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Abstract: Recently there has been an explosion of interest in the synthetic community for the addition of radicals
into unsaturated organoboron-ate complexes. This review will give a concise outline for radical processes involv-
ing boron-ate complexes which trigger a subsequent anionotropic rearrangement.
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1. Introduction

Chemistry involving organoboron compounds has been of
long-standing interest to synthetic chemists. The rich and diverse
chemistry of organoboranes and the low toxicity of boron de-
rivatives make them particularly attractive in the context of in-
creasing sustainability of synthetic methods by replacing toxic
and hazardous reagents. Beside the classical Suzuki-Miyaura and
related cross-coupling reactions,![-?1 radical chemistry involving
organoboranes has expanded dramatically over the past years.[3-0]
Recently, spectacular developments have been achieved in the
radical addition to unsaturated boronic ester derivatives mak-
ing use of the boron atom’s unique properties (it is either metal-

lic or non-metallic depending on its ligand sphere). Beside the
standard radical addition to unsaturated 1-alkenylboronic esters
(Scheme 1, A), addition to complexed boronic esters (Scheme 1,
B) and to 1-alkenylboronates (Scheme 1, C) have been reported.
The first two processes (Scheme 1, A and B) occur in conjunc-
tion with classical radical chemistry such as tin hydride-mediated
reactions,!”! photoredox catalyzed processes!®! and atom/group
transfer chemistry.®! The third approach (Scheme 1, C) affords
an unusual electron-rich radical anion species that can act as a
strong one-electron reducing agent, triggering a 1,2-metallate
rearrangement (Matteson-type rearrangement) on itself. Related
ionic transition-metal catalyzed processes have been reported and
recently reviewed.[10]

Our review will start briefly with a discussion of simple atom
and group transfer radical addition to complexed 1-alkenylboron-
ic acid derivatives and 1-alkenylboronates and will then focus on
radical addition to 1-alkenylboronates resulting in 1,2-metallate
rearrangements. This new class of radical-polar crossover reac-
tions represents a unique entry into three-component coupling
reactions between a nucleophile (mostly organolithium), an elec-
trophilic halide, and an alkene.
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Scheme 1. Radical addition to unsaturated boronic ester derivatives.
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Scheme 2. Xanthate addition over MIDA vinylboronates.

2. Simple Radical Addition to Complexed Boronic
Esters and Unsaturated Boronates

Zard and co-workers took advantage of the inability of the
complexed sp’-hybridized boron atom in N-methyliminodiacetyl
(MIDA) boronic acid derivatives to stabilize an adjacent radi-
call'.121to develop an efficient addition of radicals to MIDA vinyl-
boronates under xanthate transfer conditions initiated by dilauroyl
peroxide (DLP).[%! In contrast to vinylboronic pinacol esters,[!3:14]
the MIDA vinylboronates behave as electron-rich alkenes afford-
ing good yields with electron-deficient radicals (Scheme 2).

In arelated work, Kublicki and co-workers reported the iodine
atom transfer radical addition to MIDA vinyl- and alkynylborates
under photoredox initiation (Scheme 3).[15]

The reaction was extended to I-alkenyltrifluoroborates
(Scheme 4).[161 Again using photoredox initiation, they were
able to run iodine atom transfer addition also with perfluoroal-
kyl radicals.

Radical additions at position 1 of 1-alkenylboronates leading
intermediate 2-boryl radicals are also known and have served as
the basis for the alkenylation of radicals.[17-20]

3. Discovery of the Three-component Coupling
Reactions

Matteson added carbon tetrachloride over dibutyl vinylboro-
nates in 45% yield by simple initiation with AIBN, and in excel-
lent yields with bromotrichloromethane.2!-221 Upon treatment of
the intermediate 1-bromoalkaneboronic ester with aryl Grignard
reagents, Matteson discovered the now eponymous 1,2-metallate
rearrangement (Scheme 5).[23-25]

Recently, a number of research groups have reported a three-
component coupling reaction that telescopes Matteson’s chem-
istry into a one-pot process by reversing the order of the ate
formation and radical addition. Studer demonstrated the reaction
between electrophilic radicals generated from iodides (including
perfluoroalkyl iodides) and the ate complexes generated in situ
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Scheme 4. Kublicki’s iodine atom addition over vinylic trifluoroboronates.
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Scheme 5. Discovery of the 1,2-metallate rearrangement by Matteson
and Mah (red bond: radical reaction; blue bond: ionic process
(1,2-metallate rearrangement)).
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Scheme 3. lodine atom transfer addition over MIDA vinyl- and acetynyl-
boronates.

by treatment of pinacol vinylboronate with alkyl- and aryl-lith-
ium derivatives (Scheme 6).26] The reaction was initiated with
triethylborane and residual oxygen in the solvent, although later
visible light was preferentially employed as initiator.[27]

Soon after, Aggarwal and co-workers reported a similar reac-
tion initiated by light under photoredox catalysis (Scheme 7).[28]
For many substrates, the reaction was found to work in the ab-
sence of the Ru photoredox catalyst demonstrating that a radical
chain process was also operating.

Soon after these reports, Renaud and co-workers reported the
same three-component coupling process with a large substrate
scope initiated by triethylborane and di-fert-butylhyponitrite
(DTBHN) (Scheme 8).1291 The reactions were performed in fert-
butyl methyl ether (TBME) to minimize side products resulting
from hydrogen atom transfer processes and to avoid the solvent
switch/dilution procedures described by Studer (Et,O to acetoni-
trile) and Aggarwal (Et,O into 1,3-dimethyl-2-imidazolidinone (=
DMI)). Issues of allylic deprotonation of the isopropenylboronic
esters with fert-butyllithium were avoided by conducting the reac-
tions at low temperature.

4. Mechanistic Investigations

Three different mechanistic pathways were suggested for
this reaction and each challenged by experiment.[?] In pathway
1, an atom transfer radical addition (ATRA) reaction leading to
an o-haloboronate I that undergoes the classical [1,2]-metalate
rearrangement was envisaged (Scheme 9). This mechanism was
discarded based on a radical clock experiment. In a reaction with a
prenylated bromomalonate, an atom transfer process should have
led to the formation of a cyclopentane derivative since the 5-exo-
trig cyclization step is expected to be much faster than the bromine
atom transfer step. However, the reaction afforded exclusively
the acyclic three-component coupling product indicating that the
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Scheme 6. Studer’s three-component coupling reaction with alkenyl-
boronates.
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Scheme 7. Aggarwal’s three-component coupling reaction with alkenyl-
boronates.

1,2-shift was significantly faster than the cyclization and therefore
could not involve an atom transfer process.

The second pathway that was examined was a radical [1,2]-alkyl
or aryl migration leading to a boryl radical-anion II that could then
propagate the chain via a reductive single electron transfer (SET)
process. This mechanism could be discarded by running a cycliza-
tion reaction starting from a selenide under tin hydride conditions.
Under these conditions, no product resulting from a 1,2-shift process
could be detected (Scheme 10) indicating that a radical 1,2-shift
process is much slower than the hydrogen atom transfer step involv-
ing Bu,SnH and therefore not compatible with the extremely fast
1,2-migration observed with the prenylated malonate in Scheme 9.

In the third considered pathway, the radical anion result-
ing from the radical addition to the vinylboronate reduces the
starting halide via a single electron transfer (SET) affording the
inverse ylid IIT which subsequently undergoes a fast 1,2-metal-
late rearrangement (Scheme 11). Performing the reaction with
2-bromoisobutyronitrile gave the expected three-component
coupling product in 21% yield. However, running the reaction
with the corresponding phenylselenide, which is less prone to
SET reduction, gave no trace of the three-component coupling
product. This experiment supports a SET mechanism when a
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Scheme 9. Experiment to discard the ATRA mechanism.
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Scheme 8. Renaud’s three-component coupling reaction with alkenylbo-
ronates.

bromide or an iodide is used as a radical precursor and allows to
further disprove the ATRA mechanism presented in Scheme 9.

The groups of Studer and Aggarwal also suggested a SET
mechanism was operating based on experimental results. For in-
stance, Studer and co-workers reported the trifluoromethylation
of the PhLi ate-complex with Togni’s reagent (Scheme 12, A).[26]
Since this trifluoromethylating reagent is well-documented to op-
erate though a radical mechanism (no [CF,]* is generated at any
point),39 this experiment is a compelling piece of evidence for
the oxidation pathway. This result does not necessarily imply that
iodide and bromide radical precursors also react via this pathway
but computational investigation of the reaction with CF,I support
anearly barrierless SET. Aggarwal and co-workers provided more
evidence of a radical-SET pathway in their trifluoromethylation
reaction with Umemoto’s reagent (see Scheme 15 below).[3!I They
provided direct spectroscopic evidence of radical formation by
intercepting the transient trifluoromethyl radical with the spin trap
N-tert-butyl-ai-phenylnitrone (PBN) so that they could record the
electron paramagnetic resonance (EPR) spectrum of the corre-
sponding persistent nitroxide (Scheme 12).
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Scheme 10. Experiment to disprove the radical 1,2-shift.



36  CcHIMIA 2020, 74, No. 1/2

SCS-SYNGENTA SYMPOSIUM:

WELcomE TO THE ONE-ELECTRON WORLD

Li + R3-X 'R3 +LiX e
R3 Li R3 -
T —» R3 N A o
oo \/\Bpln SET Bin
i Re m R

inverse boron ylid

> R3
[1,2]-migration \/kBpin

Et3B (2.0 equiv)

Li
NC><X + /\épin AIBN, 85 °C
TBME

NC Bpin

21% (X = Br)
no product (X = SePh)

n-Bu

Scheme 11. Evidence for a single electron transfer mechanism.

5. Further Synthetic Applications

Studer has developed a method to access enantiomerically en-
riched o-alkyl ketones from enantiomerically pure alkylboronic
esters.[32] In this approach, the alkenylboronate complexes were
generated by adding vinyllithium to chiral pinacol alkylboronic
esters. The absolute configuration at the migrating alkyl group
was preserved during the process. However, the newly formed
chiral center bearing the boronic residue was obtained as a mix-
ture of diastereomers. After oxidative work-up, the diastereomeric
mixture of alcohols was oxidized to the corresponding ketones.
Alternatively, chiral alkanes were accessed after radical mediated
protodeboronation involving treatment of the pinacol boronic es-
ter with tetrabutylammonium fluoride (TBAF) and Mn(111) acetate
in the presence of fert-butylcatechol (TBC) (Scheme 13).

Dienyl systems work in a similar fashion, simple light irradia-
tion in the absence of any additive or photocatalyst was enough to
initiate the reaction.33 This procedure allows the preparation of
complex allylboranes with good control of the stereochemistry of
the double bond (Scheme 14). Radical addition occurs with full
regioselectivity for the terminus position of the dienyl moiety.

Aggarwal and co-workers were able to extend their reaction to
the preparation of 2-trifluoromethylated 5-alkylated or 5-arylated fu-
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Scheme 13. Studer’s extension to access chiral ketones and alkanes.
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Scheme 14. Studer’s extension to generate allylboronic esters.
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Scheme 12. Further evidence for a radical-polar crossover mechanism.

rans and pyrroles via trifluoromethyl radical addition to 2-furanyl/2-
pyranyl boronic esters followed by a rearomatization under oxida-
tive conditions (Scheme 15).31 The trifluoromethyl radical was
generated by single electron reduction of Uemoto’s reagent.

This reaction was extended to other sources of electrophilic
radicals generated from the corresponding iodides.[34 The use of
a Ru(1r) photoredox catalyst was required with furans (Scheme
16). The more nucleophilic indole derivatives underwent the same
transformation via an ionic mechanism since they operated with-
out any photoredox catalyst and in the presence of the radical
inhibitor 1,1-diphenylethylene.

Shi has extended this chemistry to a 1,2-boryl migration
leading to gem-diboronates derivatives.l33) Alkenyl diboronate
complexes in situ generated from alkenyl Grignard reagents and
bis(pinacolato)diboron were reacted with alkyl bromides. Under
ruthenium photoinitiation, gem-bis(boryl)alkanes were obtained
in good yields (Scheme 17).

Studer and co-workers reported the selective a-C—H abstrac-
tion by in situ generated trifluoromethyl radicals from alkyl(aryl)
boronate complexes prepared from aryl pinacol boronic esters and
alkyl lithium reagents (Scheme 18).3¢ The transient radical anions
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Scheme 15. Aggarwal’s extension to synthesize trifluoromethylated fu-
rans and pyrroles.
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Scheme 16. Aggarwal’s extension to synthesize alkylated furans and
pyrroles.
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undergo electron transfer oxidation followed by 1,2-aryl/alkyl mi-
gration from boron to carbon to give o-arylated boronic esters. In
this process, CF I is acting as an oxidant and a source of CF,¢ radi-
cals involved in the hydrogen atom transfer (HAT). The regioselec-
tivity of the HAT is remarkable and results from strong polar effects
favoring abstraction at the o-position of the boronate complex.

Another application of this type of chemistry is seen by the
radical addition to bicyclobutylboronate complexes reported by
Aggarwal (Scheme 19).371 The strain of the 6-bond creates a
good radical acceptor with concomitant bond breakage to fur-
nish borylated cyclobutanes with high diastereoselectivity. The
resulting 1-boryl radical, after radical addition, transfers an
electron as for the previous reactions to trigger the 1,2-shift.
The stereochemical control is occurring during the SET step by
minimizing steric interactions between R’I and the R'/R? groups
of the radical anion.

6. Outlook and Conclusions
Control of the stereochemical outcome of the 1,2-migration
process is problematic. More effort is still heavily needed since
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Scheme 19. Radical addition over o-bond of bicyclobutylboronates.
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Scheme 20. Initial attempts by Studer (A) and Renaud (B) to control the
stereochemistry of the 1,2-migration process.
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preliminary attempts by Studer (Scheme 20, A) and Renaud
(Scheme 20, B) of a chiral auxiliary control with pinanediol vinyl-
boronic ester gave the three-component coupling products with
low or no stereocontrol.

Very recently, Morken reported a closely related three-com-
ponent coupling process involving a radical addition to pinacol
vinyl boronic ester followed by a nickel-catalyzed cross-coupling
process with organozinc reagents (Scheme 21).381 This alterna-
tive approach follows a fundamentally different mechanism and
is nicely complementary to the chemistry described here since
it works with nucleophilic radicals generated from tertiary alkyl
iodides.

In conclusion, the three-component coupling reaction pre-
sented here opens new opportunities for the selective and highly
convergent construction of functionalized and versatile building
blocks. Applications in the field of synthesis of products of bio-
logical, medicinal, pharmaceutical, and material importance are
expected.
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