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Digold photosensitizer for visible light [2 + 2]

‘ '-) Check for updates
‘ ’ cycloaddition and E/Z isomerization reactions
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Energy transfer photocatalysis has emerged as a powerful platform for a wide variety of transformations,
yet advances in this area are often limited by the visible-light absorption of catalysts and the very high
cost of state-of-the-art iridium-based sensitizers. We report the synthesis, characterization, and photo-
catalytic use of a novel digold(i) complex, {[Au(IPr)]>(DHIC)} (PhotAu3), designed to overcome these limit-
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ations by absorbing visible light in the blue region and proving catalytically effective under 450 nm LED
irradiation. The complex was successfully applied to a range of EnT-mediated photocatalytic reactions,
including intramolecular [2 + 2] cycloadditions and E/Z isomerizations, achieving high conversions at low
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Introduction

Over the past fifteen years, the area of photocatalysis has
experienced remarkable growth, becoming a powerful syn-
thetic tool enabling efficient late-stage functionalization and
the construction of very diverse molecular frameworks.'™
While photoredox catalysis via electron transfer (ET) has
largely dominated the field,>” energy transfer (EnT) catalysis,
particularly through a triplet-triplet energy transfer (TTEnT)
mechanism,® has recently gained attention as a promising
strategy for molecular assembly.’*?> Although a wide variety of
organosensitizers,’*™” including ruthenium,'®?° and other
transition metal-based photocatalysts®*>* have been explored
in energy transfer (EnT) photocatalysis, iridium complexes
remain the state-of-the-art>?® due to their exceptionally long
excited triplet-state lifetimes, high quantum yields, tunable
ligand frameworks, and, most notably, their high triplet
energy (E,) values that permit excitation of a broad range of
organic substrates.>® Despite recent advances where E, values
of up to 73 keal mol™" have been achieved,*”*® the majority of
Ir-based photosensitizers still fall below the 64 kcal mol™
threshold, thereby oftentimes limiting substrate scope.
Furthermore, their complex multi-step syntheses,>® high
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catalyst loadings in short reaction times.

cost,® limited compatibility with green solvents due to their
ionic nature, and poor recyclability’'*> collectively highlight
the pressing need for more sustainable, cost-effective, and
efficient alternatives. As a more cost-effective and synthetically
accessible alternative to iridium-based photosensitizers, Nolan
and co-workers have developed and made commercially avail-
able® the gold carbazolyl complexes [Au(SIPr)(Cbz)] (PhotAu1)
(SIPr = [N,N-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene];
Cbz = carbazolyl) and [Au(IPr)(Cbz)] (PhotAu2) (IPr = [N,N-bis
(2,6-diisopropylphenyl)imidazol-2-ylidene]) which exhibit high
triplet energies (67.9 and 67.6 kcal mol™, respectively),
remarkably long lifetimes in solution (266 and 335 ps respect-
ively), and intense energy emission, enabling previously inac-
cessible energy transfer (EnT) transformations such as the
intramolecular [2 + 2] cycloaddition of unsubstituted indoles
in notably short reaction times.****> The successful use of
these organogold complexes in additional EnT photocatalytic
processes further demonstrates their potential and versatility.
These have shown effective in the intermolecular [2 + 2] cyclo-
addition of coumarins,*® isooxazolines’” and benzothio-
phenes?® with various alkenes, the cyclization of acrylamides™®
and in the synthesis of cycloheptaindoles.*’

Dinuclear gold(1) complexes have only recently been studied
in catalysis,*"*> materials science**™** and as promising anti-
cancer agents.*®*” Dinuclear amido-bearing NHC complexes
for photocatalysis have few precedents, and this synthetic chal-
lenge represents an opportunity to explore the fundamental
question of synergistic bimetallic interactions and their
impact on photocatalytic behavior and reactivity. In this
regard, novel dinuclear [(bisNHC}{Au(Cbz)},] complexes have
been described.*® Investigation of their photocatalytic activity
and photophysical properties revealed that, while their pro-
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Scheme 1 State-of-the-art Ir and gold photosensitizers and novel [Au
(IPn)]2(DHIC) (PhotAus3).

perties resemble those of [Au(SIPr)(Cbz)], the NHC-Au-Cbz
fragments in the binuclear complexes appear to operate inde-
pendently from one another in solution without the apparent
existence of cooperative interaction. Additionally, binuclear
Janus-type and tandem-NHC gold complexes reported by
Thompson and coworkers exhibit thermally activated delayed
fluorescence (TADF), although they have not been employed as
sensitizers, and their synthesis remains challenging.**® A
major limitation of the new gold complexes PhotAul and
PhotAu2 is the position of their absorbance in the UV region.
Irradiation in this section of the spectrum can lead to photo-
chemical initiation of reactions without the need for a sensi-
tizer.>* Thus far, only light sources emitting at 365 nm have
been successfully used in experiments conducted by the Nolan
group with gold sensitizers. In contrast, iridium-based photo-
catalysts can operate with 450 nm irradiation, utilizing visible
blue light, which is generally considered a milder and more
selective condition than UV light irradiation. The use of visible
light is preferred due to its lower energy consumption, safer
handling, and reduced potential for degradation of both the
starting material and products, as well as a lower likelihood of
side reactions and byproduct formation.’™® To overcome
these issues, we sought to design a gold photocatalyst that
could operate (like iridium complexes) in this region of the
visible light spectrum. Here, we report the facile synthesis of a
novel gold sensitizer [Au(IPr)],(DHIC) (PhotAu3) and its cata-
lytic use in [2 + 2] cycloaddition and E/Z isomerization reac-
tions (Scheme 1).

Results and discussion

Inspired by the catalytic behavior of amido-complexes and the
efficiency of carbazole in these key photocatalytically active
architectures, 5,11-dihydroindolo[3,2-b]carbazole (2) was
employed as a new nitrogen donor. The initial synthetic
approach involved the weak base route with [Au(IPr)(Cl)],
K,CO; and 2 (see SI). Unfortunately, this first attempt proved
unsuccessful. We reasoned that an alternative gold nucleophi-
lic synthon could be deployed to form the amido-gold bond.
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To this end, [Au(IPr)(OH)] (1)** was employed and cleanly led
to the formation of PhotAu3 (3) in ethyl acetate at room temp-
erature, according to Scheme 2. The excellent solubility of 3 in
THF permitted full spectroscopic characterization as well as
the growth of single crystals, suitable for X-ray diffraction
study. Photoluminescent spectroscopy was also possible in
this solvent. The crystal structure of PhotAu3 exhibits an asym-
metric unit, consisting of two halves of symmetry-independent
molecules, with different spatial disposition of the NHC and
amido fragments (Fig. 1). One molecule (Fig. 1, left) presents
the NHC moiety and the donor ligand on the same plane,
while the other shows the two fragments lying perpendicular
to one another. The second molecular conformation is similar
to the one exhibited by PhotAu1.?® Interestingly, other similar
molecular structures bearing IPr show conformations with the
two fragments set on the same plane.>>*® Absorption spectra
of the free ligand 2 with that of PhotAu3, measured in THF
solution, show that the last absorption band of 5,11-dihydroin-
dolo[3,2-b]carbazole ends at around 420 nm, with the last peak
at 405 nm (see SI). By adding the IPr-Au moiety to the donor
ligand, the number of n-conjugated orbitals increases, thus
red-shifting the absorption band of the complex: for PhotAu3

AL
> N
/"( Au
- Ya VoY =
‘ \"E)f EoAc | NN )
AN RT, 16 h @.J\,L
\.:{ Kj N\ %)
N Z Au it
2 H 3 (PhotAu 3) }.—.N <
w3 -N_J

Scheme 2 Synthesis of PhotAu3.

Fig. 1 Crystal structure of PhotAu3, containing two different confor-
mations of the PhotAu3 molecule. Thermal displacement ellipsoids are
shown at the 50% probability level. Selected bond distances (A): Aul-N1
= 1.978(4), Aul-C1 = 2.003(4), Au2-N2 = 1.976(4), Au2—-C2 = 2.005(3).
CCDC number: 24655609.
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two new bands are present with maximum absorption at 400,
440, and 470 nm, still absorbing up to 480 nm, indicating the
ability to absorb from a standard blue LED at 450 nm.

The PL emission spectrum shows a peak of A, = 562 nm,
which indicates that PhotAu3 has an E; value of ca. 50.9 kcal
mol ™. This value is in line with reactivity found using the catalyst,
which proved unreactive with substrates possessing higher values
than 60 kcal mol ™. The PLQY reported for the catalyst is 3% and
the lifetime of the photoluminescence is 39 ps in THF (Table 1).

Both of those values are inferior compared to those
reported for PhotAul and PhotAu2. The low £, is most likely a
result of emission from a ligand locally excited triplet state
(°LE). The vibronic fine structure seen in the emission band is
characteristic of LC-based emission, whereas CT-based emis-
sion is typically broad and featureless. To further support the
*LC assignment, the phosphorescence spectrum of PhotAu3 in
2Me-THF was collected at 77 K. The 77 K spectrum and the
room temperature spectra are the same, consistent with the
emission at both temperatures coming from the LE state. We
have found in previous (carbene)M(amido) complexes that
cooling the sample in a polar solvent destabilizes the CT and
often gives rise to *LC emission.””**** Here the *LC emission
is observed at both RT and 77 K. The gold is facilitating rapid
intersystem crossing from the 'ICT to the *ICT, which intern-
ally converts to the LE state. The involvement of the ’LE state
leads to the long-measured lifetime, which is beneficial for
photocatalysis requiring diffusion of the substrate to the
excited catalyst (Fig. 2).

Table 1 Key photophysical data of PhotAu3 at room temperature in
THF
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Fig. 2 Molar absorptivity of the DHIC ligand and PhotAu3 in THF, as

well as photoluminescence spectra at room temperature of PhotAu3 in
THF and at 77 K in 2-MeTHF are shown.
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Our new photosensitizer was initially tested in the intra-
molecular [2 + 2] cycloaddition of substrates that have pre-
viously been investigated using iridium catalysts and our gold
photosensitizers. Cinnamyl ether 4 was initially selected as the
model substrate.>**>*® Compound 4 has previously been
tested by Yoon and coworkers as a benchmark for EnT cataly-
sis.® In their seminal work, 1 mol% of the [Ir(dF(CF;)
ppy).(dtbbpy)|[PFs] sensitizer was used and the reaction pro-
ceeded in very dilute DMSO solution (0.01 M). Ruthenium sen-
sitizers were unable to mediate this reaction as triplet energies
of styrenes are estimated to be ca. 60 kcal mol™".%

Optimization focused mainly on decreasing the catalyst
loading and reaction time while confirming that visible light
could facilitate the reaction. We employed 450 nm irradiation
wavelength at 100 W. Surprisingly, full conversion and a yield
of 96% were obtained after 30 minutes with 0.5 mol% of the
catalyst in both THF and 2Me-THF (entries 2 and 3, Table 2).
By decreasing the catalyst loading to 0.25 mol%, a conversion
of 72% was reached after 1 h and 83% after 2 h (entries 4 and
5, Table 2). Control experiments confirmed both the need for
light and for photosensitizer (entries 6 and 7, Table 2). To
confirm the need for gold, compound 2 (the carbazole ligand
alone) was used as photocatalyst in a 10 mol% amount (entry
8, Table 2). At the 450 nm irradiation for 6 hours, a poor 23%
conversion was obtained. These catalytic data agree with
expected reactivity based on the absorption spectra of both
catalyst and ligand 5,11-dihydroindolo[3,2-b]carbazole.

An additional family of spiroindoline precursor substrates
was examined. This series has previously been examined by

Table 2 Intramolecular [2 + 2] cycloaddition of cinnamyl ether 4 with

PhotAu3 as photocatalyst®
PhotAu3 (X mol%) O Q

] ]

A =

Solvent
RT
0 Time, N, (o)
450 nm, 100W

4 5
Entry Mol% Solvent Time (h) Conv. (%) Yield (%)
1 0.5 THF 1 100 98
2 0.5 THF 0.5 100 96
3 0.5 2Me-THF 0.5 100 96 (90)°
4 0.25 THF 1 72 68
5 0.25 THF 2 83 73
6 0 THF 6 0 0
7 0.5¢ THF 6 0 0
8 107 THF 6 23 17
9 4° THF 1 0 0
10 4/ THF 1 15 9
“General reaction conditions: 4 (0.1 mmol, 1 eq.), PhotAu3

(0.5-0.25 mol%), THF or 2Me-THF, room temperature, 0.5-6 h, under
nitrogen, under 450 nm light irradiation at 100 W. NMR conversion
and yield are calculated with 1,3,5-trimethoxybenzene as internal stan-
dard as average of two runs. ”Isolated yield. ¢ Reaction performed in
the dark. “5,11-Dihydroindolo[3,2-b]carbazole used as catalyst.
¢ Benzophenone used as catalyst.’/ Thioxantone used as catalyst.
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You,*"*® Fu,”® Koenig'® and Oderinde.”" Polycyclic spiroindo-
lines are privileged scaffolds found in numerous naturally
occurring alkaloids.”” In order to generate the products by
photocatalysis, it is often necessary to pre-functionalize the
precursors, as branched indoles, with the introduction of an
electron-withdrawing group on the C2 of the indole, since this
functionalization has been shown to significantly lower the
excitation threshold of the precursor molecule, thereby facili-
tating the photochemical transformation.®® Keeping in mind
the exciting results brought by compound 4, the optimization
of intramolecular [2 + 2] cycloaddition of tethered indoles at
low catalyst loading and short reaction times was investigated
(Table 2).

Both substrates 6 and 8 reached full conversion after 1 hour
with 0.5 mol% of catalyst (1 mol% gold). Once again THF and
2Me-THF were selected as solvents to fully solubilize the sensi-
tizer. Interestingly but not surprisingly, compound 10, without
the phenyl group at C2, did not react under these conditions
as it possesses an Er value of 65 kecal mol™" (ref. 61) which is
well above the value at which the photocatalyst can operate
(Scheme 3, see SI for reaction conditions).

The E/Z isomerization of double bonds via EnT photocataly-
sis was next explored. The synthesis of Z-cinnamyl ethers, their
corresponding alcohols and, more generally, Z-alkenes present
a significant challenge. Various conceptually distinct method-
ologies have been developed to tackle this challenge including
Wittig reactions,” cross-coupling of alkenyl halides,”* stereo-
selective semi-hydrogenation of alkynes,”> Z-selective olefin
metathesis,”® and Peterson olefination reactions.”” However,
these reported transformations generally suffer from limited
selectivity for the Z-configuration and often depend on energy-
intensive reagents or costly transition metal-based catalysts.

PhotAu3 (0.5 mol%)

W
LN
O

2Me-THF N Ph
1h, N, RT
o 450 nm, 100W (0]
6 7
MeO,C._COMe T
e PhotAu3 (0.5 mol%) .
O N\ O 2Me-THF O ‘
1h, Np, RT
N 450 hm; 100W N O
8 9
MeO,C £O:Me MeO,C qO:Me
_ PhotAu3 (1 mol%)
—_—
N\ 2Me-THF
6h, Np, RT
N 450 nm, 100W N
H H
10

Scheme 3
indoles.

Intramolecular [2 + 2] cycloadditions of various branched
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Therefore, an alternative strategy that enables the synthesis
of the Z-isomer from the more accessible E-isomer, while
allowing diversification from a common and easily available
intermediate, is highly desirable. Various types of photosensiti-
zers have been used recently for this purpose, obtaining the Z
isomer from its E counterpart through E/Z isomerization.
Those  photocatalysts  include iridium-based triplet
photosensitizers,”*®° organic dyes such as riboflavin,®" aro-
matic ketones like 2-iodo-9-fluorenone,®* and covalent organic
frameworks (COFs).®*#* Our first substrate candidate was cin-
namyl alcohol (12) (Scheme 4), which has been reported by
Wang and coworkers to yield the corresponding Z isomer with
a ratio of Z/E = 81/19 in a system with state-of-the-art fac-Ir
(ppy); iridium sensitizer at 1 mol% in THF with 24 h of blue
LED irradiation.?® The experiments, reported in Table 3, show
that reaction times longer than 2 hours were unnecessary to
reach high Z/E ratio (entries 1, 2 and 3). A 0.1 M solution
showed the same result as that of 0.2 M (entry 4). A catalyst

~ RN
PN N PhotAu3 (0.5 mol% e gl
( N om hudeiem. 1 ] 1
. THF, RT - ~
T 12 2h, N2 13 OH
450 nm, 100W
ZIE =T74/26
2N R
L J PhotAu3 (0.5 mol%) | ] |
o NN N — N .—::5:‘ .
- N THF, RT o - |
|| o 1h, N; .
~= 14 450 nm, 100W 15 =~
ZIE=T9%21
Scheme 4 E/Z isomerization reactions of cinnamyl alcohol and
stilbene.
Table 3 Optimization of E/Z isomerization of cinnamyl alcohol 12°
Entry Mol% Solvent Time (h) Conc. (M) Z|E
1 1 THF 16 0.2 74/26
2 1 THF 6 0.2 74/26
3 1 THF 2 0.2 74/26
4 1 THF 2 0.1 74/26
5 1 THF 1 0.2 70/30
6 2 THF 1 0.2 70/30
7 0.5 THF 2 0.2 74/26
8 0.5 2Me-THF 2 0.2 56/44
9 0.25 THF 2 0.2 27/73
10 0 THF 2 0.2 0/100
11 0.5% THF 2 0.2 0/100
12 4¢ THF 2 0.2 0/100
13 44 THF 2 0.2 23/77

“General reaction conditions: 15 (0.2 mmol, 1 eq.), PhotAu3
(0.25-2.0 mol%), THF or 2Me-THF, room temperature, 1-16 h, under
nitrogen, under 450 nm light irradiation at 100 W. Z/E ratios were con-
firmed by NMR spectroscopy, average of two runs. ”Reaction per-
formed in the dark.  Benzophenone used as catalyst. ? Thioxanthone
used as catalyst.

This journal is © The Royal Society of Chemistry 2025
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loading of 0.5 mol% allowed Z/E ratios of 74/26 (entry 7).
These findings suggest an equilibrium-based reaction. Similar
results were observed for the stilbene substrate (14)
(Scheme 4), which reached a Z/E ratio of 79/21 with 0.5 mol%
catalyst in just 1 hour. Reactions performed in THF proved
better than those conducted in Me-THF in both cases.

A recent report disclosed the application of a new organic
sensitizer that is able to yield Z-stilbene with Z/E = 74/26,°
while with state-of-the-art iridium catalysts it is possible to
reach Z/E ratios of 99/1.%” Control experiments confirmed that
for the two substrates examined with PhotAu3, both 450 nm
irradiation and the sensitizer are necessary for the reaction to
occur (entries 10 and 11, Table 3). To complete this section of
the study, the isomerization reactions were carried out with
common and commercially available photosensitizers such as
benzophenone®® and thioxanthone,* which have been used
extensively in a variety of photochemical transformations.*®

These two photocatalysts proved completely ineffective in
the isomerization reactions. This can be easily understood as
the absorbance band of benzophenone does not go above ca.
380 nm while thioxanthone absorbs around 410 nm.”* The
results shown in Tables 2 and 3 confirm the inefficacy of ben-
zophenone in reactions involving 4 and 12. Since thioxanthone
can absorb a portion of visible light emitted, we were able to
reach 15% conversion with 4 as substrate and 23/77 Z/E ratio
for cinnamyl alcohol with 4 mol% of catalyst loading. PhotAu3
proves significantly more effective.

Conclusions

A simple synthetic protocol to access a new digold photosensi-
tizer, which has been fully characterized by spectroscopic and
X-ray diffraction studies on a single crystal, has been estab-
lished. This new photocatalyst is the first gold complex to be
employed successfully for energy transfer photocatalysis under
visible light irradiation and proves a viable alternative to blue
light absorbing state-of-the-art iridium sensitizers. PhotAu3
has been deployed as catalyst in three different intramolecular
[2 + 2] cycloadditions, and two E/Z isomerizations at low cata-
lyst loading and proved effective in short reaction times.
Further studies involving extensive reaction scope in various
transformations using PhotAu3 are ongoing. The evolution of
the synthetic design of gold complexes for photocatalysis is
being further explored in our laboratories.
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