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cooperative nickelaphotoredox catalysis†
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Various commercially available acyl chlorides, aldehydes, and alkanes were exploited for versatile three-

component 1,2-carboacylations of alkenes to forge two vicinal C–C bonds through the cooperative

action of nickel and sodium decatungstate catalysis. A wealth of ketones with high levels of structural

complexity was rapidly obtained via direct functionalization of C(sp2)/C(sp3)–H bonds in a modular

manner. Furthermore, a regioselective late-stage modification of natural products showcased the

practical utility of the strategy, generally featuring high resource economy and ample substrate scope.
Introduction

Alkenes have found widespread applications for the rapid
construction of diverse bioactive molecules and functionalized
polymers.1 In this context, alkene difunctionalization has
undergone impressive progress during the last decade.2,3

Recently, cooperative nickelaphotoredox catalysis has attracted
increasing attention by installing two functional groups onto
C]C double bonds to achieve the 1,2-difunctionalization of
alkenes under mild reaction conditions, which was elegantly
explored by Nevado,4 Molander,5 Aggarwal,6 Rueping,7 Martin,8

Studer,9 Koh10 among others.11,12 For instance, the groups of
Kong13 andMolander5a disclosed two elegant approaches for the
carboarylation of alkenes through the activation of aliphatic
C–H bonds via cooperative nickelaphotoredox catalysis. Despite
the indisputable advances, direct 1,2-carboacylations of alkenes
for the preparation of ketones via nickelaphotoredox catalysis is
underdeveloped.

Alkene 1,2-difunctionalizations by means of the direct 1,2-
carboacylation can access carbonyl compounds, which are
prestigious structural motifs and represent important phar-
macophores existing in many drug molecules such as
ibuprofen, ketoprofen, and naproxen.14 Most of the traditional
methods are based on preformed organometallic reagents,
which are typically not compatible with electrophilic sensitive
functional groups (Scheme 1A).15 Moreover, the multistep
synthesis signicantly decreases the efficiency and resource
economy of these syntheses.16 Recently, efficient strategies have
surfaced to achieve direct 1,2-carboacylations of alkenes,17,18

and especially, N-heterocyclic carbene (NHC)-catalyzed radical-
hemie and Wöhler Research Institute for

sität Göttingen, Tammannstraße 2, 37077

n@chemie.uni-goettingen.de

Research), Germany

mation (ESI) available. See

63
based 1,2-carboacylations of alkenes have witnessed major
momentum (Scheme 1B).19,20 However, key synthesis challenges
remain: (a) pre-activated alkyl and acyl substrates are required,
which translate into the low atomic economy; (b) limited radical
precursors including alkyl halides, redox-active esters and
cyclobutanone oxime esters served as alkyl resources; (c)
Scheme 1 Synthetic approaches to carbonyl compounds.
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preformed complex acyl reagents are required. To overcome
these major limitations, it is hence highly desirable to develop
new, alternative strategies that provide efficient access to
substituted carbonyl compounds. In this context, acyl chlorides
and aldehydes are inexpensive, abundant and easily available
commodity chemicals and can serve as suitable acyl sources for
the direct transformation of alkenes.21,22 Their transformation
in one single-step operation is appealing but challenging. In
sharp contrast, we, herein, present a photochemical nickel-
catalyzed approach for the preparation of functionalized
carbonyl compounds, using acyl chlorides as acyl reagent to
incorporate simultaneously and with excellent selectivity two
different carbon fragments onto alkenes (Scheme 1C). This
method exhibits broad substrate scope, it is compatible with
carbonyl radicals from various aldehydes and with diverse
tertiary/secondary/primary alkyl radicals, indeed contrasting
with previous reports.
Results and discussion

To identify the ideal reaction conditions for the envisioned
carboacylation of alkenes reaction, we chose three commercial
reagents, namely valeraldehyde (1), ethyl acrylate (2) and 3-
methyl-benzoyl chloride (3), as the substrates (Table 1). Aer
a careful investigation of all reaction parameters (more details
see the ESI†), we arrived at the optimized conditions, involving
Table 1 Optimization of reaction conditionsa

Entry Variation from “standard conditions” Yieldb/[%]

1 None 76 (71)c

2 TBADT instead of NaDT 59
3 L1, L2 or L4 instead of L3 26, 36, 15
4 L5 or L6 instead of L3 0
5 K3PO4 instead of K2HPO4 42
6 Na2HPO4 instead of K2HPO4 27
7 MeCN instead of acetone 11
8 DCM instead of acetone Trace
9 DMSO instead of acetone 0
10 4 equivalents of valeraldehyde were used 70
11 1 equivalent of ethyl acrylate were used 59
12 Absence of NaDT, Ni or light 0

a Reaction conditions: 1 (1 mmol), 2 (0.4 mmol), 3 (0.2 mmol), Ni(L3)Br2
(10 mol%), NaDT (2 mol%), K2HPO4 (0.4 mmol) in acetone (0.2 M) at
30 �C under irradiation of LEDs (10 W, l ¼ 390 nm) for 24 hours.
b GC yield with n-dodecane as internal standard. c Isolated yield.

© 2022 The Author(s). Published by the Royal Society of Chemistry
2 mol% sodium decatungstate (NaDT) and 10 mol% Ni(dtbbpy)
Br2, along with K2HPO4 as the base under blue LED (10 W)
irradiation in acetone (0.2 M) at 30 �C for 24 h, furnishing the
dicarbonylation product 4 in 71% isolated yield (Table 1, entry
1). Comparable photocatalyst tetrabutylammonium decatung-
state (TBADT) resulted in a lower yield (entry 2). This result
shows that ion pairing could be an important factor to modu-
late the reactivity in ionic photoredox catalysts.23 Differently
substituted 2,20-bipyridines, such as ligands L1, L2 or L4, led to
dramatic erosions in yield (entry 3). In addition, employing
phenanthroline (L5) or bisoxazole (L6) as ligand gave no
conversion, showing that the backbone of the ligand had a great
impact on the reactivity for the catalyst (entry 4). Replacing
K2HPO4 with other bases, like K3PO4 or Na2HPO4, was found to
be less efficient to the product yield (entries 5 and 6). Only small
traces or even no products could be observed when the reaction
was carried out using other solvents (entries 7–9). Reducing the
amount of aldehyde from 5 equiv. to 4 equiv. had a little impact
on the reaction outcome (entry 10). In addition, reducing alkene
to 1 equiv. led to dramatic erosions in yield (entry 11). Control
experiments conrmed that the alkene carbocarbonylations did
not occur without the nickel catalyst, the photocatalyst or light
(entry 12).

Aer having established the optimized reaction conditions,
we next assessed the generality of acyl chlorides 3 in this
cooperative catalysis (Table 2). A wide range of acyl chlorides 3
reacted successfully, affording the 1,4-dicarbonyl compounds
(4–23) in moderate yields. The cooperative catalysis was shown
to be amenable for both electron-donating substituents such as
methyl, methoxy and thiomethyl, as well as electron-
withdrawing substituents, including triuoromethyl, ester and
cyano groups (4–15). Acyl chlorides with halogen groups in the
meta or para position, including F, Cl, Br and chloromethyl, as
well as various heteroaroyl chlorides, were perfectly compatible,
providing an opportunity for further late-stage transformations.
Notably, dialkyl carbamoyl chloride like dimethylcarbamoyl
chloride were tolerated as well (24). Under otherwise identical
reaction conditions, aliphatic acyl chlorides failed thus far to
deliver the three-component products.

Thereaer, we turned our attention to the reactivity of
aldehydes 1 (Table 2). A variety of aliphatic aldehydes with
different groups were hence probed, showing good reactivity to
afford the desired products 25–30. Interestingly, (hetero)
aromatic aldehydes were also successfully transformed into the
corresponding products 31–34. Subsequently, we explored the
generality of this dual metallaphotoredox for different alkene 2
types as reaction partners with aldehydes and acyl chlorides. A
broad range of acrylates with different groups was examined.
The different electronic and steric congurations of the ester
group of alkenes also have shown good tolerance in this pho-
tocatalysis (35–39). Furthermore, it was demonstrated that our
strategy was not only applicable to acrylates. Indeed, it also
enabled difunctionalization of other electron-decient olens,
including methyl vinyl ketone (40), acrylonitrile (41), N-meth-
ylmaleimide (42) and phenyl vinyl sulfone (43). In order to
further demonstrate the potential of the dual catalysis, the
complex acrylate derived from the natural hormone estrone was
Chem. Sci., 2022, 13, 7256–7263 | 7257
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Table 2 Scope of three-component dicarbonylation of alkenes a

a Reaction conditions: 1 (1 mmol), 2 (0.4 mmol), 3 (0.2 mmol), Ni(dtbbpy)Br2 (10 mol%), NaDT (2 mol%), K2HPO4 (0.4 mmol) in acetone (0.2 M) at
30 �C under irradiation of LEDs (10 W, l ¼ 390 nm) for 24 hours. Isolated yields. d.r., diastereomeric ratio. b 6.0 equivalents of aldehyde 1 and 4.0
equivalents of alkene 2 were used.
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Table 3 Scope of three-component carboacylation of alkenesa

a General reaction conditions: 1 (2 mmol), 2 (0.4 mmol), 3 (0.2 mmol), Ni(dtbbpy)Br2 (10mol%), NaDT (2 mol%), K2HPO4 (0.4 mmol) in acetone (0.2
M) at 30 �C under irradiation of LEDs (10W, l¼ 390 nm) for 24 hours. Yields of isolated products. d.r., diastereomeric ratio; r.r., regioisomeric ratio.
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subjected to the protocol (44). The reaction proceeded effi-
ciently, affording the desired 1,4-diketone in 58% yield with
excellent chemo- and regioselectivity, indicating its potential for
late-stage functionalization of complex molecules. Under
slightly modied conditions, this strategy was also applicable
for dicarbonylation of styrenes bearing electron-withdrawing
groups such as 4-(triuoromethyl)styrene, giving 45 in 28%
yield. But styrenes substrates containing electron-donating
groups such as 4-methylstyrene and unactivated alkene like
hex-1-ene were not tolerated.
Scheme 2 Synthetic applications.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Having established the 1,2-dicarbonylation, the suitability of
this strategy to introduce simultaneously an alkyl group and
a carbonyl group onto a double bond was studied, by employing
hydrocarbons and acyl chlorides as the radical precursor and
the acyl source, respectively (Table 3). Gratifyingly, when three-
component carbonylation of alkenes was conducted with 1,3-
benzodioxole, ethyl acrylate and 4-methylbenzoyl chloride
under slightly modied conditions, the desired product 46 was
obtained in 69% yield. Aerward, oxygen-containing substrates
were incorporated onto C–C double bond of alkenes, in
moderate to good yields and with excellent regioselectivity
under the optimized conditions (47–49). It is particularly note-
worthy that our photochemical method was not limited to
tertiary (3�) alkyl radicals. Indeed, the less stable secondary (2�)
and primary (1�) alkyl radicals were likewise compatible with
this dual catalysis. Based on these results, we wondered
whether our protocol can be extended to unactivated C–H
precursors other than ether motifs. Importantly, a wide range of
alkanes with various groups were successfully employed as
radical precursors, thus resulting in the corresponding ketone
compounds in satisfactory yields with excellent regioselectiv-
ities (50–54). For instance, 2,3-dimethylbutane was selectively
functionalized on the tertiary C–H bond (52). Cyclopentanone
was exclusively functionalized at the b position in 57% yield
(53). In addition, the reaction conducted with
Chem. Sci., 2022, 13, 7256–7263 | 7259
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Scheme 3 Late-stage functionalization of complex molecules.
a Reaction conditions: 1 (1 mmol), 2 (0.4 mmol), 3 (0.2 mmol),
Ni(dtbbpy)Br2 (10 mol%), NaDT (2 mol%), K2HPO4 (0.4 mmol) in
acetone (0.2 M) at 30 �C under irradiation of LEDs (10 W, l ¼ 390 nm)
for 24 hours. b 1 (0.2 mmol), 2 (0.6 mmol), 3 (0.6 mmol), Ni(dtbbpy)Br2
(10 mol%), NaDT (2 mol%), K2HPO4 (0.4 mmol) in acetone (0.2 M) at
30 �C under irradiation of LEDs (10 W, l ¼ 390 nm) for 24 hours.
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cyclopentanecarbonitrile with strong coordination ability
formed the desired product 54.

Powerful transformations of carbonyl compounds were also
conducted, which demonstrates the synthetic utility of dual
photocatalysis. For example, 1,4-dicarbonyl compounds were
preferentially transformed by cyclizations to various hetero-
arenes such as furan, pyrrole and thiophene derivatives 55–57,
in excellent yields of 82–92% (Scheme 2). Pyrrole 57 has
a similar skeleton with atorvastatin, which is a drug widely
applied to treat hyperlipidemia.
Scheme 4 Mechanistic experiments.

7260 | Chem. Sci., 2022, 13, 7256–7263
In order to highlight the translational impact of this coop-
erative catalysis for complex organic molecules, we next
exploited natural product scaffolds. We performed late-stage
functionalization (Scheme 3). Ambroxide, which is an impor-
tant chemical in the fragrance industries due to its pleasant
smell and xative properties, was efficiently functionalized in
the a-oxy position in 51% yields (58). In addition, natural
product sclareolide, which contains six different methylene
sites and two tertiary C–H bonds, was preferentially function-
alized on the C ring, generating the corresponding C(sp3)–H
functionalized product (59). Likewise, medically relevant
coupling partners such as camphene, was also successfully
transformed to the desired product (60). From the point of view
of atomic economy, the use of a large excess of complex
substrates will limit the application of this strategy in natural
products. Under slightly modied conditions, we also success-
fully reduce the amounts of complex substrates from 5 equiv. to
1 equiv. to achieve late-stage functionalization in moderate
Scheme 5 Proposed mechanism.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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yields through increasing the equivalents of alkenes and acyl
chlorides.

To gain insight into the catalysis mode of action, several
mechanistic experiments were performed (Scheme 4). The
addition of TEMPO (1.0 equiv.) strongly inhibited the three-
component coupling reaction, suggesting that this trans-
formation involved a radical mechanism. Thus, a small amount
of the TEMPO-adduct 2,2,6,6-tetramethylpiperidin-1-yl penta-
noate could be observed by GC-MS (Scheme 4a). Then, a reac-
tion of Ni(COD)2 with benzoyl chloride in THF at room
temperature afforded nickel(II) complex 61. We have not
observed the corresponding 1,4-diketone 7 when a stoichio-
metric reaction of nickel(II) complex 61 was performed with
valeraldehyde (1) and ethyl acrylate (2) (Scheme 4b). This
nding demonstrates that oxidative addition takes place aer
radical capture of the nickel complex. Furthermore, when the
reaction was carried out with 10 mol% of nickel-complex 61 to
replace Ni(dtbbpy)Br2 as the catalyst under conditions of car-
boacylation, the expected product 7 was observed in 65% yield
(Scheme 4c).

Based on our experimental results and previous ndings,5a,10

we propose a plausible mechanism for the photoredox/nickel-
catalyzed carbocarbonylation, as outlined in Scheme 5. Upon
visible light irradiation, NaDT is excited to generate photoex-
cited decatungstate A, which is capable of abstracting
a hydrogen atom from a non-activated C–H bond of aldehydes/
hydrocarbon resulting in carbon-centered radical intermediate
D and [W]5�H+ (B). The latter can be reduced to afford [W]6�2H+

(C) in the presence of [W]4�, while C is able to reduce Ni(I)
catalyst to the corresponding Ni(0) species via successive single-
electron transfer. The addition of D to alkenes gives an alkyl
radical E, which can be captured by Ni(0) to form alkyl-Ni(I)
intermediate F. Then oxidative addition of acyl chloride to alkyl-
Ni(I) intermediate generates a nickel(III) species G, which
performs reductive elimination to give the corresponding
carbonyl compounds and nickel(I) species H.
Conclusions

In conclusion, we have successfully achieved three-component
intermolecular carbocarbonylation of alkenes by the synergy
of nickel-photoredox catalysts. This robust strategy provided
facile access to various complex ketones with excellent regio-
selectivities starting from a diverse class of inexpensive
commercial chemicals. With the use of aldehydes and unac-
tivated hydrocarbons, this methodology showed a broad scope
and high functional group tolerance. Our strategy is expected to
nd broad applications in medical chemists as well as phar-
maceutical and agricultural industries because it enables the
facile construction of carbonyl compounds with high levels of
complexity.
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© 2022 The Author(s). Published by the Royal Society of Chemistry
Author contributions

D. W. and L. A. conceived the project. D. W. conducted the
experiments. D. W. and L. A. wrote the manuscript. All authors
discussed the results.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

Generous support by the DFG (Gottfried-Wilhelm-Leibniz
award to L. A.) and the Alexander von Humboldt Foundation
(fellowship to D. W.) is gratefully acknowledged.

Notes and references

1 (a) J. Derosa, O. Apolinar, T. Kang, V. T. Tran and
K. M. Engle, Chem. Sci., 2020, 11, 4287–4296; (b) Z. Zhang,
T. Roisnel, P. H. Dixneuf and J.-F. Soulé, Angew. Chem., Int.
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