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MIDA- and TID A-Boronates Stabilize a-Radicals Through B—N

Hyperconjugation
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\useful dial for tuning reactivity at the a-carbon.

/Abstract: Multifunctional organoboron compounds increasingly enable the simple generation of complex, Csp’-rich smal
molecules. The ability of boron-containing functional groups to modify the reactivity of o-radicals has also enabled a
myriad of chemical reactions. Boronic esters with vacant p-orbitals have a significant stabilizing effect on o-radicals due
to delocalization of spin density into the empty orbital. The effect of coordinatively saturated derivatives, such as N-
methyliminodiacetic acid (MIDA) boronates and counterparts, remains less clear. Herein, we demonstrate that
coordinatively saturated MIDA and TIDA boronates stabilize secondary alkyl a-radicals via ogy hyperconjugation in a
manner that allows site-selective C—H bromination. DFT calculated radical stabilization energies and spin density maps
as well as LED NMR kinetic analysis of photochemical bromination rates of different boronic esters further these
findings. This work clarifies that the a-radical stabilizing effect of boronic esters does not only proceed via delocalization
of radical character into vacant boron p-orbitals, but that hyperconjugation of tetrahedral boron-containing functional
groups and their ligand electron delocalizing ability also play a critical role. These findings establish boron ligands as a

N

J

Multifunctional organoboron compounds have trans-
formed strategies for the synthesis of complex small
molecules, including in an automated manner.'™! The
ability of boryl groups to modify the reactivity of a-radicals
has played a critical role in the development of new
reactions.?® Powerful chemical transformations involving
a-boryl radicals are reported frequently, including radical
addition to vinyl boronates (Scheme 1A),”=! addition of o-
boryl radicals to alkenes (Scheme 1B),**3! cross-coupling
reactions (Scheme 1C), and more.**>* Notably, the nature
of the boryl group is crucial for achieving desired
reactivity,' an effect that has been attributed to differ-
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ential radical stabilizing abilities between boryl functional
groups.*! Specifically, it has been proposed that boryl
groups with a vacant p-orbital, such as pinacol boronic
esters, stabilize o-radicals via a n-bonding, spin delocaliza-
tion interaction.** Meanwhile, the effect boronic esters
with filled p-orbitals, such as N-methyliminodiacetic acid
(MIDA) boronates and derivatives, remains less clear. In
fact, some have even proposed that these boronates have no
stabilizing effect.“”) However, recent evidence has emerged
that suggests MIDA boronate groups could affect notable
stabilization of o-radicals. Wang and co-workers demon-
strated in a competition experiment that bromination of a
benzylic MIDA boronate is favored over a tolyl methyl
group, and that cyclohexyl MIDA boronate can be site-
selectively brominated at the a-boryl position, although in
only 13 % yield.* The mechanisms and relative magnitudes
by which boryl groups stabilize o-radicals are not fully
understood. Advancing such understandings and systematic
benchmarking of relative radical stabilizing abilities of
diverse, synthetically useful boron-containing functional
groups would be highly enabling for the development of
new reactions that proceed via a-boryl radical intermediates.
Here we computationally demonstrate that coordina-
tively saturated boronates stabilize a-radicals (Scheme 1D),
corroborate this by developing a site-selective C—H bromi-
nation reaction, and show by LED NMR kinetic analysis
that photochemical bromination rates of different alkyl
boronic esters correlate with their radical stabilization
energies. These findings identify boron ligand structure as a
powerful dial for tuning radical reactivity at the a-carbon.
To clarify the relative radical stabilizing abilities of
MIDA boronates, their recently reported tetramethylated
variant (TIDA boronates), and other synthetically relevant
boryl groups, we used DFT to calculate their radical
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Scheme 1. a-Boryl radicals are important reaction intermediates, and
their stability/reactivity is highly dependent on boryl group structure. B
indicates boryl group.

stabilization energies (RSE).[*4474-2] RSE is determined
by subtracting the bond dissociation energy (BDE) of
methane from that of the corresponding substituted
methane. Density functional theory at the MO06-2X/def2-
TZVP level was used to calculate C—H BDEs of methanes
with a series of substituents including Me, BF;, BMIDA,
BTIDA, Bpin, Bcat, BDAN, 9-BBN, BH,, and Ph (Fig-
ure 1A).”¥ Simultaneously, spin density maps were com-
puted to visualize the delocalization of unpaired electron
density throughout boryl groups, and NBO spin population
analysis was performed to quantify unpaired electron
density. M06-2X/def2-TZVP level of theory was chosen as it
has been shown to be both accurate and not computationally
prohibitive for determination of BDEs.’** We found that
the trifluoroborate substituent provided less stabilization
than a methyl group (3.2 vs 4.0 kcal/mol).”” The lack of a
vacant boron p-orbital, but presence of spin density on
fluorine atoms and syn-periplanar alignment of o and pe,
suggests that some stabilizing effect arises via hyperconjuga-
tion.
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The MIDA boronate substituent exhibited a RSE of
4.6 kcal/mol, supporting that MIDA boronates have a
substantial stabilizing effect on a-radicals, even with the lack
of a vacant boron p-orbital. This stabilization likely arises
from hyperconjugation of the MIDA boronate B—N bond
into pc (opx—pc).F>" This is supported by the lengthening
of the calculated B-N bond from 1.69 A to 1.72 A for the
parent compound and radical respectively. Spin delocaliza-
tion throughout the MIDA backbone suggests that the
structure of the ligand could have a substantial impact on
radical stability, regardless of boron p-orbital availability.
Furthering this, the TIDA boronate substituent imparted
6.1 kcal/mol of stabilization energy, 1.5 kcal/mol more than
the MIDA boronate, also arising from B—N hyperconjuga-
tion (ogNn—pc). Quantum theory of atoms in molecules
(QTAIM)-based charge density analysis of MIDA and
TIDA boronate X-ray crystal structures previously revealed
increased hyperconjugation within the TIDA boronate cage
that yielded enhanced chemical stability relative to MIDA
boronates under a variety of reaction conditions.”™® This
increased ability to delocalize electron density can be
observed in the BTIDA a-boryl radical spin density map,
where 40 % more unpaired electron density is observed on
the TIDA backbone relative to the MIDA backbone, and
this increased spin density is localized on one of the TIDA
methyl groups that, due to torsion of the TIDA cage, is
positioned above the carbon radical center (Figure 1B).
Additionally, the calculated TIDA boronate B—N bond
length increased from 1.68 A to 1.69 A for the parent
compound and radical respectively. This further supports
that the structure of the boryl group’s ligand has a
substantial impact on o-radical stabilizing ability, regardless
of boron p-orbital availability. Furthermore, both MIDA
and TIDA boronates show asymmetric distribution of spin
throughout the boryl ligands due to torsion of their
respective cages that we speculate is a consequence of steric
strain.

Pinacol and neopentyl glycol boronic ester groups
showed RSE values of 6.7 and 7.0 kcal/mol respectively,
consistent with increased boron p-orbital availability allow-
ing for a favorable n-bonding interaction. Radical stabiliza-
tion is further enhanced by incorporating aromatic rings into
the ester backbone, as seen with Bcat and BDAN substitu-
ents that exhibited 7.4 and 7.5 kcal/mol RSE respectively.
Spin density maps revealed that delocalization of radical
character into the aromatic rings is likely responsible for
increased RSE. Finally, 9-BBN and BH, exhibited RSE of
10.2 and 11.6 respectively, the highest of the organoboron
groups tested, as expected due to greatest p-orbital avail-
ability.

Next, we asked how location of spin density affects RSE
by performing NBO spin population analysis on the set of
boromethyl radicals. Increased spin population on the
carbon baring radical indicates lower RSE, as expected, due
to greater localization of charge (Figure 1C). Individually,
spin density present on the boron atom or on the ligand are
not useful predictors of RSE (Figure 1IC and D), but
summation of spin density absolute value across boron and
ligand atoms yields a notable correlation with RSE (Fig-
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B. NBO spin population analysis of MIDA and TIDA boromethyl radicals C. Reduced NBO spin population on C correlates with RSE
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F. Combined NBO spin population at boron and at boryl ligands best correlates with RSE
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Figure 1. Radical stabilization energies, spin density maps, and relationship between NBO spin location and RSE for synthetically important boryl

groups. Spin density maps generated with isovalue: MO =0.02, density=0.0006. Geometry optimization: B3LYP-D3BJ/6-31+ + G(d,p), gas phase.

RSE calculations, spin density maps, NBO spin population analysis: M06-2X/def2-TZVP, gas phase. Hydrogens with NBO spin population less
than 0.000 were excluded from D. Z|ligand NBO spin populations | represents the summation of absolute values of the NBO spin population of
each atom.
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Table 1: Site-selective photochemical C—H bromination of alkyl MIDA and TIDA boronates.
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[a] General procedure for bromination of MIDA boronates: Reactions were performed on a 0.5 mmol scale in MeCN at a concentration of
0.125 M. Brominated products were isolated by crystallization from crude reaction mixtures. [b] General procedure for bromination of TIDA
boronates: Reactions were performed on a 0.5 mmol scale in chloroform-d at a concentration of 0.125 M. Brominated products were isolated by
crystallization from crude reaction mixtures. [c] The general procedure for bromination of MIDA boronates was followed but on a 0.25 mmol
scale. [d] The reaction was performed with 1.0 g of MIDA or TIDA boronate and scaled accordingly based on respective general procedures.
[e] The general procedure for bromination of MIDA boronates was followed except with dichloromethane as the solvent. Relative stereochemistry
was not determined. [f] The general procedure for bromination of MIDA boronates was followed but the product was purified by concentration of
the crude reaction mixture, dissolving in pentane, and filtering through celite.

ure 1F). This suggests that boryl ligand spin delocalizing
ability plays a critical role in the RSE of boryl groups
beyond simply modulating the availability of the boron p-
orbital.

Having shown computationally that MIDA and TIDA
boronates impart significant stabilization on o-radicals, we
asked if this effect could be leveraged in a synthetically

Angew. Chem. Int. Ed. 2023, 62, €202309566 (4 of 8)

useful manner by developing a reaction that requires radical
stabilization for high degrees of efficiency and site
selectivity.”*! The site-selective C—H bromination of sec-
ondary alkyl MIDA boronates served as an excellent model
system, as there are no synthetically efficient examples of
this reaction. After brief reaction optimization (SI page 6),
we found that a variety of secondary alkyl MIDA boronates
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A. NBS bromination conditions reveal unique induction periods for different boronic esters
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B. Addition of 5 mol% Br, eliminates induction periods and shows that relative reaction rates correlate with RSE
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Figure 2. LED NMR kinetic analysis of site-selective photochemical C—H bromination reaction. A CDCl;/CD;CN solvent mixture was required to

allow reaction of all boronic esters under the same reaction conditions.

undergo site-selective photochemical bromination at the a-
boryl position using 1-2 equivalents of NBS in acetonitrile
while irradiating with white light for 1-2 hours, and bromi-
nated products could be purified via direct crystallization
from crude reaction mixtures (Table 1). These compounds
are crystalline, bench stable solids.”! Other secondary
positions are not affected by the bromination reaction, and
compound 9, containing a tertiary C—H bond, still under-
went selective bromination at the o-boryl position. n-Butyl
MIDA boronate was submitted to bromination conditions
and no reaction occurred, suggesting that primary alkyl
MIDA boronates are not reactive under these conditions.
We also tested the bromination of alkyl MIDA boronate
substrates containing oxygen and nitrogen substituents
capable of stabilizing a-radicals but only observed unidenti-
fiable byproducts and none of the desired bromination
products.

Recently, our group showed that TIDA boronates
exhibit remarkable chemical stability relative to MIDA
boronates under a variety of reaction conditions.”® Our
calculations suggest that TIDA boronates provide an addi-
tional 1.5 kcal/mol of stabilization relative to MIDA boro-
nates, indicating that secondary alkyl TIDA boronates
should also be competent substrates for the bromination
reaction. Submission of sec-butyl BTIDA under our general
conditions yielded decomposition. However, changing sol-
vents from acetonitrile to CDCl; allowed for the successful

Angew. Chem. Int. Ed. 2023, 62, €202309566 (5 of 8)

bromination of secondary alkyl TIDA boronates in as fast as
5 minutes. Deuterated chloroform was used to check for
reaction completion by '"H NMR as some reactions com-
pleted in under five minutes. a-Bromo TIDA boronates are
also crystalline solids that can be purified via crystallization
from the crude reaction mixture. Additionally, both alkyl
MIDA and TIDA boronates were brominated on gram
scales. Sec-butyl Bpin underwent clean bromination under
the NBS bromination conditions. Sec-butyl BF;K was
unreactive under the conditions and attempts to brominate
sec-butyl BDAN and sec-butyl Bcat yielded only unidentifi-
able decomposition products that we speculate arise from
aromatic bromination.

Having shown that MIDA and TIDA boronates provide
a radical stabilizing effect significant enough to enable
otherwise inaccessible reactivity, we asked if calculated
radical stabilization energies could be used to predict the
relative photochemical bromination reaction rates of sec-
butyl MIDA, TIDA, and pinacol boronic esters. The
Hammond postulate suggests that for an endergonic reac-
tion with a late transition state, such as the rate-limiting
C—H abstraction step in free radical bromination, the
transition state more closely resembles the product than the
starting material.®*"! Thus, we expected a lower energy o-
boryl radical formed after C—H abstraction should affect a
lower energy transition state and therefore faster reaction
rate. Lack of useful chromophores made secondary alkyl

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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boronic esters challenging to visualize by HPLC, so we
turned to nuclear magnetic resonance spectroscopy with an
intra-sample light emitting diode as the white light source
(LED NMR ).”*7 We constructed a custom LED NMR
setup that we maintain is the cheapest, simplest, and most
accessible device reported to date that can be quickly
assembled and employed in any laboratory with an NMR
spectrometer. A parts list and assembly instructions with
pictures are provided in the Supporting Information (pa-
ges 22-32). An additional challenge we faced was that alkyl
TIDA boronates required chloroform as the bromination
solvent, but MIDA boronates were insoluble. To overcome
this, we found that a 20/3 mixture of CDCl;/CD;CN was a
productive bromination solvent for pinacol, MIDA, and
TIDA boronic esters.

With bromination conditions and an LED NMR appara-
tus in hand, we began our kinetics experiments (Figure 2).
In our first experiments we observed variable induction
periods for the different boronic esters, indicating different
initiation times, but relative propagation rates followed the
order Bpin>BTIDA >BMIDA (Figure 2A). This was not
surprising, as induction periods are common for Wohl-
Ziegler-type bromination reactions, and it is well docu-
mented that differences in initiation time can occur due to
subtle variation in radical scavenging species, acid, and other
factors."” To compare relative rates more directly, we
aimed to eliminate variability in initiation times. Quasdorf
and co-workers showed recently that addition of substoi-
chiometric quantities of Br, to a benzylic bromination
reaction mediated by NBS eliminated observed induction
periods.®™ By adding 5 mol % Br, to our LED NMR experi-
ments we observed disappearance of induction period for all
boronic esters tested, and observed relative rates of Bpin>
BTIDA >BMIDA supporting that RSEs can be used to
make meaningful predictions of reactivity (Figure 2B).

In summary, we have demonstrated the first conclusive
evidence that coordinatively saturated MIDA and TIDA
boronates stabilize a-radicals by calculating radical stabiliza-
tion energies and spin density maps using density functional
theory, by leveraging this new-found knowledge to develop
a site-selective C—H bromination reaction, and developing a
simple LED NMR apparatus that allowed us to demonstrate
that relative bromination rates of different boronic esters
correlate with calculated RSEs. This work clarifies that the
a-radical stabilizing effect of boryl groups does not only
proceed via delocalization of radical character into vacant
boron p-orbitals, but that hyperconjugation of tetrahedral
boryl groups, and their electron delocalizing ability, also
play important roles, identifying boryl ligands as a functional
dial for tuning desired radical reactivity at the a-carbon.
Additionally, the o-bromoboronates generated using the
reported bromination reaction likely have diverse potential
for further derivatization and reaction development that our
laboratory is currently pursuing.
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