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photoredox-catalyzed alkylation reactions assisted
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Despite the ubiquity of alkylboronic acids in organic synthesis, their utility as alkyl radical precursors in
visible-light-induced photocatalytic reactions is limited by their high oxidation potentials. In this study,
we demonstrated that an inorganophosphorus compound can modulate the oxidation potentials of
alkylboronic acids so that they can act as alkyl radical precursors. We propose a mechanism based on
the results of fluorescence quenching experiments, electrochemical experiments, B and 3P NMR
spectroscopy, and other techniques. In addition, we describe a simple and reliable alkylation method that
has good functional group tolerance and can be used for direct C—B chlorination, cyanation, vinylation,
alkynylation, and allylation, as well as late-stage functionalization of derivatized drug molecules. Notably,
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Introduction

Alkyl radicals (R’), which are among the most fundamental
intermediates in organic chemistry, can be generated from
feedstock chemicals such as alkanes, alkenes, amines, carbox-
ylic acids, alcohols, ketones, aldehydes and their derivatives
and can be used for various synthetic transformations.*™ The
reactivity of alkyl radicals is complementary to that of other
alkyl intermediates, such as carbanions, carbocations, and
carbenes; and taken together, these intermediates offer flexible
synthetic routes to structurally complex, C(sp3)-rich scaffolds.
Traditionally, alkyl radicals were rarely used in reaction design
because they are usually generated by means of energy-intensive
or complicated procedures. In addition, their reactivity is diffi-
cult to control, which can lead to the formation of byproducts.*
However, over the past 10 years, as a result of pioneering work
by the groups of MacMillan, Stephenson, Yoon, and others,
visible-light-induced free radical reactions have emerged as
useful tools for accomplishing synthetic transformations under
mild, environmentally benign conditions.'** Unlike traditional
methods for generating alkyl radicals, visible-light-induced
photocatalysis can produce low concentrations of free radi-
cals. Although photochemical approaches have been employed
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alkylboronic acids can be selectively activated in the presence of a boronic pinacol ester.

to accomplish economical, scalable, and unique trans-
formations, chemists have continued to search for novel alkyl
radical precursors and methods for production of alkyl
radicals.>**

We reasoned that organoboron species might be useful for
this purpose. Organoborons have long been recognized as
valuable synthetic intermediates and have recently become
more accessible as highly functionalized building blocks
because of the development of flexible synthetic approaches
from various functional groups.*»* Visible-light-induced
photoredox reactions involving alkyl radicals generated from
organoboron species have been shown to be an important tool
for the preparation of high-value organic compounds.’***
Since the pioneering work reported by the Molander®” and
Akita®® groups, trifluoroborates, which are synthesized from
boronic esters or boronic acids, have been widely used for
various organic transformations, mainly because of their low
oxidation potentials [~1.2 V vs. the saturated calomel elec-
trode (SCE)] and bench stability. In recent years, other boric
acid derivatives, such as borate esters, borooctene, and their
metal salts (e.g., lithium alkyl borates based on boron ferro-
cene), have also been explored to enrich their applications
(Fig. 1A).3>

Although organoboron species have been widely used as
sources of alkyl radicals, boronic acids are more suitable
precursors because they are widely available from commercial
and synthetic sources. In addition, they have a vacant p orbital
centered on the B atom, which facilitates the formation
reversible-lattice bonds with O or N nucleophiles.>**” Although
the number of applications of boron-containing molecules in
the fields of medicine (e.g., tavaborole and crisaborole),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 From inspiration to reaction design. (A) Typical boronic acid derivatives used as alkyl radical sources, along with their oxidation potentials
(vs. SCE). (B) Background of alkyl boronic acids and KzPO,4 in photocatalytic reactions. BI-OAc = acetoxybenziodoxole. (C) Activation of

alkylboronic acids by KzPO,.

materials chemistry, and biomedical engineering has increased
substantially in the past decade, maintaining their high
commercial availability,**** only a few studies have focused on
the use of boronic acids as alkyl radical precursors, primarily
because of the high oxidation potentials of boronic acids (>2.0 V
vs. SCE).****® To overcome this challenge, Chen's group activated
boronic acids with a mild oxidant (acetoxybenziodoxole) to
generate alkyl radical intermediates (Fig. 1B, right),”® but the
use of the oxidant limits the applications of this method. Ley
and coworkers* reported the formation of Lewis base adducts
of boronic acids, and this mode of activation increased the
range of applications of boronic acids and their derivatives
(Fig. 1B, right). However, rapid protonation of the carbanion
intermediates formed by Giese-type addition limits the oppor-
tunity for intramolecular elimination reactions that proceed via
polar crossing. The groups of Bloom* and Sharma®® recently
demonstrated the generation of alkyl radicals by means of
proton-coupled electron transfer or direct oxidation of boronic
acids using water or dimethylformamide as both a solvent and
an activating agent (Fig. 1B, right). Chen's group® reported

© 2022 The Author(s). Published by the Royal Society of Chemistry

a method whereby the reaction substrate activates the alkyl-
boronic acids. It is clear from the above-described literature that
boronic acids can be used to form various types of C-C and C-
heteroatom bonds.

We speculated that we could unlock the full potential of
alkylboronic acids as radical precursors and overcome their
limitations by introducing a simple reagent such as an organ-
ophosphorus compound. These compounds not only have
important biological functions but also are widely used in
biomedicine, the agrochemical industry, agriculture, materials
science, and other fields.”®*7° Moreover, Alexanian et al. found
that K;PO, can act as hydrogen-atom-transfer reagents in
a highly oxidizing photocatalytic system: specifically, an oxygen-
centered radical generated from a phosphate salt can abstract
hydrogen atoms from unactivated aliphatic C-H bonds™
(Fig. 1B, left top). Inspired by this work, we hypothesized that
the interaction between a suitable activation reagent and the
vacant p orbital of a boronic acid would reduce the oxidation
potential of the acid and thus result in the release of an alkyl
radical under mild photocatalytic conditions (Fig. 1B, left

Chem. Sci, 2022, 13, 13466-13474 | 13467
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bottom). Herein, we report that our hypothesis was confirmed,
and that we were able to develop a widely applicable method for
the formation of alkyl radicals from various alkylboronic acids
and participation of the generated radicals in functionalization
reactions of electron-deficient olefins and other compounds
(Fig. 1C).

Results and discussion

For our initial experiments, we chose 1-(benzyloxy)-4-(3,3,3-
trifluoroprop-1-en-2-yl)benzene (laa) and cyclohexylboronic
acid (2a) as model substrates (Table 1). A mixture of the
substrates in dry ethyl acetate ([1aa] = 0.1 M) containing Ir
[dF(CF;5)ppyl.(dtbbpy)PFs (2 mol%) as a photocatalyst and
K;PO, (AR-5, 0.5 equiv.) as an activation reagent was irradiated
with a 36 W blue LED at room temperature under argon for 16 h.
To our delight, the desired defluorinative alkylation product 3
was obtained in 82% yield (entry 1). Various other activation
reagents were then tested. AR-4 gave a slightly lower yield of 3
(70%, entry 2), but all the other tested activation reagents gave
yields of <50% (entry 3). Decreasing the amount of AR-5
decreased the yield of 3 considerably (entry 4), but increasing
the amount improved the yield (entries 5-7). The control
experiments proved that the photocatalyst, the activation
reagent, light, and an oxygen-free atmosphere were essential for
the transformation (entries 8-11; see the ESIT for details). Thus,
the optimal conditions identified for this defluorinative

Table 1 Optimization of conditions for defluorinative alkylation of 1-
(benzyloxy)-4-(3,3,3-trifluoroprop-1-en-2-yllbenzene  (laa) with
cyclohexylboronic acid (2a)“

B(OH); 2 mol % Ir[dF(CF3)ppyla(dtbbpy)PFg FF
CF. 50 mol % AR-5 |
3+ - >
EA (0.1 M), Ar
BnO 36 Whlue LED, rt, 16 h
1aa, 1.0 equiv 2a, 2.0 equiv BnO’

3

Entry Deviation from standard conditions Yield (%)”
1 None 82 (809)
2 AR-4 as the activation reagent 70
3 AR-1-AR-3 as the activation reagent <50
4 0.2 equiv. of AR-5 34
5 1.0 equiv. of AR-5 95
6 1.5 equiv. of AR-5 94
7 2.0 equiv. of AR-5 97
8 No photocatalyst NR
9 No activation reagent NR
10 No light NR
11 In air 32
Q 2K* o 3K*
\O’E\o/ ©/ (F';T_PH E :Ptil ‘o’IF-I"OH 'o"lfl\O'
~ -
AR-1 AR-2 AR-3 AR-4 AR5

“ Standard conditions: 1aa (0.2 mmol), 2a (0.4 mmol), photocatalyst
(0.004 mmol), activation reagent (0.1 mmol), ethyl acetate (EA, 2 mL),
Ar, 36 W blue LED, rt, 16 h. ? Yields were determined by 'F NMR
spectroscopy with fluorobenzene as an internal standard. NR = no
reaction. ¢ Isolated yield.
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alkylation involved the use of [Ir(dF(CF;)ppy).(dtbbpy)]PF, as
a photocatalyst and K;PO, as an activation reagent in dry ethyl
acetate.

To gain insight into the mechanism underlying the observed
reactivity, we performed UV-vis spectroscopy and a fluorescence
quenching experiment and prepared a Stern-Volmer plot
(Fig. 2A). UV-vis spectroscopy confirmed our assumption that
the proposed transient intermediate acted as a reductive
quencher for excited-state [Ir(dF(CF3)ppy).(dtbbpy)]PFs.
Although the boronic acid and K;PO, alone did not quench the
photocatalyst, when we mixed the two reagents together,
obvious quenching of the photocatalyst was observed (see the
ESIf for more details). Next, we carried out a light/dark experi-
ment (Fig. 2B), which showed that when there was no light, the
reaction ceased; this result indicates that any chain-
propagation process was short-lived and that light was essen-
tial for product formation. We carried out electrochemical
analyses of each reaction component with Ag/AgNO; as a refer-
ence electrode. We detected a new, low-potential oxidation
peak; and the cyclic voltammetry results suggested that coor-
dination between the activation reagent and boronic acid low-
ered the oxidation potential of the acid (Fig. 2C). As a result, the
K3POg-activated acid could undergo efficient single-electron
oxidation by excited-state [Ir(dF(CF3)ppy).(dtbbpy)|PFe (E1n =
+1.21 Vvs. SCE in MeCN). These preliminary observations were
reinforced by NMR spectroscopy (Fig. 2D). When we added the
activation reagent to cyclohexylboronic acid, the signal for the
boron atom showed an obvious upfield shift (the spectrum was
recorded in D,0). In addition, we found that mixing the acti-
vation reagent with boronic acid resulted in a slight downfield
shift in the *'P NMR spectrum of the former. Finally, we found
that reaction was prevented by radical scavengers (Fig. 2E), and
radical-trapping product 1-(cyclohexyloxy)-2,2,6,6-
tetramethylpiperidine or (2-cyclohexylethene-1,1-diyl)
dibenzene was detected by high-resolution mass spectrometry.
This experiment clearly indicates that the reaction proceeded
through a free radical pathway.

In light of these observations, we propose the mechanism
illustrated in Fig. 2F. First, the photocatalyst is excited by blue
light, and the resulting excited state is quenched by complex A
to form an alkyl radical. The radical adds to the o-tri-
fluoromethyl arylalkene to afford a CFj-substituted styrene
carbon radical. This radical undergoes single-electron reduc-
tion by the reduced photocatalyst to form a carbanion, which
undergoes an Elcb elimination reaction to afford the desired
product.

With the optimized conditions in hand, and convincing
evidence for the proposed mechanism, we set out to study the
scope of the reaction with respect to alkylboronic acid (Fig. 3).
The conditions were broadly applicable for defluorinative
alkylation reactions of 1aa and showed outstanding selectivity
and functional group compatibility. Various primary boronic
acids, including halogenated long-chain alkylboronic acids and
an iodine-substituted aromatic alkylboronic acid, were suitable
substrates; the desired products (4-9) were obtained in 72-82%
yields. Two secondary boronic acids gave 10 and 11 in 87% and
85% yields, respectively, which were slightly higher than the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A) fluorescence quenching experiment and Stern-Volmer plot
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Fig. 2 Mechanistic experiments. (A) Fluorescence quenching experiment and Stern—Volmer plot confirming that the excited state of the
photocatalyst was quenched by the cyclohexylboronic acid—Ks;PO, complex. (B) Light/dark experiment. (C) Cyclic voltammograms showing
lowering of the cyclohexylboronic acid oxidation potential by KsPO,. (D) 'B NMR and 3P NMR spectra in D,O (0.5 mL). (E) Radical quenching

experiments. (F) Proposed mechanism, R" = cyclohexylboronic acid.

yields obtained with primary alkylboronic acids. Secondary
alkylboronic acids bearing five- and six-membered rings,
including bulky, sterically demanding groups, gave 3 and 12-15
in excellent yields. In addition, we were pleased to find that
a tertiary alkylboronic acid gave desired products 16 and 17 in
good yield (75% and 82%).

Next, we explored the scope with respect to the a-tri-
fluoromethyl arylalkene. We found that arylalkenes with a para
electron-donating group afforded the corresponding products
18 and 19 in 72% and 78% yields, respectively. However, when
the para substituent was a substituted aryl ring, the yields were
somewhat lower (20-24, 57-68%). The position of a phenyl
group on the arylalkene had little effect on the yield; products
25-27 were obtained in 85-88% yields. o-Trifluoromethyl ary-
lalkenes bearing an electron-withdrawing group gave somewhat
lower yields (28-32). Substrates containing functionality that is
useful for further synthetic manipulations, such as a pyridine
ring (33, 54%), a quinoline ring (34, 52%), or a naphthalene ring
(35, 72%; 36, 60%), were well tolerated. Disubstituted

© 2022 The Author(s). Published by the Royal Society of Chemistry

arylalkenes gave 37-42 in moderate yields, and a trisubstituted
arylalkene was tolerated as well (43, 77%). Interestingly, when
the substrate had a strongly electron-withdrawing substituent,
pairs of products were obtained (44-46). We speculated that in
these reactions, the carbanion intermediate was stabilized by
the electron-withdrawing group, which made elimination of
a fluoride ion more difficult.

Finally, we explored the use of sulfur-containing radical
acceptors for this activation mode (Fig. 4). Sulfur-containing
motifs are present in chiral ligands, catalysts, bioactive
molecules, and natural products and are used in asymmetric
catalysis; and the formation of C(sp*)-S bonds has long been
of interest to chemists.”””> We began by exploring the use of
SOMO-philes 1b (SOMO = singly occupied molecular orbital)
as radical acceptors. After optimizing the reaction conditions,
we found that sulfide 47 could be obtained in 80% yield from
S-phenyl benzenethiol-sulfonate and cyclohexylboronic acid
(2a). S-Phenyl benzenethiol-sulfonates with an electron-
donating (48 and 49) or electron-withdrawing (50-52)

Chem. Sci., 2022, 13, 13466-13474 | 13469
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Fig. 3 Substrate scope of the defluorinative alkylation reaction. Reaction conditions, unless otherwise noted: 1 (0.2 mmol), 2 (0.4 mmol), KzPO,
(0.1 mmol, 0.5 equiv.), Ir[dF(CFz)ppyl,(dtbbpy)PFe (2 mol%), ethyl acetate (EA, 2.0 mL), Ar, 36 W blue LED, rt, 16 h. ?°KzPO4 (0.2 mmol, 1.0 equiv.).

substituent provided the corresponding products in moderate
yields. When the substituent was in the meta or ortho position,
the yield decreased (53-58). A disubstituted benzenethiol-
sulfonate and a pyridyl benzenethiol-sulfonate were also
suitable, affording the desired products 59 (62%) and 60
(42%), respectively. We also found that various primary and
secondary alkylboronic acids reacted with S-phenyl

13470 | Chem. Sci, 2022, 13, 13466-13474

benzenethiol-sulfonate to provide the corresponding sulfides
(61-66) in 66-80% yields. We tested SOMO-philes 1c and 1d,
which allowed us to achieve the products of direct C-B chlo-
rination (67), cyanation (68), vinylation (69-76), alkynylation
(77), and allylation (78). Finally, when we used heteroaryl
sulfone 1e as the radical acceptor, alkylation products 79-81
were obtained in moderate yields.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Scope with respect to the radical acceptor. Reaction conditions, unless otherwise noted: 1 (0.2 mmol), 2 (0.4 mmol), KzPO4 (0.1 mmol, 0.5
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The broad substrate scope and promising functional group
compatibility of these reactions encouraged us to evaluate their
utility for late-stage modification of natural products, phar-
maceuticals, and other bioactive molecules (Fig. 5A). Because
of their lipophilicity, metabolic stability, binding selectivity,
and bioabsorption characteristics, organofluorine motifs are
widely used in polymers and pharmaceuticals.” Such motifs
are useful for overcoming a major challenge in drug discovery
and development, that is, the need to replace metabolically
reactive groups without affecting biological activity.”** With
this in mind, we performed late-stage defluorinative alkylation
of various bioactive molecules to obtain products 82-90. In
addition, we were pleased to find that ketoprofen-, ibuprofen-,
and r-menthol-derived alkenylation products (91-93) could be
obtained in good yields. Moreover, we performed a gram-scale

© 2022 The Author(s). Published by the Royal Society of Chemistry

reaction of 94 to give 1.1 g (62% yield) of 21 (Fig. 5B). The
bromine substituent allowed us to convert 21 to 96 in high yield
via a Suzuki reaction, underscoring the synthetic utility of the
defluorinative alkylation method. When the benzene ring of
the a-trifluoromethyl arylalkene had a strongly electron-
withdrawing carbomethoxy (97) or ketone (98) group, we
could obtain products 99 and 100, respectively, by increasing
the reaction temperature, prolonging the reaction time, and
increasing the amount of the activation reagent (which also
acted as a base). Because of the importance of selective acti-
vation in the presence of other boron-based species, we tested
our method with a boronic pinacol ester (101) and found that it
was not activated by K;PO, (Fig. 5D). In addition, only the
boronic acid was activated when a boronic pinacol ester (102)

Chem. Sci., 2022, 13, 13466-13474 | 13471
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B) gram-scale reaction and synthetic application
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Fig. 5 Late-stage functionalization of bioactive molecules and synthetic applications of the defluorinative alkylation method. (A) Late-stage
functionalization of natural products and drugs. (B) Gram-scale reaction and synthetic applications. (C) Defluorinative alkylation reactions of
substrates with electron-withdrawing substituents. (D) Competitive experiment to assess boron selectivity.

and a boronic acid (2a) were present in the same reaction
mixture.

Conclusions

In conclusion, we have demonstrated that activation by an
inorganophosphorus compound can lower the oxidation
potentials of alkylboronic acids. In addition, we found that
boronic acids can be selectively activated in the presence of
a boronic ester, indicating that our method may find utility for
building complex molecular scaffolds. We carried out late-stage
functionalization of some natural products and drugs. On the
basis of the findings reported herein, we believe that our
approach will facilitate the efficient use of boronic acids as alkyl
radical sources in the evolving field of photoredox catalysis.
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