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Abstract: Organic transformations can broadly be classified into four categories including cationic, anionic,
pericyclic and radical reactions. While the last category has been known for decades to provide remarkably ef-
ficient synthetic pathways, it has long been hampered by the need for toxic reagents, which considerably limited
its impact on chemical synthesis. This situation has come to an end with the introduction of new concepts for
the generation of radical species, photoredox catalysis – which simply relies on the use of a catalyst that can
be activated upon visible light irradiation – certainly being the most efficient one. The state-of-the-art catalysts
mostly rely on the use of ruthenium and iridium complexes and organic dyes, which still considerably limits their
broad implementation in chemical processes: alternative readily available catalysts based on inexpensive, envi-
ronmentally benign base metals are therefore strongly needed. Furthermore, expanding the toolbox of methods
based on photoredox catalysis will facilitate the discovery of new light-mediated transformations. This article
details the use of a simple copper complex which, upon activation with blue light, can initiate a broad range of
radical reactions.
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1. The ABC of Photoredox
Catalysis and Copper Complexes

Photocatalysis is the acceleration of a
chemical reaction by the combination of a
catalyst and a source of light.[1] This broad
field, which was actually already men-
tioned by Plotnikow in his 1936 book en-
titled ‘Allgemeine Photochemie’,[2] really
began with the pioneering contributions
of Fujishima and Honda, who reported in
1972 the photolysis of water with a TiO

2
electrode in a photoelectrochemical cell,[3]
and the discovery of the photocatalysis of
organic reactions by Pac and Deronzier in
the early 1980s.[4]

Photocatalysis, more properly termed
‘photoredox catalysis’ since the photons
are nothing close to ‘catalysts’ in such pro-
cesses, has seen growing interest recently
and is today an especially active area of
chemical research, notably due to its appli-
cations in fields such as medicine, chemi-
cal synthesis, material science or environ-
mental chemistry and to the number of
chemical processes of utmost importance
that can be developed, performed or opti-
mized based on this concept. These include
not only the reactions of small molecules
such as H

2
O (water splitting)[5] or CO

2
(forming solar fuels)[6] but also organic
substrates, which is especially convenient
and remarkably useful either for the deg-
radation of organic contaminants (e.g. for

water decontamination or self-cleaning
materials) and for the generation of radical
species under mild and environmentally
friendly conditions, which has had a deep
impact in organic synthesis and clearly
contributed to the recent revival of radi-
cal chemistry.[7] Indeed, while the genera-
tion of radical species typically relies on
the use of toxic and/or hazardous reagents
such as tin derivatives and peroxides, they
can now be readily generated by irradiation
with light in the presence of a photoredox
catalyst, which is much more practical and
enabled the development of remarkably ef-
ficient and innovative processes. Growing
environmental constraints and regulations
have also clearly contributed to the attrac-
tiveness of organic photoredox catalysis,
from both academic and industrial per-
spectives, since it enables the generation of
a range of radical species under mild, safe
and environmentally-friendly conditions.

Due to the broad range of applications
of modern photocatalysis, the number of
catalytic systems reported to date is im-
pressive. They can be primarily classi-
fied according to their homogeneous or
heterogeneous nature and the use of one
over another strongly depends on the area
of application. Heterogeneous photocata-
lysts – titanium dioxide being one of the
most popular – are for example commonly
used in photocatalytic reduction of carbon
dioxide and water splitting, while homo-



622 CHIMIA 2018, 72, No. 9 OrganOmetallics and catalysis

still mostly being limited to activated sub-
strates, however.

In order to address this limitation and
basedonour long-standing interest incopper
catalysis,[17] we recently reported a general
and broadly applicable copper-based pho-
toredox catalyst, [(DPEPhos)(bcp)Cu]PF

6
,

for photoredox transformations of organic
halides.[18] We now report a full account on
this catalyst, its use for the catalysis of a
range of radical processes and for the syn-
thesis of biologically relevant targets[19] as
well as mechanistic insights into the photo-
catalytic cycles together with a comparison
with other photoredox catalysts.

2. [(DPEPhos)(bcp)Cu]PF6: an
Optimal Copper-based Photoredox
Catalysis

2.1 Screening Copper Complexes
in Search for an Optimal Copper-
based Photoredox Catalyst

We initiated our studies by screening
a series of homoleptic and heteroleptic

polypyridines actually dates back to the
late 1970s when McMillin reported, in a
remarkable contribution to this field, that
bis(2,9-dimethyl-1,10-phenanthroline)
copper(i) tetrafluoroborate, Cu(dmp)

2
BF

4
,

“has a rather low-lying metal-to-ligand
charge-transfer excited state and could be
expected to participate in some interesting
photoredox chemistry”.[11] Following pio-
neering studies by the Kutal,[12] Mitani[13]
and Sauvage[14] groups next demonstrated
the potential of copper(i) complexes for the
photoredox catalysis of organic transfor-
mations, quite simple ones however.While
these complexes have remained attractive
among inorganic photochemists,[15] they
have been scarcely used in photoredox
transformations, which can mostly be at-
tributed to their short-lived excited states.
They have therefore been considered to be
poor alternatives to ruthenium and irid-
ium complexes, even if recent contribu-
tions have clearly reinvigorated this area
and further demonstrated the remarkable
potential of copper complexes as photo-
catalysts,[16] their use in organic synthesis

geneous ones are usually preferred and/or
more suitable for organic photocatalysis.

Homogeneous photocatalysis has been
largely dominated by ruthenium and irid-
ium complexes whose main features en-
compass strong absorption in the visible,
high oxidation and reduction potentials,
intense luminescence and long-lived ex-
cited states (typically in hundreds of ns or
in the µs range).[7] The main alternatives
to the use of these photocatalysts mostly
rely on the use of organic dyes[8] or pho-
toactivatable gold complexes[9] that were
introduced recently. Limitations however
still remain with all these photocatalysts,
notably in terms of availability, price and
applications.

In sharp contrast, much less attention
has been devoted to copper complexes
in photoredox catalysis,[10] despite their
strong potential not only as cheaper cata-
lysts but also for the activation of a broader
range of substrates opening new opportuni-
ties in light-mediated chemical transforma-
tions. The use of copper(i)-phenanthroline
complexes as alternative to ruthenium(ii)-

Fig. 1. Optimization of the copper-based photoredox catalyst and reaction conditions.
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substrate scope for the photoinduced ac-
tivation of carbon–halogen bonds with
[(DPEPhos)(bcp)Cu]PF

6
that compares

well with other photoredox catalysts com-
monly used. All kind of aryl iodides can
indeed be activated,[22] regardless of their
substitution pattern and electronic prop-
erties, upon reaction with 5 mol% of the
catalyst in the presence of excess diisopro-
pylethylamine in acetonitrile at room tem-
perature. Notably, the reaction was found

to be compatible with a range of functional
groups, including a boronate, and could
also be extended to heteroaryl iodides.
The activation of the C(sp2)-Br bond in
aryl bromides, which is known to be more
difficult due to the slow C–Br bond cleav-
age kinetics,[22a,23] was found to be more
sensitive to the electronic nature of the
starting material: while electron-poor aryl
bromides were found to be excellent sub-
strates that were readily reduced, electron-
rich aryl bromides were mostly recovered
at the end of the reaction. As for aryl chlo-
rides, whose reduction by photoredox ca-
talysis is still an unsolved challenge, they
were shown to be poor reaction partners.

cally inactive homoleptic complexes being
detected upon irradiation at 420 nm (ca.
20% after a day), Fig. 2.

Having in hand a robust procedure for
the synthesis of [(DPEPhos)(bcp)Cu]PF

6
on a multigram scale and having addressed
potential problems associated to its stabili-
ty, its ability to act as a photoredox catalyst
for organic synthesis was next evaluated.
Representative and selected results will be
overviewed in the next section.

3. [(DPEPhos)(bcp)Cu]PF6:
a Remarkably Efficient Photoredox
Catalyst

In order to have a clear idea of the
substrates that could be activated with
[(DPEPhos)(bcp)Cu]PF

6
and next move to

its use for the catalysis of radical reactions,
we first evaluated the reduction of a broad
range of organic halides with representa-
tive electronic and steric properties.

3.1 Range of Substrates Activatable
with [(DPEPhos)(bcp)Cu]PF6

Results from this study are collected in
Fig. 3: overall, they reveal a rather broad

copper(i) complexes for the model reduc-
tion of biphenyliodide 1 using excess tri-
ethylamine as the sacrificial reductant in
acetonitrile at room temperature under ir-
radiation at 420 nm (Fig. 1). Despite the
obvious limited synthetic usefulness of this
transformation, it was selected due to the
well-knowndifficult activationofaC(sp2)–I
bond, the redox potential for the reduction
of iodobenzene being –1.91 V vs SCE.[16a]
While all homoleptic complexes of phen-
anthroline and diphosphine derivatives
were found to be inefficient, heteroleptic
complexes[20] combining both one electron-
deficient phenanthroline and one electron-
rich chelating diphosphine[16c,d,21] turned
out to be much more efficient, [(DPEPhos)
(bcp)Cu]PF

6
, whose efficiency as a photo-

sensitizer for the photocatalytic reduction
of water[16d] and carbon dioxide[21b] had
been previously demonstrated, displaying
the highest efficiency. Replacing the di-
phosphine by a bis(isonitrile)[16k] resulted
in a total lack of activity.

Further optimization based on the na-
ture of the sacrificial reductant revealed that
the model reduction was best performed
using Hünig’s base, which in addition en-
abled reducing the catalyst loading to 5
mol%. Under these conditions, biphenyl 2
resulting from the copper-catalyzed photo-
induced reduction of 1 could be obtained
in 93% yield. Importantly, a photoreactor
is not required for this transformation since
simple commercially available blue LED
strips can be used with a similar efficiency.

2.2 Multigram-scale Synthesis
of [(DPEPhos)(bcp)Cu]PF6 and
Evaluation of its Stability

Beforemoving to a detailed study of the
potential of [(DPEPhos)(bcp)Cu]PF

6
as a

photoredox catalyst for organic synthesis,
we first addressed its synthesis on a multi-
gram scale, an easy and user-friendly pro-
cedure being a prerequisite for the devel-
opment of a practical catalyst. Its synthesis
could be readily performed on a 10-gram
scale by simply successively adding 1
equivalent of DPEPhos and 1 equivalent of
bathocuproine to a dichloromethane solu-
tion of tetrakisacetonitrile copper(i) hexa-
fluorophosphate, [(DPEPhos)(bcp)Cu]PF

6
being simply isolated in an analytically
pure form by precipitation as a bright yel-
low solid (Fig. 2). Conveniently, it is not
especially sensitive to water or oxygen and
can therefore be easily handled; as most
photoredox catalysts, it is however prefer-
entially stored away from light!

Themain problem associated to hetero-
leptic copper complexes being their equi-
libriumwith the corresponding homoleptic
complexes, we next addressed its stability.
In the absence of light, not even a trace of
the homoleptic complexes could be detect-
ed after a day, minor amounts of catalyti-

Fig. 2. Multigram-scale synthesis of [(DPEPhos)(bcp)Cu]PF6 and stability.
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ring, the tether and the alkene. Importantly,
the yields of the cyclized products com-
pared well with the ones obtained through
other procedures in which the radical spe-
cies were generated through classical tech-

more convenient in this case and irradiation
in a photoreactor was shown to be slightly
superior to the use of blue LEDs. The re-
markably mild reaction conditions tolerate
a range of substituents on both the aromatic

Alkenyl iodides were also shown to be
viable substrates: while their reductionwas
shown to proceed with moderate efficiency
only despite full conversions, their smooth
activation by [(DPEPhos)(bcp)Cu]PF

6
of-

fers interesting perspectives for their use in
intramolecular copper-catalyzed photoin-
duced radical processes. Gratifyingly, both
alkyl iodides and bromides were shown to
be excellent substrates readily activated
under the optimized reaction conditions.

3.2 Copper-catalyzed,
Photoinduced Radical Cyclizations

Having a clear idea of the substrates
that can be activated upon irradiation in the
presence of [(DPEPhos)(bcp)Cu]PF

6
, its

synthetic usefulness in radical cyclizations
was next demonstrated, the main idea be-
ing to highlight both its efficiency and its
potential as an alternative to more standard
techniques for the generation of radical spe-
cies as well as to other photoredox catalysts
typically used. An overview of the use of
[(DPEPhos)(bcp)Cu]PF

6
for the catalysis

of radical cyclizations can be found in Fig.
4. The simple reductive radical cyclization
from aryl iodides 3 possessing a suitably
placed alkene proceeded smoothly to af-
ford, depending on the nature of the tether
Y, the corresponding polysubstituted in-
dolines (4a–h),[9a,22a,b] dihydrobenzofurans
(4i–l)[9a,22a,c,d] and indanes (4m–p). The use
of 10 mol% of the catalyst was found to be

Fig. 4. Copper-catalyzed photoredox radical cyclizations.

Fig. 3. Evaluation
of the range of
substrates activatable
with
[(DPEPhos)(bcp)Cu]PF6.



OrganOmetallics and catalysis CHIMIA 2018, 72, No. 9 625

niques or with other photocatalysts, clearly
demonstrating the synthetic usefulness and
broad applicability of [(DPEPhos)(bcp)Cu]
PF

6
as a catalyst for photoredox transforma-

tions of aryl halides.
Radical cyclizations can also be pro-

moted from alkyl halides 5, as highlighted
with the cyclization to cyclopentane 6a and
pyrrolidine 6b derivatives obtained in rea-
sonable yields with 5 mol% of [(DPEPhos)
(bcp)Cu]PF

6
, provided that the amount of

the sacrificial reductant was decreased to
minimize the competing reduction of the
starting material.

Finally, the efficiency of this approach
was further highlighted with domino radi-
cal cyclizations from readily available
N-benzoyl-N-(o-iodobenzyl)-cyanamides 7
(Y =N) and ynamines 7 (Y = CR).[19]While
the cyclization of such substrates to the cor-
responding complex tetracyclic molecular
scaffolds 8 was previously reported under
tin-mediated conditions[24] and by photore-
dox activation using the highly reducing and
expensive iridium catalyst fac-Ir(ppy)

3
,[25]

we could demonstrate that [(DPEPhos)
(bcp)Cu]PF

6
was a viable and efficient al-

ternative. Indeed, upon reaction with 10
mol% of this photoredox catalyst in the
presence of two equivalents of Hünig’s base
from cyanamides and ten from ynamides
under irradiation at 420 nm in acetonitrile
at room temperature for 16 hours, the cy-
clization was shown to proceed efficiently,
smoothly affording the corresponding cy-
clized products 8 resulting from a domino
radical cyclization in fair to good yields and
with efficiencies that nicely compare with
previously reported procedures.

3.3 One Step Further: Copper-
catalyzed, PhotoinducedDirect C–H
Arylation of Pyrroles and Electron-
rich Arenes with Aryl Halides

Having confirmed the broad applicabil-
ity of [(DPEPhos)(bcp)Cu]PF

6
as a catalyst

for photoredox processes from unactivated
aryl and alkyl halides and its usefulness in
radical cyclizations, we next focused on a
challenging transformation of great synthet-
ic importance: the direct C–H arylation of
arenes with aryl halides. Besides dehydro-
genative cross-coupling processes in which
two C(sp2)-H bonds are simultaneously ac-
tivated to form biaryl derivatives, the main
challenges being to suppress the homocou-
plings and to control the regioselectivity, the
direct C–H arylation of arenes indeed repre-
sents one of the most attractive route to bia-
ryls.[26] Several photoredox processes have
been reported lately for this transformation,
most of them relying on activated arylating
agents such as diazonium salts,[27] diaryli-
odonium triflates[28] or arylsulfonyl chlo-
rides.[29] For obvious reasons, aryl halides
are more practical and attractive arylating
agents that are in addition readily available;

the main problem associated with their use
being to suppress their competing reduction.
Pioneering studies from the König group
demonstrated the feasibility of this approach
with pyrroles using a perylene bisimide as
the photoredox catalyst,[22c] a reaction that is,
however, limited to the use of aryl halides ac-
tivated by electron-withdrawing groups.[30]
In order to tackle this limitation and in an
attempt to develop a broader process, the ef-
ficiency of [(DPEPhos)(bcp)Cu]PF

6
to pro-

mote the photoredox arylation of pyrroles
10 with aryl iodides 9 was first evaluated:

while the use of our optimized conditions
resulted in competing reduction of the start-
ing aryl iodide, this side reaction could be
limited by replacing diisopropylethylamine
by substoichiometric amounts of a less sol-
uble amine, dicyclohexylisobutylamine,[30d]
in combination with two equivalents of
potassium carbonate. Using these modi-
fied conditions, a range of pyrroles, used in
excess, could be smoothly arylated with a
series of aryl iodides with high efficiency
and selectivity for the arylation at C2, as il-
lustrated with examples collected in Fig. 5.

Fig. 5. Copper-
catalyzed photoredox
direct C–H arylation
of pyrroles and elec-
tron-rich arenes with
aryl halides.
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in three steps from commercially avail-
able bromopropylamine hydrobromide
20. Here again, these results compare
well with the previously reported related
radical cyclization to deoxyvasicinone 22
of a N-benzoyl-N-phenylselenopropyl-
cyanamide with tributyltin hydride and
AIBN in benzene.[37n]

5. Insights into the Photocatalytic
Cycle Involved with
[(DPEPhos)(bcp)Cu]PF6

To have a better understanding of the
parameters accounting for the remarkable
activity of [(DPEPhos)(bcp)Cu]PF

6
, we

next initiated a detailed study of its photo-
physical properties. As mentioned above,
its stability was evaluated by monitoring
the UV-visible absorption and by 1H NMR
analyses in CD

3
CN. While this complex

was found to be perfectly stable for 24

hours in the dark, the formation of homo-
leptic [(bcp)

2
Cu]PF

6
was slowly observed

upon irradiation. While the homoleptic
complexes were shown to be catalytically
inactive, this slow dissociation might ac-
count for the relatively high catalytic load-
ing needed in some cases.

The photophysical studies of
[(DPEPhos)(bcp)Cu]PF

6
first indicated a

luminescence lifetime of 819 ns, which is
in the high range for a heteroleptic cop-

by our copper-based photoredox catalyst
and visible light (Fig. 6). Cyanamide 16
was therefore readily prepared from pre-
cursor 15 in two steps and submitted to
the [(DPEPhos)(bcp)Cu]PF

6
-catalyzed

photoredox domino radical cyclization
using dicyclohexylisobutylamine and po-
tassium carbonate: a smooth and clean
cyclization occurred yielding luotonin A
17 in 79% yield, a yield that compares
nicely to the 43% yield reported in the
Malacria synthesis for the cyclization
of the same precursor 16 with Bu

6
Sn

2
in

refluxing toluene under irradiation.[24a]
Using a slight modification of the syn-
thetic route, ynamide 18 could be easily
prepared from 15 in a divergent manner
and also underwent an efficient cycliza-
tion yielding, after desilylation, rosettacin
19. As an important note, the use of blue
LEDs in place of a photoreactor resulted
in a similar yield with an increased reac-
tion time (7 days).

Having previously demonstrated the
ability of [(DPEPhos)(bcp)Cu]PF

6
to ac-

tivate C(sp3)–I bonds, this approach could
then be extended to the total synthesis of
deoxyvasicinone 22,[36,37] a naturally oc-
curring tricyclic quinazolinone that has
been reported to possess antimicrobial,
anti-inflammatory and antidepressant
activities[38] that could be obtained by a
photoinduced radical domino cycliza-
tion from cyanamide 21, itself prepared

Electron-rich and electron-poor aryl iodides
as well as heteroaryl iodides could be used
for the arylation and a range of pyrrole
derivatives could be efficiently arylated.
Notably, the reaction was found to be com-
patible with a boronate (11i), providing op-
portunities for further functionalization and
diversification, which could be highlighted
by an in situ Sonogashira coupling with
phenylacetylene and additional palladium
tetrakis(triphenylphosphine) (2 mol%),
and an interesting selectivity was observed
starting from 4-bromo-iodobenzene (11e).
The arylation could be extended to aryl bro-
mides, provided however that they are ac-
tivated by an electron-withdrawing group,
and electron-rich arenes such as mesitylene,
dimethylresorcinol and trimethylphloroglu-
cinol could also be arylated.

As evidenced with all examples over-
viewed, [(DPEPhos)(bcp)Cu]PF

6
clearly

holds a great potential as a photoredox
catalyst applicable to a range of transfor-
mations. To further demonstrate its syn-
thetic relevance, it was utilized to promote
a key radical domino cyclization to three
biologically relevant and/or natural prod-
ucts whose synthesis will be overviewed
in the next section.

4. Application of
[Cu(bcp)(DPEPhos)]PF6 in
Biologically Relevant/Natural
Product Synthesis

Based on the success achieved with
the copper-catalyzed radical domino cy-
clization of suitably functionalized cyan-
amides and ynamides overviewed above
(Fig. 4) and providing a convenient access
to complex tetracyclic systems, we indeed
briefly studied its extension to the synthe-
sis of natural and/or biologically relevant
molecules.We therefore targeted luotonin
A 17[31] and rosettacin 19,[32] respectively
natural and synthetic inhibitors of topoi-
somerase I, an excellent target for cancer
chemotherapy[33] due to its crucial role in
DNA replication and transcription and its
high levels in several human tumors.[34]
Because of their combined potential in
cancer therapy and their interesting topol-
ogy, both related targets have stimulated
numerous efforts for the development
of efficient and modular syntheses.[35]
However, limitations still remain, notably
in term of flexibility and modularity, two
crucial points in a diversity-oriented ap-
proach. Based on our studies and inspired
by an especially elegant total synthesis
of luotonin A by the Malacria group,[24a]
we envisioned that the classical tin-based
conditions used for the generation of the
radical species involved in the key radi-
cal cascade cyclization leading to luo-
tonin A might be conveniently replaced

Fig. 6. Application of [(DPEPhos)(bcp)Cu]PF6 in biologically relevant/natural product synthesis.
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tions and the easy addition of a nucleophile
to copper(ii) species. Elucidating the exact
nature of the transient copper(0) species
(i.e. copper(0) or monoreduced copper(i)
complexes) will also be of crucial impor-
tance, notably for the design of improved
photoredox catalysts with non-innocent li-
gands.
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abling a wide range of photoredox trans-
formations of organic halides. Both aryl
and alkyl halides are readily transformed
to the corresponding radicals upon reac-
tion with catalytic amounts of this hetero-
leptic complex in the presence of a sacri-
ficial electron donor. Besides providing
an excellent (and cheaper) alternative to
photocatalysis with iridium and ruthenium
complexes, as evidenced by a simple com-
parative analysis with main metal-based
photoredox catalysts (Fig. 8) that speaks
for itself, this opens new perspectives in
the use of copper complexes for photore-
dox transformations. A rare Cu(i)/Cu(i)*/
Cu(0) reductive quenching photocatalytic
cycle has been in addition shown to be
involved with this unique photocatalyst,
which should pave the way for the devel-
opment of other, more efficient copper-
based photoredox catalysts.

[(DPEPhos)(bcp)Cu]PF
6
is indeed not

yet an ideal photoredox catalyst: alternative
ones with increased lifetimes in their excit-
ed states and higher redox potentials should
be developed. The Cu(i)/Cu(i)*/Cu(0) cata-
lytic cycle is of major importance in this
perspective since it allows circumventing
the main problem met with most copper-
based photoredox catalysts for which the
Cu(i)/Cu(i)*/Cu(ii) catalytic cycle typically
involved is associatedwith flattening distor-

per complex and definitely contributes to
its efficiency as a catalyst. An oxidation
potential in the excited state of -1.02 V vs
SCE (estimated from E

½
(CuII/CuI) = +1.25

V vs SCE and 𝜆𝜆 = 546 nm) was deter-
mined, which is in agreement with recently
reported values.[21b]This value is clearly not
in accordance with a Cu(i)/Cu(i)*/Cu(ii)
oxidative quenching cycle (Fig. 7, bottom),
the excited copper catalyst being unable to
reduce an organic halide. An unusual and
rare Cu(i)/Cu(i)*/Cu(0) catalytic cycle[39]
(Fig. 7, top) would then be operative: the
reaction would be initiated by reduction
of [(DPEPhos)(bcp)Cu]PF

6
* with the sac-

rificial reductant, iPr
2
NEt, an elementary

step which is supported by the reduction
potential in the excited state for this com-
plex of +0.63V vs SCE (estimated from E

½
(CuI/Cu0) = –1.64 V vs SCE and 𝜆𝜆 =
546 nm) and by the reported oxidation po-
tential of iPr

2
NEt (+0.68 V vs SCE).[40] A

transient copper(0) complex [(DPEPhos)
(bcp)Cu],[41] whose oxidation potential was
measured to be –1.64V vs SCE, would then
be generated and this species would reduce
the organic halide R–X by single electron
transfer, regenerating the copper(i) catalyst
and initiating the generation of a radical R•,
and its further cyclization to R’• in the pres-
ence of a suitably placed functional group,
these radicals being finally reduced by the
amine radical cation to afford the final
product. In the case of the direct arylation
of arenes and radical domino cyclizations,
a reductant is not formally needed since the
last step corresponds to a reduction of the
radical generated after radical addition to
the arene followed by rearomatization. This
final reduction can be performed by either
the amine radical cation or [(DPEPhos)
(bcp)Cu]PF

6
*: in the latter case, a substoi-

chiometric amount of the amine is sufficient
for the reaction to occur.

While the intermediacy of a rare cop-
per(0) complex (or a copper(i) complex
with a reduced ligand)might seem counter-
intuitive, the formation of copper nanopar-
ticles or copper mirrors in the presence of
unreactive organic halides and the strong
quenching of [(DPEPhos)(bcp)Cu]PF

6
*

by iPr
2
NEt observed (k

q
= 3.4*107 M–1.s–1,

Fig. 7) strongly supports this elementary
step. The limited quenching of [(DPEPhos)
(bcp)Cu]PF

6
*by iodobenzene (k

q
=6.9*106

M–1.s–1) and the inactivity of [(bcp)
2
Cu]PF

6
also support this mechanism: with a reduc-
tion potential in the excited state of –0.02
V vs SCE,[42] this compound is indeed un-
able to oxidize iPr

2
NEt.

6. Conclusions and Outlook

In conclusion, we have shown that
[(DPEPhos)(bcp)Cu]PF

6
is a general and

broadly applicable copper catalyst en-

Fig. 7. Proposed
photocatalytic
cycle for photoredox
transformations of
organic halides with
[(DPEPhos)(bcp)Cu]
PF6.
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