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Abstract: Visible-light photoredox catalysis has been uti-
lized in a new multicomponent reaction forming -func-
tionalized d-diketones under mild conditions in an opera-
tionally convenient manner. Single-electron reduction of
in situ generated carboxylic acid derivatives forms acyl
radicals that react further via 1,2-acylalkylation of olefins
in an intermolecular, three-components cascade reaction,
giving valuable synthetic entities from readily available
starting materials. A diverse set of substrates has been
used, demonstrating robust methodology with broad sub-
strate scope.

_/

In recent years, synthetic chemistry has evolved at such a pace
that molecular complexity can be rapidly achieved with high
selectivity. One of the most efficient methods to construct mo-
lecular complexity is by utilizing multicomponent reactions
(MCRs) and cascade-type transformations."” MCRs are conver-
gent reactions, in which three or more starting materials are
reacted together to form a single product with high atom effi-
ciency." Opposed to the classical sequential synthetic ap-
proach to construct complex molecules, MCRs enable the as-
sembly of complex molecules in a single operation. The prod-
uct is formed via a cascade of elementary chemical reactions
through a series of reaction equilibrium, ideally ending in an ir-
reversible step to give the desired product. MCRs have
become a very popular tool in many areas of applied chemis-
try due to its labor efficient way to access a vast array of struc-
tural space.l'®]
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Recently, visible-light-mediated photoredox catalysis has
emerged as a competitive method for functional-group inter-
conversions generating reactive radical intermediates under
mild and environmentally benign conditions.” Contributions
to this field from our group include the formation of acyl radi-
cals via single-electron reduction of aromatic carboxylic acid
derivatives (Figure 1b).”! This approach combines the benefits
of using readily available and inexpensive starting materials
with a synthetic method that extends beyond the existing
routes to access acyl radicals.”) Mixed anhydride intermediates,
formed in situ from simple carboxylic acids by reaction with di-
methyl dicarbonate (DMDC) have proven to be efficient oxida-
tive quenchers of the excited state of the photocatalyst fac-
Ir(ppy); (tris[2-phenylpyridinato-C2Nliridium(lll)) to generate
the desired acyl radical species, along with CO, and methano-
late as the only byproducts.®® Capitalizing on this mild way to
access acyl radical intermediates, we envisioned that MCRs
could be engaged in a radical context under redox-neutral
conditions.

Electron-rich acyl radicals have a pronounced reactivity pref-
erence towards electron-deficient alkenes, a property that can
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Figure 1. a) Tin enolate-mediated carbonylative coupling reaction. b) Acylar-
ylation of N-aryl acrylamides by means of visible-light photoredox catalysis.
) Photoredox-catalyzed intermolecular three component synthesis of {3-
functionalized d-diketones.
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be exploited in a multicomponent setting by achieving
selectivity towards electron-poor coupling partners in
the presence of electron-rich olefins. Strategically, such
a combination of coupling partners would provide
access to the synthetically challenging 1,2-dicarbofunc-
tionalization of alkenes (Figure 1c).

The majority of published photoredox-mediated
MCRs rely on radical polar crossover transformations,
in which free radical-based bond formations are com-
bined with nucleophilic trapping of an intermediate
carbocation, typically by a solvent or co-solvent.”’ Pho-
toredox-mediated MCRs, in which two or more C—C
bonds are formed in a pure radical fashion, remain rel-
atively unexplored.”” Moreover, MCRs based on classi-
cal free-radical chemistry are typically characterized by
the need of external oxidants, UV irradiation, high CO
pressure, high temperature or tin-, borane, or lead-
based reagents, as well as stannylated and silylated
phosphanes as precursors.” Herein, we report the first
redox-neutral approach for the mild visible-light-medi-
ated multicomponent 1,2-acylalkylation of alkenes
giving convenient access to B-functionalized &-dike-
tones (Figure 1¢).

Preliminary studies of the three-component reaction
were investigated by using benzoic acid 1a, methyl
acrylate 2a, and tert-butyldimethyl((1-phenylvinyl)oxy)-
silane 3a as the acyl radical precursor, electron-defi-
cient and electron-rich coupling partners, respectively.
In addition to the specified substrates, fac-Ir(ppy)s,
DMDC, and 2,6-lutidine were added to the protocol,
and the reaction was conducted under visible-light ir-
radiation (Table S1, the Supporting Information). The
choice of the photocatalyst was based on previous
studies, which demonstrated that fac-Ir(ppy); is capa-
ble of reducing mixed anhydride | to the correspond-
ing acyl radical species Ill as depicted in Figure 2.** To
our delight, initial experiments validated our approach
and provided the corresponding product 4a in
a modest yield (Table S1, the Supporting Information).
Subsequent optimizations revealed that employing 3
as the limiting reagent in combination with a catalyst
loading of 2-5mol% provided robust and optimal
conditions for the transformation.

Control experiments performed in the absence of
the photocatalyst, DMDC, or light irradiation did not
result in the formation of the desired product (en-
tries 14-16 in Table S1, the Supporting Information),
observations that validated our mechanistic rational.
With optimized reaction conditions in hand, the scope
of the reaction in terms of structural diversity of all
components was examined. As shown in Table 1, the
reaction proceeded in modest to excellent yields (4a-
n, Table 1) for a wide range of mono- or disubstituted
benzoic acids (1a-I, Table S2, the Supporting Informa-
tion), as well as for heteroaromatic substrates, such as
5-methylthiophene-2-carboxylic acid and 2-furoic acid
(1m-n, Table S2, the Supporting Information). In gen-
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Figure 2. Proposed mechanism.

Table 1. Scope of the carboxylic acids 1 and electron-rich olefins 3.1

fac-Ir(ppy)s 00
2,6-lutidine, DMDC w
DMF . s
48h blue LEDs

1 2a 3 4

. /\n/o\+ ArTOTBS

Ar OH [¢]

4b R = Cl 54% yield 4d R = OiPr 53% yield
4c R =OMe 97% yield 4e R = OCOMe 54% yield

4f R = Cl 54% yield

= 2= % vi
4g R = Me 75% yield 4h R' = Me, R* = OMe 69% yield

4i R'=Me, R? = CF333% yield

4j R'=
4kR'=

R? = Me 61% yield
Me, R? = C162% yield

40R'=
4p R' = t-Bu, R = H 61% yield

Cl, R? = H 46% yield
4s X = 0 40% yield

= % vi
4qR’ 4t X =S 50% yield

4r R'=

= OMe, R? = OMe 34% yield
OMe, R? = H 63% yield

[a] Reaction was performed by using 2-5mol% of fac-Ir(ppy)s, 2,6-lutidine
(0.5 equiv), DMDC (3 equiv), 1 (2 equiv), 2a (2 equiv) and 3 (1 equiv) on a 0.2 mmol

scale (detailed description is given in the Supporting Information). Isolated yields.
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eral, unfunctionalized and electron-rich carboxylic acids provid-
ed higher yields compared to their electron-deficient counter-
parts (e.g., 4a and c). However, the inclusion of strongly elec-
tron-withdrawing groups, such as trifluoromethyl or nitro moi-
eties, at the para-position of the carboxylic acid gave very low
yields (< 10%). For these substrates, the background reaction
(i.e., the conversion of the acid into the corresponding unreac-
tive methyl esters) was evidently faster than the redox chemis-
try (Table S2 and NMR spectra in the Supporting Information).®
Notably, carboxylic acids bearing free hydroxy or amino groups
(1e and I, Table S2, the Supporting Information) smoothly fur-
nished the corresponding carbonate and carbamate derivatives
without affecting the yields in a deleterious way (4e and I,
Table 1).

The scope of the reaction was further explored with regards
to the olefin substrates 2 and 3 (Table 1 and 2). p-Anisic acid
(1¢) and methyl acrylate (2a) together with various electron-
rich olefins (3 c-f, Table S3, the Supporting Information) gave
the desired products in generally good yields (40-t, Table 1).
The reaction appears to tolerate both mono- and disubstituted
aryls, as well as heteroaromatic derivates of the silylenolether
3, although possible limitations include strongly electron-defi-
cient aryl groups (trifluromethyl (4ad), Table S3, the Support-
ing Information) or non-aromatic silylenolethers (tert-butyl
(4ae), TableS3, the Supporting Information). In a similar
manner, different electron-poor olefins with a number of elec-
tron-withdrawing groups (2b-h, Table S4 in the Supporting In-
formation) were evaluated as coupling partners together with
benzoic acid (1a) or p-anisic acid (1) and silylenolethers 3a or
3b. Common acrylic derivatives were compatible with the opti-
mized conditions providing the corresponding products in fair
yields (4u-aa, Table 2). Taken together, the protocol gives
a new entry to 1,2-acylalkylated alkenes in the form of B-func-
tionalized d-diketones. The protocol demonstrates a relatively
broad scope with respect to the different substrates, with

Table 2. Scope of the electron-poor olefins 2.7

fac-Ir(ppy)s
. R , @ TOTBS 2,6-lutidine, DMDC 0 EWG O
Ar OH DMF Ar Al
EWG 48h blue LEDs R )
1 2 3 4
O R O
|
0%y°0 ® 09
o

4v R = CONMe, 45% yield
4w R =CN 52% yield

4x R = COMe 47% yield
4y R=SO,Ph 66% yield

SO
o

4u 41% yield

OEt
2 o

o
O OBoc O‘

4z 63% yield

4aa 66% yield

[a] Reaction was performed by using 2-5 mol % of fac-Ir(ppy)s, 2,6-lutidine
(0.5 equiv), DMDC (3 equiv), 1 (2 equiv), 2 (2 equiv) and 3 (1 equiv) on
a 0.2 mmol scale (detailed description is given in the Supporting Informa-
tion). Isolated yields.
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yields ranging from 58 to 99% for each individual C—C bond-
forming reaction.

To demonstrate the robustness and thus synthetic value of
this photoredox-mediated multicomponent reaction, its scala-
bility was evaluated. Satisfyingly, the reaction was successfully
scaled-up to 1 mmol scale by using p-anisic acid (1c), methyl
acrylate (2a), and tert-butyldimethyl((1-(5,6,7,8-tetrahydronaph-
thalen-2-yl)vinyl)oxy)silane (3b), providing 4c in a very good
yield (87%). Furthermore, to illustrate the diverseness of d-di-
ketones in synthetic elaborations, 4 ¢ was converted to a trisub-
stituted pyridine (5a), and a trisubstituted cyclopentene (5b)
derivative in 46 and 48 % vyield, respectively, by following litera-
ture procedures (Scheme 1).! It is worth noting that these
compounds were accordingly synthesized in two steps from
commercially available and structurally simple starting materi-
als. A plausible catalytic cycle for the presented transformation
is proposed in Figure 2. Photoexcitation of fac-I'"(ppy); (depict-
ed as I") under visible light, generates the strong reductant
fac-*Ir"(ppy)s.

Examples of accesible transformations Exemplified transformations

: = '
EWG EWG 5 L
s r E
R! R? HO oH i N7
R' R i o ,
! 5a 46% yield :
a b
T AcOH
. NH,OAc
0 EWG O i
R' R2 :
: Zn, TiCl
; Pyridine

4
c d
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Scheme 1. Examples of accessible transformations of 1,5-diones: a) Mojr

et al." b) Foster et al."" c) Wang et al.'? d) Padmavathi et al."™*! Transforma-
tions of 4c into cyclized compounds 5a and b following published literature
procedures.”

Single-electron reduction of mixed anhydride | (generated in
situ from carboxylic acid 1 in the presence of DMDC under
basic conditions) by fac-*Ir"(ppy), gave fac-Ir¥(ppy); and radical
anion Il that, after fragmentation, gave acyl radical Ill along
with CO, and methanolate. Subsequently, acyl radical Ill under-
went selective radical addition to the electron-poor olefin 2
giving radical intermediate IV. Next, IV reacted selectively with
the silylenolether 3, forming intermediate V, which in turn was
oxidized by fac-Ir¥(ppy); to give intermediate VI, while regen-
erating the ground-state of the catalyst. Finally, the elimination
of TBS™ from VI formed the desired product in an irreversible
step.
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In conclusion, a new photoredox-catalyzed multicomponent
reaction for the formation of variously B-functionalized d-dike-
tones under mild visible-light conditions was presented. The
use of simple carboxylic acids as acyl radical precursors pro-
moted by visible light allowed the development of this inter-
molecular cascade reaction, which combines three compounds
in a radical process. The overall reaction proceeds in a redox
neutral fashion avoiding the need for stoichiometric amounts
of external electron donors or oxidants. Furthermore, the pos-
sibility of accessing a large variety of structures by the straight-
forward derivatization of compound 4c showcases the syn-
thetic utility of the presented method. Exploration of the reac-
tivity of acyl radicals under photoredox catalyzed conditions
and exploitation of this chemistry in unprecedented multicom-
ponent reactions are currently under investigation in our labo-
ratory.
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