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ABSTRACT: The combination of N-heterocyclic carbene (NHC) organo-
catalysis with photochemical activation is becoming increasingly established as
an approach for conducting radical organic reactions under mild and practical
conditions. As comparatively easy to prepare and handle organic compounds, alkyl
silanes are attractive substrates for radical chemistry as desilylative mesolysis of the
corresponding radical cations is known to be rapid. Here, we report the successful
application of benzyl silane derivatives as source of alkyl radicals in dual NHC/
photoredox-catalyzed radical−radical coupling reactions with acyl fluorides.
Relatively electron-rich benzyl silanes reacted smoothly to afford the corresponding ketones in generally good yields, while
optimization of the NHC and photocatalyst allowed for a wider scope including primary benzyl substrates. Furthermore, initial
experiments revealed that organosilanes bearing N-, O- and S-heteroatoms can also serve as alkyl radical sources under these
conditions.
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■ INTRODUCTION
Over the last few decades, organocatalysis using N-heterocyclic
carbenes (NHCs) has emerged as a powerful approach to
prepare organic molecules. Umpolung processes where NHCs
transiently invert the inherent polarity of aldehyde substrates
are the most widely developed reaction class.1 In recent years,
considerable research effort has been devoted to expanding the
scope of transformations achievable through NHC organo-
catalysis.2 Some of the most intriguing advances have been
made by combining NHCs with light irradiation.3 As
demonstrated by our group in 2020,4 upon addition/
elimination to a suitable acyl electrophile, an NHC can
influence the absorption characteristics and subsequent
photochemical reactivity of a neighboring carbonyl group
(Figure 1a, Path 1). Using this Photo-NHC concept, ketone-
like reactivity could be accessed with otherwise unsuitable acyl
fluoride substrates in a novel photoenolization/Diels−Alder
(PEDA) process.5,6

The NHC moiety in an organocatalytic intermediate can
also have a decisive influence on its redox properties. Since the
pioneering work of DiRocco and Rovis, who first reported a
dual NHC/[Ru(bpy)3]Cl2 (bpy = 2,2′-bipyridine) catalyzed
umpolung reaction of aldehydes with tertiary amines under
visible light irradiation in 2012,7 several groups have explored
the combination of NHC organocatalysis with photoredox
activation.3 Upon reaction with aldehyde substrates, the
resulting Breslow intermediate A features an electron-rich
enamine motif, which can be readily oxidized under photo-
redox conditions (Figure 1a, Path 2). Similarly, acyl azolium
species B generated upon addition/elimination of an NHC

onto an activated carboxylic acid derivative are rendered
significantly more susceptible to single electron reduction due
to the neighboring cationic azolium fragment (Figure 1a, Path
3). In each case, radical species C are generated, which benefit
from enhanced stability by virtue of spin delocalization onto
the NHC moiety.8 A focus of research conducted in the past
few years has been the exploration of suitable alkyl radical
precursors for engaging with species C through radical−radical
coupling. When starting from aldehydes, precursors that
generate radicals upon single electron reduction are required
and significant success has been achieved employing benzyl
bromides and iodides.9 With carbonyl substrates at the
carboxylic acid oxidation level, alkyl radicals must instead be
generated upon single electron oxidation of an appropriate
precursor compound. The first successful application of this
approach was achieved by Scheidt and co-workers in 2020
employing 4-benzyl-substituted Hantzsch esters as sources of
benzyl radicals.10 Since then, a number of alternative radical
precursors have been reported for NHC/photoredox-catalyzed
benzylation of carboxyl substrates including carboxylic acids11

and organoboron species,12 while benzyl radicals have also
been generated from in situ-generated benzyl xanthate
species13 or even hydrogen atom abstraction from electron-
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rich alkyl benzenes.14,15 Coupling of benzyl radicals formed
upon addition of various radicals to styrene derivatives has also
been extensively reported.16,17

Comparatively straightforward to synthesize and easy to
store and handle, organosilanes possess a number of features
that make them attractive reagents for organic synthesis,
including in radical chemistry. As demonstrated by the groups
of Alyev et al.18 and Yoshida et al.,19 organosilanes featuring π-
systems adjacent to the silicon, such as benzyl(trimethyl)silane,
undergo efficient desilylation upon single electron oxidation.
Indeed, the rate of mesolytic C−Si bond cleavage in benzyl
silyl radical cations is extremely fast, making an oxidation/
desilylation sequence a highly attractive approach for the
selective generation of benzyl radicals.20 The combination of
this concept with organocatalysis was demonstrated by
Melchiorre and co-workers in 2017 (Figure 1b).21 Using a
proline derivative as catalyst, an efficient asymmetric
benzylation of enal substrates was achieved with benzyl-
(trimethyl)silanes generating benzyl radicals upon single

electron oxidation by photoexcited iminium ion intermediates.
Moreover, negatively charged benzyl (biscatecholo)silicates10c

and an electron-rich α-carbazolyl silane species12a have been
previously employed in dual NHC/photoredox coupling
reactions.22 Inspired by these reports, we considered whether
benzyl silanes could serve as useful general precursors of benzyl
radicals in NHC-catalyzed coupling reactions. Here we report
the successful validation of this approach in a dual NHC/
photoredox benzylation of acyl fluoride substrates. Moreover,
exploration of different organosilane derivatives allowed for the
extension of the methodology beyond benzylation (Figure 1c).

■ METHODS
At the start of the study, we sought to investigate the key
mechanistic steps of our reaction design using a stoichiometric
acyl azolium salt. Imidazolium species 1a was synthesized as a
model substrate and reacted in the presence of (4-methoxy)-
benzyl(trimethyl)silane 2a (1.1 equiv) in degassed anhydrous
MeCN. As the prior report from Melchiorre and co-workers

Figure 1. Light-mediated NHC organocatalysis. (a) Activation pathways of Breslow intermediates A and acyl azolium salts B: direct irradiation
(Photo-NHC catalysis, Path 1) and photoredox reduction (Path 3) of B and oxidation of A (Path 2). (b) Light-mediated organocatalyzed coupling
of benzyl silanes with enal substrates (Ar2 = (3,5-di(i-C3F7)C6H3); [Si] = Si(t-C6H13)Me2). (c) This work: dual NHC/photoredox-catalyzed
alkylation of acyl fluorides with organosilanes.
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Scheme 1. Initial Investigations Employing Stoichiometric Acyl Azolium Salt 1a

aInitial conditions: Benzoyl imidazolium salt (1a, 0.20 mmol, 1.0 equiv), benzyl silane (2a, 0.22 mmol, 1.1 equiv) in degassed anhydrous MeCN
(2.0 mL) irradiated with light from UVA LEDs (λmax = 370 nm) for 16 h at rt. Crude residue redissolved in THF (3.0 mL), stirred with [M]F salt
(1.2 equiv) for 30 min at rt. 1H NMR yields using CH2Br2 as an internal standard. Isolated yields in parentheses.

Table 1. Optimization of the Dual NHC/Photoredox-Catalyzed Benzylation Reaction of Acyl Fluoride 5a with Benzyl Silanes

entrya variation from standard conditions 1H NMR Yieldb

1 2a (1.0 equiv) in place of 2b 33%
2 none 65%
3 [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (2 mol %) as photocatalyst 47%
4 4CzIPN (2 mol %) as photocatalyst 53%
5 TMes HBF4 as NHC precursor 54%
6 IMes HCl as NHC precursor 2%
7 thiazolium(dipp) HClO4 as NHC precursor 31%
8 Cs2CO3 (1.0 equiv) as base 74%
9 Cs2CO3 (1.0 equiv), CH2Cl2 as solvent 73%
10 Cs2CO3 (1.0 equiv), 1,2-DCE as solvent 53%
11 Cs2CO3 (1.0 equiv), DMF as solvent 40%
12 Cs2CO3 (1.0 equiv), THF as solvent 33%
13 Cs2CO3 (1.0 equiv), 5a (2.0 equiv) 76%
14 Cs2CO3 (1.0 equiv), 5a (2.0 equiv), no degassing 76% (76%)
15 Cs2CO3 (1.0 equiv), 5a (2.0 equiv), no light traces
16 Cs2CO3 (1.0 equiv), 5a (2.0 equiv), no NHC precursor
17 5a (2.0 equiv), no Cs2CO3 2%
18 Cs2CO3 (1.0 equiv), 5a (2.0 equiv), no photocatalyst 8%

aConditions: benzoyl fluoride (5a), benzyl silane (2a or 2b), NHC precursor, photocatalyst and base in degassed solvent irradiated with light from
blue LEDs (λmax = 440 nm) for 24 h at rt. b1H NMR yields using CH2Br2 as an internal standard. Isolated yields in parentheses. TMe·HCl = 1,4-
dimethyl-4H-1,2,4-triazol-1-ium chloride; TMes·HBF4 = 2-mesityl-2,5,6,7-tetrahydropyrrolo[2,1-c]1,2,4 triazol-4-ium tetrafluoroborate; ppy = 2-
phenylpyridine; dtbbpy = 4,4′-di-tert-butyl-2,2′-bypyridine; dF(CF3)ppy = 3,5-difluoro-2-[5-(trifluoromethyl)-2-pyridinyl-N]phenyl; 4CzIPN =
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene.
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employing benzyl silane substrates under proline organo-
catalysis had been successful using light irradiation without an
additional photocatalyst,21a the reaction mixture was simply
irradiated with UVA light (λmax = 370 nm) for 16 h. The crude
1H NMR spectrum was complex with no peaks consistent with
the formation of the desired ketone product 3aa. Nevertheless,
conversion of both starting materials had occurred while ESI
mass spectrometry suggested the presence of an adduct
containing all the constituent atoms of both the acyl azolium
cation and benzyl silane 2a. Hypothesizing that this species
could be the silylated tetrahedral intermediate compound D
(Scheme 1), the reaction mixture was subsequently redissolved
in THF and tetra-n-butylammonium fluoride (TBAF, 1.2
equiv) was added. Under these conditions, intermediate D,
which feasibly results from silylation of the initially formed
alkoxide species following radical−radical coupling, would be
expected to undergo desilylation with subsequent elimination
of the NHC delivering the ketone product. Indeed, after 30
min at rt, peaks consistent with 3aa were observed in the crude
1H NMR spectrum while isolation by column chromatography

provided the pure ketone in 40% yield. The successful
formation of 3aa validates the proposed radical benzylation
process and demonstrates that benzyl silane species such as 2a
can undergo light-induced conversion into benzyl radicals in
the presence of NHC-derived acyl azolium salts. Conducting
the same two-stage process with azolium 1a and benzyl silane
2a but with CsF instead of TBAF led to an almost identical
yield of 3aa (39%, 1H NMR yield), however, performing the
same sequence with AgF provided only 2% of the ketone.
Irradiating 1a and 2a in the presence of AgF (1.2 equiv)
directly in a single step also did not lead to appreciable
formation of 3aa, however efficient conversion into the alcohol
species 4 was observed. Under these conditions, final
elimination of the NHC is seemingly unfavored and 4 could
be isolated in 32% yield after column chromatography while X-
ray diffraction analysis of a single crystal allowed for
unambiguous assignment of the structure (Scheme 1).

With the reactivity validated using a stoichiometric acyl
azolium salt, we next turned our attention to the development
of a catalytic benzylation process.23 As acyl fluorides had

Scheme 2. Scope and Limitations of the Dual NHC/Photoredox-Catalyzed Coupling of Acyl Fluorides 5 with Secondary
Benzyl Silane 2ba

aConditions: Acyl fluoride (5, 0.60 mmol, 2.0 equiv), benzyl silane (2b, 0.30 mmol, 1.0 equiv), TMe·HOTf (20 mol %), [Ir(ppy)2(dtbbpy)]PF6 (2
mol %) and Cs2CO3 (0.30 mmol, 1.0 equiv) in anhydrous MeCN (1.8 mL) irradiated with light from blue LEDs (λmax = 440 nm) for 24 h at rt.
Isolated yields after column chromatography. Ar = (4-OMe)C6H4. a1H NMR yield using CH2Br2 as an internal reference. bReaction conducted on a
0.10 mmol scale.
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proved to be effective carboxylic acid derivative starting
materials in our previous work on a Photo−NHC−catalyzed
PEDA reaction,4 benzoyl fluoride 5a was selected as substrate.
Significant success has been achieved conducting NHC
organocatalysis in the presence of an additional photocatalyst3

and with the aim of employing lower energy and thus more
functional group tolerant visible light, we decided to explore
performing the benzylation process under dual NHC/photo-
redox catalysis conditions rather than under direct UVA
irradiation. Such processes have proven most successful using
triazolylidene NHCs and the simple methyl derivative 1,4-
dimethyl-1,2,4-triazolium triflate (TMe·HOTf, 20 mol %) was
selected as catalyst in the presence of K2CO3 (2.0 equiv) as
base. Thus, the NHC catalyst and base were reacted together

with acyl fluoride 5a (4.0 equiv) and (4-methoxy)benzyl-
(trimethyl)silane 2a (1.0 equiv) under blue light irradiation
(λmax = 440 nm) in degassed MeCN with additional
[Ir(ppy)2(dtbbpy)]PF6 (2 mol %) as photocatalyst. After 24
h at rt, analysis of the crude reaction mixture revealed the
formation of the desired ketone 3aa, albeit in a low yield of
only 33% (1H NMR yield, internal standard = CH2Br2, Table
1, entry 1). At this stage, we considered whether switching to a
secondary benzyl silane substrate would allow for an
improvement in the reaction efficiency. Replacing 2a with
silane 2b, which should provide a better stabilized secondary
benzyl radical upon single electron oxidation and desilylation,
delivered the corresponding ketone 3ab in a markedly higher

Scheme 3. Scope and Limitations of the Dual NHC/Photoredox-Catalyzed Coupling of Acyl Fluoride 5a with Different Benzyl
Silanes 2a

aConditions: Acyl fluoride (5a, 0.60 mmol, 2.0 equiv), benzyl silane (2, 0.30 mmol, 1.0 equiv), TMe·HOTf or TMes·HBF4 (20 mol %),
[Ir(ppy)2(dtbbpy)]PF6 or 4CzIPN (2 mol %) and Cs2CO3 (0.30 mmol, 1.0 equiv) in anhydrous MeCN (1.8 mL) irradiated with light from blue
LEDs (λmax = 440 nm) for 24 h at rt. 1H NMR yields calculated from reactions on a 0.1 mmol scale using CH2Br2 as an internal standard, isolated
yields in parentheses.
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1H NMR yield of 65% (entry 2). Changing to other visible
light photocatalysts such as [Ir(dF(CF3)ppy)(dtbbpy)]PF6 or
4CzIPN did not lead to an improvement in efficiency (entries
3−4) while switching to a variety of different NHC
organocatalysts was similarly ineffective (entries 5−7). A
notable increase in the yield was observed, however, upon
using Cs2CO3 (1.0 equiv) as the base with 3ab being delivered
in 74% 1H NMR yield (entry 8). A survey of different reaction
solvents confirmed the superiority of MeCN, however decent
conversion was nevertheless observed in a range of different
media with CH2Cl2 being almost as efficient (entries 9−12).
Reducing the equivalents of the acyl fluoride substrate to 2.0
equiv. did not lead to a drop in the amount of 3ab formed with
the ketone in fact being obtained in a slightly higher 1H NMR
yield of 76%, while degassing of the reaction mixture was found
to be unnecessary (entries 13−14, isolated yield after column
chromatography = 76%). Finally, control reactions performed
in the absence of the NHC catalyst, base or light confirmed the
requirement for each component while removing the photo-
catalyst resulted in a significant drop in efficiency with 3ab
being formed in only 8% 1H NMR yield (entries 15−18).

With an established set of catalytic conditions for the
benzylation process, the scope and limitations of the
methodology were investigated (Scheme 2). First, a selection
of acyl fluorides 5 were tested using secondary substrate 2b as
a representative benzyl silane. When reacted under the
optimized conditions from Table 1 (Scheme 2), a selection
of 4-substituted aroyl fluorides including the methoxy and
methyl-containing compounds 5b and 5c could be smoothly
converted into the corresponding ketones 3bb and 3cb in good
yields. The successful conversion of the 4-bromo-substituted
compound 5d is noteworthy as the ketone product 3db is
feasibly amenable to further functionalization through cross-
coupling methodologies. Substitution at the 3- and 2-positions
was well tolerated as demonstrated for the methyl-bearing
aroyl fluorides 5e and 5f (yields = 3eb: 64%; 3fb: 55%). The
aroyl fluoride 5g, which features the sterically more demanding
CH2OBz group at the 2-position could be similarly converted
into the corresponding ketone 3gb in a good yield of 61%;
however, 2-iodo and 2-acetyl substituted substrates led to
either no product or only trace amounts, respectively. A
selection of disubstituted aromatic substrates were also
investigated. The 2-methyl-5-halogenyl-substituted derivatives
5j (halogen = Cl) and 5k (halogen = Br) reacted smoothly to
afford ketones 3jb and 3kb in 64% and 42% yield, respectively.
Aroyl fluoride 5l, however, which features a photochemically
noninnocent nitro-group, afforded only a trace amount of the
corresponding ketone product. The 3,5-(dichloro)aroyl ketone
3mb and the cyclic acetal derivative 3nb could be obtained in
moderate yields, while subjecting 2-thiophenoyl fluoride 5o to
the standard conditions revealed that the dual NHC/
photoredox benzylation method can proceed successfully
with heteroaromatic carboxylic acid derivatives with ketone
3ob being isolated in 57% yield after column chromatography.
A test reaction with cyclohexanoyl fluoride 5p was unsuccessful
suggesting aliphatic derivatives are not suitable substrates.24

Finally, to evaluate the efficiency of the process with more
complex substrates, an acyl fluoride derived from the steroid
estrone was prepared and subjected to the standard conditions.
Pleasingly the corresponding coupled product was formed
successfully with purification by column chromatography
providing 3qb in 70% yield.

We next turned our attention to an evaluation of the scope
and limitations of the process with different benzyl silanes 2.
Starting with secondary derivatives, the electron-rich 3,4-
dimethoxy-substituted compound 2c was subjected to the
standard conditions with 5a as a representative acyl fluoride.
After 24 h at rt, smooth conversion into the corresponding
ketone was observed with 3ac being isolated in 68% after
column chromatography. A test reaction with the 4-methyl-
containing secondary benzyl fluoride 2d, however, was less
successful. Under the standard conditions with TMe·HOTf
and [Ir(ppy)2(dtbbpy)]PF6, a low conversion to the desired
ketone 3ad was obtained (22% 1H NMR yield). As a result, a
further round of optimization was performed with the aim of
increasing the efficiency of the benzylation process with less
electron-rich secondary organosilanes.23 Although proving less
efficient with the electron-rich substrates 2b and 2c, changing
the photocatalyst from the iridium complex to the organic
species 4CzIPN led to a notable improvement with silane 2d.
Under these conditions, ketone 3ad could be isolated in a good
yield of 69% after column chromatography. A similar effect was
observed with the 4-chloro-substituted benzyl silane 2e. With
the iridium catalyst (Conditions A), the desired benzylation
did not proceed, however switching to 4CzIPN (Conditions
B) resulted in significant conversion to the ketone 3ae, which
could be isolated in a moderate yield of 31%. Pleasingly, these
conditions were also successful with the 1,2,3,4-tetrahydro-
naphthalene-derived silane 2f with ketone 3af being furnished
in 62% yield after column chromatography.

At this stage, the efficiency of the coupling process with
primary benzyl silane substrates was investigated (Scheme
3).25 As observed during the initial optimization studies, 4-
(methoxy)benzyl silane 2a was found to be less reactive than
the corresponding secondary species 2b with ketone 3aa being
delivered in only 44% 1H NMR yield under the standard
conditions with [Ir(ppy)2(dtbbpy)]PF6 (Conditions A, cf. 76%
1H NMR yield of 3ab). After a further short round of
optimization,23 the isolated yield of 3aa could be increased
significantly to 73% upon changing the NHC precatalyst to the
N-mesityl-substituted triazolium salt TMes·HBF4 (Conditions
C). A survey of alternative carboxylic acid derivative substrates
for the benzylation process with silane 2a under these
conditions was also conducted. While acyl fluoride 5a
remained the most effective benzoyl source, benzoic anhydride
6a could also be successfully converted (1H NMR yield of 3aa
= 49%), however N-benzoyl imidazole 7a, which has been
previously employed in dual NHC/photoredox-catalyzed
coupling reactions, led only to trace amounts of the product.
The conditions with TMes·HBF4 were then tested with the 4-
tert-butyl-substituted primary benzyl silane 2g. Disappoint-
ingly, however, sluggish conversion was observed with ketone
3ag being delivered in only 16% 1H NMR yield. As 4CzIPN
had proven more successful than [Ir(ppy)2(dtbbpy)]PF6 with
less electron rich secondary benzyl silane substrates, the
reaction with 2g was repeated using this photocatalyst together
with TMes·HBF4 (Conditions D). To our delight, the ketone
product was formed smoothly under these conditions with
isolation by column chromatography delivering 3ag in a much
improved 57% yield. With the exception of the comparatively
electron rich 4-methoxy-substituted silane 2a, the combination
of TMes·HBF4 and 4CzIPN led to higher yields for all the
primary benzyl silanes tested. The 4-phenyl and 4-methyl-
substituted derivatives 2h and 2i could be converted into the
corresponding ketones 3ah and 3ai in moderate yields of 41%
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and 42%, respectively, although methyl substituents at the 2- or
3-positions were less well tolerated (yields = 3aj: 24%; 3ak:
14%). The 2-naphthyl-derived silane 2l was converted
efficiently, delivering ketone 3al in 62% isolated yield;
however, the analogous benzene derivative 2m was not a

suitable substrate, providing ketone 3am in only 6% isolated
yield.

Finally, having established the feasibility of the coupling
process using benzyl silanes, we considered whether alternative
organosilane structures could also serve as effective precursors

Scheme 4. Scope and Limitations of the Dual NHC/Photoredox-Catalyzed Coupling of Acyl Fluoride 5a with Different α-
Heteroatom-Substituted Silanes 2a

aConditions: Acyl fluoride (5a, 0.60 mmol, 2.0 equiv), α-heteroatom-substituted silane (2, 0.30 mmol, 1.0 equiv), TMe·HOTf or TMes·HBF4 (20
mol %), [Ir(ppy)2(dtbbpy)]PF6 or 4CzIPN (2 mol %) and Cs2CO3 (0.30 mmol, 1.0 equiv) in anhydrous MeCN (1.8 mL) irradiated with light
from blue LEDs (λmax = 440 nm) for 24 h at rt. See Scheme 3 for catalysts used under Conditions A−D. 1H NMR yields calculated from reactions
on a 0.1 mmol scale using CH2Br2 as an internal standard, isolated yields in parentheses.

Scheme 5. Gram Scale Reaction and Extension to a Radical Relay Process with Styrene
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to a wider range of alkyl radicals under dual NHC/photoredox
catalysis conditions.26 As comparatively electron rich deriva-
tives, organosilanes featuring an α-heteroatom are susceptible
to single electron oxidation with subsequent desilylation
providing alkyl radicals stabilized by the adjacent lone pairs
(Scheme 4). The feasibility of dual NHC/photoredox-
catalyzed coupling with the carbazole-substituted silane 2n
has been demonstrated previously by the group of Li12a and we
initially tested this substrate under the optimized conditions
with TMes·HBF4 and [Ir(ppy)2(dtbbpy)]PF6 (Conditions C).
To our delight, smooth conversion to the desired α-carbazolyl
ketone was observed and product 3an could be isolated in 60%
yield after column chromatography. The related indole
derivative 2o also reacted, however, only 14% 1H NMR yield
of the corresponding ketone 3ao was obtained. Upon
performing the reaction with 4CzIPN as photocatalyst
(Conditions D), a marked improvement was observed with
3ao being isolated in 34% yield. Similarly, the 7-azaindole
derivative 2p could be converted to ketone 3ap in 35% isolated
yield under the same conditions. We next turned our attention
to organosilane substrates featuring oxygen and sulfur
heteroatoms α to the silicon. With the phenol derivative
substrates 2q, 2r and 2s, Conditions D with TMes·HBF4 and
4CzIPN again proved most effective, although the yields of the
corresponding ketones were comparatively low in each case
(<25%). In these reactions, esters 8 resulting from dealkylation
of the phenolic starting materials followed by benzoylation
with the acyl fluoride 3a were observed as significant side-
products. Finally, similarly low conversions were observed with
the thiophenol derivative substrates 2t and 2u using
Conditions C or D with the corresponding ketones 3at and
3au being isolated in only 9% (Conditions C) and 19%
(Conditions D) yields, respectively.

To further evaluate the synthetic utility of the method, a
gram−scale reaction between acyl fluoride 5a and the (3,4-

dimethoxyl)benzyl silane 2v was carried out under the
standard conditions with TMes·HBF4 and [Ir(ppy)2(dtbbpy)]-
PF6 (Scheme 5). To our delight, the corresponding product
3av could be isolated in a good yield of 42%. Furthermore,
inspired by reports of dual NHC/photoredox-catalyzed radical
relay reactions with alternative alkyl radical sources, the
prospect of incorporating alkene coupling partners into the
reactions with alkyl silanes was investigated. Although benzyl
derivatives were not suitable in such processes, when the
reaction with α-heteroatom-substituted silane 2n and acyl
fluoride 5a was conducted in the presence of styrene 9a (1.0
equiv), the radical relay product 10ana resulting from initial
addition of the α-amino-radical to the alkene followed by
radical−radical coupling was formed in 28% 1H NMR yield
alongside 36% of the direct coupling product 3an. Pleasingly,
increasing the equivalents of styrene led to a higher selectivity
for the radical relay process with 10ana being isolated in 47%
yield using 4.0 equiv of styrene (1H NMR yield = 48%, 1H
NMR yield of 3an = 18%).

Having established the scope of the process, our attention
turned to an investigation of the reaction mechanism. As
outlined in the introduction above, our reaction design
involved the intermediacy of a key acyl azolium species I
(Scheme 6). Indeed, stoichiometric studies had shown that
independently synthesized benzoyl imidazolium species 1a is
successfully converted into the product 3aa (Scheme 1). Such
a species could feasibly be generated upon addition/
elimination of the NHC catalyst to an acyl fluoride 5. In
order to get more insight into this step, density functional
theory calculations were carried out to calculate free enthalpies
at the ωB97M-V/def2-QZVP//PBEh-3c level of theory
including an explicit solvation enthalpy by COSMO-RS BP-
TZVPD-FINE.27 While addition of the triazolylidene NHC
TMe, generated upon deprotonation of the corresponding
triazolium salt, TMe·HOTf, to 5a was facile (barrier: 64.2 kJ

Scheme 6. Plausible Reaction Mechanism for the Dual NHC/Photoredox-Catalyzed Coupling of Acyl Fluorides 5 and
Organosilanes 2a

aR = Ar, OR, NR2• SR.
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mol−1), the subsequent elimination of the fluoride ion
affording acyl azolium I was calculated to be highly endergonic
(ΔG = 290.1 kJ mol−1). While this value is likely an upper
bound, the high energy cost nevertheless suggests that acyl
fluoride 5a may not be the active electrophile in the system.28

Indeed, mixing TMe, preformed by deprotonation of TMe·
HOTf with sodium hydride, with acyl fluoride 5a in an NMR
tube (solvent: CD3CN) did not lead to discernible formation
of the corresponding acyl azolium species. Studer and co-
workers have recently suggested bis(acyl) carbonate species
derived from a reaction between the carbonate base and acyl
fluorides may act as electrophiles for NHC organocatalysis. To
test whether such species may be involved in this process,
addition/elimination of TMe to the representative species II
(Ar = Ph) was calculated. In this case, exergonic formation of
the acyl azolium species I was observed, with benzoyl
carbonate present as a contact ion pair (ΔG = −35.9 kJ
mol−1). We therefore tentatively propose that the active
electrophile in this process could be the (bis)acyl carbonate II.
Notably, this scenario is consistent with the greater efficiency
observed with more than one equivalent of the acyl fluoride 5a
and when using stoichiometric amounts of the base, which not
only functions to deprotonate the NHC precatalyst but also
plays an integral role in generating the active electrophile.29

According to our reaction design, the presence of the
cationic triazolium fragment in acyl azolium species I leads to a
lowering of the carbonyl reduction potential allowing for single
electron reduction to zwitterionic radical IV. To gain further
experimental evidence of this step, Stern Volmer luminescence
quenching experiments were carried out using [Ir-
(ppy)2(dtbbpy)]PF6 as photocatalyst. While no appreciable
quenching of the photocatalyst luminescence was observed in
the presence of either the acyl fluoride 5a or benzyl silane 2b,
concentration dependent quenching occurred with benzoyl
triazolium 1b, indicating species of general structure I can be
directly reduced by the photocatalyst excited state.23 Perform-
ing the standard reaction between acyl fluoride 5a and silane
2b in the presence of TEMPO (1.0 equiv) led both to a
considerable reduction in the yield of 3ab obtained (22% 1H
NMR yield cf. 76% without TEMPO) and the formation of the
TEMPO ester 11. This species would be formed upon radical−
radical coupling of TEMPO and zwitterionic radical IV
followed by NHC elimination. To complete the photocatalytic
cycle, the alkyl silane species 2 would then react with the
oxidized photocatalyst ([PC]•+ in Scheme 6), regenerating the
ground state photocatalyst and forming the silane radical
cation V. As previously established,20 desilylation of radical
cations V affording an alkyl radical VI is very fast and aided by
activation by an adventitious nucleophile in the reaction
medium. DFT calculations on this step for benzyl trimethylsi-
lane (R = Ph) indicated assistance by the acetonitrile solvent
affording [(MeCN)SiMe3]+ as a byproduct is exergonic by
53.4 kJ mol−1. The further trapping of this species by a fluoride
ion (or direct nucleophilic attack of F− to V) would provide
FSiMe3, which represents an energetic sink for the reaction.
Radical−radical coupling between the azolium radical IV and
alkyl radical VI generating zwitterionic species VII is calculated
to be exergonic by 68.3 kJ mol−1, with final elimination of the
NHC organocatalyst proceeding readily with a barrier of 20.7
kJ mol−1 to deliver the final ketone product 3.30

■ CONCLUSIONS
In summary, a dual NHC/photoredox-catalyzed radical
coupling method has been developed employing organosilanes
as sources of alkyl radicals. Using acyl fluorides as coupling
partners, benzyl silanes underwent single electron oxidation
and desilylation under photoredox catalysis conditions,
eventually affording ketone products. Comparatively electron-
rich silane species reacted most efficiently, however, switching
the NHC and photocatalyst allowed for less activated
derivatives including primary benzyl substrates to be coupled
successfully. Moreover, while generally lower yielding, organo-
silanes bearing N-, O- and S-heteroatoms could also be
converted. In establishing diverse organosilanes as suitable
substrates for coupling reactions, this work further demon-
strates the growing potential of dual NHC/photoredox
catalysis and further studies are ongoing in our laboratory.
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