig Zapf,a Luis Werner,a Martin Stang, ‡a Sabrina Würtemberger-
Pietsch,a Ivo Krummenacher,a Holger Braunschweig, a Emmanuel Lacôte, *b

Todd B. Marder *a and Udo Radius *a

New borylation methodologies have been reported recently, wherein diboron(4) compounds apparently

participate in free radical couplings via the homolytic cleavage of the B–B bond. We report herein that

bis-NHC adducts of the type (NHC)2$B2(OR)4, which are thermally unstable and undergo intramolecular

ring expansion reactions (RER), are sources of boryl radicals of the type NHC–BR2c, exemplified by

Me2Im
Me$Bneopc 1a (Me2Im

Me ¼ 1,3,4,5-tetramethyl-imidazolin-2-ylidene, neop ¼ neopentylglycolato),

which are formed by homolytic B–B bond cleavage. Attempts to apply the boryl moiety 1a in a metal-

free borylation reaction by suppressing the RER failed. However, based on these findings, a protocol was

developed using Me2Im
Me$B2pin2 3 for the transition metal- and additive-free boryl transfer to

substituted aryl iodides and bromides giving aryl boronate esters in good yields. Analysis of the side

products and further studies concerning the reaction mechanism revealed that radicals are likely

involved. An aryl radical was trapped by TEMPO, an EPR resonance, which was suggestive of a boron-

based radical, was detected in situ, and running the reaction in styrene led to the formation of

polystyrene. The isolation of a boronium cation side product, [(Me2Im
Me)2$Bpin]

+I� 7, demonstrated the

fate of the second boryl moiety of B2pin2. Interestingly, Me2Im
Me NHC reacts with aryl iodides and

bromides generating radicals. A mechanism for the boryl radical transfer from Me2Im
Me$B2pin2 3 to aryl

iodides and bromides is proposed based on these experimental observations.
Introduction

Diboron(4) compounds are extremely useful reagents for the
synthesis of organoboronates, which are valuable building
blocks in organic synthesis.1 In addition to their use in Suzuki–
Miyaura crossing–coupling reactions2 the C–B bond can easily
be converted into numerous functional groups.1 While early
catalytic borylation reactions typically employed precious metal
catalysts, rst row “Earth abundant” transition metals have
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become of increasing interest, due to their low cost and low
toxicity.3,4 Recently, transition metal-free methods which acti-
vate the B–B bond of diboron(4) compounds have attracted
much attention,5 having the advantage of avoiding metal
contamination in the nal organic product. sp2–sp3 Lewis base
adducts of diboron(4) compounds show a higher reactivity of
the B–B bond than their respective sp2–sp2 precursors, due to
the increased bond length and polarity. Thus, they are used in
various borylation reactions or for the diboration of unsaturated
substrates, in which a nucleophilic boryl moiety is generated
when one of the two boron atoms is coordinated to a strong
Lewis base. In 2009, Hoveyda et al. proposed that an NHC sp2–
sp3 diboron(4) adduct is responsible for the metal-free b-bor-
ylation of a,b-unsaturated carbonyl compounds.6

Unlike heterolysis, induced by anionic nucleophiles,5b,e

homolytic cleavage of the B–B bond is challenging due to the
relatively high bond dissociation energies (BDE) of the
diboron(4) compounds. For example, Wang et al. reported
a metalfree borylation process for the direct conversion of aryl
amines to aryl pinacol boronates. A radical mechanism
involving single electron transfer between an aryl diazonium
ion formed and a tetra-coordinated boron complex has been
proposed for this reaction. Recently, new borylation
Chem. Sci., 2022, 13, 8321–8333 | 8321
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methodologies have been reported, wherein the boron reagent
apparently participates in free radical coupling via the homo-
lytic cleavage of the B–B bond.5d,8 To date, there are mainly two
ways to realize this homolytic cleavage, i.e., para-substituted
pyridine-induced or by irradiation with light. Initially, the
groups of Suginome and Ohmura reported the transition metal-
free diboration of 1,4-dihydropyrazine derivatives and 4,40-
bipyridine, respectively, simply by reaction with B2pin2 at
elevated temperatures.9,10 While they initially proposed
a mechanism proceeding via a nucleophilic pathway,9a their
more recent reports9b,10 conrm the role of radicals and the
homolytic cleavage of the B–B bond in these processes.

In 2016, Li et al. reported the homolytic cleavage of the B–B
bond of B2pin2 via the coordination of 4-cyanopyridine to both
boron atoms, generating pyridine-stabilized boryl radicals,
which were employed for the synthesis of various organo-
boronates.11 Hydroboration of alkenes using B2pin2 and cata-
lytic amounts of 4-cyanopyridine was demonstrated by the
group of Cai, who also proposed that the reaction proceeded via
the formation of a 4-cyanopyridine-stabilized boryl radical.12

Jiao et al. described the borylation of various aryl halides using
potassium methoxide in the presence of catalytic amounts of 4-
phenylpyridine, proposing the in situ generation of super elec-
tron donors (SED) based on boryl-pyridine species.13 In contrast
to the initial assumption of a homolytic B–B bond cleavage,13a

DFT studies demonstrate that the SEDs are generated by
heterolytic cleavage of the B–B bond in B2pin2 via coordination
of the two boron atoms by pyridine and methoxide, respecti-
vely.13b In 2017, the groups of Pinet and Pucheault reported the
stoichiometric borylation of various aryl iodides, mediated by
an in situ formed uoride sp2–sp3 diboron adduct from B2pin2

and CsF. This anionic adduct, previously structurally charac-
terized by our group,5b was proposed to reduce the aryl iodide
via a single-electron-transfer process (SET), forming FBpin5e and
a boryl radical, which is stabilized by pyridine.14 Furthermore,
a decarboxylative borylation of aryl and alkenyl carboxylic acids
via a radical coupling mechanism was reported by Fu and co-
workers.15 An in situ formed three-component bis-adduct
between B2pin2, the carboxylic acid substrate, and a pyridine
derivative is assumed to undergo homolytic B–B bond cleavage
by an intramolecular SET, generating a carboxylate radical and
a pyridine-stabilized boryl radical.15 Ogawa et al. reported the
diboration of terminal alkynes with B2pin2 under irradiation by
a high pressure mercury lamp in the presence of catalytic
amounts of diphenyl disulde and triphenylphosphine giving
1,2-diborylalkenes.16 The mechanism is not yet clear, but boron-
centered radicals are proposed to be formed from B2pin2 and
PPh3 under irradiation.16b In 2018, Studer and co-workers
introduced the radical borylation of alkyl and aryl iodides
initiated by a photoinduced C–I bond homolysis.17a The alkyl/
aryl radical formed presumably adds to B2cat2 and, with coor-
dination of DMF (dimethylformamide), the weakened B–B bond
homolyzes giving the alkyl/aryl boronic ester and a DMF-
stabilized boryl radical.17 Just recently, the photocatalytic,
regioselective radical borylation of a,b-unsaturated esters and
related compounds has been reported,18 and we reported the
transition metal-free borylation of primary and secondary alkyl
8322 | Chem. Sci., 2022, 13, 8321–8333
sulfones to yield alkylboronic esters.19 For the latter, the reac-
tion of alkyl sulfones with bis(neopentyl glycolato) diboron(4)
(B2neop2) and a stoichiometric amount of base as promotor
afforded alkylboronic esters with a wide functional group
tolerance. Radical clock, radical trap experiments, and EPR
studies revealed that the borylation process involves radical
intermediates.19

Typical methods for increasing the lifetime of radical species
involve delocalization of the unpaired electron and/or the use of
sterically hindered groups to prevent dimerization.8c,20 With
respect to boron-centered radicals, well known anionic species
of the type BR3c

� are generated by occupying the vacant p-
orbital of an electron decient borane with a single electron.21

For example, our group recently reported a structurally char-
acterized example, in which such a radical anion is stabilized by
an ortho-carborane moiety.21i In contrast, neutral analogs result
from coordination of a Lewis base (L) to the boron center giving
an L–BR2c adduct. In recent years, the electrophilicity of N-
heterocyclic carbenes (NHCs) has been employed for stabilizing
such boron centered radicals (Scheme 1).22 Offering an empty
p*-orbital, the NHC is able to engage in p-backbonding inter-
actions and thus delocalize the unpaired electron, which lowers
the bond dissociation energies of the corresponding
boranes.20,22,23

The groups of Curran, Lacôte, and Lalevée have extensively
studied NHC-stabilized radicals of the type NHC–BH2c A, which
are formed from the borane adduct NHC$BH3 by homolytic B–H
bond cleavage. Radical formation from NHC$BH3 is facilitated
by the relatively small homolytic B–H bond dissociation energy
(80–88 kcal mol�1)24 in the precursor induced by the increased
spin delocalization in the resulting ligated radical.25 This bond
cleavage can be realized in the presence of radical initiators
such as DTBP (di-tert-butylperoxide) or azobisisobutyronitrile
(AIBN), triggered by light or heat. However, these radicals are
transient and cannot be isolated. EPR studies and corroborating
theoretical data reveal that radicals of type A are planar with the
spin density delocalized over the NHC ligand and the boron
center.24 This class of compounds has been applied as efficient
co-initiators in radical photopolymerization reactions as well as
radical reductions of halides and xanthates.26 The same groups
generated the corresponding aryl boron radicals by analogously
abstracting hydrogen atoms from NHC$BH2Ar compounds via
homolytic B–H bond cleavage.26h The groups of Curran, Tani-
guchi, and Wang achieved various borylative radical cyclization
reactions and the borylation of polyuoroarenes, as well as the
radical hydroboration of alkenes, also utilizing NHC$BH3 with
in situ formation of the NHC-boryl radical A (Scheme 1) by
hydrogen atom abstraction using di-tert-butyl hyponitrile and
AIBN, respectively.27,28

The acridinyl radical B, reported by Gabbäı et al. in 2007, can
be considered as the rst structurally characterized carbene-
stabilized neutral boryl radical (Scheme 1).29 However, in this
example, the unpaired electron is largely delocalized over the
acridinyl fragment with very little contribution from the boron
atom, as indicated by EPR spectroscopy. The same group
observed, but could not isolate, radical C by introducing
a nucleophilic NHC (Scheme 1), via reversible reduction of an
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Selected neutral boryl radicals stabilized by carbenes.
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NHC-stabilized borenium cation.30 Radical C reveals a higher
boron radical character and signicant localization of the
unpaired electron in a (B–CNHC)p-orbital.30 In 2014, Braunsch-
weig and co-workers isolated the cAACMe-stabilized (cAAC ¼
cyclic alkyl amino carbene) boryl radical D by reduction of the
corresponding haloborane adduct.31 EPR and DFT data indicate
that the spin density is delocalized over the strong p-accepting
cAAC ligand. In the same year, the similar cAACCy-stabilized
aminoboryl radical E, generated analogously by reduction of the
corresponding adduct, was introduced by the groups of Ber-
trand and Stephan.32 Recently, Tamm et al. reported the NHC-
stabilized boryl radical F, prepared by reduction of the corre-
sponding borenium cation. Radical F was structurally
conrmed and characterized by EPR spectroscopy, revealing
that the unpaired electron is almost exclusively localized on the
B(Ar)2 moiety.33 In general, NHCs, and especially cAACs, provide
signicant stabilization of boron-based radicals, with NHCs
being at a unique cross-road between stabilization and reac-
tivity, which has led to the strong focus discussed above.

For many years, our groups have been intensively studying
neutral pyridine34 and NHC6c,35 as well as anionic5b adducts5a,36

of diboron(4) compounds.1b We have shown that, depending on
the stoichiometry and the steric demand of the NHC and the
diboron(4) reagent, mono- or bis-NHC adducts are accessible.35

In the current paper we focus on how NHC complexation of
diboron(4) derivatives can be harnessed for radical reactions,
beyond ring expansion reactions (RER).

Results and discussion

The RER of bis-NHC adducts typically proceeds via the insertion
of one B(OR)2 moiety into the C–N bond of one NHC.35 A second
exo-B(OR)2 moiety binds to the former carbene–carbon atom. In
© 2022 The Author(s). Published by the Royal Society of Chemistry
the case of B2neop2 (neop ¼ neopentylglycolato), the endocyclic
Bneop ring opens and one oxygen atom binds to the exocyclic
boron atom forming an 8-membered heterocyclic ring with the
second NHC coordinated to the endocyclic boron atom
(Scheme 2).

For B2neop2 this RER occurs at room temperature, whereas
for B2cat2 (cat¼ catecholato) elevated temperatures of 70 �C are
required.35a For small NHCs (e.g. Me2Im

Me or iPr2Im) and the
small diboron(4) reagent B2eg2 (eg ¼ ethyleneglycolato), RERs
are observed at temperatures as low as �40 �C.35c Furthermore,
we have shown that the reactivity at diboron(4) compounds also
depends on the NHC. For example, the reaction of B2cat2 with
Dipp2Im (unsaturated NHC backbone) and Dipp2Sim (saturated
NHC backbone) leads, in both cases, to the mono-NHC adduct.
However, whereas Dipp2Im$B2cat2 is stable with regard to RER,
the adduct with the backbone-saturated NHC Dipp2Sim$B2cat2
is thermally unstable generating a ring-expansion product.35c

Based on the above ndings, we were interested to obtain
further insight into the subsequent reactivity of bis-NHC
adducts of diboron(4) compounds as well as the mechanism
of the RERs. As the RER is very fast, and we could not exclude
a mechanism involving radicals, we began our studies by
monitoring the RER of B2neop2 with two equivalents of Me2-
ImMe in THF by EPR spectroscopy (Fig. 1). Beginning at �80 �C,
we slowly raised the temperature, as our previous studies have
shown that, at room temperature, the ring-expanded product
RER-(Me2Im

Me)2$B2neop2 2 is quantitatively generated within
minutes.

At 290 K, a weak multiline EPR signal was detected with an
isotropic g-value of 2.003 (Fig. 1). With the anticipated forma-
tion of a radical of the type NHC-BR2c (Me2Im

Me-Bneopc) 1a,
presumably generated by homolytic cleavage of the B–B bond in
Chem. Sci., 2022, 13, 8321–8333 | 8323
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Scheme 2 Reaction of B2neop2 with two equivalents of Me2Im
Me at room temperature forming the ring expanded product RER-B2neop2-

$(Me2Im
Me)2 2 with the bis-NHC adduct (Me2Im

Me)2$B2neop2 1 as an intermediate.
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B2neop2, spectral tting (Fig. 1, red) suggests a delocalized spin
distribution over the NHC fragment with hyperne couplings to
boron (a(11B)¼ 8.7 MHz), to nitrogen (a(14N)¼ 9.5 MHz), and to
the methyl protons of the NHC (a(1H) ¼ 6.9 and 7.9 MHz). Bis-
NHC adducts, such as (Me2Im

Me)2$B2neop2 1, with both boron
atoms coordinated by an NHC, reveal an increased bond length
and therefore a weakened boron–boron bond. X-ray diffraction
of single crystals of (Me2Im

Me)2$B2neop2 1, obtained from
a saturated solution of B2neop2 and two equivalents of Me2Im

Me

in toluene at�30 �C (Fig. 2a) revealed, that both boron atoms of
1 are sp3-hybridized and tetrahedrally coordinated with a B–B
bond distance of 1.770(2) Å, signicantly elongated compared
to that observed for B2neop2 (1.712(3) Å).35c According to DFT
calculations (M06-2x//def2-TZVPP(B)/def2-TZVP), the dissocia-
tion energies of the B–B bonds in the diboron(4) compounds
drop signicantly upon NHC coordination to boron, from
408.9 kJ mol�1 for B2neop2 to 254.7 kJ mol�1 for (Me2Im)$
B2neop2 to 105.5 kJ mol�1 for (Me2Im)2$B2neop2 (Fig. 2c). The
reason for this weakening lies in the stabilization of the
resulting boryl radicals by delocalization on the NHC. The
decrasing B–B bond strengths can be demonstrated by the
calculated Wiberg bond indices for the B–B bonds, which
decrease going from B2neop2 (1.05) to (Me2Im)$B2neop2 (0.97)
to (Me2Im)2$B2neop2 (0.85, Fig. 3c). Our EPR data for 1a are in
Fig. 1 Simulated (red) and experimental (black) EPR spectrum of the RE

8324 | Chem. Sci., 2022, 13, 8321–8333
accordance with those previously reported for NHC–BH2c radi-
cals.20,22,24 The structure of NHC–BR2c radical Me2Im–Bneopc
and its spin density distribution were computed by DFT calcu-
lations (Fig. 2b). The NHC-boryl radical is nearly planar with the
spin density delocalized between the boron atom and the NHC
ring.

To verify that the EPR signal detected arose from a species
preceding the RER of 1, we monitored the reaction by VT 1H and
11B{1H} NMR spectroscopy (Fig. 3). While the 1H NMR spectra
show broad signals as expected, the presence of the bis-NHC
adduct (Me2Im

Me)2$B2neop2 1 at low temperatures and the
onset of the ring expansion reaction at 16 �C were easy followed
by 11B{1H} NMR (Fig. 3). Below 5 �C, no signal was detected, due
to the poor solubility of the starting materials. Upon warming to
5 �C, a broad signal for the bis-NHC adduct 1 was detected at
5.12 ppm, which is signicantly shied upeld from that of free
B2neop2 (28.4 ppm),37 as a result of rehybridization at boron
from sp2 to sp3.

At 16 �C, the signals for the ring-expanded product RER-
(Me2Im

Me)2$B2neop2 2 began to arise at 1.83 and �1.35 ppm.
The reaction was complete within 90 min. This observation, i.e.,
that the RER began at the same temperature (16 �C) according
to NMR spectroscopy as the EPR resonance was observed at
(16.9 �C), supports the assumption that the EPR signal detected
R of B2neop2 with two equivalents Me2Im
Me in THF.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Molecular structure of (Me2Im
Me)2$B2neop2 1. Hydrogen atoms are omitted for clarity and the thermal ellipsoids are drawn at 50%

probability. Selected bond lengths [Å] and angles [�]: B1–B10 1.770(2), B1–C1 1.662(2), B1–O1 1.482(1), B1–O2 1.486(1), C1–B1–O1 109.82(8), C1–
B1–O2 110.13(8). (b) Schematic structure of the NHC–BR2c radical 1a (top) and the DFT-calculated (M06-2x//def2-TZVPP(B)/def2-TZVP) spin
density (middle) and SOMO (bottom) for the (Me2Im)$Bneopc radical. (c) DFT computed (M06-2x//def2-TZVPP(B)/def2-TZVP) B–B bond lengths
(blue), B–B Wiberg bond indices (black) and B–B dissociation energies (red) for B2neop2, (Me2Im)$B2neop2 and (Me2Im)2$B2neop2.
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is derived from a species which proceeds the RER. Another NMR
spectrum recorded aer 4 h at room temperature revealed that 2
had already started to decompose, which is in accordance with
our previous observations.35c

Following studies by Stephan et al. on the reactivity of
a doubly base-stabilized diboron(4) compound, which
undergoes homolytic cleavage of the weakened B–B bond,38 we
sought to provide experimental evidence for our in situ observed
NHC–BR2c moiety 1a. Therefore, we tried to trap 1a at temper-
atures below the onset of the RER, as well as during the RER
process, with common radical scavengers including TEMPO
((2,2,6,6-tetramethylpiperidin-1-yl)oxyl), N-tert-butyl-a-phenyl-
nitrone, diphenyl disulde, and sulfur. However, these attempts
were unsuccessful as the intramolecular RER predominated.
Based on the work of Curran, Lacôte, and Lalevée on radical
polymerization reactions,26 we then employed radical 1a as an
initiator for the polymerization of styrene. Therefore, 5.0 wt% of
the diboron(4) compound and two equivalents of the NHC were
combined in precooled (0 �C) styrene, which was used as the
solvent. The reaction mixture was allowed to warm slowly to
room temperature and was stirred for 16 h. Upon adding an
excess of methanol, a colorless precipitate formed, which was
identied as polystyrene by size exclusion chromatography
(SEC) analysis (Fig. 4). The number-average molecular weight
© 2022 The Author(s). Published by the Royal Society of Chemistry
(Mn) of the polystyrene formed was determined to 8540 Da, with
a dispersity (Đ) of 1.74. The analogous reaction using only the
diboron(4) compound (without the NHC) did not lead to the
formation of polystyrene. Thus, we conrmed experimentally
the formation of radical 1a as it successfully initiated the
polymerization of styrene giving polystyrene with 90%
conversion.

Attempts to apply the boryl radical 1a in metal-free bor-
ylation reactions of aryl iodides failed. The ring-expanded
product 2 and the unreacted substrate employed were always
obtained. Given that the NHC-boryl radical arising from the
homolytic scission of 1a is able to add to a styrene monomer
before leading to 2, it is likely that an sp2 boron is required for
the metal-free borylation to proceed.

To probe this issue, we thus investigated diboron(4)
compounds with only one boron atom coordinated by an NHC
(sp2–sp3 adducts). The B–B bond in these compounds is less
activated, making them stable towards RER (with the exception
of Dipp2Sim$B2cat2 at elevated temperatures35c). As the corre-
sponding mono-NHC adduct Me2Im

Me$B2neop2, however, is
not stable and begins to decompose during its preparation,39 we
synthesized the mono-NHC adduct Me2Im

Me$B2pin2 3 in 73%
yield using B2pin2 as the diboron(4) compound. Compound 3
Chem. Sci., 2022, 13, 8321–8333 | 8325
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Fig. 3 11B VT-NMR spectra of the RER of B2neop2 with two equivalents Me2Im
Me in d8-THF (160 MHz). Triangle: bis-NHC adduct (Me2-

ImMe)2$B2neop2 1. Asterisk: ring-expanded product RER-(Me2Im
Me)2$B2neop2 2.
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was characterized by NMR spectroscopy, HRMS, and elemental
analysis.

To study a possible transfer of one boryl moiety of a mono-
NHC adduct to aryl iodides, adduct 3 was treated stoichiomet-
rically with 4-iodotoluene 4I (Scheme 3) in C6D6 and the reac-
tion was monitored via 1H NMR spectroscopy. At 80 �C, the rst
new signals appeared within 1 h, whereas full conversion of 4I
was achieved aer the addition of 2.5 equivalents of 3. The new
Fig. 4 Size exclusion chromatography (SEC) analysis of polystyrene.

8326 | Chem. Sci., 2022, 13, 8321–8333
signals match those reported for the desired C–I bond borylated
product 4a,40 which was additionally veried by GC/MS and
HRMS. Interestingly, the C–C coupling product of the aryl
halide with the solvent C6D6 was detected as a byproduct 4b in
25% yield (Scheme 3). Compound 4b, as well as the analogous
coupling product 4b-H, which was obtained by running the
reaction in non-deuterated benzene, were isolated and charac-
terized via NMR spectroscopy, GC/MS, and HRMS.

Further reactivity studies were conducted for the reaction of
3 with different para-substituted aryl iodides, bromides, and
chlorides (Scheme 3). Full conversion was achieved for the aryl
iodides 4I–6I and aryl bromides 4Br and 5Br. The ratio of the
Scheme 3 Reaction of themono-NHC adduct Me2Im
Me$B2pin2 3with

aryl halides (X ¼ I, Br, Cl) forming the corresponding C–X bond bor-
ylation products 4–6a and the C–C coupling products 4–6b between
the substrate and the solvent C6D6.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction of the mono-NHC adduct Me2Im
Me$B2pin2 3 with

the aryl halides 4I–6I, 4Br, 5Br, and 4Cl, 5Cl in C6D6
a

Entry R T [�C] 4–6a [%] 4–6b [%]

1 CH3 4I 80 75 25
2 CH3 4I 50 93 (85) 7
3 CF3 5I

b 80 44c 56
4 CF3 5I

b 50 55c (44) 45
5 OCH3 6I 80 80 20
6 OCH3 6I 50 91(82) 9
7 CH3 4Br 80 73 27
8 CH3 4Br 50 92 (86) 8
9 CF3 5Br

b 80 28c 72
10 CF3 5Br

b 50 70c 30
11 CH3 4Cl 80 Trace Trace
12 CF3 5Cl 80 20 12

a Reaction conditions: 1.0 equivalent of the aryl halide, 2.5 equivalents
of 3, C6D6; yields were determined via quantitative 1H NMR
spectroscopy, as well as GC/MS using biphenyl as an internal
standard. Isolated yields in parentheses. b 3.0 equivalents of 3. c In
solution, the boron atom is coordinated by Me2Im

Me forming the
NHC adduct 5a-ADD.
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borylated arene and the C–C coupling side product strongly
depends on the reaction temperature (Table 1). Lower temper-
atures (50 �C) diminish the formation of the byproduct from
25% to 7% (cf. Table 1, entries 1 and 2), but also decrease the
reaction rate. For example, in the case of 4-iodo-
benzotriuoride 5I, starting material was no longer detectable
aer 1.5 h at 80 �C, whereas at a reaction temperature of 50 �C,
full conversion was achieved only aer 16 h (Fig. 5). For 5I and
Fig. 5 In situ 1H NMR spectra (aromatic region) of the reaction of the m
C6D6 at 50 �C (400 MHz). Diamond: 4-iodobenzotrifluoride 5. Triangle:
Me2Im

Me forming the NHC adduct 5a-ADD). Square: C–C coupling prod

© 2022 The Author(s). Published by the Royal Society of Chemistry
5Br, the borylated arene was obtained in solution in the form of
its Me2Im

Me adduct (4-F3C–C6H4-Bpin$Me2Im
Me 5a-ADD),

possibly due to the more Lewis acidic boron atom resulting
from the electron-withdrawing CF3-substituent. This observa-
tion explains why an additional 0.5 equivalents of Me2-
ImMe$B2pin2 3 are required for full conversion of 5I and 5Br. For
comparison, 5a-ADD was independently synthesized and iso-
lated (for details see ESI†).

For substrate 5I, the reaction also proceeds slowly at room
temperature, with 84% conversion aer one week, and a 5a/
b ratio of 2 : 1. The absence of light did not have any impact on
the reaction outcome. For aryl chlorides, no reaction occurred
at temperatures of 50 �C. The reaction of the aryl chloride 4Cl
led to traces of 4a at 80 �C, whereas for the more activated aryl
chloride 5Cl, 20% of the aryl boronic ester 5a and 12% of the
coupling product 5b were observed at 80 �C (Table 1, entries 11–
12). The aryl boronic esters were isolated and characterized by
NMR spectroscopy, GC/MS, and HRMS.

Attempts to suppress the C–C coupling side product by
performing the reaction in MTBE (methyl tert-butyl ether)
instead of benzene, not providing any aromatic C–H bonds in
the solvent, resulted in hydrodehalogenation of the aryl halide.

We then analyzed the reaction mixture of the completed
reaction of 3 with 5I by NMR spectroscopy and GC/MS. Besides
the aryl boronic ester 5a and the C–C coupling product 5b, of 5I
with C6D6, residual B2pin2 was detected in solution. The
precipitate that formed during the reaction was redissolved in
chloroform and analyzed by GC/MS and NMR spectroscopy.
While the GC/MS only showed traces of 5a and B2pin2,

1H NMR
spectroscopy additionally revealed the formation of two other
ono-NHC adduct Me2Im
Me$B2pin2 3 and 4-iodo-benzotrifluoride 5I in

aryl boronic ester 5a (* in solution, the boron atom is coordinated by
uct 5b.

Chem. Sci., 2022, 13, 8321–8333 | 8327
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species (see ESI, Fig. S1†), possibly of an ionic nature, as they
were not detectable by GC/MS. In the corresponding 11B{1H}
NMR spectrum, besides B2pin2, only one signicant signal was
observed with a chemical shi of 1.77 ppm which, together with
HRMS, and X-ray diffraction analysis (Fig. 6) was assigned to the
boronium cation [(Me2Im

Me)2$Bpin]
+ 7 with iodide as the

counterion. This compound might demonstrate the fate of the
second boryl moiety in our boryl transfer reaction based on the
mono-NHC adduct 3 (see below). The amount of 7 formed is,
according to the amount of isolated residue and estimation of
the ratio of 7 to the unknown species, vide infra, in the 1H NMR
spectrum, appropriate for it being formed stoichiometrically
during the generation of the borylated arene. Thus, the forma-
tion of 7 as only a minor side product can be excluded.

The boron atom in [(Me2Im
Me)2$Bpin]

+I� 7 is four-
coordinate, bound to the pinacolato unit and the two NHCs
as s-donating ligands, with a B–C1 bond distance of 1.663(4) Å.
The data obtained match those previously reported for boro-
nium ions.41

As, for the bis-NHC adduct (Me2Im
Me)2$B2neop2 1, we

observed homolytic bond cleavage forming radical 1a, we then
started preliminary mechanistic investigations to determine
how this boryl transfer from the mono-NHC adduct 3 to the aryl
halide proceeds, and whether boryl radicals might be involved.

The C–C coupling with the solvent, as well as the observed
hydrodehalogenation, are preliminary indications that aryl
radicals are formed from the aryl halides.42 The cyclic voltam-
mograms (CV) of 4-iodotoluene 4I, and Me2Im

Me were measured
in THF (for details see ESI, Fig. S4†). The redox potentials are
given versus Ag/Ag+ instead of Fc/Fc+, as the free NHC reacts with
Fc+ and THF resulting in the imidazolium salt.43 For 4I, an irre-
versible reduction was observed at Ec ¼ �2.63 V, showing a high
electrochemical stability with respect to the acceptance of an
electron. An irreversible oxidation for Me2Im

Me was detected at
Ea ¼ �1.17 V and its reduction potential is Ec ¼ �2.99 V. Thus,
the formation of an aryl radical by reduction of the aryl iodide 4
by electron transfer from the free NHC can be excluded by
comparing their respective potentials. However, it is conceivable
Fig. 6 Molecular structure of [(Me2Im
Me)2$Bpin]

+I� 7. Hydrogen atoms
are omitted for clarity and thermal ellipsoids are drawn at 50% prob-
ability. Selected bond lengths [Å] and angles [�]: B–C1 1.663(4), B–O1
1.471(3), C1–B–O1 110.80(12), C1–B–O10 111.23(12), C1–B1–C10

106.9(3).

8328 | Chem. Sci., 2022, 13, 8321–8333
that some NHCs can dimerize, leading to a tetra-amino alkene.
These molecules are super electron donors, capable of gener-
ating radicals from aryl halides.44 Therefore, free NHCs are
potentially conducive to the formation of radicals in the presence
of aryl halides. The feasibility of this type of radical generation
was corroborated by the fact that 1 : 1 mixture of 4-iodotoluene
or 4-bromotoluene, respectively, and the NHC (5.0 wt% each)
lead to polymerization of styrene (see ESI†).

Moreover, the reaction of 4I with stoichiometric amounts of
the free NHC in the absence of B2pin2 in benzene at 80 �C also
generated the C–C coupling product 4b-H in 26% isolated yield
(Scheme 4). The precipitate that was formed during the reaction
was identied as the imidazolium salt [4-CH3-Ph-Me2Im

Me]+I�

8, characterized by GC/MS (detected as m/z ¼ 200 [M-CH3I]
+),

HRMS and NMR spectroscopy. Besides the imidazolium salt,
another, thus far unidentied, species is formed as a side
product (Scheme 4). Compound 8 was not detected in the
residue of the reaction mixture of the analogous reaction in the
presence of B2pin2.

The signals of the second species detected in the 1H NMR
spectrum (Fig. 7) at a chemical shi of 2.24 and 3.86 ppm
(indicated by squares), match those set of signals found in the 1H
NMR spectrum recorded of the residue formed during the boryl
transfer reaction (2.24 and 3.88 ppm; cf. Fig. S1†). Thus, as this
compound is also generated in the absence of boron and does
not show any resonances in the aromatic region, it presumably
must be formed fromMe2Im

Me. The most obvious assumption is
that the signals arise from the imidazolium salt [Me2Im

MeH]+I�,
generated by protonation of the free NHC during the coupling of
4I with benzene, as two singlets are detected in the expected
region for the CH3 protons of the backbone (2.24 ppm) and the
NCH3 protons (3.86 ppm) in a 1 : 1 ratio. However, no signal is
detected for the CH proton at the former carbene carbon atom,
and comparison of the signals with those of previously prepared
[Me2Im

MeH]+I� (recorded in CDCl3) also disproves this
assumption (2.20 and 3.81 ppm). The possibility of residual free
NHC in the residue reacting with CDCl3 forming the analogous
imidazolium salt [Me2Im

MeD]+Cl� was also excluded by a control
experiment (2.14 and 3.78 ppm).

When the reaction shown in Scheme 4 was performed in the
presence of stoichiometric amounts of the radical scavenger
TEMPO, trace amounts of the coupling product aryl-TEMPO
were detected by GC/MS, which provides further evidence for
the existence of aryl radicals. The same coupling product
between the aryl radical and TEMPO was observed in larger
amounts by running our standard boryl transfer reaction using
Me2Im

Me$B2pin2 3 and 4-iodobenzotriuoride 5I in the pres-
ence of TEMPO (for details see ESI, Fig. S5†); however, there was
no evidence for trapping of a boryl moiety.

The CV of the mono-NHC adduct 3 reveals an irreversible
oxidation at Ea ¼ �1.17 V, and a second one at Ea ¼ �0.08 V. The
former potential is identical with that observed for the free NHC.
DFT calculations by the groups of Marder and Lin6c showed that
during the exchange of the NHC between the two boron atoms in
a mono-NHC adduct, no transition state could be located for an
intramolecular process. Instead, a dissociation–reassociation
mechanism was suggested by their theoretical studies. Thus, it is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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suggested that some Me2Im
Me can dissociate from B2pin2 in 3,

which explains the CV. In all cases, it is unlikely that 3 serves as
a single electron transfer reagent.

We next ran a reaction with only B2pin2 and 4-iodotoluene
(1 : 1 ratio) 4I under our standard conditions. As expected, aer
16 h at 80 �C, only starting materials were detected, which
excludes the possibility of radicals generated by the diboron(4)
compound and traces of oxygen.45 When 0.5 equivalents of NHC
were added, ca. 12% conversion was obtained. Upon adding
another 1.5 equivalents of B2pin2 to the reaction mixture to
accommodate the need for 2.5 equivalents in our standard
reaction, no further reaction progress was observed. The
subsequent addition of another 0.5 equivalents of NHC resulted
Fig. 7 1H NMR spectrum recorded in CDCl3 (400 MHz) of the residue for
iodotoluene 4I showing the imidazolium salt [4-CH3-C6H4–Me2Im

Me]+I

Scheme 4 Reaction of the free NHC Me2Im
Me with 4-iodotoluene 4I

at 80 �C forming the C–C coupling product with the solvent 4b-H, the
imidazolium salt [4-CH3-Ph-Me2Im

Me]+I� 8, and an unknown
compound.

© 2022 The Author(s). Published by the Royal Society of Chemistry
in 30% conversion, revealing that the NHC does not serve as
a catalyst and is required in stoichiometric amounts, therefore
doing more than just initiating the reaction. The need for 2.5
equivalents of B2pin2 is also required as, with smaller amounts,
more of the C–C coupling side product 4b is generated. In
general, the reaction also proceeds when B2pin2 and Me2Im

Me

are added separately to the reaction mixture but shows slightly
increased conversion when the pre-prepared mono-NHC adduct
Me2Im

Me$B2pin2 3 is employed.
We then attempted the polymerization of styrene (as the

solvent) at 80 �C using Me2Im
Me$B2pin2 3 and 4-iodobenzotri-

uoride 5I to see whether polystyrene is formed, which would
provide further experimental proof for the presence of radicals
over the course of our reaction. GPC analysis (for details see ESI,
Fig. S6†) conrmed the formation of polystyrene; however, with
a higher number-average molecular weight (Mn) of 25 870 Da
and a Đ of 4.15 than that observed in the lower temperature
reaction, vide supra, initiated by 1a. The higher dispersity shows
that there are likely many more initiation and termination steps
at play. Therefore, the aryl radical is likely not the only radical
species present, also providing circumstantial evidence for the
presence of NHC-boryl radicals. The longer polymer chain
indicates that there are likely less radicals generated which lead
to fruitful initiations.

Our previous observations with 4-iodobenzotriuoride 5I
revealed that the boryl transfer proceeds slowly at room
temperature (which is not the case for the other aryl iodides),
thus prompting us to monitor the reaction by EPR spectroscopy.
med in the reaction of stoichiometric amounts of the free NHC with 4-
� 8, and an unknown compound (square).

Chem. Sci., 2022, 13, 8321–8333 | 8329
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Scheme 5 Proposed mechanism for the borylation of aryl halides.
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An EPR signal was detected; however, due to the very slow
reaction progress at room temperature, it was very weak and ill-
dened. Thus, the determination of hyperne couplings and,
hence, insight into the nature of the radical was precluded.
Nonetheless, the isotropic g-value of 2.006, together with the
broad linewidth, suggest the presence of a boron-based radical
(for details see ESI, Fig. S7†).

All of the data presented lead us to propose a mechanism for
the metal-free borylation process (Scheme 5).

A small fraction of mono-adduct 3 is likely able to release the
NHC, which ends up dimerizing. As soon as this happens, SET
can occur with the aryl halide, which starts the radical chain
reaction (initiation step, (1) in Scheme 5). Once the aryl radical
is formed it can add to the sp2 boron of 3 (which explains why 1
does not lead to borylation of aryl halides). The B–B bond
undergoes homolytic scission, presumably in a single elemen-
tary step A (homolytic substitution at boron), or via some
associative mechanism (radical addition followed by radical
release). In both cases, this delivers the borylated product as
well as an NHC-boryl radical (B), which is stabilized by partial
delocalization of the spin. B can then proceed to abstract the
halogen atom from aryl halide 4, thus closing the radical chain.
Alternatively, the aryl radicals can also react with the solvent,
leading to the biaryls observed. We did not try to optimize this
further as our focus was on the fate of the diboron compound,
but the insights obtained may prove useful to develop an
alternative to the pyridine-based metal-free borylations.

Aer termination, the desired arylboronate product can
intercept the NHC, provided the Lewis acidity of the product is
high enough (as is the case for the reactions of Table 1, entries
9–10). Finally, the boron byproduct C can also react with the
NHC, which leads to boronium ion 7 (Fig. 6). The higher Lewis
basicity of the carbenes compared with pyridines prevents the
catalytic turnover of the Lewis base, which allowed us to isolate
the key byproduct 7.

Conclusions

Former studies by the groups of Marder and Radius have shown
that bis-NHC adducts of diboron(4) compounds are thermally
unstable, undergoing ring expansion reactions (RER) via the
insertion of one B(OR)2 moiety into the C–N bond of one NHC
with the second B(OR)2 moiety bound exo to the former car-
bene–carbon atom.35 Based on these ndings, the reaction of
B2neop2 with two equivalents of Me2Im

Me was followed by 11B
NMR spectroscopy revealing that, at low temperatures, the bis-
NHC adduct (Me2Im

Me)2$B2neop2 1 is formed which, at 16 �C,
starts undergoing a ring expansion reaction. Monitoring the
same reaction by EPR spectroscopy provided evidence for the
RER proceeding via the formation of a boryl radical of the type
NHC–BR2c 1a, presumably formed by homolytic B–B bond
cleavage. Radical 1a was successfully applied as an initiator for
the radical polymerization of styrene. Further investigations
with respect to applying the boryl moiety 1a in a metal-free
borylation reaction by suppressing the RER failed. Therefore,
the mono-NHC adduct Me2Im

Me$B2pin2 3 was synthesized.
Because it is a mono-adduct, its B–B bond is less activated and
8330 | Chem. Sci., 2022, 13, 8321–8333
therefore stable towards RER. The stoichiometric reaction of 3
with different substituted aryl iodides and bromides in
benzene, at elevated temperatures, led to boryl transfer and
gave the desired aryl boronic esters in good yields. Interestingly,
varying amounts of a C–C coupling product between the aryl
halide and the solvent (benzene), depending on the reaction
temperature, were detected as a side product. Further studies
concerning the mechanism of this boryl transfer reaction
revealed that radicals are likely involved, as an aryl radical was
trapped by TEMPO, and running the boryl transfer reaction in
styrene led to its polymerization. Monitoring the reaction by
EPR spectroscopy revealed a signal (though very weak and ill-
dened), which is suggestive of a boron-based radical.
Furthermore, the boronium cation [(Me2Im

Me)2$Bpin]
+I� 7 was

formed stoichiometrically during the boryl transfer reaction,
possibly demonstrating the fate of the second boryl moiety.
NHCs are benecial when strong complexation (and simulta-
neous homolytic cleavage of the B–B bond) is needed, as is the
case for initiation of radical polymerizations, or stabilization of
crucial intermediates in the metal-free borylation. Further work
will focus on the development of safe, low-temperature initia-
tors for radical polymerizations (in contrast to, e.g., azo initia-
tors which decompose at room temperature, and are
intrinsically dangerous) as the bis-adducts could be assembled
within the polymerization vessel only when needed.
Data availability

Additional data and spectra, and crystallographic data, NMR
spectra, and Cartesian coordinates for calculations can be
found in the ESI.†
© 2022 The Author(s). Published by the Royal Society of Chemistry
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