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A sequential photocatalytic strategy is developed via the merger of Cu(II)/Cu(I)-catalytic cycles for the oxoallylation
of vinyl arenes via a-haloketones. The initial Cu(II)-photocatalyzed oxohalogenation exploits ligand-to-metal charge transfer
(LMCT) to generate halide radicals from acyl halides utilizing air as a terminal oxidant and can be employed for the late-stage
modification of pharmaceuticals and agrochemicals. @-Bromoketones obtained this way can be subsequently subjected to a one-pot
Cu(I)-photocatalyzed allylation. This sequential photocatalysis proceeds in a highly regio- and chemoselective fashion and is

inconsequential to the electronic nature of styrenes.

a-Haloketones, Dissociative LMCT, Oxohalogenation, Oxoallylation, Photoredox catalysis, Sequential catalysis,

Visible-light-induced homolysis

arth-abundant copper complexes have become attractive

photocatalysts, representing not only an economical
alternative to commonly used metal complexes based on
ruthenium or iridium, but also offering unique reaction modes
within their inner coordination sphere.' ™ Distinct processes
have been developed utilizing either Cu(I) or Cu(Il): Starting
from Cu(I), radicals from a reducible precursor such as an
organohalide or a sulfonyl chloride can be generated by single
electron transfer (SET) and extrusion of an anionic leaving
group (Scheme 1).%” In turn, radicals can also be formed upon
light-induced homolysis (LIH, dissociative LMCT®”) of an
oxidizable substrate bound to Cu(II), which has emerged as a
versatile platform for engaging halides,'™"® azides,'* carbox-
ylates,"*~"? and amines®” as substrates in open-shell synthetic
chemistry (Scheme 1). However, development of reaction
pathways via sequential operation of Cu(I) and Cu(Il)
photocatalytic cycles is underexplored.

Based on our earlier work to engage a-haloketones in Cu(I)-
photocatalyzed ATRA (atom transfer radical addition)
reactions”’ and our development of Cu(II)-photocatalyzed
oxoazidation of vinyl arenes,'* we questioned whether an
analogous Cu(II)-catalyzed oxohalogenation would allow a
subsequent Cu(I)-catalyzed ATRA reaction. Our study
commenced by developing a Cu(II)-photocatalyzed oxochlori-
nation and oxobromination of vinyl arenes, which should also
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make a useful contribution to the current methodology given
that a-haloketones are fundamental building blocks in natural
products and pharmaceuticals.””*® Traditional methods for the
synthesis of a-haloketones often involve harsh reaction
conditions, strong oxidants, and over stoichiometric amounts
of inorganic salts as halogen sources.”*™%¢
work, the synthesis of a-haloketones by photocatalytic
oxidative halogenation of olefins has emerged as an alternative
(Scheme 2).”7*” Wang et al. reported the synthesis of a-
haloketones from styrenes using catalytic Ru(bpy);Cl, and
PhI(OAc), as terminal oxidant under visible-light irradiation.”
The visible-light mediated FeX; (X = Cl, Br) catalyzed
oxohalogenation protocol using inorganic salt (KX) and p-
toluenesulfonic acid (TsOH) was developed by the Zhu
group.”!

Recently, Cai et al. developed a visible-light mediated CuCl,
catalyzed method for oxochlorination of vinylarenes calling for
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Scheme 1. Concepts of Cu-Photocatalysis and This Work
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Scheme 2. Previous Reports on Photocatalytic
Oxohalogenations of Styrenes
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20 mol % catalyst loading and the combination of MgCl, (1.5
equiv) and TFA (2 equiv).”> A copper-modified graphite
carbon nitride (Cu—C;N,) mediated heterogeneous photo-
catalysis was also reported for the oxohalogenation of styrenes
under visible-light irradiation, employing stoichiometric
amounts of NiX, (X = Cl, Br) as the halide source.”

As an alternative, we envisioned the Cu(Il)-catalyzed
oxohalogenation of vinyl arenes in the presence of feedstock
organic acyl halide sources whose photoactivation fosters the
formation of halide radical via visible light-induced homolysis
(dissociative LMCT).

Taking the oxochlorination of styrene 1a as model reaction
we found that acetyl chloride (2a) in the presence of only 1
mol % [Cu" (dmp),CI]Cl (dmp = 2,9-dimethylphenanthro-
line) yielded the desired 3a in 74% yield under blue LED
irradiation and aerobic conditions (Table 1, entry 1; for further
screening, details see the Supporting Information (SI)). When
the corresponding Cu(I) photocatalyst (Table 1, entry 2) was
used, 3a could also be obtained in 76% yield in agreement that
Cu(Il) is easily formed in situ from Cu(I) under aerobic
conditions. The Cu-complexes [Cu' (dap),]Cl (dap = 2,9-di-p-

Table 1. Optimization of Reaction Conditions”

©/\ ¢) [Cu''(dmp),CIICI (1 mol %)
+ Me)L@ MeCN (0.25 M)

(o}

1a 2a LED4s55nm, rt, 36 h, air 3a
(1a:2a=1:2)
entry deviation from standard conditions % yield (3a)”

1 none 74
2 [Cu' (dmp),]Cl (1 mol %) 76
3 [Cu' (dap),]CI (1 mol %) 78
4 [Cu" (dap) Cl,] (1 mol %) 76
S Na,CO; (1 equiv) is used as an additive S
6 N, atmosphere instead of open air nd
7¢ [Cu" (dmp),CI]CI (1 mol %) nd
8 without [Cu' (dmp),]Cl nd
9 without irradiation nd

“Reaction condition: 1a (0.5 mmol, 1 equiv), 2a (1.0 mmol, 2.0
equiv), [Cu" (dmp),CI]CI (1 mol %), MeCN (0.25 M), blue LED,
air, rt, 36 h. YDetermined by NMR analysis using 1,1,2,2-
tetrachloroethane. “2a not used. nd implies no desired product was
detected.

anisylphenantrholine) and [Cu" (dap) Cl,], which are
advantageous for some photocatalyzed processes,’* did not
perform significantly better (Table 1, entry 3 and 4), making
[Cu" (dmp),CI]Cl and [Cu' (dmp),]Cl the economic and
operational catalyst of choice (Table 1, entry 1 and 2), since it
can easily be prepared in gram quantities as a bench stable
entity or prepared in situ by simply mixing CuCl and the
commercial dmp ligand.’* In contrast, no conversion was
observed with other noncopper based photocatalysts (see the
SI for details). Since the reaction is carried out under air
atmosphere, benzaldehyde is formed as a byproduct in all cases
(8—12%, see the SI) via the reaction of styrene la with
photocatalytically generated singlet oxygen. Considering the
necessity to neutralize HCI as a potential catalyst poison that
could be formed during the reaction,’ stoichiometric amounts
of Na,CO; as an additive inhibited the transformation
completely (Table 1, entry §). Acetonitrile proved to be a
critical component for the reaction, other solvents (Table S2)
gave greatly inferior results. We speculate that acetonitrile can
act as a stabilizing coligand in the catalytic cycles. Control
experiments showed that no product formation was observed
under N, atmosphere using either Cu(I) or Cu(Il) photo-
catalysts (Table 1, entry 6), or in the absence of acetyl chloride
2a, copper, or light (Table 1, entries 7—9).

With optimized conditions in hand, we investigated the
scope of this transformation (Scheme 3). f-Alkyl substituted
(1lu; starting from both cis- and trans-isomer) and terminal
styrenes gave the desired oxochlorinated products 3 in good
yields, tolerating a wide range of electronically differentiated
substituents in the arene moiety in ortho, meta, or para
position. Of note is the smooth formation of oxochlorinated
products 3j, 3k, 30—3q, given that the corresponding electron-
rich styrenes are generally unsuitable alkenes in ATRA and
ATRA-like reactions due to their ease of undergoing radical
polymerizations.”** Moreover, products that could have arisen
from electrophilic substitutions with the arene moiety
(acylation, chlorination) or radical substitutions with alkyl
side chains were also not observed. On the other end of the
electronic spectrum, m-NO, p-F, p-Cl, p-Br, p-CF;, and p-CN
were found to be compatible with the protocol (3h, 31-3n, 3r,
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Scheme 3. Substrate Scope®”
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“Reaction conditions: 1 (0.5 mmol, 1 equiv), 2 (1.0 mmol, 2 equlv), [Cu' (dmp),]Cl (1 mol %), MeCN (0.25 M), blue LED (455 nm), air, rt, 36
h; 3¢, 3f, 3k, 3n, and 4i were run in duphcate, yields differed +29%. b (5.0 mmol), 2a (7.5 mmol, 1.5 equiv) is used, 48 h. “EtOCOCl is used as 2
(1.0 mmol, 2 equiv), reaction time 48 h. “[Cu"l (dmp),CI]Cl (1 mol %) is used. °92% purity for 3k and 90% purity for 4i.”2 mol % [Cu' (dmp),]
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Scheme 4. Chemoselective Oxohalogenation of Alkenes

[Cu(dmp),ICI o
)L@ (1 mol %) @
1 (0.5 mmol) 2 (1.5 equiv) LED455nm MeCN O

=Cl, 2a rt, air, 36 h 3or4
=Br, 2b
47% ( 2e is used) 67% 57%

3s). A limitation is found with stronger electron withdrawing
groups (pentafluoro, p-NO,) that deactivate too severely the
alkene for the attack of the electrophilic chlorine radical, and
also with acid-sensitive functional groups (p-SiMe,). Electron-
deficient ethyl cinnamate provided the desired chloroaceto-
phenone derivative 3v in good yield. Heteroaromatic
benzofuran was efficiently converted to the corresponding

oxochloro derivative 3x in 53% yield. Finally, the oxochlori-
nation performed well on a S mmol scale, affording product 3a
in 64% yield (Scheme 4, see the SI for a detailed procedure).
Besides acetyl chloride 2a, benzoyl chloride 2¢ and alkyl or aryl
substituted chloroformates (2d—2h) can be effectively used as
a chlorine source for this transformation (Scheme 3).

This Cu(II)-catalyzed photoactivation strategy proved to be
effective also for the oxobromination of styrenes when acetyl
bromide 2b was used as the bromide source. Along with
styrenes bearing alkyl or aryl substituents, electron-donating
and -withdrawing vinyl arenes including a five-membered
indene moiety gave rise to diverse a-bromo acetophenone
derivatives (4a-4i, 62—78% yield). In general, it should be
noted that the a-haloketones, especially the bromoketones, are
prone to hydrolysis, thus, the NMR spectra had to be taken
immediately after sample preparation.

The mild conditions developed for this oxohalogenation
process suggest that it can be used as a precision tool to
perform late-stage modifications of complex biologically
relevant scaffolds.” Vinyl arenes embedded in pharmaceuticals
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Scheme 5. Photocatalytic Cu(II)—Cu(I) Promoted
Sequential Oxobromination-Allylation
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/
NC
5d, 58% 5e, 55% NOZ 5f, 47%

e st C
o\n><o N
5h [¢]
59, 42% 37%, from fenofibrate (0.2 mmol scale)

and natural products (Scheme 3) such as estrone (3y),
fenofibrate (3z), (—)-menthol (3a’), and theophylline (3b”)
underwent successful oxochlorination to deliver the corre-
sponding chloroacetophenone derivatives in good yields (57—
72%).

A limitation of the protocol is found with unactivated olefins
and alkynes, which showed no conversion in the title reaction.
Hence, offering 4-vinyl allyl benzene to the established reaction
conditions, only the activated double bond is selectively
functionalized (Scheme 4, product 3c’). Likewise, when
ethynyl-4-vinylbenzene is used as a substrate, the oxochlorina-
tion takes place chemoselectively only at the styrene double
bond (product 3d’). Moreover, the oxobromination of 4-

Scheme 6. Plausible Mechanism and Mechanistic Studies

benzyl chloride styrene selectively proceeds at the double bond
to furnish 4j in 57% yield. No nucleophilic displacement or
radical substitution product by the bromine radical at the
benzylic position was observed.

We foresaw the possibility of applying our photocatalytic
oxohalogenation strategy to develop a sequential photo-
catalysis protocol via a Cu(II)—Cu(I) catalytic shuttle. After
the initial oxohalogenation reaction, the reaction vessel was
sealed and purged under N, followed by adding a Cu(I)-
photocatalyst and allyltributyltin®' (Scheme 5). For the
allylation step, we found out that a-bromoketones are more
suitable precursors than a-chloroketones and [Cu' (dap),]Cl is
more effective as photocatalyst than [Cu' (dmp),]Cl (see the
SI for details). Notably, if the reaction sequence was started
using [Cu' (dap),]Cl without refurnishing the catalyst for the
second step, product $ was still obtained, albeit in lower yields
(see the SI). A selection of substituted styrenes- adorned with
methoxy-, trifluoromethyl-, cyano-, nitro-functionalities as well
as polyaromatic vinyl arenes, were submitted to the optimized
sequence affording the corresponding ketones Sa—Sg in
moderate to good yields over two steps (42—60%, Scheme
5). Of note, vinyl arene derived from fenofibrate provided the
ketone Sh in 37% yield following the developed oxobromina-
tion-oxoallylation sequence.

A plausible mechanism supported by quantum yield,
TEMPO trapping and UV—vis experiments (see the SI) for
the oxohalogenation 1nvolves a Cu(II)-complex like II as the
catalytically active species'* (Scheme 6). If [Cu(dmp),]Cl is
used as a precatalyst, the corresponding Cu(II) species should
be easily obtainable by oxidation with dioxygen (Ecy(m/cum)+ =
—1.54 V vs SCE; E_, = +0.33 V for molecular oxygen). In the
presence of acetyl halide 2, intermediate III is formed which
could undergo ligand exchange to generate intermediate IV.
Elemental steps from IV onward consist of a light-mediated
homolytic dissociation to a Cu(I) species V and halide radical,
forming a stabilized radical VI, which further reacts with
oxygen to form VIIL The peroxo radical VII can now combine
with V forming a Cu(II) species VIIL. Formation of product 3
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or 4 with concurrent elimination of II from VIII closes the
catalytic cycle. In turn, Cu(I) activates the haloketone 4 via
SET to form radical IX, which engages in an ATRA process
following established lines.”! However, involvement of a
heteroleptic Cu(I)(dap)(dmp) complex is also possible for
the Cu(I) photocatalyzed oxoallylation step as revealed by the
"H NMR experiment (see the SI).

In conclusion, we have developed an efficient strategy using
low-cost bulk chemical acetyl halides or haloformates for the
visible-light-mediated Cu(II)-catalyzed synthesis of a-haloke-
tones from vinyl arenes under aerobic conditions without the
need for an additional oxidant. The protocol excels through
high yields and environmentally benign reaction conditions,
allowing the regio- and chemoselective vicinal difunctionaliza-
tion of styrenes. Significantly, transformation opens the door
for sequential photocatalysis via a merger of Cu(II)/Cu(I)
catalytic cycles as demonstrated for oxohalogenation-allylation
of styrenes. This modular approach allows the conversion of
feedstock vinyl arenes to aromatic ketones bearing a terminal
double bond with three-carbon extension in a one-pot manner.
We envisage that the sequential photocatalytic strategy
disclosed here will serve as a launchpad for developing new
reaction pathways involving sequential Cu(II)/Cu(I) photo-
catalysis or vice versa.

The data underlying this study are available in the published
article and its Supporting Information.

The Supporting Information is available free of charge at
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