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Abstract The Minisci reaction, which encompasses the radical C-H al-
kylation of heteroarenes, has undergone revolutionary development in
recent years. The application of photoredox catalysis to alkyl radical
generation has given rise to a multitude of methods that feature en-
hanced functional group tolerance, generality, and operational simplici-
ty. The intent of this short review is to bring readers up to date on this
rapidly expanding field. Specifically, we will highlight key examples of
visible-light-driven Minisci alkylation strategies that represent key ad-
vancements in this area of research. The scope and limitations of these
transformations will be discussed, with a focus on examining the under-
lying pathways for alkyl radical generation. Our goal is to make this
short review a stepping stone for further synthetic research develop-
ment. Sections are organized based on alkyl radical precursor reagents.
1 Introduction

Alkyl Carboxylic Acids and Carboxylic Acid Derivatives
Alkylboronic Acids

Potassium Alkyl- and Alkoxymethyltrifluoroborates

Alkyl Halides

Alcohols and Ethers

Conclusion
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Key words Minisci reaction, photoredox catalysis, visible light, radical
alkylation, late-stage functionalization, heteroarenes

1 Introduction

Nitrogen-containing heterocycles constitute the back-
bone of natural products, medicinally valuable small mole-
cules, and agrochemicals (Scheme 1A)."> Methodologies for
the direct C-H alkylation and perfluoroalkylation of N-het-
eroarenes enable both the late-stage modification of clini-
cal leads and rapid diversification of drug-like libraries.>*
These strategies allow for expedient access to unexplored
chemical space and circumvent conventional de novo chem-
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ical syntheses.> Notably, the medicinal chemistry commu-
nity has placed growing interest on late-stage functional-
ization technologies, as they allow for rapid modulation of
drug metabolism and pharmacokinetic profiles of lead
compounds.3-> Thus, synthetic approaches that are not de-
pendent on strong oxidants/reductants, high reaction tem-
peratures, or pre-functionalized substrates are of high-val-
ue to both academic and industrial sectors.

The addition of open-shell alkyl and perfluoroalkyl rad-
ical intermediates to heteroarenes is referred to as the
Minisci reaction (Scheme 1B).5-° Minisci’s original protocol
relied on free radical formation from carboxylic acids via
formation of their corresponding silver salts, followed by
oxidative decarboxylation upon treatment with a persulfate
oxidizing agent. Addition of an alkyl radical intermediate
onto a protonated heteroarene, followed by rearomatiza-
tion, yields the desired alkylated heterocyclic product
(Scheme 1C). Based on Studer and Curran’s mechanistic
studies, rearomatization is proposed to occur via deproton-
ation and sequential single electron oxidation of the func-
tionalized heteroarene upon radical addition.!® Since Minis-
ci’'s seminal contributions, this reactive paradigm for the al-
kylation of (hetero)arenes has been a stalwart foundation
for modern drug discovery and development.!! Further-
more, renewed interest in the mild and operationally sim-
ple generation of radical intermediates has spurred rapid
evolution in the area of (hetero)arene alkylation.'>"'# In
part, the driving inertia for this interest has been the emer-
gence of visible-light-mediated photoredox catalysis, which
facilitates exceptionally mild single-electron-transfer (SET)
events with organic substrates.'>-7 Importantly, the phar-
maceutical industry has recognized the transformative im-
pact of photoredox catalysis,'®!° as it has far-reaching im-
plications in harnessing sustainable energy sources, reduc-
ing waste streams, and avoiding hazardous and/or toxic
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reagents classically employed for carbon-centered radical
formation (e.g., Bu;SnH, BEt;/0O,). Given that state-of-the-
art photochemical methods are already employed in drug
development (e.g., elbasvir?® and artemisinin?'), we antici-
pate that the photoredox radical (perfluoro)alkylation of
(hetero)arenes will be an invaluable synthetic technology
for years to come.

In light of the importance of such transformations, we
have decided to summarize recently reported methods for
visible-light-enabled radical C(sp?)-H alkylations and per-
fluoroalkylations of medicinally relevant (hetero)arenes.
The sections to follow are organized based on radical pre-
cursor reagents. When appropriate, the discussions will
aim to highlight the unique selectivity outcomes dictated
by the electronic properties of alkyl and perfluoroalkyl rad-
icals. This short review is not intended to be comprehensive
and is aimed at emphasizing novel photoredox catalysis

A. Nitrogen-containing heterocycles in medicinal chemistry:

camptothecin voriconazole

[anti-cancer] [anti-fungal]
o/ﬁ
K/ N _~©
MeO
Gefitinib quinine
[EGFR inhibitor] [anti-malarial]
B. The classic Minisci alkylation ? Importance:
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Scheme 1 The Minisci alkylation of N-heteroarenes

technologies for the radical alkylation of (hetero)arenes,
which we anticipate will have an enduring impact in aca-
demic and industrial settings.

2 Alkyl Carboxylic Acids and Carboxylic Acid
Derivatives

Alkyl carboxylic acids are versatile feedstock chemicals
that are ubiquitous throughout nature and have been wide-
ly used as chemical building blocks.???3 Owing to their low
cost, stability, minimal toxicity, and commercial availabili-
ty, alkyl carboxylic acids have been widely utilized across a
variety of synthetic transformations and represent preemi-
nent building blocks for combinatorial chemistry (e.g., am-
ide bond formation). In recent years, the radical decarbox-
ylation of aliphatic carboxylic acids and their activated de-
rivatives has emerged as a powerful strategy for the Minisci
functionalization of bioactive organic molecules.

A broad selection of methods have been developed to
promote the decarboxylation of alkyl carboxylic acid deriv-
atives through a reductive pathway. In the context of pho-
toredox catalysis, the formation of alkyl radicals via a re-
ductive pathway would enable a net redox neutral catalytic
cycle, thereby eliminating the need for a terminal oxidant.
At the same time, a reductive alkylation strategy has the
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potential to expand upon the scope of alkylating reagents,
allowing access to compounds with significantly higher oxi-
dation potentials.2* Pioneering studies on the reductive de-
carboxylative generation of alkyl radicals were conducted
by Barton and co-workers in the 1960s.2? Barton and co-
workers utilized N-hydroxypyridine-2-thione in the reduc-
tive activation of carboxylic acids for applications such as
carbonyl reduction and reductive halogenation.?>2¢ [n 1991,
Oda, Okada, and co-workers disclosed the use of N-(acyl-
oxy)phthalimides (NAP) as redox auxiliaries to enable the
decarboxylative generation of alkyl radicals upon single
electron reductive fragmentation (E;, = -1.26 to -1.39 V vs.
SCE), using visible-light-mediated photoredox catalysis.?’

Since 2017, NAP esters have been employed in several
visible-light-driven Minisci alkylation protocols to promote
reductive alkyl radical generation.?8-32 Notably, Phipps and
co-workers have reported an enantioselective variant of the
Minisci reaction (Scheme 2) that utilizes a combination of
asymmetric Brensted acid catalysis and photoredox cataly-
sis.3? The use of a chiral phosphoric acid catalyst provides
both stereo- and regiocontrol in the direct addition of
prochiral a-amino alkyl radicals to the 2-position of a vari-
ety of pyridine and quinoline-based substrates. This strate-
gy elegantly facilitates the synthesis of enantioenriched a-
heterocyclic amines through an efficient late-stage func-
tionalization approach. Jiang and co-workers have also de-
signed an alternative, organocatalytic approach for con-
structing a-isoquinoline-substituted secondary amines in
an enantioselective manner.?' Nonetheless, the use of NAP
esters for photoredox Minisci alkylations typically necessi-
tates a separate isolation step following ester formation, re-
sulting in an overall two-step procedure. In 2018, Sherwood
and co-workers at Bristol-Meyers Squibb developed an op-
erationally simple, one-pot protocol for the in situ genera-
tion of NAP esters, which obviates the need for isolating the
pre-functionalized alkyl partner and facilitates the rapid
generation of analogue libraries.??

In 2015, the Stephenson group developed a novel strate-
gy for the visible-light-driven trifluoromethylation of elec-
tron-rich (hetero)arenes (Scheme 3), by using pyridine N-
oxide to induce reductive radical generation from trifluoro-
acetic anhydride (TFAA).2* With respect to considerations
including safety, material availability, and reagent price
(TFAA $35 per kg at 1,000 kg), trifluoroacetic acid (TFA) and
its derivatives represent highly attractive sources of CF.
Given the prohibitively high oxidation potential of the TFA
anion (F;3CCO,Na E;,°* > +2.4 V vs. SCE), the authors were
able to promote a mild reductive decarboxylation of a
TFAA/pyridine N-oxide adduct (E,,™¢ = -1.10 V vs. SCE) to
access the trifluoromethyl radical within the electrochemi-
cal window of [Ru(bpy);]Cl,. Notably, following reductive
cleavage of the weak N-O bond and CO, extrusion, the gen-
eration of pyridine as a byproduct resolves the need for an
exogenous base. Furthermore, TFAA and pyridine N-oxide

Phi H
Pps (2018): [IF{dF (CF2)ppylo(ctbbpy) IPFe
(1 mol%)
(R- TRIP or (R) -TCYP
(5 mol%)

)g‘ D

1,4-dioxane, visible light

NHAc NHAc

Selected Examples:
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—_— R
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O -CO,
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Scheme 2 Enantioselective synthesis of a-heterocyclic amines using a
Brensted acid/photoredox catalytic platform

are used in equal stoichiometry with respect to the sub-
strate, and this reagent combination is sufficiently inexpen-
sive for large-scale operations (pyridine N-oxide $40-$70
per kg at 1,000 kg). The authors have demonstrated the effi-
cacy of this design in the C-H trifluoromethylation of a
number of electron-rich heterocyclic and aromatic sub-
strates, including medicinally important MIDA boronates.
Through a collaboration with Eli Lilly, the trifluoromethyla-
tion of a Boc-protected pyrrole substrate was carried out on
1.2 kg scale in a continuous flow system, which produced
the trifluoromethylated product in 50% yield at production
rates of 87.2 mmol per hour (approx. 0.5 kg per day).??

The Stephenson group has further expanded upon this
methodology to achieve the radical perfluoroalkylation of a
variety of electron-rich (hetero)arene substrates.® In par-
ticular, they have designed a radical chlorodifluoromethyla-
tion strategy that provides a valuable synthetic entryway to
accessing  electron-rich  difluoromethylated  (hete-
ro)arenes.3* Moreover, chlorodifluoromethylation, followed
by hydrogenolysis, of 6-methoxyquinoline was demonstrat-
ed to furnish the 7-difluoromethylated product. This elec-
tronically mismatched product is otherwise inaccessible via
the nucleophilic difluoromethyl radical, which is selective
for the electrophilic 2- and 4-positions of the quinoline
core. An orthogonal, fragment coupling approach (Scheme
3) has been developed by the Stephenson group for the ad-
dition of electron-rich (fluoro)alkyl radicals onto electron-
deficient heteroarenes.?®> Notably, this fragment coupling
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Stephenson (2015-2018): Intermolecular Coupling
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Scheme 3 Reductive decarboxylative (perfluoro)alkylation of het-
eroarenes using pyridine N-oxides

manifold minimizes chemical waste production, since the
dual role of the heterocyclic N-oxide as both a redox auxil-
iary and a coupling partner avoids the use of stoichiometric
additives. This methodology enables access to a wide range
of alkyl coupling partners, including medicinally relevant
motifs such as tertiary azetidines, fluorinated cyclopropyl
groups, and a norbornene bicyclic scaffold. A variety of
pharmaceutically important heterocyclic N-oxides derived
from pyridine, quinoline, and azaindole cores were report-
ed to undergo successful alkylation in modest to good
yields. By using pyridine N-oxide as a sacrificial redox auxil-
iary, the authors were able to further expand upon their
scope of heteroarene substrates to access electron-deficient
heteroarenes, such as quinoxaline, as well as more complex
pharmaceutical scaffolds.

With the goal of designing a Minisci alkylation strategy
for the late-stage functionalization of advanced pharma-
ceutical intermediates, DiRocco and co-workers at Merck
disclosed the innovative use of stable organic peroxides as
alkylating reagents under photoredox conditions (Scheme

4).3% Reaction parameters were optimized using a high-
throughput experimentation platform, and the use of cyclo-
metallated Ir(IlI)* photocatalysts [Ir{dF(CF;)ppy},(dtbb-
py)]PFg and [Ir(ppy),(dtbbpy)]PF provided access to meth-
yl, ethyl, and cyclopropyl radical intermediates from bench-
stable and inexpensive alkyl peracetates. The methodology
was shown to be amenable to the late-stage alkylation of an
array of complex medicinal and agrochemical agents bear-
ing both 6- and 5-membered heterocyclic scaffolds. Most
importantly, the transformation proceeded smoothly in the
presence of functionalities such as basic amines, alcohols,
amides, and esters, without the need for protecting groups.
With respect to methyl radical generation, the authors pro-
pose a mechanistic pathway involving the activation of tert-
butyl hydroperoxide through a reductive proton-coupled
electron transfer (PCET) process. The resulting a-peroxy
radical subsequently undergoes homolytic O-O bond cleav-
age to afford acetic acid and a tert-butoxy radical species.
The authors hypothesize that methyl radical formation aris-
es from B-scission of the tert-butoxy radical, thereby pro-
ducing acetone as a byproduct.

DiRocco (2017):

o [Ir(ppy)2(dtbbpy)]PFs or
)J\ [I{dF(CF3)ppy}2(dtbbpy)]PFe
R
R =Me, Et Me

R
@ H (2 mol%)
TFA/MeCN, visible light
(2.5 equiv)

e )

N—N *
Ho NTSN
| A Z Me
camptothecin o] P Me F
7% Me._ . F F
N voriconazole
OH O 37% (21% bis-Me)
Cy
NH HN
o
0= \é/N
// \©\/\
N ¥
Fasudil glipizide
56% 21% (21% bis-Me) Me

*Indicates additional site of methylation

Radical Generation Pathway:

)k ~0

ICLN

Yom e | 2| [+

Scheme 4 Late-stage functionalization of biologically active heterocy-
cles using alkyl peracetates

In 2014, the MacMillan group reported the first use of
photoredox catalysis for the oxidative decarboxylation of
alkyl carboxylic acids in the arylation of a-amino acids.?” In
2017, Glorius and co-workers disclosed a Minisci alkylation
strategy that enables access to alkyl radical intermediates
through the oxidative decarboxylation of carboxylic acids.?®
Sodium persulfate is used as an external oxidant to mediate
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alkyl radical formation, as well as facilitate photocatalyst
turnover. The authors propose that the generation of de-
sired alkyl radicals occurs through a hydrogen-atom trans-
fer (HAT) event between a reduced sulfate radical anion
species and a carboxylic acid precursor, resulting in oxida-
tive decarboxylation. This reaction manifold enables the ex-
pedient functionalization of heterocyclic scaffolds, includ-
ing pyridine, quinoline, and quinazoline cores. A range of
primary, secondary, and tertiary alkyl radicals could be ac-
cessed from their corresponding alkyl carboxylic acid and
amino acid precursors. In 2018, Genovino, Frenette, and co-
workers disclosed a separate visible-light-driven Minisci al-
kylation protocol using hypervalent iodine reagents and or-
ganophotocatalysis to facilitate alkyl radical generation
from carboxylic acids.?®

3 Alkylboronic Acids

Since 2000, aryl/alkylboron reagents have been identi-
fied to serve as radical precursors for C-C bond forming
processes via oxidative C-B bond cleavage.®*#” In 2016,
Chen, Liu, and co-workers disclosed the Minisci C-H alkyla-
tion of N-heteroarenes with primary and secondary alkyl-
boronic acids using the photocatalyst Ru(bpy);Cl, and ace-
toxybenziodoxole (BI-OAc) as a sacrificial oxidant (Scheme
5).48 Diversely substituted primary and secondary boronic
acids (e.g., alkyl bromide, aryl iodide, ester, amide, carba-
mate, terminal alkyne, and benzyl chloride) were well tol-
erated. Pyridines, pyrimidines, and a purine riboside sub-
strate were all efficiently functionalized. It should be noted
that more electron-rich heteroarenes, including benzothi-
azole and benzimidazole, could also be successfully alkylat-
ed. The authors propose that the reaction is initiated by a
single-electron reduction from the photoexcited Ru(Il)* to
acetoxybenziodoxole, providing an oxygen-centered radical
intermediate. This radical species is then proposed to react
with the alkylboronic acid reagent to form the desired alkyl
radical via a radical ‘ate’ transition state. DFT calculations
support that this is a facile and highly exothermic process
at room temperature.

4 Potassium Alkyl- and Alkoxymethyltrifluo-
roborates

Potassium organotrifluoroborates are considerably
more attractive radical precursors than their corresponding
boronic acids, given their lack of an empty p-orbital, which
increases their overall stability and robustness toward
harsh reaction conditions.*® In 2011-2013, Molander and
co-workers reported the first use of potassium alkyl- and
alkoxymethyltrifluoroborates as radical precursors in the
direct C-H alkylation of (hetero)arenes employing manga-

B(OH), (1.5 equiv) R'

o B i '
Ru(bpy)sCly (1 mol%) ' o)

e Ty '

BI-OAc (2 equiv) @ R2

Chen and Liu (2016):
HFIP, visible light

R! i
©h
30 °C, Ar

R2

Selected Examples: Exam les:

oo, @EL@KUJ'

46% 60% 52%
(\NH
= N >_< > O
o} N
Me 88%
A
Ph
| N~
=
AcO OAc Me’ N Fasudil
60% 64% 61%
Radical Generation Pathway: 1 t
R \/\ R2—|
R1 B OH
h R2 o’ OH

S EGT
u(lm @A \A/\F@

Scheme 5 Photoredox Minisci alkylation using boronic acid alkylating
reagents

BI-OAc

nese(Ill) acetate as an oxidant in the presence of trifluoro-
acetic acid.>®>! Under the optimized reaction conditions,
the authors were able to functionalize several nitrogen-
containing heterocycles all in good to excellent yields.

In 2017, Molander and co-workers reported an impres-
sive advance from their earlier manganese(IIl) acetate me-
diated Minisci chemistry by showcasing that alkyltrifluo-
roborates (many of which are commercially available) can
be activated by an inexpensive, sustainable organophoto-
catalyst (Scheme 6).°% Following reaction optimization, the
authors found the utility of a mesitylacridinium photocata-
lyst (MesAcr), potassium persulfate (as a sacrificial oxi-
dant), and trifluoroacetic acid to be the optimal reagent
combination for the C-H functionalization of heteroarenes.
Under these reaction conditions, medicinally important
cores including quinolines, isoquinolines, indazoles, pyri-
dines, and quinazolinones, could all be functionalized with
an impressive scope of primary, secondary, and tertiary alk-
yltrifluoroborates in good to excellent yields. As expected,
electron-rich cores such as benzimidazole, were unreactive
toward these Minisci alkylation conditions. These condi-
tions proved tolerant of a diverse array of functional groups
including aryl halides, unprotected amines, thioethers, and
amides. Notably, quinine, which features a free alcohol, ter-
minal alkene, and a tertiary amine (which has a known pro-
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pensity for competitive photocatalytic oxidation) was effi-
ciently (54% yield) and selectively (C2) functionalized. To
showecase the late-stage functionalization utility of their de-
veloped protocol, the authors successfully functionalized
camptothecin, an anticancer drug candidate, at the C7-posi-
tion. Mechanistically, the authors propose single electron
oxidation of the alkyltrifluoroborate reagent, which leads to
generation of the desired alkyl radical intermediate and BF;.

Molander (2017):

R—BF3K ; °
(1 equiv) ' BFy Mes
N MesAcr (5 mol%) ' N
H K2S,05 (2 equiv) X R
AN 25208 1 SN H
| Heﬁ/ TFA (1 equiv) | Het\r ' NENA
&N —_— > =N H Me/ ®
MeCN:H,0 (1:1) '
visible light, rt >60 examples MesAcr
Selected Examples: T
X CO.Me N CO,Me N CO,Me
N N N

60%

d.r. >20:1
Late-Stage Functionalization: 1 Radical Generation Pathway:
0] .
H hv
o /\MesAcr
Me MesAcr* BF3

camptothecin

.
Me \ MesAcr®
= 5% F—\ 8% | R-BRk e -~ R

Me OBn

Scheme 6 Organophotocatalytic Minisci alkylation using alkyltrifluo-
roborate radical precursors

5 Alkyl Halides

Alkyl halides are among the most widely used materials
in organic chemistry. However, their application as radical
precursors has been hindered because of the harsh condi-
tions required for radical generation, such as the use of
highly toxic trialkyltin hydrides.>® The advent of modern
photoredox catalysis provided a solution to this problem, as
photoredox catalysts can be readily employed for the reduc-
tive dehalogenation of alkyl halides, resulting in the forma-
tion of free alkyl radicals. In 2010, the Stephenson group re-
ported the seminal application of photoredox catalysis for
the intramolecular alkylation of heteroarenes through re-
ductive dehalogenation of activated alkyl bromides
(Scheme 7A).>* This report represented a significant mile-
stone, as it was the first Minisci alkylation that was promot-

ed by photoredox catalysis. The authors’ proposed mecha-
nism involved generation of a Ru(I) species through reduc-
tive quenching of the excited state photocatalyst. This Ru(I)
species could then reduce malonyl bromides to produce a
carbon-centered radical; subsequent trapping of the radical
intermediate by electron-rich indoles and pyrroles afforded
the functionalized products. Following this initial report,
the Stephenson group extended this methodology to access
intermolecular C-H alkylations (Scheme 7B),> as well as
the intermolecular construction of quaternary centers.’®

A) Stephenson (2010):
MeO,C CO.Me

H Ru(bpy)sCls (1 mol%)

@ Br EtsN (2 equiv) x

————eeeee

COMe  piF, visible light | Het
3 COxMe 1, 16h Z

Selected Intramolecular Examples

MeO E E E
\_|E UL i N
N N N

59% 60% 80%

B) Stephenson (2010):

Ru(bpy)sClo (1 mol%)
4-MeOCgH4NPh,
(2 equiv)

DMF, blue LEDs, rt

COo,Me

H
+
Br)\COZMe

Selected Intermolecular Examples

Me Ac
CO,Et Br CO,Et CO,Et
T o<
N CO,Et Sy~ N COEt N CO,Et
H H N
Me
84% 49% 68%

Proposed Mechanism for Radical Generation

Br Ru(bpy)g' *
R%COQME
= -
2 Ru(bpy)s

Scheme 7 Visible-light-driven dehalogenative alkylation of het-
eroarenes

Two reports in 2018 have highlighted the continued ex-
pansion of Minisci protocols featuring dehalogenative radi-
cal generation. First, a group at Vertex Pharmaceuticals
demonstrated the ability to predictably access C3- and C5-
functionalized products by performing the Minisci reaction
under basic conditions.>” This report featured the reductive
dehalogenation of unactivated alkyl iodides and demon-
strated the ability to predict the site of alkylation based
upon the electronics of a heteroaryl substrate. Additionally,
the Wang group reported a separate Minisci alkylation pro-
tocol which utilizes a halogen atom abstraction event to
promote radical generation.”® This work was enabled
through the adaptation of conditions concurrently reported
by the Stephenson®® and MacMillan® groups for visible-
light-mediated bromide atom abstraction from alkyl and
aryl bromides, facilitated by a tris(trimethylsilyl)silane rad-
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ical [(Me;Si);Si°] species generated in situ. The use of a halo-
gen atom abstraction approach allowed the Wang group to
access a diverse scope of alkyl halides and heteroarenes.

The incorporation of trifluoromethyl groups onto (hete-
ro)arenes represents an important transformation in me-
dicinal chemistry applications. As such, dehalogenative
Minisci alkylations have also been expanded upon to in-
clude the trifluoromethylation of heteroarenes. In 2011, the
MacMillan group developed the first reported method for
the visible-light-driven radical trifluoromethylation of (het-
ero)arenes (Scheme 8).5! In this report, reduction of trifluo-
romethanesulfonyl chloride by a ruthenium photocatalyst
induced the loss of sulfur dioxide, affording the reactive tri-
fluoromethyl radical species. This species could be effec-
tively trapped by a number of (hetero)arenes, resulting in
C-H trifluoromethylation. This method demonstrated the
applicability of photoredox catalysis in medicinal chemis-
try, as a number of trifluoromethylated pharmacophores
could be easily accessed. Following this report, a collabora-
tive effort by the Fukuzumi, Cho, and You groups described
the use of a platinum(II) acetylacetonate (acac) photosensi-
tizer for the reduction of trifluoromethyl iodide. The resul-
tant trifluoromethyl radical was utilized in the subsequent
C-H trifluoromethylation of heteroarenes.5?

Ru(phen)sCla

MacMillan (2011):
(1 mol%)
KoHPO4, MeCN, 23 °C

H
Ve
* Ec” el _
26-W light source

Selected Examples

O, Ge, OO G

88% 76% (3:1)
= site of minor reg|0|somer

Proposed Mechanism for Radical Generation

78% (3:1) 87%

12+ %

\\/P Ru(pnen)s . O\\éxo
. | ———— ‘.’9\
Ru(phen)s >* FF

Scheme 8 Photoredox trifluoromethylation of unactivated (hete-
ro)arenes

In the aforementioned examples, catalysis is promoted
by engaging the photosensitizer in outer-sphere electron
transfer events. At the same time, dehalogenative radical
generation has also been demonstrated to be driven by
non-canonical photocatalysts that engage the halide sub-
strate through inner-sphere electron transfer or direct halo-
gen atom abstraction events. In 2015, the Barriault group
described the use of gold photoredox catalysis for the appli-
cation of unactivated alkyl bromides to the alkylation of N-
heteroarenes through an intramolecular cyclization
(Scheme 9).83 This methodology was extended to intermo-
lecular radical additions in 2016. In this more recent study,
the Barriault group proposed a mechanistic pathway in-

volving an excited state exciplex that could undergo an in-
ner-sphere electron transfer to furnish the alkyl radical spe-
cies (Scheme 9).54 The development of these methods has
provided mild conditions for accessing primary alkyl radi-
cal fragments. In 2017, a group from Pfizer reported the use
of manganese decacarbonyl (Mn,CO,,) for the alkylation of
heteroarenes utilizing simple alkyl iodides as substrates.%®
The authors proposed that the Mn,CO;, catalyst undergoes
Mn-Mn bond homolysis upon irradiated with blue light.
The resultant (CO)sMn® radical species can then abstract an
iodine atom from the alkyl iodide reagent to enable alkyl
radical generation.

Barriault (2015 & 2016):

H R [Aux(dppm)ICl, (5 mol%) R
A | Ar
MeOH (0.5 M), Ar, UV-A ~
15-24n

Selected Intramolecular Examples

Oy oy O

98% 72% 86%
Selected Intermolecular Examples

@@m @fi ﬁi e

4% 93% 2%

Proposed Mechanism

Au'-Au'- -Br

TN

Au'--Au"'—Br

&\ //e
l.ay! -
Au'--Au Br

Scheme 9 Dehalogenative alkylation using gold photoredox catalysis
6 Alcohols and Ethers

The late-stage incorporation of oxygenated functional-
ity into complex molecules can have a significant impact on
the physical properties (e.g., solubility) of a compound. For
drug discovery, the optimization of these properties for a
lead compound is vital to the development of clinical candi-
dates.%¢ Thus, the development of methods for the installa-
tion of simple oxygenated fragments, such as those derived
from alcohols and ethers, is an important point of develop-
ment for the Minisci reaction.

The application of alcohols in the visible-light-driven
Minisci alkylation of heteroarenes was first reported in
2015 by the MacMillan group (Scheme 10).6’ The authors
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proposed that the methylation of heteroarenes could be
achieved through the initial addition of a carbon-centered
hydroxymethyl radical onto a heteroarene substrate. The
hydroxymethyl group could then be converted into the de-
sired methyl fragment through a spin-center shift induced
by the concomitant loss of water. The subsequent benzylic
radical species was proposed to be reduced and protonated
to furnish the final methylated product. Importantly, the
proposed hydroxymethyl radical intermediate in this report
was generated through C-H abstraction of methanol with a
thiol co-catalyst. This method provided a general manifold
for accessing Minisci reactivity, as a variety of alcohols, pyr-
idines, quinolines, and isoquinolines were amenable to
these alkylation conditions. Following this report, in 2016,
DiRocco and co-workers utilized a radical relay reaction to
promote the visible-light-mediated hydroxymethylation of
heteroarenes with methanol.?® This reaction was proposed
to proceed through the generation of a phenyl radical spe-
cies from the Ir(Ill)-catalyzed reductive decomposition of
benzoyl peroxide. The phenyl radical intermediate then un-
dergoes hydrogen atom abstraction from methanol, thereby
generating the active hydroxymethyl radical species, which
could be trapped by a variety of heteroarenes. This hy-
droxymethylation protocol allows for the late-stage func-
tionalization of an array of pharmacophores. While the
above two examples utilize iridium photocatalysts to pro-
mote reactivity, Minisci reactions featuring alkyl alcohol re-
agents have also been reported in the absence of photocata-
lysts. In 2017, the groups of Li®® and Barriault’® inde-
pendently reported the application of near UV irradiation
to promote the methylation of heteroarenes.

In 2014, the MacMillan group reported the first applica-
tion of ethers in conjunction with photoredox catalysis for
Minisci reactivity.”! The developed method utilized persul-
fate salts as both an oxidant and C-H abstraction reagent.
From a mechanistic standpoint, oxidative quenching of the
photocatalyst by the persulfate salt generates an equivalent
of sulfate radical anion, which readily abstracts a hydrogen
atom from the ethereal substrate. This seminal report
demonstrates the impact of photoredox catalysis on broad-
ening the scope of Minisci reaction protocols, as both cyclic
and acyclic ethers could be innovatively used as radical al-
kylating reagents under mild conditions. In 2017, the Ryu
group described the use of a polyoxometalate photocatalyst
tetrabutylammonium decatungstate (TBADT) for a visible-
light-driven Minisci alkylation reaction.”? In its excited
state, the TBADT photocatalyst enabled the selective, oxida-
tive generation of radical intermediates through the direct
abstraction of electron-rich hydrogen atoms present across
ether, alkane, and amide substrates. It is noteworthy that
Minisci reactions enabled by the C-H abstraction of satu-
rated molecules are not limited to oxygenated substrates, as
this mechanistic paradigm has also been reported with the
employment of protected amines’® and alkanes.”>74

MacMillan (2015):

N H
|Het + HO—Me
=
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Scheme 10 Visible-light-driven Minisci alkylation reaction using alco-
hols as alkylating agents

e

7 Conclusion

As exemplified in this short review, the utility of pho-
toredox catalysis for the Minisci alkylation reaction pro-
vides synthetic chemists with a myriad of opportunities to
utilize inexpensive, commercially abundant alkylating re-
agents (e.g., carboxylic acids, alcohols, alkyltrifluorobo-
rates, alkyl halides, etc.) for the direct, C-H alkylation of he-
teroarenes. Notably, visible-light-driven Minisci alkylation
reactions have been demonstrated to proceed under mild
reaction conditions and are tolerant of a variety of complex
functionalities. In particular, these strategies have been
shown to hold significant value for late-stage functionaliza-
tion efforts in drug discovery. The continued development
of photoredox Minisci alkylation reactions that are amena-
ble to a broader scope of complex heterocyclic compounds,
while providing improved regioselectivity, is vital to en-
hancing the synthetic utility and impact of this transforma-
tion. Furthermore, demonstrating the scalability of pho-
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toredox Minisci alkylation protocols (e.g., using continuous
flow systems) may offer valuable opportunities for bridging
drug discovery efforts with process development needs.
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