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Abstract A novel Ni/photoredox-catalyzed acylation of aliphatic sub-
strates, including simple alkanes and dialkyl ethers, has been devel-
oped. The method combines C-N bond activation of amides with a rad-
ical relay mechanism involving hydrogen-atom transfer. The protocol is
operationally simple, employs bench-stable N-acyl imides as acyl-trans-
fer reagents, and permits facile access to alkyl ketones under very mild
conditions.

Key words nickel catalysis, photocatalysis, acylation, radical relay, C-
N bond activation, ketones

Ketones are ubiquitous chemical entities in everyday
life. Found abundantly in nature, ketone groups are also
present in numerous value-added pharmaceuticals and ag-
rochemicals, as well as in fragrances, flavors, and fine
chemicals. Alkyl ketones are extremely important scaffolds
in multistep organic syntheses and offer multiple opportu-
nities for late-stage derivatization of complex molecules.'
The invention of new methods and strategies for the intro-
duction of acyl functionalities into aliphatic backbones is
therefore an ever-present challenge that has significant po-
tential in various fields of chemistry.

Over the last decade, dual visible-light photoredox and
nickel catalysis has emerged as a powerful but operational-
ly simple strategy for achieving, under very mild reaction
conditions, challenging C(sp?)-C(sp®) bond disconnections
that are beyond the reach of classical cross-coupling ap-
proaches.?? Hence, this method brings prospects for inno-
vation in the area of catalytic acylation reactions of C(sp3)-
hybridized substrates,* and thereby offers a new paradigm
for the synthesis of structurally diverse and highly func-

tionalized alkyl ketones. Within this context, resonance-de-
stabilized N-acyl imides stand amongst other carbonyl-type
compounds as promising acyl electrophiles® owing to their
remarkable stability and their documented capability to
engage in nickel-catalyzed cross-coupling reactions
through C-N bond activation to forge C(acyl)-C(sp?)
bonds.b For instance, in 2017, Molander and co-workers’ re-
ported the use of N-acylsuccinimides as suitable acyl-trans-
fer reagents for photoredox nickel-catalyzed acylation of
functionalized alkyl trifluoroborate nucleophiles.® This pro-
vided a strong impetus to develop complementary methods
that would exploit other readily available inexpensive ali-
phatic substrates.

Taking inspiration from recent progress in cross-electro-
phile coupling reactions, i.e. the direct catalytic joining of
two different electrophiles that avoids the need for pre-
formed carbon nucleophiles,® we developed a novel dual-
catalytic acylation process using nonactivated alkyl bro-
mides as electrophilic partners for N-acylsuccinimides. The
process was designed to follow a radical relay pathway
where a silyl radical is generated photocatalytically and
serves as an abstracting agent to activate the alkyl bromide
through homolytic C-Br bond cleavage (Scheme 1A).1° An-
other exciting challenge that we subsequently considered
was the design of an alternative strategy that would rely on
the selective C(sp3)-H bond activation of simple alkanes
through a radical hydrogen-atom transfer (HAT) pro-
cess.!112

The groups of Doyle and Molander independently
demonstrated that organohalides could serve as both cou-
pling partners and sources of halide radicals that act as po-
tent H-abstracting agents in Ni/photoredox cross-coupling
reactions with aliphatic substrates.'® Inspired by these sem-
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A. Cross-coupling with alkyl bromides (Y = Br; prior work)
C(sp®)-Br bond activation via Br-atom abstraction by silyl radical
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B. Cross-coupling with alkanes (Y = H; this work)
C(sp?)-H bond activation via H-atom abstraction by chlorine radical

1 C. Photo/Ni catalytic generation of chlorine radical

R(CO)—I[Ni-Nsyce PCIhv
ClY mmmmmmeeooo- > R(CO)-[Ni]=Cl} ~==--=----> (CI°
ligand exchange homolysis

Scheme 1 Ni/Photoredox alkylation of amides with alkyl bromides or
simple alkanes based on a radical relay process

inal reports, we questioned whether this strategy might be
applicable to the coupling of amides with alkanes in the
presence of an exogenous source of halide anions, e.g. lithi-
um chloride (Scheme 1B).'* We hypothesized that oxidative
addition of the amide to nickel and subsequent succinim-
ide-to-chloride ligand exchange might readily generate an
intermediate acyl-nickel chloride complex that could serve
as source of chlorine radicals through Ni-Cl bond homolysis
(Scheme 1C).12d.15

In our initial exploratory studies,'® we used the coupling
of N-benzoylsuccinimide (1a) with cyclohexane as a model
system (Table 1). We found that the desired cross-coupling
product 3a was formed in optimal yields by using [Ni(dtbb-
py)(H,0),4]Cl, (I; 4 mol%) (dtbbpy = 4,4'-di-tert-butyl-2,2'-
bipyridine) and Ir{[dF(CF;)ppy],(dtbbpy)}PFg (II; 0.5 mol%)
[dF(CF;)ppy = 2-(2,4-difluorophenyl)-5-(trifluorometh-
yl)pyridine] complexes as a dual-catalytic system under ir-
radiation by a 40 W blue LED lamp. Remarkably, solvent
evaluation indicated that only benzene was suitable for de-
livering the desired ketone. Another critical feature for the
success of the coupling reaction was the need for an exter-
nal source of halogen atom. Lithium chloride was found to
be the most effective source among the salts tested (LiCl,
Nacl, KCl, TBAC, Et;N*Bn Cl-, NH,Cl, and NaBr), and increas-
ing the amount of this additive beyond one equivalent did
not significantly increase the yield. Additionally, the reac-
tion proceeded more efficiently by using a combination of
tripotassium phosphate and sodium tungstate as a dual-
base system (Table 1, entries 1-5).12¢ Control experiments
revealed that the dual-catalytic system and light irradiation
were essential for this transformation (entries 6-8). N-Ben-

zoylglutarimide also proved to be a reactive substrate but
gave 3ain a lower yield (entry 9). Notably, by employing up
to five equivalents of cyclohexane, ketone 3a was isolated in
a fair 53% yield after 24 hours of reaction. These conditions
(entry 10) were therefore established as our standard con-
ditions.!” Note that the use of cyclohexane as the solvent
led essentially to no reaction, possibly due to the limited
solubility of the catalyst and base in this reaction medium
(entry 11).

Table 1 Reaction of N-Benzoylsuccinimide (1a) with Cyclohexane: Se-
lected Experiments?

blue LEDs
o) H [Ni] cat I (4 mol%) 0}

o}
[Ir] cat I (0.5 mol%)
Ph)jﬁ + O By ——
o NapoW0O4-2H,0 (1 equiv)

K3POy4 (2 equiv)

1a 2a LiCl (1 equiv) 3a
(3 equiv) benzene, 1t, 72 h
Entry Reaction conditions Yield® (%) of 3a
1 as shown 50
2 no K;PO, 27°¢
3 no Na,W0,-2H,0 40¢
4 no K;PO, or Na,W0,-2H,0 18
5 no LiCl 3
6 no Ir photocatalyst 0
7 no light (darkness) 0
8 no Ni catalyst 0
9 N-benzoylglutarimide instead of 1a 42
10 cyclohexane (5 equiv), 24 h 61 (53)°
1 cyclohexane as solvent 1

2 Reactions were performed in benzene on a 0.6 mmol scale with irradia-
tion by a 40 W blue LED Kessil lamp. See the Supporting Information for
details of the lighting setup.

b Determined by GC-MS with benzophenone as internal standard.
¢Na,W0,-2H,0 (3 equiv).

4K4P0O, (3 equiv).

¢ Isolated yield.

Having a reliable acylation protocol in hand (Conditions
A), we explored the reactivity of various acyl succinimides
and potential HAT substrates (Scheme 2). Various electron-
rich and electron-neutral aroyl succinimides underwent
coupling with cyclohexane in fair yields (3a-c), whereas
electron-deficient derivatives were found to give signifi-
cantly lower yields (3d and 3e). The scope was expanded to
acyl succinimides bearing alkyl groups, as illustrated by 3f,
thereby providing access to dialkyl ketones. Notably, other
nonactivated cycloalkanes also participated in the coupling
process (3g and 3h). We also attempted the acylation of al-
kyl ethers to access the corresponding a-functionalized ke-
tones. For instance, we examined the use of dialkyl ethers
as both alkylating reagents and solvents, as safer alterna-
tives to benzene. In our initial experimental observations
on the coupling of 1a with tetrahydrofuran,'® we found that
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the new procedure (conditions B) required higher catalysts
loadings (10 mol% of catalyst I; 2 mol% of catalyst II), but
proceeded efficiently without the need for sodium tung-
state as an additive.'® This is illustrated by the synthesis of a
series of 2-acyltetrahydrofurans 3i-1 in moderate to good
isolated yields. The same procedure successfully gave cou-
pling products containing cyclic or linear aliphatic ethers
such as 1,4-dioxane, diethyl ether, or 1,2-dimethoxyethane
(3m-q). Notably, a separable 2.3:1 mixture of two regioiso-
meric products 3q and 3q" was generated by the acylation
of DME.

)J\ R! [N|] cat. [ir] cat. Il )H/RW
base/LlCI R 5
blue LEDs R
conditions A or B 3
3a; 53% (A 3b; 64% (A) 3c; 58% (A)
o Q)\O Q)KO m
3d; 18% (A 3e; 16% (A) 3f; 52% (A)
o 0o
@KQ m
= MeO
3g; 53% (A) 3h; 35% (A)
37% (A); 53% (B) 3j; 58% (B, 3k; 47% (
31; 66% ( 3m; 49% (A); 61% (B 3n; 49% (B
o
W | N o o\oc
( j Meo” 7 o”
30; 71% ( 3p; 37% (B) 30/3q'; 69% (B); o/o’ = 2.3:1

Scheme 2 Scope of N-acylsuccinimides and alkanes. Reagents and con-
ditions A: 0.6 mmol scale; Ni cat I (4 mol%), Ir cat Il (0.5 mol%), K;PO, (2
equiv), Na,W0,-2H,0 (1 equiv), LiCl (1 equiv), alkane (5 equiv), ben-
zene (0.1 M), 40 W blue LED Kessil lamp (455 nm), 24-48 h. Reagents
and conditions B: 0.4 mmol scale Ni cat I (10 mol%), Ir cat Il (2 mol%),
K5PO, (1.5 equiv); LiCl (1 equiv), alkane as solvent (0.125 M), 30 W blue
LED lamp (450 nm), 24-48 h. Isolated yields are reported.

Interestingly, the byproducts regularly obtained from
the reaction of N-acylsuccinimides with alkanes were the
symmetrical dialkyl ketones deriving from homocoupling
of the alkane, together with the corresponding C(Ar)-C(sp?)
bond-formation products. A series of experiments were
carried out to gain information on the reaction pathway
and the origin of these products (Scheme 3). As a prototyp-
ical example, the coupling of N-benzoylsuccinimide (1a)
with cyclohexane afforded the desired cross-coupling prod-
uct (3a), along with small amount of cyclohexylbenzene
(4a; <10%) and dicyclohexylmethanone (3f; <20%), suggest-
ing the occurrence of a decarbonylative pathway.’#% Ac-
cordingly, an excess of 1a (10 equiv) was found to react
spontaneously with (dtbbpy)Ni(COD) (1 equiv) to afford a
mixture of complexes assigned to the corresponding Ni(Il)-
aryl complex III and the Ni(II)-acyl complex (IV) in a 3:2 ra-
tio ("H NMR), together with the dicarbonyl complex (dtbb-
py)Ni(CO), (V) (Scheme 3A).'6 By adjusting the stoichiome-
try of (dtbbpy)Ni(COD) (1.5 equiv) and 1a (1 equiv), the
Ni(II)-aryl complex III could be obtained selectively and iso-
lated for full characterization, including single-crystal X-ray
diffraction analysis (Scheme 3A).° The molecular structure
of Il displays a square-planar geometry of the nickel center,
and represents a unique example of structural characteri-
zation of a Ni(II)-Ng,.. complex formed by a C-N bond oxi-
dative addition-decarbonylation sequence of amides with
Ni(0).2° All attempts to generate the acyl complex IV selec-
tively or to isolate it from the reaction mixture were unsuc-
cessful. This result indicates that N-acylsuccinimides un-
dergo spontaneous oxidative addition to Ni(0) followed by
facile decarbonylation, providing a plausible pathway to the
symmetrical dialkyl ketones?! and the decarbonylative
products.?? Comparatively, the reaction of benzoyl chloride
with (dtbbpy)Ni(COD) led exclusively to the corresponding
acyl-Ni(Il) chloride complex VI.16:12b

We then compared the catalytic activity of complex I
with that of other potent nickel catalytic intermediates
(Scheme 3B). Surprisingly, the use of Ni(COD), with dtbbpy
as an exogenous ligand instead of complex I resulted in a
very low 8% reaction yield. Furthermore, no reaction was
observed with the Ni(Il)-aryl intermediate IIl. On the other
hand, the nickel(II}-acyl chloride complex VI was found to
be catalytically competent, affording very similar results to
those with complex I. Notably, only trace amounts of the
desired product were observed in the absence of LiCl, con-
firming its key role in the reaction, probably through suc-
cinimide-to-chloride exchange at nickel. At this stage, the
involvement in the catalytic cycle of active paramagnetic
species generated in situ from nickel(Il) complexes was en-
visioned. Indeed, as recently demonstrated by the group of
Hazari,”® paramagnetic Ni(I) species with bipyridine ligands
can participate as key intermediates in nickel-catalyzed
C(sp?)-C(sp?) bond-forming reactions. We decided to ex-
amine this possibility, and we prepared the [(dtbb-
py)Ni(Cl)], dimer VII by the reported procedure.'® Remark-
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ably, the paramagnetic nickel species VII was found to be These preliminary experiments suggest that the nickel-
catalytically active and performed more efficiently than the  catalyzed acylation of C(sp?)-H bonds with N-acylsuccin-
nickel(II)-dichloro complex I. imides does not follow the same pathway as that proposed

A. Evidence for nickel-promoted spontaneous decarbonylative pathway of
N-acyl-succinimides

Bu
o o . _Ph
Qo Ni
+ Ph N 7NN o]
y O
G O
Bu n
1.0 equiv 10.0 equiv 60
1.5 equiv 1.0 equiv 100

+ (dtbbpy)Ni(CO), (V)

B. Evaluation of catalytic activity of nickel complexes for the acylation of
cyclohexane with N-acylsuccinimide

Ph
[Ni] cat (10 mol%) Ph \O
0 o H [Ir] cat It (1 mol%) *
)J\N LiCl (1 equiv)
. - " - 3a o 4a
K3POy4 (2 equiv)

O Nap,WO,4-2H,0 (1 equiv)
1a 2a benzene, rt, 24 h .
(5 equiv) 30 W blue LEDs
3f
Catalysts and associated yields (%)? of 3a; 4a; 3f
2CI Bu
Bu
= | OH» | =
X N":‘_’J‘i_“\\OHz | 2N _Ph
~, Ni
| x N/(|)H OH. ’ N \;l\‘lﬁ
P> 2
Bu | o
Bu
1 formed in situ L1l
55;8; 18 8;2;0 0;0;0

19; 8; 3 (no LiCl)

Vil

54; 8;
2;1;

10 78;11; 10
0 (no LiCl)
2Yields determined by GC-MS with benzophenone as an internal standard

Scheme 3 (A) Reaction of 1a with (dtbbpy)Ni(COD) and (B) the catalytic behavior of several nickel species
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for other acyl substrates. In related coupling processes in-
volving chloroformates and acyl chlorides as substrates re-
ported by the groups of Doyle'?d and Shibasaki,'?® the oxi-
dative addition of the acyl substrate proceeds at Ni(0) spe-
cies. With N-acylsuccinimides, although oxidative addition
of the C-N bond to Ni(0) readily occurs, our experiments
suggest that the C-N bond-activation step proceeds at Ni(I)
during the catalysis. Further mechanistic studies are clearly
necessary to confirm the specific behavior of these acyl
substrates, which might be exploited to design complemen-
tary mechanistic sequences.?*

In summary, we have described a new acylation reac-
tion of C(sp?)-H bonds by using bench-stable N-acyl imide
substrates. The dual-catalytic process combines nickel-cata-
lyzed C-N bond activation with photocatalytic HAT, and
provides operationally simple access to valuable alkyl ke-
tones. Notably, N-acylsuccinimides were shown to undergo
ready C-N bond oxidative addition to Ni(0), followed by de-
carbonylation, under mild conditions. Identification of by-
products of the acylation reaction suggested that the devel-
opment of decarbonylative cross-coupling pathways under
mild conditions by using photoredox/Ni catalysis can be en-
visioned. Further investigations are underway to achieve a
better understanding of the reaction mechanism.
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vessel was taken out of the glovebox, and the stirred mixture
was irradiated by a 40 W blue LED Kessil lamp (455 nm) for 24
hours at RT. To remove solid residues, the mixture was filtered
through a short pad of Celite with CH,Cl, as the eluent. The vol-
atiles were removed under vacuum and the crude residue was
purified by column chromatography [silica gel, cyclohexane-
EtOAc (10:1)] to give a colorless oil; yield: 60 mg (53%). The 'H
NMR and 3C NMR spectra were consistent with values reported
in the literature.8®

(18) Phenyl(tetrahydrofuran-2-yl)methanone (3i); Typical Proce-
dure B
On the bench top, an 8 mL scintillation vial equipped with a

magnetic stirrer bar was charged with
Ir{[dF(CF;)ppy],(dtbbpy)}PFs  (0.008 mmol, 9 mg),
[Ni(dtbbpy)(H,0),]Cl, (0.04 mmol, 18.7 mg), K;P0, (0.6 mmol,
127 mg), LiCl (0.4 mmol, 17 mg), N-benzoylsuccinimide (0.4
mmol, 81.3 mg), and anhyd THF (3.2 mL, 0.125 M). The vial was
sparged with argon then sealed, and the stirred mixture was
irradiated by a 30 W blue LED lamp (450 nm; EvoluChem Pho-
toRedOx Box device) for 24 h at RT. To remove solid residues, the
mixture was filtered through a short pad of Celite with CH,Cl,
as eluent. The volatiles were removed under vacuum and the
crude residue was purified by column chromatography [silica
gel cyclohexane-EtOAc (10:1)] to give a colorless oil; yield: 37.5
mg (53%). The 'H NMR and 3C NMR spectra were consistent
with the values reported in the literature.'?b

(19) CCDC 2018793 contains the supplementary crystallographic
data for complex III. The data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/getstructures.

(20) A single precedent has been reported for the formation of an
acyl nickel(II) complex by amide C-N bond activation in which,
after a ligand exchange between the transient amidate complex
and a chloride ion, a Ni(Il) chloride complex was isolated and
structurally characterized; see: Hu, J.; Zhao, Y.; Liu, J.; Zhang, Y.;
Shi, Z. Angew. Chem. Int. Ed. 2016, 55, 8718.

(21) The formation of alkyl ketones deriving from a decarbonylative
process with ethyl chloroformate has been recently reported;
see: Shi, R.; Hu, X. Angew. Chem. Int. Ed. 2019, 58, 7454.

(22) For the coupling of N-benzoylsuccinimide (1a) with cyclohex-
ane, 4a could also be formed by direct attack of the cyclohexyl
radical on benzene. See the Supporting Information for more
details.

(23) Mohadjer Beromi, M.; Brudvig, G. W.; Hazari, N.; Lant, H. M. C,;
Mercado, B. Q. Angew. Chem. Int. Ed. 2019, 58, 6094.

(24) During the final stage of the preparation of this manuscript, a
similar protocol for the acylation of C(sp3)-H bonds with N-
acylsuccinimides was published, see: Lee, G. S.; Won, ].; Choi, S.;
Baik, M.-H.; Hong, S. H. Angew. Chem. Int. Ed. 2020, 59, 16933.
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