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Gold(l) Complex with a Photoactive Ligand Behaves as a Two-in-One
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ABSTRACT: We herein describe the use of a gold complex with a naphthalene-di-imide-functionalized N-heterocyclic carbene
(NDI-NHC) ligand, which was used as a photocatalyst for a variety of reactions. Due to the presence of the naphthalene moiety in
the ligand, the complex can be used for the photogeneration of singlet oxygen, behaving as a photocatalyst in the endoperoxidation
and peroxidation of cyclic and acyclic alkenes, and also in the selective oxidation of a simulant of sulfur mustard to its related
nontoxic sulfoxide. The same complex was used as catalyst for two model oxidative C—C coupling reactions, namely, the coupling of
aryldiazonium salts with alkynylsilanes and with mesitylene. These two catalytic reactions are a good indication that the (NDI-
NHC)-Au(I) complex can behave as an effective dual metallophotoredox catalyst but with the particular feature that both the
photosensitizer and the metal catalyst are contained in the same compound, thus constituting a very rare type of a “two-in-one”
metallophotoredox catalyst. The participation of the Au(I)/Au(IIl) couple in the catalytic process was demonstrated by the isolation
of a Au(III) complex, which was obtained via a self-photoactivated photoredox reaction.
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B INTRODUCTION These catalysts operate via a single catalytic cycle, where the
metal-based catalyst plays a dual duty by harvesting light and
then enabling bond forming/breaking events. The use of a
single catalyst framework has the advantage that the light
energy can be more efficiently utilized than in dual-catalyst
systems due to the intramolecular electron/energy transfer
process. In addition, the efficiency of the reaction can be
improved because the metal center neighbors the radicals that
are formed, thus enhancing the connection between light,
photosensitizer, and metal. In this context, only very recently,
several authors have developed metal complexes with photo-
active ligands to develop a new class of “two-in-one”
metallaphotoredox cross-coupling catalysts.” Some recent
examples reported so far include the use of an acridine—
palladium complex used for the cross-coupling of aryl halides
with carboxylic acids,”® the use of a nickel complex with a

During the past three decades, the use of catalysts with ligands
that incorporate stimulus-responsive units has appeared as an
efficient way of conferring a biomimetic level of control over
chemical transformations." Such level of control allows the
tuning of the catalyst for specific needs and therefore can be
used to enable chemical transformations that are difficult to
achieve by other means. At the same level of catalyst design,
dual catalysis has emerged as one of the most powerful
strategies for the development of chemical reactions. Dual
catalysis refers to a type of plural catalysis that combines the
synergistic action of two catalysts” and provides a relatively
simple strategy for the development of reactions that are
normally inefficiently performed by a single catalyst. Metal-
laphotocatalysis is a special type of dual catalysis in which one
catalyst is used to absorb light and harvest energy, and a
second independent catalyst is used to manipulate the
reactivity of the resulting photoexcited species.” Recently, Received: December 7, 2023
several visible light-absorbing metal complexes have shown to Revised:  February 13, 2024
be active in bond-breaking and bond-forming events without Accepted:  February 14, 2024
the need of exogenous photosensitizers, but most of the times, Published: February 29, 2024
these single-catalyst strategies are metal-dependent and

normally require the use of highly sophisticated ligands.”
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diarylquinolinium-embedded bipyridine ligand for the cross-
coupling of aryl halides and organoboron compounds,”® and
the use of a palladium complex for promoting radical cross-
coupling reactions.>

During the past decade, the combination of photocatalysis
with gold catalysis has helped span the scope of gold catalysis
far beyond the conventional 7-activation of C—C unsaturated
bonds. This combination of light and gold allows the use of
gold catalysts for tandem nucleophilic additions/oxidative
cross-coupling reactions without the use of strong external
oxidants, which are normally required for facilitating the
Au(I)/Au(1ll) oxidation step.® It needs to be noted that
important advances have been recently accomplished” for
oxidant-free C—C oxidative coupling reactions with aryl
halides, which are facilitated by gold(I) catalysts by either
using a directing group or by utilizing special bidentate ligands.
The combination of a gold(I) complex with a photocatalyst is
an interesting alternative because redox events can be easily
achieved via electron transfer and radical addition at the gold
center, thus opening the door to challenging redox Au(I)/
Au(III) catalysis.8

We recently described the preparation of a series of
rhodium, iridium,” and gold'® complexes with naphthalene-
diimide-decorated N-heterocyclic carbene ligands (NDI-
NHCs), which we used as redox switchable catalysts for a
number of organic transformations. For the design of these
catalysts, we benefited from the reversibility of the two
sequential one-electron reduction events at the NDI moiety to
induce changes in the electron-donating strength of the NDI-
NHC ligand, which were translated in the modification of the
catalytic performances of the metal complexes. Together with
the interesting electrochemical properties, NDIs can display
excellent photochemical properties that may have the potential
for being further applied for catalytic purposes, although these
have been scarcely explored.11 For example, NDIs combine
intense light absorption, high stability, electron-accepting
ability and high fluorescence quantum yields.'”” With these
precedents in hand, in the study that we report herein, we
sought to benefit from merging the catalytic activity of the gold
center with the photochemical properties derived from the
NDI moiety in the NDI-decorated NHC ligand. Since complex
1 (Figure 1) has an NDI moiety attached to the backbone of
the NHC ligand, we thought that this could be used for
promoting dual metallaphotocatalytic reactions without the
requirement of adding an external photosensitizer. As will be
described in the following sections of this manuscript, we
herein describe the (i) ligand-centered photocatalytic proper-
ties of the NDI-NHC—Au—Cl complex 1, (ii) its ability to
promote the photochemical oxidation of Au(I) to Au(IIl), and
(iii) its ability to facilitate catalytic oxidative C—C coupling
reactions using aryl-diazonium salts.

B RESULTS AND DISCUSSION

Figure 1 shows the UV—vis spectra of 1 and the NDI-
imidazolium salt A, which was used as an NHC precursor in
the preparation of 1. Both spectra show strong NDI-centered
vibronically structured bands with A, at 450 and 545 nm, for
A and 1, respectively. The red-shifted absorption of complex 1
with respect to that observed for the imidazolium salt A is a
consequence of the combined effect of the coordination of the
gold atom and the disappearance of the positive charge.

One of the most interesting photochemical properties of
NDI-containing compounds is their ability to behave as singlet
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Figure 1. UV—vis spectra of the imidazolium salt A and gold complex
1 in CH,Cl, (50 uM, 25 °C).

oxygen ('O,) photosensitizers."> Given the strong absorption
of complex 1 in the visible region, we sought to test if our
gold(I) complex would be an efficient 'O, photosensitizer and,
if so, if it could be used for the photocatalytic peroxidation of
organic molecules. The endoperoxidation of alkenes is a very
interesting reaction because many endoperoxides are biological
active reagents'” that are often used in a large number of
organic transformations.'” In addition, the reactions of alkenes
and dienes with singlet oxygen are receiving increasing
attention due to the interest in finding biomimetic routes to
natural products.'® As a model reaction, we first studied the
endoperoxidation of 9,10-diphenylanthracene (DPA). The
reaction was carried out at room temperature using a 2 mM
solution of DPA in acetonitrile and 4 X 107> mM of 1,
irradiating with a household light-emitting diode (LED) lamp
at 527 nm, with 5.2 mW/cm? of incident power. Under these
reaction conditions, we observed that the resulting anthra-
cenyl-endoperoxide was obtained quantitatively in just 30 min.
By comparing the time-dependent reaction profiles of the
endoperoxidaton of DPA with 1 with the reaction profile
resulting from the reaction carried out with Rose Bengal
(singlet oxygen quantum yield = ¢, = 0.53),"” we were able to
determine the singlet oxygen quantum yield of 1, ¢5(;) = 0.93
(details on the calculation can be found in Pages S5—S6 in the
Supporting Information), thus surpassing the best results
reported in 2?revious studies for NDI-containing photo-
sensitizers.'® It is also important to point out that the
NDI-imidazolium salt A that is used as the NHC ligand
precursor in the synthesis of 1 did not show any activity in the
endoperoxidation of DPA under these reaction conditions as it
should be expected due to the negligible absorbance shown by
this compound at 527 nm. Interestingly, when A was used and
the irradiation was carried out at 450 nm (where A shows its
maximum absorption), the amount of diphenylanthracene
endoperoxide formed was also negligible (<10%).

We next decided to explore the substrate scope of the
reaction, for which a series of cyclic and acyclic alkenes were
subjected to irradiation in the presence of 1. For these
reactions, we used six different substrates in order to compare
their reactivity and to explore their tolerance to functional
groups. In particular, substrates 2—5 are known to react with
singlet oxygen via a photoinduced Diels—Alder reaction in
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which singlet oxygen is the dienophile. As can be observed
from the data shown in Table 1, substrates 2—S$ reacted with

chloroethyl ethyl sulfide (CEES), one of the most commonly
used simulants for sulfur mustard (Scheme 1).** The reaction

Table 1. Peroxidation of Organic Substrates by Light-
Induced Cycloaddition of 'O,

Entry  Substate/Product Time  Yield (%)°
Ph Ph
C OB 0 s
P2 Ph  2(0-0) min
z 3 3(0-0) 30 =99
min
3 @H I >99
4 4(0-0)
. O o
5 5(0-0)
T
Ph Ph —> ph Ph
5 =" = 4h 88
6 6(0-0)
O—Cro
6 24h 66
7 7(0-OH)

“Reactions carried out in CD;CN in a nuclear magnetic resonance
(NMR) tube with 2 mM of substrate under O, atmosphere, using
0.02 mM (1 mol %) of 1. bProton NMR ("HNMR) yields, using
anisole (2 mM) as internal integration standard. Samples were
irradiated with an LED lamp at 527 nm (5.2 mW/cm?). €0.2 mol % of
1 was used.

singlet oxygen, affording the corresponding endoperoxidation
products in very high yield. In the case of anthracene, the
formation of anthracenyl-endoperoxide (3(0—0)) was
quantitative in half an hour using only 0.2 mol % of
photocatalyst (entry 2). The reaction of cyclohexene produced
cyclohexenyl hydroperoxide (7(O—OH)) in 66% yield after 24
h of reaction (entry 6). This product is formed through an ene
reaction, yielding an allylic hydroperoxide in which the double
bond of the substrate has been shifted to a position adjacent to
the original double bond."”

Encouraged by these results, we wondered whether complex
1 could also be used for the detoxification of bis(2-
chloroethyl)sulfide, more widely known as sulfur mustard.
Although several methods have been used for the detox-
ification of sulfur mustard (incineration, hydrolysis, oxidation,
and dehydrohalogenation),” these have shown to be rather
ineffective and also pose great risk to humans if the agents are
not completely degraded. As a result, partial oxidation of sulfur
mustard to bis(2-chloroethyl)sulfoxide is considered to be the
most convenient detoxification route, since the overoxidized
sulfone product is just as toxic as sulfur mustard itself.”** One
way to control the selective oxidation of the sulfide to the
sulfoxide is to use a mild oxidant, for which the use of singlet
oxygen is now considered as one of the most promisin%
methods for selective partial oxidation of sulfur mustard.”
Given the high efficiency of 1 in the generation of singlet
oxygen, we decided to test our complex in the oxidation of 2-
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Scheme 1. Oxidation of CEES to CEESO Using Singlet
Oxygen Produced by the Photosensitizer 1

hyv (527nm) ﬁ ﬂ
12 mol%), O, 4 S

CI/\/S\/ Nt CI/\/“\/
CEES CH,CN, RT 0

CEESO, >99%  CEESO,, 0%

was performed in acetonitrile, with a 2 mol % of 1, using a
LED lamp at 527 nm, under an O, atmosphere. We observed
that after 20 min, CEES was quantitatively converted into
chloroethyl ethyl sulfoxide (CEESO). Under the reaction
conditions used, we did not observe the formation of 2-
chloroethyl ethyl sulfone (CEESO,), which could have been
produced from the overoxidation of CEES, thus indicating the
high selectivity of the reaction toward the partially oxidized
nontoxic product, CEESO.

The generation of 'O, with a photosensitizer is normally
produced via an energy transfer process. In our case, the NDI
moiety of the ligand is used as a triplet sensitizer for
photooxidation (via sensitizing singlet oxygen), and the
process occurs via a triplet—triplet energy-transfer (TTET).
For this type of photocatalytic process, the electrochemical
potentials are not useful predictors of reactivity, while the
relative triplet-state energy for the photocatalyst and substrate
are the most important parameters for determining the
feasibility of the energy transfer. For photoredox processes,
the feasibility of the reaction is primarily determined by the
relative half potentials of the photocatalyst in its excited state
and the substrate. In the case of 1, cyclic voltammetry shows
two reversible reductions and one irreversible oxidation (see
the Supporting Information file for full details). The two
reductions are assigned to the formation of the radical
monoanion 1°” [E;/, = —0.82 V vs saturated calomel electrode
(SCE)] and the dianion 1*~ (E;;, = —1.3 V vs SCE). The
oxidation observed at E,;, (1°*/1) = 1.31 V can be related to
the electron-donating effect exerted by the N-nBu groups at
the core.'' The key values for the photoredox activity of 1 are
the excited-state potential for the reduction E,g*(1*/1°7) =
1.34 V and for the oxidation E *(1°*/1%) = —0.86 V, which
can be obtained combining the electrochemical and spectro-
scopic groperties of the complex using the Rehm—Weller
theory.” These values indicate that 1 in the excited state is a
strong oxidant and a mild reductant and suggest that the
complex could be used as a photosensitizer in reactions
typically facilitated by the ubiquitous photocatalyst [Ru-
(bpy);]** [Ru(Il)*/Ru(I) = 0.77 V; Ru(Ill)*/Ru(Il) =
—0.81 V vs SCE; 4., = 452 nm].

With these data in hand, we decided to study the oxidative
addition of 2-(pyridin-2-yl)benzenediazonium tetrafluorobo-
rate to [AuCl(PPh;)] (Scheme 2). This reaction constitutes a

Scheme 2. Photoredox-Promoted Oxidative Addition of an
Aryldiazonium Salt to [AuCI(PPh;)] Using 1 as
Photocatalyst

+

- hv (527nm) j BF,
.
N2"BFq 1(0.5 mol%) (PP (BF&)
SN+ PhgP-AuCl ——— 20 Al
[ MeCN,RT [ SN
8
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very interesting example of a visible-light-promoted photo-
redox method for the oxidative addition of aryldiazonium salts
to gold(I) complexes and 1s performed using [Ru(bpy)]-
(BF,), as the photosensitizer.”* In order to study if the same
reaction could be performed using 1 as the photosensitizer, we
carried out the reaction between [AuCl(PPh;)] and the
aryldiazonium salt in acetonitrile at room temperature, using
0.5 mol % of 1, and irradiated the solution with an LED light
(A =527 nm) during 3 h. Under these reaction conditions, we
obtained the corresponding Au(IIl) complex 8 in 87% isolated
yield, a result that outperforms the previously published result
using [Ru(bpy);](BE,),”* for which 80% of the Au(III)
product was obtained after 4 h of reaction.

Given that 1 is a Au(I) complex itself, we also performed the
direct reaction of 1 with the aryldiazonium salt in acetonitrile
under visible light irradiation and observed that the new
Au(IlI) complex 9 was obtained quantitatively after 3 h
(Scheme 3). Complex 9 was characterized by nuclear magnetic

Scheme 3. Self-Photoredox-Promoted Oxidative Addition of
an Aryldiazonium Salt to 1

N,*BF,”
| N | ~ o +(BFy)
— —N
hv (627nm) \Au nBu o nBu
. R ’(N N o
nBu MeCN, RT nBu” Q H
o N~nBu
9 nBu o HN-py
oo oo
nB nBu
\ 1
nBu

resonance (NMR) spectroscopy and electrospray ionization
mass spectrometry (ESI-MS) (see the Supporting Information
for full details). This reaction is very interesting because the
oxidation of Au(I) to Au(Ill) is produced without the need of
adding an external photosensitizer and therefore can be
regarded as a very rare case of a self-photoactivated photoredox
reaction, but most importantly, it indicates that complex 1 is
suitable for participating in Au(I)/Au(III) photoredox events.
Both reactions shown in Schemes 2 and 3 prompted us to
use 1 as a (single) dual photoredox catalyst for C—C coupling
reactions involving aryldiazonium salts.”> The use of 1 in this
type of reaction would benefit from the fact that the reactions
could be performed without the need of the addition of an
external photosensitizer, thus producing a series of significant
advantages, such as (i) the reduction in the cost of the reaction
setup, (ii) the simplification of the reaction workup, and (iii)
the performance of the reaction in a more sustainable manner
as smaller amounts of metal-containing additives would be
needed for facilitating the reaction. More importantly, the fact
that both the photosensitizer and the metal catalyst are
contained in the same framework may enhance the efficiency
of the electron transfer during the catalytic cycle, and this may
have benefits regarding the activity of the catalytic process.
As a first model reaction, we chose to study the coupling of
alkynyl-silanes with aryldiazonium salts,”® a reaction that
exemplifies the participation of Au(I)/Au(III) cycles facilitated
by a photoredox catalyst. We performed the reaction between
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four different aryldiazonium tetrafluoroborates and trimethyl-
silylethynylbenzene in acetonitrile at room temperature, under
irradiation with an LED light (1 = 527 nm), using 10 mol % of
1. For comparative purposes, we also performed the reaction
using [AuCl(PPh;)] (10 mol %) and [Ru(bpy);](PFs), (0.5
mol %) under the same conditions. As can be observed from
the data shown in Table 2, catalyst 1 is a suitable catalyst for

Table 2. Dual Gold Photoredox Coupling of Aryldiazonium
Tetrafluoroborates and Trimethylsilylethynylbenzenea

Y—@—Nz BF, + MesSi—== < > Y O

[cat]/hv (527nm)

MeCN, RT, 3h
Y =H,NO,, F, CF3
entry Y catalyst yield (%)”
) H 1 60
5 H AuCI(PPh;) + [Ru(bpy)]** 58
3 NO, 1 74
4 NO, AuCI(PPh,) + [Ru(bpy),]** 59
s . 1 66
6 F AuCI(PPh,) + [Ru(bpy),]** 60
; CF, 1 60
8 CE, AuCI(PPh;) + [Ru(bpy),]** 52

“Reaction conditions: Reactions were carried out in CD;CN at room
temperature during 3 h, using a 10 mol % of gold catalyst with respect
to limiting reagent. For the reactions carried out with [AuCl(PPh;)],
0.5 mol % of the Ru-photosensitizer was added. Samples were
irradiated with an LED lamp at 527 nm (5.2 mW/cm?). YIsolated
yields, average of two experiments. All other specific details can be
found in the Supporting Information file.

this C—C coupling reaction, allowing the formation of the final
products in yields ranging from 60 to 74%. Probably more
interesting is the fact that catalyst 1 consistently outperforms
the activity shown by the mixture of [AuCI(PPh,)] and
[Ru(bpy);](PF;), under the same reaction conditions. It is
also important to point out that the reaction is carried out
employing green light, which is of lower energy than that of the
blue light that is normally used for promoting this type of C—C
coupling. For further comparative purposes, we also performed
the reaction using [AuCl(PPh,)] and [Ru(bpy);](PFs), under
blue light irradiation (450 nm) and observed that under these
conditions, the product yield was, again, 58%, thus the same as
that reported in the literature for this reaction.*®

In order to get a better insight on the different catalytic
behaviors of 1 and the [AuCl(PPh;)]/[Ru(bpy);](PFy),
catalytic mixture, we decided to monitor the evolution of the
coupling of p-nitrophenyldiazonium tetrafluoroborate with
trimethylsilylethynylbenzene using both catalysts. The reac-
tions were carried out in CD;CN in an NMR tube, using 7.5
mol % of Au catalysts, and 0.4 mol % of [Ru(bpy);](PF), for
the case that [AuCI(PPh;)] was used (see Pages S12—S14 in
the Supporting Information for full details). For these
experiments, we decided to irradiate with white light, in
order to ensure that both photosensitizers are illuminated at
their maximum absorbance wavelengths. The resulting reaction
profiles are shown in Figure 2. As can be observed from the
profiles, catalyst 1 not only outperforms the activity of
[AuCl(PPh;)] + [Ru(bpy);](PFs), all along the reaction
profile but also produces a higher final product yield (90% vs
70%, both with 100% of substrate conversion). It is worth
noting that, under these reaction conditions, the reaction is
more effective than that shown in entries 3 and 4 in Table 2 as
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Figure 2. Time-dependent reaction profiles of the coupling of p-
nitrophenyldiazonium tetrafluoroborate with trimethylsilylethynyl-
benzene with 1 (blue dots) and [AuCl(PPh,)] + [Ru(bpy);](PFs),
(orange squares). The reactions were carried out in CD;CN at room
temperature using a 20 W white LED lamp. The initial concentration
of both substrates was 0.06 M. The concentration of the Au catalyst
was 7.5 mol %. The concentration of [Ru(bpy);](PFs), was 0.4 mol
%.

it reaches completion in less than 20 min with a lower catalyst
loading. This is most likely due to the higher concentration of
catalyst and substrates used for this experiment, together with
the fact that the samples are irradiated with the whole window
of wavelengths in the visible region as a white lamp was used.

In order to see if the good activity of catalyst 1 could be
extended to other metallophotoredox-promoted reactions, we
also studied the coupling of aryldiazonium tetrafluoroborates
and mesitylene. This cross-coupling reaction proceeds via
direct C—H activation of mesitylene and would normally
require strong oxidants, but it was recently shown to be feasible
via dual gold photoredox catalysis.”” For testing this reaction,
we performed the reactions in acetonitrile at room temperature
under green light irradiation using 10 mol % of catalyst 1.
Again, for comparative purposes, we also carried out the
reactions using [AuCl(PPh;)] (10 mol %) and [Ru(bpy);]-
(PF¢), (0.5 mol %) under the same conditions. As can be
observed from the data shown in Table 3, under these reaction

Table 3. Dual Gold Photoredox Coupling of Aryldiazonium

Tetrafluoroborates and Mesitylene®

[cat)/hv (527nm)

-

MeCN, RT, 16h
Y =NO,, F, CF3
entry Y catalyst yield (%)"
. xO, . 67
2 NO, AuCI(PPh,) + [Ru(bpy),]? 57
3 v . 9
4 F AuCI(PPh;) + [Ru(bpy);]* 79
s CF, 1 34
6 CF, AuCI(PPh;) + [Ru(bpy);]? 21

“Reaction conditions: Reactions were carried out in CD;CN at room
temperature for 3 h, using a 10 mol % of gold catalyst with respect to
limiting reagent. For the reactions carried out with [AuCI(PPh;)], 0.5
mol % of the Ru-photosensitizer was added. Samples were irradiated
with an LED lamp at 527 nm (5.2 mW/cm?). *Yields are an average
of two experiments and were calculated by 'H NMR using
trimethoxybenzene as standard.
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conditions, the activity of 1 is significantly and consistently
higher than the activity shown by the conventional [AuCl-
(PPhy)]/[Ru(bpy);](PFs), mixture and even outperforms
some of the previously reported results for the coupling of
these two types of substrates.”” Again, we also tried the
reaction using the [AuCl(PPh;)]/[Ru(bpy);](PFs), mixture
for the coupling of p-nitrophenyldiazonium tetrafluoroborate
with mesitylene and obtained a product yield of 57%, which is
the same as the one reported in the literature for the coupling
of these two substrates.””

In order to check if the better activity of catalyst 1 was
maintained all along the reaction course, we also time-
monitored the coupling of p-nitrophenyldiazonium tetrafluor-
oborate with mesitylene. The reactions were performed in an
NMR tube, using 7.5 mol % of Au catalysts and 0.4 mol % of
[Ru(bpy);](PFg), (for the case of [AuCI(PPh;)]), and the
samples were irradiated with white light (see Pages S15—S17
in the Supporting Information for full details). The resulting
reaction profiles are shown in Figure 3. As can be observed

@ N [cat]/h\ —
N,*BF 4 N
2= MeCN. RT 2 \ 7/
1 L [ oreemmmaisariany a
—
< 003 4 e
5 -
.§ a
g 002 1 _ i [AuCI(PPhy)+[Ru(bpy);](PFo),
¢
001 4
=)
o4
o 3 6 9 12 15 18 21 24 27
Time (min)

Figure 3. Time-dependent reaction profiles of the coupling of p-
nitrophenyldiazonium tetrafluoroborate with mesitylene with 1 (blue
dots) and [AuCl(PPh;)] + [Ru(bpy);](PFs), (orange squares). The
reactions were carried out in CD;CN at room temperature using a 20
W white LED lamp. The initial concentration of p-nitrophenyldiazo-
nium tetrafluoroborate was 0.06 M, and a 6-fold excess of mesitylene
was used. The concentration of the Au catalyst was 7.5 mol %. The
concentration of [Ru(bpy);](PF¢), was 0.4 mol %.

from the comparison of the profiles, the activity of 1 is higher
than that shown for the [AuCI(PPh;)] + [Ru(bpy),;](PFy),
system all along the reaction profile. The comparison of the
initial rates (taken after 3 min of reaction) indicates that the
reaction using 1 is 1.9 times faster than the reaction performed
with the Au/Ru bimetallic system. Again, under these reaction
conditions, the process is more efficient than when the
conditions are those used for the construction of the data
shown in Table 3. The reasons for this higher efficiency are the
same as those explained before.

Based on other studies on Au-photoredox catalysis involving
aryldiazonium salts,””*® we hypothesized a mechanism
involving the Au(I)/Au(Ill) cycle that is shown in Scheme
4. Irradiation of 1 with visible light generates [ClAu'(NHC-
NDI*)] (A), in which the NDI moiety of the ligand is
photoexcited. Then, this species reacts with Ar—N,"BF,”, via a
single-electron transfer process (SET), generating the neutral
radical Ar®, which adds to the resulting [ClAu'(NHC-NDI*)]
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Scheme 4. Proposed Metallaphotoredox Catalytic Cycle
Involving Catalyst 1

) Cl-Au' (NHC-NDI*)

hv (527nm Ar-N,*BF
A
%M/A/' Ar +N, +BF,
Cl-Au' (NHC-NDI)
1 Cl-Au' (NHC-NDI*)
Ar-R B
)(Ar'
/i\" Ar
R-Au'l-(NHC-NDI) AUII(NHC-ND#)
E & Ar dic
A i
X Au*—(NHC-NDI)
- cl:l

D

(B) to generate the gold(II) cationic species [ClAu"(Ar)-
(NHC-NDI*)] (C), in which the NDI moiety of the NHC
ligand is oxidized. This species undergoes intramolecular SET
between the oxidized NDI moiety and the gold(Il) atom to
generate [ ClAu™(Ar)(NHC-NDI)]* (D), with an electrophilic
Au(Ill) center. It is important to point out that this SET
process proceeds via an inner-sphere mechanism, which is
uncommon in conventional photoredox catalysis. Then, D
reacts with a nucleophilic organic substrate (R-X) to generate
the o-bound tetracoordinated Au(III) intermediate
[ClIAu™(Ar)(R)(NHC-NDI)] (E). In the final step of the
cycle, E reductively eliminates Ar—R-regenerating Au(I)
catalyst 1. We think that this mechanism may also explain
the higher efficiency of complex 1 in metallaphotoredox
catalysis compared with those of other dual catalytic systems.
First, the generation of the aryl radical via the SET process to
the aryldiazonium salt is produced next to the gold center, thus
facilitating its rapid coordination, compared to the situation in
which an external photocatalyst is used, and thus the aryl
radical is generated far from the Au(I) center. Second, the fact
that the SET between the oxidized NDI moiety and the Au(II)
center ([ClAu"(Ar)(NHC-NDI")] — [ClAu™(Ar)(NHC-
NDI)]*) is intramolecular (instead of intermolecular as in
the case that an external photocatalyst is used) should also
enhance the efficiency of this step of the process.

B CONCLUSIONS

We showed that the [AuCI(NHC-NDI)] complex 1, is a
versatile catalyst, which can participate in a number of
photocatalytic reactions. The presence of the photoactive
NDI moiety attached to the NHC ligand makes this complex
suitable for the photogeneration of singlet oxygen and thus to
behave as an effective catalyst in the endoperoxidation and
peroxidation of cyclic and acyclic alkenes and also in the
selective oxidation of CEES to the nontoxic product CEESO.
We also proved that complex 1 can substitute the ubiquitous
photosensitizer [Ru(bpy);]**, in a number of photocatalytic
reactions, thus indicating that this catalyst can participate both
in TTET events (as in the processes involving the generation
of singlet oxygen) and in photoredox catalysis (as in the
generation of the Au(IIl) complex 9 shown in Scheme 3).
However, all these reactions can be regarded as ligand-centered
processes, in which the participation of the gold center is
limited to red-shifting the maximum absorbance of the
complex, so that it can be photoactive when excited in the
visible region. For further exploration of the catalytic features
of 1, we then merged the ligand-centered photoredox
properties of the complex with the metal-centered catalytic
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properties derived from the presence of the gold(I) atom. We
found that 1 is an efficient catalyst for a variety of oxidative C—
C coupling reactions, including the coupling of aryldiazonium
salts with alkynylsilanes and mesitylene, with the latter one
involving direct C—H activation of arenes under very mild
reaction conditions. The fact that 1 can promote these variety
of dual gold-photoredox catalytic processes constitutes a clear
benefit with respect to previously reported examples of dual
gold-based metallaphotoredox processes because complex 1 is
able to facilitate these couplings without the need of addition
of an external photoredox catalyst. We consider very
meaningful the fact that a single catalyst like 1 is able to not
only compare but also outperform other dual gold-based
metallaphotoredox systems reported previously. The use of a
single catalyst for dual metallaphotoredox catalysis simplifies
the reaction workup, enhances the atom economy of the
reactions, and makes gold-based oxidative C—C couplings
more sustainable. To the best of our knowledge, no other
gold(I) catalysts reported to date show the catalytic features
shown by 1.
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