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ABSTRACT: Carbon-centered radicals are indispensable building blocks for modern synthetic chemistry. In recent years, visible
light photoredox catalysis has become a promising avenue to access C-centered radicals from a broad array of latent functional
groups, including boronic acids. Herein, we present an aqueous protocol wherein water features a starring role to help transform
aliphatic, aromatic, and heteroaromatic boronic acids to C-centered radicals with a bioinspired flavin photocatalyst. These radicals
are used to deliver a diverse pool of alkylated products, including three pharmaceutically relevant compounds, via open-shell
conjugate addition to disparate Michael acceptors. The mechanism of the reaction is investigated by computational studies,
deuterium labeling, radical-trapping experiments, and spectroscopic analysis.
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C-centered radicals (namely, sp2C• and sp3C•) are useful
intermediates in the preparation of natural products,
pharmaceuticals, and agrochemicals.1 Owing to their broad
utility, a number of powerful photocatalytic platforms
including C−H or C−halogen abstraction, single-electron
oxidation or reduction, and energy transferhave evolved to
convert molecules containing both innate (i.e., carboxylic
acids, alkenes, alcohols, halides, and C−H bonds) and
synthetic (i.e., phthalimides, oxalates, diazonium salts, and
silicates) functional groups into chemically reactive C-centered
radicals.2 In many instances, these photocatalytic paradigms
offer a milder and more sustainable route to C-centered
radicals3 as compared to complementary procedures employ-
ing stoichiometric reagents (e.g., tin hydrides,4 manganese(III)
acyloxy derivatives,5 trialkylboranes,6 and borohydrides7 or
other metal salts8). Furthermore, use of photocatalysts enables
C-centered radicals to be parlayed with a more diverse pool of
acceptor molecules through redox-neutral processes, thereby
expanding their applications in chemical synthesis.9 For these
reasons, development of photocatalytic strategies to access C-
centered radicals from commercially available or easily installed
functional groups has become an active area of research.
Recently, use of photocatalysts for controlled oxidation of

boronic acids (ubiquitous reagents in organic synthesis10 and
substituents in many biologically active molecules11) and
trifluoroborates12 to yield C-centered radicals has been
explored. In the case of boronic acids, coordinately saturated

iridium photocatalysts (i.e., (Ir[dF(CF3)ppy]2(dtbpy))PF6))
13

and organic photocatalysts (i.e., 10-(3,5-dimethoxyphenyl)-9-
mesityl-1,3,6,8-tetramethoxyacridin-10-ium BF4 and phenan-
threne)14 are employed in place of standard metal salts (Mn3+,
Ag1+, Fe2+/3+, Ni2+, Bi3+)15 to facilitate formation of aryl and
alkyl radicals, which can be subsequently captured by an array
of Michael acceptors to afford C−C coupled products.
Unfortunately, these photocatalysts are only mildly effective
on their own and call for addition of strong ionic bases
(NaOH)14b or Lewis bases (DMAP)16 to assist boronic acid
oxidation through formation of labile boronate or amino−
boryl complexes, respectively. These additives can potentially
hinder the scope of boronic acids. In alkaline media (pH 11−
13), many boronic acids, including several classes of hetero-
cycles, are prone to protodeboronation by Kuivila (base-
catalyzed) and Perrin (specific-base catalyzed) mechanisms.
Base-mediated protodeboronation can likewise occur via
concentration-dependent autocatalysis or by a direct reaction
with water (often with more basic heterocycles).17 These
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mechanisms can be accelerated in the presence of UV−vis
light.18 Lewis bases can compete with the oxidation of
electron-deficient boronic acids by reductively quenching the
photocatalyst.19 Whether by these constraints or others,
established photocatalytic methods have yet to demonstrate
wide success with heteroaromatic boronic acids (i.e., N-, O-,
and S-containing).20 Discovery of a more comprehensive
method might well enhance the utility of boronic acids in
chemical synthesis and drug development.
With a focus on the present conundrum of generality, we

gathered that a photocatalyzed method that avoids the use of
exogenous activating reagents could minimize boronic acid
decomposition or undesirable side reactions and permit mild
access to C-centered radicals. To this end, boronic acids are
known to form Lewis base adducts with water and/or low
concentrations of boronate salts at physiological pH.21 These
electron-rich intermediates should be more susceptible to
single-electron oxidation. A catalytic system that leverages
water as a primary solvent might, therefore, obviate the need
for ionic- or amine-base activation altogether (Figure 1).
Furthermore, by generating C-centered radicals in aqueous

media, hydrogen-atom abstraction from solvent (BDE of H2O
= 119 kcal mol−1)22a prevalent background reaction of C-
centered radicals in organic solvents such as MeCN (BDE = 97
kcal mol−1)23 and THF (BDE = 92 kcal mol−1)24might also
be deterred. To test our proposed strategy, identification of a
photocatalyst that is both suitably oxidizing and water
compatible along with a reactive probe molecule to quantify

formation of C-centered radicals is deemed essential to our
design plan. Initially, we found inspiration from nature in the
way of flavin monooxygenases. This family of flavoenzymes
houses a conserved flavin cofactor which is able to transform
aromatic boronic acids to aromatic alcohols harnessing
molecular O2.

25 As photocatalysts, flavin cofactors have also
been shown to act as single-electron photo-oxidants26 or
reductants27 in deaerated water under visible light irradiation.
Intrigued by their open-shell reactivity and ability to oxidize
boronic acids under biocompatible conditions, we postulated
that a flavin-derived cofactor might be an ideal photocatalyst to
access radicals in a highly general manner. Once formed, we
surmised that the radicals could engage a Michael acceptor to
furnish a stable conjugate addition product, an overall process
hereafter referred to as deborylative−alkylation. Now, we
disclose our recent findings in which a flavin-based photo-
catalyst, lumiflavin (LF), can be used to convert an array of
commercially available heteroaromatic, aromatic, and aliphatic
boronic acids to valuable alkylated products under innocuous,
biocompatible, and general conditions with visible light.
To begin our investigations, we examined heteroaromatic

(N-containing) boronic acids, being less explored in previous
reports. We selected pyridine-3-boronic acid (stable to
protodeboronation; t0.5 > 1 week, pH 12, 70 °C)17 as a
prototypical heterocycle and diethyl ethylidenemalonate
(DEEM) as a Michael acceptor. Accordingly, a mixture of
Michael acceptor and excess pyridine-3-boronic acid was
irradiated in the presence of various flavin photocatalysts using
10 mM phosphate buffer with 5% (v:v) DMF as solvent. In the
case of lumiflavin, we observed small quantities of the desired
3-alkylpyridine product following 16 h of irradiation (40W
blue LED). We also observed formation of 3-hydroxypyridine
as a minor byproduct along with large amounts of unaltered
pyridine-3-boronic acid. Anodic substitution reactions of
aromatic organoboron compounds have previously been
documented.28 In the absence of any residual oxygen, the
propensity for flavin photocatalysts to perform two sequential
single-electron oxidation events29 might well lead to an aryl
cation which can be trapped by water or OH− under our
reaction conditions. Interestingly, increased amounts of 3-
hydroxypyridine were found in the case of less effective flavin
photocatalysts. In line with these results, we suspected that 3-
hydroxypyridine might act as a poison through competitive
oxidation (Ep

ox ≈ 0.9 V vs SCE in H2O pH 7.4)30 in lieu of the
less readily oxidized 3-pyridineboronic acid (for reference,
phenylboronic acid is Ep

ox = 2.55 V vs SCE and potassium
phenyltrifluoroborate is Ep

ox = 1.95 V vs SCE).31 Indeed,
adding 10 mol % or 1 equiv of 3-hydroxypyrdine to our
standard reaction mixture resulted in no product formation
and no consumption of pyridine-3-boronic acid. At this point,
we gathered that modifying the pH of the reaction and
changing the organic cosolvent could ameliorate background
aryl−alcohol formation and enhance reaction efficiency. By
adjusting the reaction to pH 7.8 with ammonium formate
buffer and using methyl acetate (5% v:v), formation of alcohol
could be substantially diminished and the yield of alkylated
pyridine improved to 11%. Sufficient quantities of pyridine-3-
boronic acid still remained. Increasing the amount of organic
cosolvent beyond 5% (v:v) or using pure organic solvents with
extensively dried boronic acids and ammonium formate gave
considerably lower yields, identifying the essential role of water
as a solvent. Use of (Ir[dF(CF3)ppy]2(dtbpy)PF6) or 9-
mesityl-10-methylacridinium perchlorate as alternative photo-

Figure 1. General access to C-centered radicals using a bioinspired
flavin photocatalyst and boronic acids in water.
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Table 1. Boronic Acid Scope for Flavin-Catalyzed Deborylative−Alkylationa

aAll reactions were performed using 0.026 mmol of boronic acid, 30 mol % of lumiflavin, and 10 equiv of diethyl ethylidenemalonate. Reactions
were degassed with N2 and irradiated for 16 h with four, 40 W blue LEDs in a solution of pH 7.8 (ammonium formate) H2O and MeOAc (95:5, 10
mM overall concentration). Isolated yields are in parentheses. See Supporting Information for full experimental details and additional substrates.
bIsolated yield using 3 equiv of Michael acceptor. cReactions were performed at 0.63 mmol scale with respect to boronic acid. dYield reported by
crude 1H NMR using dibromomethane (1 equiv) as an internal standard.
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catalysts gave only trace amounts of alkylated product under
our optimized conditions (a similar result was found for other
heteroaromatic boronic acids). Despite our best efforts to
improve this reaction further, we were unable to increase the
yield of 3-alkylpyridine. We hypothesized that the diminished
yield could be due to the limited nucleophilicity of the 3-
pyridyl radical. To examine this theory, we subjected the more
readily oxidized sodium trihydoxy(pyridine-3-yl)borate salt to
our reaction conditions.28,31 The yield of the reaction was
comparable. Employing the more nucleophilic radical
precursor, 6-methoxy-3-pyridineboronic acid (1), afforded a
significant increase in reaction efficiency to 26% yield. Use of
excess Michael reagent (10 equiv) improved the reaction of 1
to an optimal 61% isolated yield.
Considering the importance of electronics to boronic acid

reactivity, we decided to explore the scope of our reaction to a
myriad of heterocyclic boronic acids (Table 1). (It is important
to note that in some cases the boronic acid was not
commercial; in these instances, the trifluoroborate derivative
was used insteadcompounds 18, 20, 46, 47, and 49.) Among
those surveyed, fluoro-, ether-, and thioether-containing
pyridine boronic acids were efficient substrates for debor-
ylative−alkylation (compounds 1−6, yields 41−80%). Our
methodology was likewise successful with other nitrogenous
heterocycles including quinolines, isoquinolines, pyrimidines,
indoles, indazoles, benzimidazoles, and pyrazoles (compounds
9−17 and 19−21, yields 28−68%). In all cases, increased
amounts of Michael acceptor (10 equiv) afforded optimal
yields for heteroaromatic boronic acids, likely proceeding
through highly reactive sp2 radicals. On scale (0.63 mmol), the

reaction performed well as demonstrated by 2, 8, 13, 28, 41,
and 46.
Satisfied by the generality of our method to nitrogenous

heterocycles, we next assessed a series of boronic acids derived
from common therapeutic scaffolds, e.g., benzothiazoles
(compound 18, antitumor, antimicrobial, and antidiabetic),32

dibenzothiophenes (compound 26, keratolytic),33 and diben-
zofurans (compound 27, anti-inflammatory).34 In all cases,
alkylated products were obtained in moderate yields (51−
59%) and with excellent chemoselectivity. Finally, we
examined aromatic and aliphatic boronic acids (Table 1). To
our delight, aromatic systems proved competent substrates,
affording yields of alkylated products between 36% and 80%
yield, including an ortho-substituted boronic acid 31 and a
well-established anticancer warhead 36.35 Electron-deficient
phenylboronic acids (4-CF3, 4-F, 4-CN, and 4-COCH3) gave
lower yields (5−26% 1H NMR yields data not shown),
presumably being less nucleophilic and harder to oxidize. In

Table 2. Scope of Michael Acceptorsa

aFor products 50−53 and 55−59, the reactions were performed using
0.026 mmol of boronic acid, 30 mol % of lumiflavin, and 10 equiv of
Michael acceptor. The reactions were degassed with N2 and irradiated
for 16 h with four, 40 W blue LEDs in a solution of pH 7.8
(ammonium formate) H2O and MeOAc (95:5, 10 mM overall
concentration). bThe reaction was performed using 0.026 mmol of
54, 30 mol % of lumiflavin, and 2 equiv of boronic acid. Isolated yields
are in parentheses.

Scheme 1. Drug Synthesisa

aFor the synthesis of 63, the reaction was performed using 0.026
mmol of Michael acceptor (60), 30 mol % of lumiflavin, and 2 equiv
of boronic acid (33). For product 65, the reaction was performed
using 0.0026 mmol of boronic acid, 30 mol % of lumiflavin, and 10
equiv of Michael acceptor. For the synthesis of 67, the reaction was
performed using 0.026 mmol of boronic acid (66), 30 mol % of
lumiflavin, and 2 equiv of Michael acceptor (62). All of the reactions
were degassed with N2 and irradiated for 16 h with four, 40 W blue
LEDs in a solutions of pH 7.8 (ammonium formate) H2O and
MeOAc (95:5, 10 mM overall concentration). Isolated yields are in
parentheses.
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the case of aliphatic boronic acidscyclic, linear, and
heteroatom containingeach proved to be viable substrates
for deborylative−alkylation. Unlike aromatic systems, we
found that 3 equiv of Michael acceptor gave comparable
yields to the use of 10 equivalents, a result consistent with the
greater nucleophilicity of sp3 radicals. To our surprise,
methylboronic acid 43 was a promising candidate for
conjugate addition. Access to methyl radicals represents a
particularly attractive avenue for introducing methyl groups
into drug molecules,36 and its direct generation from a boronic
acid has not been achieved prior to our report.
Concluding our survey of disparate boronic acids, we turned

our attention to the use of alternative Michael acceptors in our
reaction (Table 2). Conjugated esters, ketones, and amides
worked well in addition to a vinyl sulfone, acrylonitrile, and
vinylphosponate using 2 as the radical precursor (compounds
50−59, yields 28−71%). No polymerization was observed for
these Michael acceptors. Styrenes, propiolates, vinyl boronates,
and vinylsilanes were not effective. The poor efficiency of these

alkenes is attributed to the inability of lumiflavin to reduce the
radicals formed in these systems following open-shell conjugate
addition.37 Nevertheless, by employing N-methylmaleimide 60
as a Michael acceptor, we successfully prepared the
anticonvulsant drug phensuximide 63 (44% yield) in one
step from phenylboronic acid 33. By employing the
commercially available boronic acid 64 and N-Boc-3-
pyrrolin-2-one 61, we synthesized the FDA-approved
phosphodiesterase-4 (PDE4) inhibitor rolipram 65 in 43%
yield. Finally, starting from 2-N-Boc-aminopyridine-5-boronic
acid 66 and the phthalimide Michael acceptor 62, we prepared
the thrombin inhibitor 67 in 51% yield.38 These results
highlight the application of our methodology to prepare three
medicinally significant compounds (Scheme 1).
To provide some insight into the mechanism of our reaction,

we undertook preliminary computational experiments. As
evidenced by Figure 2, the nucleophilicity of the proposed
radical intermediate, obtained from optimized open-shell

Figure 2. Computational and experimental studies into the open-shell
mechanism.

Scheme 2. Photocatalyzed Oxidation of Boronic Acids
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structures at B3LYP/6-311G+*39 and corrected using
weighted averages from neutral and protonated states of
heterocycles in water, agreed with the observed efficiency of
the reaction (by 1H NMR analyses). Radical intermediates
with electron affinities of ≤2.0 eV are suitable substrates for
alkylation under our optimized reaction conditions. This trend
only provides a first approximation as other factors such as (i)
partial acid-catalyzed protolysis via a Kuivila mechanism,40 (ii)
specific-base-mediated protolysis through a Perrin mecha-
nism,41 or (iii) additional protolysis and disproportionation
processes as summarized by Lloyd−Jones17 may well influence
the yields for unique heteroaromatic boronic acids. However,
our analysis does correctly account for substrates that
performed less admirably, including pyridine-3-boronic acid,
which computationally gives rise to a highly electrophilic
radical (2.48 eV) following oxidative deborylation.42 In all, this
computational model not only provides a convenient tool for
predicting substrate competence but also garners initial
support for the existence of radical intermediates in our
reaction.
To further explore the intermediacy of radicals, we

performed a radical-trapping experiment in the presence of
TEMPO and a deuterium-labeling study in D2O. Reaction of 2
in the absence of diethyl ethylidenemalonate and with 2 equiv
of TEMPO afforded 11% of the O-pyridyl-TEMPO coupling
product 68 (Figure 2A). This result indicates that a free
heteroaromatic radical is oxidatively generated by the
lumiflavin photocatalyst. To probe the involvement of this
radical in the C−C bond-forming event, we reacted 2 with
diethyl ethylidenemalonate using our optimized procedure and
D2O as solvent (Figure 2B). If the heteroaryl radical engages
with our Michael acceptor via single-electron conjugate
addition, we anticipate formation of a stabilized α-malonyl
radical. This radical is easily reduced to the corresponding
anion by single-electron reduction (E°′ ≈ 0.7 V vs SCE),43 an
achievable potential from the reduced state of the lumiflavin
photocatalyst (E°′ ≈ −0.46 V vs SCE at pH 7 for flavins).44

The resultant anion would be protonated by solvent to
complete the catalytic cycle. Delivery of a proton from reduced
lumiflavin semiquinone may also be possible and cannot be
excluded. If solvent is involved in the final protonation event,
replacing H2O with D2O should lead to the α-deuterated
product 69. As expected, we found that reaction of 2 in D2O
produced deuterium-enriched 69 in 66% yield (98% d-
content). To dismiss any chance that 69 was formed by
keto−enol tautomerization from the protonated congener, we
subjected H-69 to a pH 7.8 D2O solution for 16 h with blue
light irradiation. No deuterium incorporation was observed.
Finally, we explored the radical formation step. We used 11B

NMR to determine the identity of the boronic acid species
formed during the reaction (Scheme 2). For this series of
studies 3-thiopheneboronic acid was employed due to its
greater solubility in D2O. Performing our standard reaction in
the absence of light gave only a single peak centered at 27 ppm,
corresponding to monomeric 3-thiopheneboronic acid. No
boronate was evident after 16 h of stirring in the dark. An
identical observation was found for other heteroaromatic
boronic acids (compounds 2, 9, 15, and 21) despite their
limited solubility in D2O. The absence of any conjugate
addition product was also noted by 1H NMR. When the
reaction was irradiated with 440 nm light, a new peak at 19
ppm formed, identified as boric acid. This signal could be
recapitulated by the combination of boronic acid, lumiflavin,

Figure 3. Low-temperature 1H NMR and Stern−Volmer studies.

Figure 4. Proposed mechanism for the flavin-catalyzed deborylative−
alkylation of boronic acids.
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and 440 nm irradiation in D2O. Addition of diethyl
ethylidenemalonate to the irradiated mixture afforded the α-
deuterated conjugate addition product. Inclusion of TEMPO
(2 equiv) gave a TEMPO-trapped adduct, identified by mass
spectrometry. In accordance with these findings we find the
following. (1) Formation of an oxidatively labile boronate salt
is unlikely, at least on the 11B NMR time scale. Thus, the C-
centered radical does not appear to be generated through an
intermediate boronate. (2) Formation of a discrete Lewis base
adduct between lumiflavin and the boronic acid is unlikely, not
having been observed by 11B NMR or 1H NMR. To further
rule out formation of a photocatalyst−boronic acid complex,
we used UV−vis spectroscopy. No change in the UV−vis
spectrum of lumiflavin was observed upon titration with the
boronic acid in water. Previous work by Wolf45 and
Fukuzumi46 showed that coordination of Lewis acids to flavins
results in a characteristic blue shift of the flavin absorption and
fluorescence maximum. The absence of any distinct shift in our
reaction argues against complex formation and indicates that
this adduct is not responsible for generating the C-centered
radical (Figure S6).
Finding no evidence for the formation of a discrete boronate

or photocatalyst−boronic acid complex to assist radical
formation, we examined the direct oxidation of 3-thiophene-
boronic acid by photoexcited lumiflavin using computations.
Thermodynamic energies for triplet lumiflavin, lumiflavin
radical anion, and 5H-lumiflavin radical were taken from
previous work by Platz.47 First, we envisioned that the reaction
could proceed through a boronyl radical formed via direct
hydrogen-atom abstraction from the boronic acid and/or
proton-coupled electron transfer (PCET) by triplet lumiflavin
(Scheme 2, i). Alternatively, we imagined electron transfer
(Scheme 2, ii) followed by deprotonation. The resultant
boronyl radical could fragment to give a C-centered radical and
BO2H, which hydrolyzes to boric acid (Scheme 2, iii). HAT or
PCET (+14 kcal mol−1) and SET (+121 kcal mol−1) were
predicted to be unfavorable. Fragmentation of the boronyl
radical was also predicted to be unfavorable (+26 kcal mol−1).
To offset the unfavorable reactivity of triplet lumiflavin, we

postulated the involvement of singlet photoexcited lumiflavin.
Experimental measurements by Muller48 determined an energy
difference of 2.79 eV between the ground and the singlet
excited state of lumiflavin in water. A similar value (ca. 3.05
eV) was obtained by quantum chemical calculations as
summarized by Schapiro.49,50 Considering the singlet excited
state, direct oxidation of the boronic acid is still predicted to be
unfavorable (+102 kcal mol−1). Singlet lumiflavin has been
shown to oxidize aromatic compounds ≤2.0 V vs SCE via
SET.51 Aromatic, heteroaromatic, and aliphatic boronic acids
often have potentials ≥ 2.0 V vs SCE, leading to an unfavorable
electron tranfer.31 Interestingly, exothermic coordination of a
molecule of water to the boronic acid (Scheme 2, iv, −2.7 kcal
mol−1) is predicted to facilitate a favorable PCET or HAT
event, but not SET, from singlet lumiflavin (Scheme 2, v, −18
kcal mol−1). These mechanisms are unfavorable in the case of
triplet lumiflavin (+7.4 kcal mol−1). (Even though PCET, SET,
and HAT from triplet lumiflavin may be endothermic,
generation of the C-centered radical is still a favorable process
overall (−10.3 kcal/mol−1), suggesting that catalysis through
the triplet state may still occur.) Formation of C-centered
radicals from trisubstituted borane−water complexes was
originally proposed by Wood.52 Complexation of H2O to
trialkylboranes results in substantial weakening of the O−H

bond (86 kcal mol−1 compared to 116 kcal mol−1 for
uncomplexed H2O by ab initio calculations), enabling H-
atom abstraction. The derived CS-symmetric radical readily
dissociates to form an alkyl radical and Alkyl2BOH. Use of
aqueous solvent in our reaction may therefore entice the
coordination of water to the Lewis acidic boronic acid,
promoting H-atom abstraction or PCET by singlet lumiflavin.
A HAT mechanism is less feasible due to an inherent
electronic mismatch between the electrophilic N-centered
radical of photoexcited lumiflavin and the O−H bond of water,
favoring the PCET mechanism. Abstraction of a single electron
from the aqua−boryl complex would increase the acidity of the
O−H bond of the coordinated water, allowing for deprotona-
tion by the reduced lumiflavin semiquinone (pKa ≈ 8.4).53 The
resulting boronyl radical fragments to give the reactive C-
centered radical and boric acid (Scheme 2, vi, −15 kcal mol−1).
To probe formation of an aqua−boryl complex, we

performed low-temperature 11B NMR and 1H NMR experi-
ments. In cooling a solution of 3-thiopheneboronic acid in
D2O from 25 to 0 °C, the boronic acid was found to retain its
monomeric form (Figure 3). The 11B spectra revealed
considerable broadening of the boronic acid signal but afforded
no new signals. Temperatures below 0 °C gave similar results.
A slight upfield shift of the boronic acid aromatic protons was
also observed upon cooling. Weak coordination of a water
molecule to the boronic acid could stabilize the boronic acid
monomer at low temperatures and cause a buildup of electron
density on the Lewis acidic boronic acid. This weak dative
interaction is expected to be in rapid equilibrium and could
contribute to 11B peak broadening.21 In contrast, solvation of
the boronic acid in a less coordinating solvent, d6-acetone,
resulted in extensive aggregate formation at low temperatures
and a general deshielding of the aromatic and boronic acid
proton signals. While these experiments do not provide
definitive evidence for water coordination, they do indicate
that water significantly affects the boronic acid coordination
sphere.
In hopes to elucidate a potential PCET mechanism involving

an aqua−boryl complex, we performed a Stern−Volmer
quenching experiment and a deuterium-labeling experiment.
Excitation of lumiflavin in an aqueous solution of 3-
thiopheneboronic acid resulted in considerable quenching of
lumiflavin (Figure 3), indicating that a favorable electron
transfer between the boronic acid and the photocatalyst is
possible in water. Direct quenching from water was not
observed by Stern−Volmer, relegating a mechanism based on
the intermediacy of hydroxy radicals formed by water
oxidation. Quenching of 3-pyridineboronic acid by lumiflavin
was also observed by Stern−Volmer (Figure S7), suggesting
that formation of N-heterocyclic radicals occurs through a
similar mechanism. To examine proton transfer we prepared
d2-phenylboronic acid−PhB(OD)2. If proton transfer occurs
from a coordinated water molecule, reaction of d2-phenyl-
boronic acid with lumiflavin in H2O should afford BO3D2H
and N5-H-lumiflavin semiquinone. Unfortunately, rapid
exchange of water with the boronic acid caused significant
scrambling of the deuterium atoms. While this innate exchange
did limit our ability to probe proton transfer from a
coordinated water molecule, we were able to study deuterium
transfer between ground state lumiflavin and d2-phenylboronic
acid in anhydrous solvents (CHCl3, CH3CN, dioxane, DCM,
acetone). Deuteration of the basic N-5 nitrogen was not
observed. A mechanism involving deprotonation of the boronic
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acid by ground state lumiflavin followed by photocatalyzed
oxidation is therefore improbable.
From our collective data, we propose the following

mechanism for deborylative−alkylation: (1) coordination of
water to the boronic acid, (2) photoexcitation of the lumiflavin
photocatalyst by 440 nm light gives rise to excited lumiflavin
which abstracts an electron and a proton from the aqua−boryl
complex, (3) fragmentation of the resulting open-shell
intermediate releases the heteroaryl radical, (4) expedient
capture of the heteroaryl radical via open-shell conjugate
addition (1.8 × 108 M−1 s−1 for phenyl radical)54 to diethyl
ethylidenemalonate, and (5) reduction of the α-malonyl radical
by SET, HAT, or PCET from LFH• forges the desired
alkylated product and regenerates the ground state photo-
catalyst (Figure 4).
In conclusion, we present a general catalytic platform to

access diverse heteroaromatic radicals as well as aromatic and
aliphatic radicals from commercial boronic acids using an
under-explored and cofactor-derived flavin photocatalyst in
aqueous media. We demonstrate the ability of these radicals to
engage Michael acceptors via single-electron conjugate
addition. Finally, we show that water acts as a key solvent
and potential reagent for radical generation and open-shell
alkylation. Further investigations to harness the aqueous
compatibility of this reaction and the unique properties of
flavin photocatalysts for applications to more biologically
relevant substrates (i.e., peptides and proteins) are presently
underway and forthcoming.
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564. (b) Gansaüer, A.; Bluhm, H. Reagent-Controlled Transition-
Metal-Catalyzed Radical Reactions. Chem. Rev. 2000, 100, 2771−
2788.
(9) Xie, J.; Jin, H.; Hashmi, A. S. K. The Recent Achievments of
Redox-Neutral Radical C-C Cross-Coupling Enabled by Visible Light.
Chem. Soc. Rev. 2017, 46, 5193−5203.
(10) (a) Fyfe, J. W. B.; Watson, A. J. B. Recent Developments in
Organoboron Chemistry: Old Dogs, New Tricks. Chem. 2017, 3, 31−
55. (b) Diederich, F.; Stang, P. J. Metal-Catalyzed Cross-Coupling
Reactions; Wiley-VCH: Weinheim, 1998. (c) Hall, D. G. Boronic
Acids: Preparation and Applications in Organic Synthesis and Medicine;
WileyVCH: Weinheim, 2007. (d) Suzuki, A. Cross−Coupling
Reactions of Organoboranes: An Easy Way to Construct C-C
Bonds. Angew. Chem., Int. Ed. 2011, 50, 6722−6737.
(11) (a) Plescia, J.; Moitessier, N. Design and Discovery of Boronic
acid Drugs. Eur. J. Med. Chem. 2020, 195, 112270−112290. (b) Yang,
F.; Zhu, M.; Zhang, J.; Zhou, H. Synthesis of Biologically Active
Boron-Containing Compounds. MedChemComm 2018, 9, 201−211.
(c) Trippier, P. C.; McGuigan, C. Boronic Acids in Medicinal
Chemistry: Anticancer, Antibacterial and Antiviral Applications.
MedChemComm 2010, 1, 183−198.
(12) (a) Molander, G. A.; Colombel, V.; Braz, V. A. Direct
Alkylation of Heteroaryls using Potassium Alkyl- and Alkoxymethyl-
trifluoroborates. Org. Lett. 2011, 13, 1852−1855. (b) Milligan, J. A.;
Phelan, J. P.; Badir, S. O.; Molander, G. A. Alkyl Carbon−Carbon
Bond Formation by Nickel/Photoredox Cross−Coupling. Angew.
Chem., Int. Ed. 2019, 58, 6152−6163. (c) Matsui, J. K.; Lang, S. B.;
Heitz, D. R.; Molander, G. A. Photoredox-Mediated Routes to
Radicals: The Value of Catalytic Radical Generation in Synthetic
Methods Development. ACS Catal. 2017, 7, 2563−2575. (d) Duret,
G.; Quinlan, R.; Bisseret, P.; Blanchard, N. Boron Chemistry in a New
Light. Chem. Sci. 2015, 6, 5366−5382. (e) Yasu, Y.; Koike, T.; Akita,
M. Visible Light−Induced Selective Generation of Radicals from
Organoborates by Photoredox Catalysis. Adv. Synth. Catal. 2012, 354,
3414−3420. (f) Molander, G. A. Organotrifluoroborates: Another
Branch of the Mighty Oak. J. Org. Chem. 2015, 80, 7837−7848.
(g) Plasko, D. P.; Jordan, C. J.; Ciesa, B. E.; Merrill, M. A.; Hanna, J.

M. Jr. Visible Light-Promoted Alkylation of Imines Using Potassium
Organotrifluoroborates. Photochem. Photobiol. Sci. 2018, 17, 534−538.
(13) (a) Lima, F. Photoredox C-C Cross Coupling Reactions using
Boronic Acid Derivatives; University of Cambridge, Cambridge, UK,
2018. (b) Lima, F.; Sharma, U. K.; Grunenberg, L.; Saha, D.;
Johannsen, S.; Sedelmeier, J.; Van der Eycken, E. V.; Ley, S. V. A
Lewis Base Catalysis Approach for the Photoredox Activation of
Boronic Acids and Esters. Angew. Chem., Int. Ed. 2017, 56, 15136−
15140.
(14) (a) Lima, F.; Grunenberg, L.; Rahman, H. B. A.; Labes, R.;
Sedelmeier, J.; Ley, S. V. Organic Photocatalysis for the Radical
Couplings of Boronic Acid Derivatives in Batch and Flow. Chem.
Commun. 2018, 54, 5606−5609. (b) Iwata, Y.; Tanaka, Y.; Kubosaki,
S.; Morita, T.; Yoshimi, Y. A Strategy for Generating Aryl Radicals
from Arylborates Through Organic Photoredox Catalysis: Photo-
Meerwein Type Arylation of Electron-Deficient Alkenes. Chem.
Commun. 2018, 54, 1257−1260.
(15) Yan, G.; Yang, M.; Wu, X. Synthetic Applications of
Arylboronic Acid via an Aryl Radical Transfer Pathway. Org. Biomol.
Chem. 2013, 11, 7999−8008.
(16) Lima, F.; Kabeshov, M. A.; Tran, D. N.; Battilocchio, C.;
Sedelmeier, J.; Sedelmeier, G.; Schenkel, B.; Ley, S. V. Visible Light
Activation of Boronic Esters Enables Efficient Photoredox C(sp2)-
C(sp3) Cross-Couplings in Flow. Angew. Chem., Int. Ed. 2016, 55,
14085−14089.
(17) Cox, P. A.; Leach, A. G.; Campbell, A. D.; Lloyd-Jones, G. C.
Protodeboronation of Heteroaromatic, Vinyl, and Cyclopropyl
Boronic Acids: pH−Rate Profiles, Autocatalysis, and Disproportiona-
tion. J. Am. Chem. Soc. 2016, 138, 9145−9157.
(18) (a) Fischer, F. C.; Havinga, E. Thermal and Photoinduced
Deboronations of some Pyridine- and Benzeneboronate Anions. Recl.
des Trav. Chim. des Pays-Bas 1974, 93, 21−22. (b) Jiang, M.; Li, Y.;
Yang, H.; Zong, R.; Jin, Y.; Fu, H. Metal-Free UV-Vis-Light-Induced
Aerobic Oxidative Hydroxylation of Arylboronic Acids in the Absence
of a Photosensitizer. RSC Adv. 2014, 4, 12977−12980.
(19) (a) Beatty, J. W.; Stephenson, C. R. J. Amine Functionalization
via Oxidative Photoredox Catalysis: Methodology Development and
Complex Molecule Synthesis. Acc. Chem. Res. 2015, 48, 1474−1482.
(b) Skubi, K. L.; Blum, T. R.; Yoon, T. P. Dual Catalysis Strategies in
Photochemical Synthesis. Chem. Rev. 2016, 116, 10035−10074.
(20) (a) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the
Structural Diversity, Substitution Patterns, and Frequency of Nitrogen
Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med.
Chem. 2014, 57, 10257−10274. (b) Feng, M.; Tang, B.; Liang, S. H.;
Jiang, X. Sulfur Containing Scaffolds in Drugs: Synthesis and
Application in Medicinal Chemistry. Curr. Top. Med. Chem. 2016,
16, 1200−1216. (c) Delost, M. D.; Smith, D. T.; Anderson, B. J.;
Njardarson, J. T. From Oxiranes to Oligomers: Architectures of U.S.
FDA Approved Pharmaceuticals Containing Oxygen Heterocycles. J.
Med. Chem. 2018, 61, 10996−11020. (d) Das, P.; Delost, M. D.;
Qureshi, M. H.; Smith, D. T.; Njardarson, J. T. A Survey of the
Structures of U.S. FDA Apporved Combination Drugs. J. Med. Chem.
2019, 62, 4265−4311.
(21) (a) Hall, D. G. Boronic acid Catalysis. Chem. Soc. Rev. 2019, 48,
3475−3496. (b) Hall, D. G. In Boronic Acids; Hall, D. G., Eds.; Wiley-
VCH: Weinheim, 2006; p 1. (c) Hall, D. G. Boronic Acids: Preparation
and Applications in Organic Synthesis, Medicine and Materials, 2nd ed.;
Wiley VCH: Weinheim, Germany, 2011; Vols. 1 and 2, pp 1−133.
(d) Tyrrell, E.; Brookes, P. The Synthesis and Applications of
Heterocyclic Boronic Acids. Synthesis 2003, 2003, 469−483.
(e) Ishiyama, T.; Ishida, K.; Miyaura, N. Synthesis of Pinacol
Arylboronates via Cross-Coupling Reaction of Bis(pinacolato)-
diboron with Chloroarenes Catalyzed by Palladium(0)−Tricyclohex-
ylphosphine Complexes. Tetrahedron 2001, 57, 9813−9816. (f) Dick,
G. R.; Woerly, E. M.; Burke, M. D. A General Solution for the 2-
Pyridyl Problem. Angew. Chem., Int. Ed. 2012, 51, 2667−2672.
(g) Lennox, A. J. J.; Lloyd-Jones, G. C. Selection of Boron Reagents
for Suzuki−Miyaura Coupling. Chem. Soc. Rev. 2014, 43, 412−443.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03422
ACS Catal. 2020, 10, 12727−12737

12735

https://dx.doi.org/10.1039/C6CS00185H
https://dx.doi.org/10.1039/C6CS00185H
https://dx.doi.org/10.1038/s41467-019-13887-8
https://dx.doi.org/10.1038/s41467-019-13887-8
https://dx.doi.org/10.1021/acscatal.9b00787
https://dx.doi.org/10.1021/acscatal.9b00787
https://dx.doi.org/10.1021/acscatal.9b00787
https://dx.doi.org/10.1021/acs.joc.6b01240
https://dx.doi.org/10.1021/acs.joc.6b01240
https://dx.doi.org/10.1002/chem.201702926
https://dx.doi.org/10.1002/chem.201702926
https://dx.doi.org/10.1126/science.aat4133
https://dx.doi.org/10.1126/science.aat4133
https://dx.doi.org/10.1126/science.aat4133
https://dx.doi.org/10.1016/j.tet.2009.09.025
https://dx.doi.org/10.1016/j.tet.2009.09.025
https://dx.doi.org/10.1351/pac200779020223
https://dx.doi.org/10.1039/C4OB01784F
https://dx.doi.org/10.1021/cr00026a008
https://dx.doi.org/10.1021/cr00026a008
https://dx.doi.org/10.1021/cr00026a008
https://dx.doi.org/10.1021/cr9902648
https://dx.doi.org/10.1021/cr9902648
https://dx.doi.org/10.1039/C7CS00339K
https://dx.doi.org/10.1039/C7CS00339K
https://dx.doi.org/10.1016/j.chempr.2017.05.008
https://dx.doi.org/10.1016/j.chempr.2017.05.008
https://dx.doi.org/10.1002/anie.201101379
https://dx.doi.org/10.1002/anie.201101379
https://dx.doi.org/10.1002/anie.201101379
https://dx.doi.org/10.1016/j.ejmech.2020.112270
https://dx.doi.org/10.1016/j.ejmech.2020.112270
https://dx.doi.org/10.1039/C7MD00552K
https://dx.doi.org/10.1039/C7MD00552K
https://dx.doi.org/10.1039/c0md00119h
https://dx.doi.org/10.1039/c0md00119h
https://dx.doi.org/10.1021/ol2003572
https://dx.doi.org/10.1021/ol2003572
https://dx.doi.org/10.1021/ol2003572
https://dx.doi.org/10.1002/anie.201809431
https://dx.doi.org/10.1002/anie.201809431
https://dx.doi.org/10.1021/acscatal.7b00094
https://dx.doi.org/10.1021/acscatal.7b00094
https://dx.doi.org/10.1021/acscatal.7b00094
https://dx.doi.org/10.1039/C5SC02207J
https://dx.doi.org/10.1039/C5SC02207J
https://dx.doi.org/10.1002/adsc.201200588
https://dx.doi.org/10.1002/adsc.201200588
https://dx.doi.org/10.1021/acs.joc.5b00981
https://dx.doi.org/10.1021/acs.joc.5b00981
https://dx.doi.org/10.1039/C8PP00061A
https://dx.doi.org/10.1039/C8PP00061A
https://dx.doi.org/10.1002/anie.201709690
https://dx.doi.org/10.1002/anie.201709690
https://dx.doi.org/10.1002/anie.201709690
https://dx.doi.org/10.1039/C8CC02169D
https://dx.doi.org/10.1039/C8CC02169D
https://dx.doi.org/10.1039/C7CC09140K
https://dx.doi.org/10.1039/C7CC09140K
https://dx.doi.org/10.1039/C7CC09140K
https://dx.doi.org/10.1039/c3ob41851k
https://dx.doi.org/10.1039/c3ob41851k
https://dx.doi.org/10.1002/anie.201605548
https://dx.doi.org/10.1002/anie.201605548
https://dx.doi.org/10.1002/anie.201605548
https://dx.doi.org/10.1021/jacs.6b03283
https://dx.doi.org/10.1021/jacs.6b03283
https://dx.doi.org/10.1021/jacs.6b03283
https://dx.doi.org/10.1002/recl.19740930110
https://dx.doi.org/10.1002/recl.19740930110
https://dx.doi.org/10.1039/c3ra46516k
https://dx.doi.org/10.1039/c3ra46516k
https://dx.doi.org/10.1039/c3ra46516k
https://dx.doi.org/10.1021/acs.accounts.5b00068
https://dx.doi.org/10.1021/acs.accounts.5b00068
https://dx.doi.org/10.1021/acs.accounts.5b00068
https://dx.doi.org/10.1021/acs.chemrev.6b00018
https://dx.doi.org/10.1021/acs.chemrev.6b00018
https://dx.doi.org/10.1021/jm501100b
https://dx.doi.org/10.1021/jm501100b
https://dx.doi.org/10.1021/jm501100b
https://dx.doi.org/10.2174/1568026615666150915111741
https://dx.doi.org/10.2174/1568026615666150915111741
https://dx.doi.org/10.1021/acs.jmedchem.8b00876
https://dx.doi.org/10.1021/acs.jmedchem.8b00876
https://dx.doi.org/10.1021/acs.jmedchem.8b01610
https://dx.doi.org/10.1021/acs.jmedchem.8b01610
https://dx.doi.org/10.1039/C9CS00191C
https://dx.doi.org/10.1055/s-2003-37721
https://dx.doi.org/10.1055/s-2003-37721
https://dx.doi.org/10.1016/S0040-4020(01)00998-X
https://dx.doi.org/10.1016/S0040-4020(01)00998-X
https://dx.doi.org/10.1016/S0040-4020(01)00998-X
https://dx.doi.org/10.1016/S0040-4020(01)00998-X
https://dx.doi.org/10.1002/anie.201108608
https://dx.doi.org/10.1002/anie.201108608
https://dx.doi.org/10.1039/C3CS60197H
https://dx.doi.org/10.1039/C3CS60197H
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03422?ref=pdf


(22) Blanksby, S. J.; Ellison, B. Bond Dissociation Energies of
Organic Molecules. Acc. Chem. Res. 2003, 36, 255−263.
(23) (a) Chu, X.-Q.; Ge, D.; Shen, Z.-L.; Loh, T.-P. Recent
Advances in Radical-Initiated C(sp3)-H Bond Oxidative Functiona-
liza-tion of Alkyl Nitriles. ACS Catal. 2018, 8, 258−271.
(24) (a) Salamone, M.; Bietti, M. Tuning Reactivity and Selec-tivity
in Hydrogen Atom Transfer from Aliphatic C-H Bonds to Alkoxy
Radicals: Role of Structural and Medium Effects. Acc. Chem. Res.
2015, 48, 2895−2903. (b) Capaldo, L.; Ravelli, D. Hydrogen Atom
Transfer (HAT): A Versatile Strategy for Substrate Activation in
Photocatalyzed Organic Synthesis. Eur. J. Org. Chem. 2017, 2017,
2056−2071.
(25) Jones, K. C.; Ballou, D. P. Reactions of the 4a-Hydroperoxide
of Liver Microsomal Flavin-Containing Monooxygenase with
Nucleophilic and Electrophilic Substrates. J. Biol. Chem. 1986, 261,
2553−2559.
(26) Bloom, S.; Liu, C.; Kölmel, D. K.; Qiao, J. X.; Zhang, Y.; Poss,
M. A.; Ewing, W. R.; MacMillan, D. W. C. Decarboxylative Alkylation
for Site-Selective Bioconjugation of Native Proteins via Oxidation
Potentials. Nat. Chem. 2018, 10, 205−211.
(27) Biegasiewicz, K. F.; Cooper, S. J.; Gao, X.; Oblinsky, D. G.;
Kim, J. H.; Garfinkle, S. E.; Joyce, L. A.; Sandoval, B. A.; Scholes, G.
D.; Hyster, T. K. Photoexcitation of Flavoenzymes Enables a
Stereoselective Radical Cyclization. Science 2019, 364, 1166−1169.
(28) (a) Inagi, S.; Fuchigami, T. Electrochemical Properties and
Reactions of Organoboron Compounds. Curr. Opin. Electrochem
2017, 2, 32−37. (b) Tanigawa, M.; Kuriyama, Y.; Inagi, S.;
Fuchigami, T. Electrochemical Properties of Sulfur-Containing
Organoboron Compounds. Electrochim. Acta 2016, 199, 314−318.
(c) Suzuki, J.; Tanigawa, M.; Inagi, S.; Fuchigami, T. Electrochemical
Oxidation of Organotrifluoroborate Compounds. ChemElectroChem
2016, 3, 2078−2085. (d) Ohtsuka, K.; Inagi, S.; Fuchigami, T.
Electrochemical Properties and Reactions of Oxygen-Containing
Organotrifluoroborates and their Boronic Acid Esters. ChemElec-
troChem 2017, 4, 183−187.
(29) Massey, V.; Stankovich, M.; Hemmerich, P. Light-Mediated
Reduction of Flavoproteins with Flavins as Catalysts. Biochemistry
1978, 17, 1−8.
(30) Sakura, S.; Fujimoto, D. Electrochemical Behaviour of
Pyridinoline, a Crosslinking Amino Acid of Collagen. J. Biochem.
1981, 89, 1541−1546.
(31) Suzuki, J.; Shida, N.; Inagi, S.; Fuchigami, T. Electrochemical
Properties and Reactions of Organoboronic Acids in the Presence of
Fluoride Ions. Electroanalysis 2016, 28, 2797−2801.
(32) Srivastava, A.; Mishra, A. P.; Chandra, S.; Bajpai, A.
Benzothiazole Derivative: A Review on its Pharmacological
Importance Towards Synthesis of Lead. Int. J. Pharm. Sci. Res.
2019, 10, 1553−1566.
(33) Jacobi, A.; Mayer, A.; Augustin, M. Keratolytics and Emollients
and their Role in the Therapy of Psoriasis: A Systematic Review.
Dermatol Ther. (Heidelb) 2015, 5, 1−18.
(34) Lin, C.-H.; Chang, H.-S.; Liao, C.-H.; Ou, T.-H.; Chen, I.-S.;
Tsai, I.-L. Anti-Inflammatory Biphenyls and Dibenzofurans from
Rhaphiolepis Indica. J. Nat. Prod. 2010, 73, 1628−1631.
(35) Li, X.; Liu, J.-L.; Yang, X.-H.; Lu, X.; Zhao, T.-T.; Gong, H.-B.;
Zhu, H.-L. Synthesis, Biological Evaluation and Molecular Docking
Studies of 3-(1,3-Diphenyl-1H-pyrazol-4-yl)-N-phenylacrylamide De-
rivatives as Inhibitors of HDAC Activity. Bioorg. Med. Chem. 2012, 20,
4430−4436.
(36) DiRocco, D. A.; Dykstra, K.; Krska, S.; Vachal, P.; Conway, D.
V.; Tudge, M. Late-Stage Functionalization of Biologically Active
Heterocycles Through Photoredox Catalysis. Angew. Chem., Int. Ed.
2014, 53, 4802−4806.
(37) In general, radicals generated from these alkenes have reduction
potentials greater than −1.0 V vs SCE. The reduction potential of
lumiflavin radical anion is −0.46 V vs SCE, leading to unfavorable
electron transfer. See the following references: (a) Wayner, D. D. M.;
McPhee, D. J.; Griller, D. Oxidation and Reduction Potentials of
Transient Free Radicals. J. Am. Chem. Soc. 1988, 110, 132−137.

(b) Noble, A.; Mega, R. S.; Pflasterer, D.; Myers, E. L.; Aggarwal, V.
K. Visible-Light-Mediated Decarboxylative Radical Additions to
VinylBoronic Esters:Rapid Access to g-Amino Boronic Esters.
Angew. Chem., Int. Ed. 2018, 57, 2155−2159. (c) Fu, Y.; Liu, L.;
Yu, H.-Z.; Wang, Y.-M.; Guo, Q.-X. Quantum Chemical Predictions
of Absolute Standard Redox Potentials of Diverse Organic Molecules
and Free Radicals in Acetonitrile. J. Am. Chem. Soc. 2005, 127, 7227−
7234.
(38) Aoyama, H.; Ijuin, R.; Kato, J.-Y.; Urushiyama, S.; Tetsuhashi,
M.; Hashimoto, Y.; Yokomatsu, T. Discovery of Non-competitive
Thrombin Inhibitor Derived from Competitive Tryptase Inhibitor
Skeleton: Shift in Molecular Recognition Resulted from Skeletal
Conversion of Carboxylate into Phosphonate. Bioorg. Med. Chem. Lett.
2015, 25, 3676−3680.
(39) Spartan 18 Parallel Suite; Wave Function, Inc.: Irvin, CA, 2019.
(40) (a) Kuivila, H. G.; Nahabedian, K. V. Electrophilic Displace-
ment Reactions. X. General Acid Catalysis in the Protodeboronation
of Areneboronic Acids. J. Am. Chem. Soc. 1961, 83, 2159−2163.
(b) Nahabedian, K. V.; Kuivila, H. G. Electrophilic Displacement
Reactions. XII. Substituent Effects in the Protoderonation of Arene
Boronic Acids. J. Am. Chem. Soc. 1961, 83, 2167−2174. (c) Kuivila,
H. G.; Nahabedian, K. V. Electrophilic Displacement Reactions. XII.
Solvent Isotope Effects in the Protodeboronation of Arene Boronic
Acids. J. Am. Chem. Soc. 1961, 83, 2164−2166. (d) Kuivila, H. G.;
Reuwer, J. F., Jr.; Mangravite, J. A. Electrophilic Displacement
Reactions. XII. Kinetics and Mechanism of Base-Catalyzed Proto-
deboronation. Can. J. Chem. 1963, 41, 3081−3090.
(41) Lozada, J.; Liu, Z.; Perrin, D. M. Base-Promoted Proto-
deboronation of 2,6-Disubstituted Arylboronic Acids. J. Org. Chem.
2014, 79, 5365−5368.
(42) De Vleeschouwer, F.; Van Speybroeck, V.; Waroquier, M.;
Geerlings, P.; De Proft, F. Electrophilicity and Nucleophilicity Index
for Radicals. Org. Lett. 2007, 9, 2721−2724.
(43) Capaldo, L.; Merli, D.; Fagnoni, M.; Ravelli, D. Visible Light
Uranyl Photocatalysis: Direct C−H to C−C Bond Conversion. ACS
Catal. 2019, 9, 3054−3058.
(44) Ksenzhek, O.S.; Petrova, S.A. Electrochemical Properties of
Flavins in Aqueous Solutions. Bioelectrochem. Bioenerg. 1983, 11, 105.
(45) Mühldorf, B.; Wolf, R. Photocatalytic Benzylic C-H Bond
Oxidation with a Flavin Scandium Complex. Chem. Commun. 2015,
51, 8425−8428.
(46) Fukuzumi, S.; Yasui, K.; Suenobu, T.; Ohkubo, K.; Fujitsuka,
M.; Ito, O. Efficient Catalysis of Rare-Earth Metal Ions in
Photoinduced Electron-Transfer Oxidation of Benzyl Alcohols by a
Flavin Analogue. J. Phys. Chem. A 2001, 105, 10501−10510.
(47) Martin, C. B.; Tsao, M.-L.; Hadad, C. M.; Platz, M. S. The
Reaction of Triplet Flavin with Indole. A Study of the Cascade of
Reactive Intermediates Using Density Functional Theory and Time
Resolved Infrared Spectroscopy. J. Am. Chem. Soc. 2002, 124, 7226−
7234.
(48) Dudley, K. H.; Ehrenberg, A.; Hemmerich, P.; Muller, F.
Spectra and Structures of the Particles Involved in the Flavin Redox
System. Studies in the Flavin Series IX. Helv. Chim. Acta 1964, 47,
1354.
(49) Kar, R. K.; Borin, V.; Ding, Y.; Matysik, J.; Schapiro, I.
Spectroscopic Properties of Lumiflavin: A Quantum Chemical Study.
Photochem. Photobiol. 2019, 95, 662−674.
(50) For singlet lumiflavin we used a value of −871.9981158 hartree.
This value was obtained by adding 3.05 eV to the energy of ground
state lumiflavin as calculated by Platz (see ref 46).
(51) Traber, R.; Kramer, H. E. A.; Hemmerich, P. One and Two
Electron Transfer Pathways in the Photoreduction of Flavins. Pure
Appl. Chem. 1982, 54, 1651−1665.
(52) Spiegel, D. A.; Wiberg, K. B.; Schacherer, L. N.; Medeiros, M.
R.; Wood, J. L. Deoxygenation of Alcohols Employing Water as the
Hydrogen Atom Source. J. Am. Chem. Soc. 2005, 127, 12513−12515.
(53) (a) Zhang, T.; Papson, K.; Ochran, R.; Ridge, D. P. Stability of
Flavin Semiquinones in the Gas Phase: The Electron Affinity, Proton
Affinity, and Hydrogen Atom Affinity of Lumiflavin. J. Phys. Chem. A

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03422
ACS Catal. 2020, 10, 12727−12737

12736

https://dx.doi.org/10.1021/ar020230d
https://dx.doi.org/10.1021/ar020230d
https://dx.doi.org/10.1021/acscatal.7b03334
https://dx.doi.org/10.1021/acscatal.7b03334
https://dx.doi.org/10.1021/acscatal.7b03334
https://dx.doi.org/10.1021/acs.accounts.5b00348
https://dx.doi.org/10.1021/acs.accounts.5b00348
https://dx.doi.org/10.1021/acs.accounts.5b00348
https://dx.doi.org/10.1002/ejoc.201601485
https://dx.doi.org/10.1002/ejoc.201601485
https://dx.doi.org/10.1002/ejoc.201601485
https://dx.doi.org/10.1038/nchem.2888
https://dx.doi.org/10.1038/nchem.2888
https://dx.doi.org/10.1038/nchem.2888
https://dx.doi.org/10.1126/science.aaw1143
https://dx.doi.org/10.1126/science.aaw1143
https://dx.doi.org/10.1016/j.coelec.2017.02.007
https://dx.doi.org/10.1016/j.coelec.2017.02.007
https://dx.doi.org/10.1016/j.electacta.2016.02.051
https://dx.doi.org/10.1016/j.electacta.2016.02.051
https://dx.doi.org/10.1002/celc.201600451
https://dx.doi.org/10.1002/celc.201600451
https://dx.doi.org/10.1002/celc.201600519
https://dx.doi.org/10.1002/celc.201600519
https://dx.doi.org/10.1021/bi00594a001
https://dx.doi.org/10.1021/bi00594a001
https://dx.doi.org/10.1093/oxfordjournals.jbchem.a133347
https://dx.doi.org/10.1093/oxfordjournals.jbchem.a133347
https://dx.doi.org/10.1002/elan.201600130
https://dx.doi.org/10.1002/elan.201600130
https://dx.doi.org/10.1002/elan.201600130
https://dx.doi.org/10.13040/IJPSR.0975-8232
https://dx.doi.org/10.13040/IJPSR.0975-8232
https://dx.doi.org/10.1007/s13555-015-0068-3
https://dx.doi.org/10.1007/s13555-015-0068-3
https://dx.doi.org/10.1021/np100200s
https://dx.doi.org/10.1021/np100200s
https://dx.doi.org/10.1016/j.bmc.2012.05.031
https://dx.doi.org/10.1016/j.bmc.2012.05.031
https://dx.doi.org/10.1016/j.bmc.2012.05.031
https://dx.doi.org/10.1002/anie.201402023
https://dx.doi.org/10.1002/anie.201402023
https://dx.doi.org/10.1021/ja00209a021
https://dx.doi.org/10.1021/ja00209a021
https://dx.doi.org/10.1002/anie.201712186
https://dx.doi.org/10.1002/anie.201712186
https://dx.doi.org/10.1021/ja0421856
https://dx.doi.org/10.1021/ja0421856
https://dx.doi.org/10.1021/ja0421856
https://dx.doi.org/10.1016/j.bmcl.2015.06.039
https://dx.doi.org/10.1016/j.bmcl.2015.06.039
https://dx.doi.org/10.1016/j.bmcl.2015.06.039
https://dx.doi.org/10.1016/j.bmcl.2015.06.039
https://dx.doi.org/10.1021/ja01470a028
https://dx.doi.org/10.1021/ja01470a028
https://dx.doi.org/10.1021/ja01470a028
https://dx.doi.org/10.1021/ja01470a030
https://dx.doi.org/10.1021/ja01470a030
https://dx.doi.org/10.1021/ja01470a030
https://dx.doi.org/10.1021/ja01470a029
https://dx.doi.org/10.1021/ja01470a029
https://dx.doi.org/10.1021/ja01470a029
https://dx.doi.org/10.1139/v63-451
https://dx.doi.org/10.1139/v63-451
https://dx.doi.org/10.1139/v63-451
https://dx.doi.org/10.1021/jo500734z
https://dx.doi.org/10.1021/jo500734z
https://dx.doi.org/10.1021/ol071038k
https://dx.doi.org/10.1021/ol071038k
https://dx.doi.org/10.1021/acscatal.9b00287
https://dx.doi.org/10.1021/acscatal.9b00287
https://dx.doi.org/10.1016/0302-4598(83)80086-5
https://dx.doi.org/10.1016/0302-4598(83)80086-5
https://dx.doi.org/10.1039/C5CC00178A
https://dx.doi.org/10.1039/C5CC00178A
https://dx.doi.org/10.1021/jp012709d
https://dx.doi.org/10.1021/jp012709d
https://dx.doi.org/10.1021/jp012709d
https://dx.doi.org/10.1021/ja0123711
https://dx.doi.org/10.1021/ja0123711
https://dx.doi.org/10.1021/ja0123711
https://dx.doi.org/10.1021/ja0123711
https://dx.doi.org/10.1002/hlca.19640470531
https://dx.doi.org/10.1002/hlca.19640470531
https://dx.doi.org/10.1111/php.13023
https://dx.doi.org/10.1351/pac198254091651
https://dx.doi.org/10.1351/pac198254091651
https://dx.doi.org/10.1021/ja052185l
https://dx.doi.org/10.1021/ja052185l
https://dx.doi.org/10.1021/jp406786a
https://dx.doi.org/10.1021/jp406786a
https://dx.doi.org/10.1021/jp406786a
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03422?ref=pdf


2013, 117, 11136−11141. (b) Kilic, M.; Ensing, B. Acidity Constants
of Lumiflavin from First Principles Molecular Dynamics Simulations.
Phys. Chem. Chem. Phys. 2014, 16, 18993−19000.
(54) Scaiano, J. C.; Stewart, L. C. Phenyl Radical Kinetics. J. Am.
Chem. Soc. 1983, 105, 3609−3614.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03422
ACS Catal. 2020, 10, 12727−12737

12737

https://dx.doi.org/10.1039/C4CP01450B
https://dx.doi.org/10.1039/C4CP01450B
https://dx.doi.org/10.1021/ja00349a043
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03422?ref=pdf

