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Abstract

The development of efficient and operationally simple synthetic routes to dinuclear gold(l)-amido
complexes bearing aromatic/aliphatic-bridges are reported. This family of complexes was
prepared utilizing environmentally friendly and sustainable reagents under mild conditions,
resulting in 68-92% yields of the targeted compounds. These novel dinuclear gold(l)-amido
complexes were structurally and spectroscopically characterized. Their photophysical properties
were also studied. This series of gold complexes are phosphorescent with lifetimes in the
hundreds of microseconds range. They exhibit high catalytic activity as photosensitizers in
intramolecular cycloaddition and cyclization reactions at catalyst loadings ranging from 0.5 to 2

mol%.

Introduction

Photoactive transition metal complexes are widely used in photocatalysis, organic electronics,
and dye-sensitized solar cells due to their tuneable photophysical properties.:In particular,
luminescent materials with efficient microsecond phosphorescence have emerged as highly
promising candidates for application in organic light-emitting diodes (OLEDs).: During the last five
years, several reports of highly luminescent, two-coordinate, d** metal complexes of coinage
metals (i.e., Cu, Ag, Au) have appeared.: Carbene-metal-amido (CMA) complexes containing N-
heterocyclic carbene (NHC) ligands have drawn particular attention in these luminescence
related areas.:From a structural point of view, these tuneable emitters with donor-bridge-


https://pubs.rsc.org/en/content/articlehtml/2023/CY/D3CY00716B#fn1
https://pubs.rsc.org/en/content/articlehtml/2023/CY/D3CY00716B#fn2
https://pubs.rsc.org/en/content/articlehtml/2023/CY/D3CY00716B#fn2
mailto:steven.nolan@ugent.be
https://pubs.rsc.org/en/content/articlehtml/2023/CY/D3CY00716B#cit1
https://pubs.rsc.org/en/content/articlehtml/2023/CY/D3CY00716B#cit2
https://pubs.rsc.org/en/content/articlehtml/2023/CY/D3CY00716B#cit3
https://pubs.rsc.org/en/content/articlehtml/2023/CY/D3CY00716B#cit4
http://orcid.org/0000-0002-6176-7059
http://orcid.org/0000-0002-6147-3288
http://orcid.org/0000-0003-4539-8473
http://orcid.org/0000-0002-1792-159X
http://orcid.org/0000-0003-1718-0207
http://orcid.org/0000-0002-2455-8856
http://orcid.org/0000-0001-8916-1473
http://orcid.org/0000-0001-9024-2035

acceptor designs are composed of amido fragments usually based on the carbazole template,
acting as donor and carbene-type acceptor ligands.: Unlike some of the early reported Ir- and Ru-
based emitters,sthese coinage-metal-based complexes emit predominantly via thermally
assisted delayed fluorescence (TADF), while the former rely on strong spin-orbit coupling to
induce emission.2? The TADF emission in these CMA complexes predominantly originates from
ligand to ligand charge transfer (LLCT) states. Currently, some of the carbazolyl-bearing CMA
emitters with M = Cu, Ag, Au have found applications in OLED devices and as photocatalysis by
selecting an appropriate carbene as ligand.»<

To our knowledge, the carbazolyl-based CMAs have been reported mainly bearing cyclic
alkylaminocarbene (CAAC),=>< mono- or diamidocarbene (MAC or DAC),»= as well as imidazol(in)-
ylidene ligands*sand 1,3-thiazoline carbenev (Fig. 1). The vast majority of amido-bearing
complexes are usually synthesized from [M(NHC)CI] complexes (M = Cu, Ag, Au) as starting
materialin conjunction with strong bases, such as KO‘Bu, NaO‘Bu, or KHMDS, to achieve carbazole
N-H metallation.»<:|n addition, the formation of [M(NHC)(amido)] complexes can also be
achieved by pre-activation of amides or by ligand exchange.»The reported synthetic routes
usually require strictly inert conditions, cumbersome workup, needed subsequent purification

steps and long reaction times.
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Fig. 1 Carbene-metal-amido (CMA) emitters/sensitizers.

Recently, we have reported a simple and efficient route to various [M(NHC)(amido)] complexes
(M =Cu, Ag and Au) involving the use of a weak base and environmentally friendly solvents under
mild conditions.=*< These compounds have been successfully applied in organic synthesis* and
photocatalysis.» In addition, some of the CMA complexes have shown remarkable anticancer

activity in several cell lines.»< To the best of our knowledge, all reported CMA complexes are
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mononuclear and dinuclear amido-bearing NHC complexes have not yet been described in the
literature.

Dinuclear gold(l) complexes have been known since the 1970s and have attracted significant
attention since.2 Aseries of digold(l) species has been isolated and these have provided important
insights into dual activation reaction mechanisms.=In addition, several more recently
synthesized dinuclear gold(l) complexes have been extensively studied in catalysis,* materials
science= and as promising anticancer agents.= Nevertheless, they have been significantly less
studied than their mononuclear counterparts. Therefore, the design of new digold(l) complexes
is still needed and can possibly further probe the fundamental question of synergistic bimetallic
interactions and their influence on catalytic behaviour and reactivity.

Intrigued by various applications of mononuclear NHC-gold-amido complexes in
photocatalysis, medicinal chemistry and as photo-emissive materials,==< and given the lack of
current reports regarding dinuclear metal complexes with bridging NHC linkers, we now report
on this class of dinuclear NHC-gold(l)-amido complexes.

Initially, our investigation dealt with the synthesis of dinuclear bridged NHC-Au-Br precursors
(Scheme 1). Based on our previous experience and literature reports,” a family of aryl-bridging
complexes [(L)Au.Br,] (L = bridged bis(NHC)) 2a-b and 2d-f was successfully synthesized in good
to excellent yields from the corresponding bisNHC salts with [Au(DMS)Cl] in the presence of weak
base, namely K,CO; at 60 °C in acetone under aerobic conditions. Unexpectedly, the p-xylene as a
linker results in rapid decomposition of the gold compound. Therefore, the bis(IMes)
complex 2f was isolated in only moderate yield. Unfortunately, pure 2c could not be obtained

even after several attempts. Reasons for this are unknown at this time.
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With the [(L)Au,Br,] precursors in hand, we moved to the synthesis of digold-containing NHC
carbazolyl complexes. We began optimization of the reaction conditions with the model reaction

of [(IPr)e»ee(AuBr),] 2a with 2.2 equiv. of carbazole and 6 equiv. of K,CO; in acetone at 60 °C (Table
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1, entry 1). Gratifyingly, the desired complex [(IPr)o®e(AuCbz),] (Cbz = carbazole) 3a was obtained
after 6 hours in an 83% yield. The use of EtOH as a solvent led to the slight decrease in yield to
79% (Table 1, entry 2). In the case of EtOAc as a solvent, no product was observed, even after
prolonged reaction times (Table 1, entry 3). Decreasing the temperature led to longer reaction
times to achieve full conversion and resulted in a 71% isolated yield. Next, the influence of the
amount of base used was investigated. Identical yields were obtained when 4 equiv. instead of 6
equiv. were used. Finally, the same isolated yield as in entry 1 was obtained by further reducing
the reagent amount to 2 equiv. of carbazole with 4 equiv. of K,CO; and a reaction time of 10 hours.
We also examined the efficiency of other weak bases such as NEt; and NaOAc, which confirmed
potassium carbonate as the optimal base for this reaction (Table 1, entries 7-8). We reasoned that
NaOAc (pK.= 4.7) is not sufficiently basic to achieve N-H metallation. Results with the use of

NEt; as a base agree with those found for the synthesis of mononuclear carbazolyl complexes.x
Table 1 Optimization of the synthetic protocol®
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a Reaction conditions: [Au(NHC)Br]. (0.1 mmol, 1 equiv., 111.2 mg), carbazole (2.2 equiv., 36.8 mg), K.CO:s (6 equiv.,
82.9 mg) in 1 mL of acetone at 60 °C. b Isolated yields. ¢ 4 equiv. of base. d 2 equiv. of carbazole.

1 K,COs Acetone 60 6 83
2 K,COs EtOH 40 6 79
3 K,COs EtOAc 40 12 Trace
4 K,COs Acetone rt 12 71
5e K,COs Acetone 60 10 81
6 K.CO; Acetone 60 10 83
7° NaOAc Acetone 60 12 Trace
8¢ Et:N Acetone 60 12 Trace

With the optimized reaction conditions in hand, carbazolyl dinuclear NHC complexes 3a-
3h were synthesized from the corresponding [(L)(AuBr),] precursors and carbazole in the
presence of K,CO; in acetone. A series of bis(NHC)-bearing carbazolyl complexes as off-white solid

were obtained in moderate to excellent yields (Scheme 2). To our delight, the weak base route
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proves to be highly efficient for most all of the bis(NHC) complexes examined, 2a-b and 2d-2h.
Moreover, the method can be successfully applied not only to the bis(NHC)-bearing carbazolyl
complexes bearing aromatic linkers, but also to dinuclear gold-carbazolyl complex bearing an
aliphatic linker (Scheme 2, 3h). Notably, in the case of NHC with p-aryl linker, isolated yields were
lower compared to the ones bearing o- or m-aryl linkers (Scheme 2, 3d and 3evs.3f). Despite
sterically smaller NHC ligand, a longer reaction time was needed to obtain bis[NHC-Au-

carbazolyl] complex 3g from the 2g precursor.
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Scheme 2 Synthetic reaction scope for dinuclear bridging NHC—-Au-Cbz complexes.

To confirm the structure of members of this new family of complexes, all of them were
characterized by *H and #C NMR spectroscopy. All complexes were stable under air and even in
solution (such as DMSO, DCM or MeOH) for several days. It is worth mentioning that some of them,
namely, 3b, 3e, 3f and 3g are poorly soluble in CDCls;, acetone-d; or CD,Cl,, and that DMSO-ds was
usually employed as the NMR solvent to achieve the spectroscopic analysis. In addition, crystals
suitable for single crystal XRD analysis were grown for complexes 3e and 3c (Fig. 2). The structures
of both complexes reveal no intramolecular interactions between gold atoms. The distance
between the two gold centers in 3¢ with p-aryl linker (9.0390(5) A) is significantly longer than the
distance found in 3e bearing a m-aryl linker (6.273(1) A). The X-ray structures of 3c and 3e show
that the plane of the carbazolyl fragment adopts a vertical orientation with respect to the plane

of the aryl linker. It is worth noting that both carbazolyl and imidazolylidene moieties of
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structure 3e are almost parallel to each other. The cause of this structural arrangement is the
mandated orientation of the two gold centers via the linker substitution pattern. However, these
two fragments extend away from the m-xylene core. The detailed structural data can be found in

the ESIf in Tables S3 and S4.
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Fig. 2 X-ray molecular structures of 3c and 3e, showing thermal displacement ellipsoids at the 50% probability
omitted for clarity (see ESI+ for more detailed structural information). CCDC 2213682 and 2213683 (3c and 3

Considering the increasing interest of the application of gold complexes in medicinal
chemistry and the recently reported promising antitumor activity of mononuclear CMA
complexes in vitro,» we turned our attention to the synthesis of bisNHC gold-amido complexes

bearing other N-heterocycles (Scheme 3).
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Scheme 3 The scope of NHC—Au-amido complexes.

We noticed that when EtOH was used as the solvent, the obtained yields proved slightly higher
than in acetone. Therefore, a series of [(L){Au(amido)},] (4a-4c) complexes were synthesized in
excellent yields by employing various amines with higher acidity than carbazole in EtOH as a
solvent and K,CO; as base. It is worth mentioning that no conversion was observed with 10H-
phenothiazine (pK.,= 23), we assume the reason for this is its lower acidity compared with
carbazole (pK,= 19.9), benzimidazole (pK.= 12.8), 5,6-dimetylbenzimidazole (pK.= 13.5) or 4,5-
diphenylimidazole (pK.= 13). Unexpectedly, the reaction involving diphenylamine (pK.= 0.79)

yielded an impure NHC-Au-amido complex.
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To test the compatibility of the metalation involving the imidazolium salt and the carbazole
metalation steps, a one-pot synthesis of dinuclear NHC-Au-Cbz compound was successfully
performed directly from the imidazolium salt and the metal source, and the desired [(IPr)>

wienef{Au(Cbz)},] 3a was obtained in high purity and yield (Scheme 4).
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Scheme 4 One-pot synthesis of dinuclear CMA complex.

Having recently reported on the use of [Au(SIPr)(Cbz)](PhotAucat 1) and [Au(IPr)(Cbz)]
(PhotAucat 2) as sensitizers in the [2 + 2] cycloaddition of diallyl ethers and N-tosylamides and
having also shown that these gold-NHC complexes enabled the unprecedented photocatalytic
intramolecular [2 + 2] cycloaddition of indoles,=the structural similarities between these
photocatalysts and the novel dinuclear [(bisNHC){Au(Cbz)},] complexes described here, we
reasoned that two gold centers might also prove beneficial in EnT photocatalysis.== We next
investigated the photocatalytic activity and photophysical properties of the new family of
dinuclear bridging complexes to validate these suspicions.

We began our investigation into the [2 + 2] cycloaddition by selecting the model reaction
targeting the intramolecular reaction of ((1E,1'E)-oxybis(prop-1-ene-3,1-diyl))dibenzene (Table
2). In order to compare all dinuclear catalysts with the state-of-the-art [Au(SIPr)(Cbz)], the
photocatalytic reactions were conducted in THF, due to the higher solubility of some of the
catalysts (Table 2). As a benchmark, we used the previously reported results where the PhotAucat
1 sensitizer provided an 80% conversion with 1 mol% catalyst loading after 30 min. To keep the
same [Au-Cbz] loading, 0.5 mol% of dinuclear complexes were used in this screening.
Surprisingly, an excellent conversion of >90% was observed with most tested carbazole-based
catalysts 3, but not with 3h. Most complexes showed superior performance when compared
with PhotAucat 1. With these exciting results in hand, the reaction time was decreased to 15 min
to identify the best catalyst. The highest conversion (84%) was achieved when 3a was used as
sensitizer (Table 2, entry 1), an 80% conversion was observed for the 3b and 3e congeners (Table
2, entries 4, 8). Other dinuclear gold-NHC complexes, bearing various amido moieties were

inefficient in this model reaction (Table 2, entries 15-17). In order to confirm that the dinuclear
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bridging [bis(NHC){Au(Cbz)}.] complexes could be compatible with greener reaction conditions, a
reaction in EtOAc as solvent was performed and it proved as efficient as when it was performed in
THF (Table 2, entry 2). Control experiments confirmed the need for both sensitizer and light for

the reaction to proceed (Table 2, entries 20 and 21).
Table 2 Catalyst screening for the [2 + 2] cycloaddition of diallyl ether

Fh Ph Ph Bh

L. catakysl (0.5 molh) o
= f :

Agee™ 368 rm, AT, tirme

\H"g solvend As i:];
Time, GC
Entry Catalyst Solvent min  conversion: (%)

a Conversion was determined by GC using dodecane as internal standard and is the average of 2 reactions. b The data
were taken from our previous report.:

1 3a THE 15 84
2 EtOAc 15 86
3 THE 30 97
4 3b THE 15 80
5 30 9%
6 3d THE 15 77
7 30 97
8 3e THE 15 80
9 30 98
10 3f THE 15 60
11 30 90
12 3g THE 15 73
13 30 92
14  3h THE 30 84
15 4a THF 15 <10
16  4b THF 15 <10
17 4c THF 15 <10
18> [Au(SIPr)(Cbz)] THF 15 76
190 (1 mol%) 30 80
20 Without 3a THF 60 <10

21  3a(inthedark) THF 30 <10

To demonstrate the effectiveness of the dinuclear gold sensitizers in challenging
photocatalytic reactions, the [2 + 2] cycloaddition of an unprotected indole which proved
impossible with organo- or iridium-based sensitizers,»was tested.: Gratifyingly, complete

conversion of diethyl 2-((1H-indol-3-yl)methyl)-2-allylmalonate 5 was achieved after 1 h in the
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presence of 1 mol% of 3a, 3b, 3d or 3e (Scheme 5, A; ESI,T Table S1). Complex 3f exhibited low
catalytic efficiency for the cycloaddition of indole with only a 50% conversion, due most likely to
the poor solubility of this complex in EtOAc. Using sensitizer 3a, the desired cycloaddition
product 7 was isolated in 91% vyield, a catalytic performance equivalent to that of mononuclear
gold complexes.» The success of this reaction shows how the range of substrates can be extended
beyond that permitted with reported organo- or Ir-based sensitizers via energy transfer

photocatalysis.
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E0:C
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) ham® 355 nm, RT 3
BN, 3 1h, EtOAe, Ar H
Rmi T, 81%
EtDC  COzE
{B) =
3a (2 mols)
R=H, — \
E R =Me fgm= 355 nm, RT
18h, E1OAE, Ar H
R=Ma
B, B4 CCDC 2243563

Scheme 5 Energy transfer catalysis of unprotected indoles.

Inspired by this result, we turned our interest to cyclization of dimethyl-substituted
indole 6 (Scheme 5, B; and ESI,f Table S2). However, no sign of the desired product was observed
after 1 h of irradiation, even with a catalyst loading of 2 mol%. Interestingly, we observed some
conversion of starting material and therefore prolonged the reaction time. After 18 hours of
irradiation, a 74% conversion of indole 6 was reached. Only one major product was detected in
the NMR spectrum of the reaction crude; however, the generated compound did not prove to be
the expected cyclobutane-containing product.

Surprisingly, the isolated product was identified as cyclohepta[b]indole 8 by NMR analysis.
Furthermore, its structure was confirmed with HRMS and diffraction study of single crystal
(Scheme 5, B). The presence of two methyl groups on the double bond of 6 impedes the [2 + 2]
cycloaddition and leads instead to a cyclization product 8. It should be noted that such
cyclohepta[b]indole motifs are present in a wide range of natural products and biologically active
molecules and is of significant relevance in drug design.= Further study of this photochemical
transformation is underway in our laboratory to explore the generality of the transformation and

results will be presented in due course.
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In order to compare the photophysical properties of the new dinuclear complexes with those
of the previously reported [Au(IPr)(Cbz)], we recorded their absorption, excitation and emission
spectra in THF or DMSO solutions and only insignificant differences were observed for these two
solvents. All obtained spectra for each compound are presented in the ESI.T

The absorption spectra of all carbazole-containing complexes are very similar to each other
and to the previously reported absorption spectrum of PhotAucat 1 (Fig. 3). They consist of
similarly overlapped bands and shoulders in the range of 250-385 nm. The maxima at ca. 275 nm
and 310 nm were previously assigned to ligand-centered (LC) transitions of carbazole and NHC
ligands. The broad band with a shoulder at 315-360 nm is almost identical for all complexes with
the only exception of3hdue to less extended aromaticity. This band is slightly shifted
hypsochromically. It is worth noting, that this is the only complex with an alkyl linker, which
apparently effects the shape of this band, previously assigned to ligand-to-ligand charge transfer
(LLCT) from Cbz to NHC. The weak band at ca. 370 nm is independent of the linker or NHC ligand
used, which is in accordance with symmetry forbidden MLCT transition Au-Cbz. The molar

absorption coefficients (&) for 3g was not determined due to its low solubility.
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Fig. 3 Absorption spectra of complexes 3 in solution.

Interestingly, Xof 3a-b, 3d-3f and 3h are ca. 2-fold higher than the one found for PhotAucat
1. This result is in accordance with the two NHC-Au-Cbz moieties of the complexes acting
independently of each other without any interaction. Emission spectra of all complexes also
support this hypothesis, being almost identical to the PhotAucat 1 sensitizer without any
additional noticeable features (Fig. 4). All gold complexes are phosphorescent with lifetimes in

the microseconds range. Substitution of imidazolylidene with aromatic groups (3a-f) significantly
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increases the lifetimes (K= 126-262 us) and also the emission quantum yields (&= 37-77%)
compared to aliphatic substitution (3g, &= 48 us, X = 16%) (see ESI,T Table S3). The emission
maxima for all complexes are at 430-431 nm, except for 3g, which emits at 434 nm, a minor
difference. Therefore, no significant effect is observed on the energy of the lower excited state
was observed by varying the imidazolylidene substitution or by changing the insulating linker.
These values correspond to E; values of 65.9 kcal mol* for3g and 66.3-66.5 kcal mol™ for the
other complexes. This difference could potentially explain why 3g performed slightly less
efficiently than its congeners. As triplet energy values of the complexes are close to the one
of PhotAucat 1, they are expected to perform similarly in the same [2 + 2] cycloaddition reaction.
However, the reasons for the slightly higher conversion rates observed for the dinuclear

complexes are unclear at this time and are presently being investigated.
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Fig. 4 Emission spectra of complexes 3.
The experimental data clearly indicate that the new dinuclear complexes can be utilized in
energy transfer photocatalysis as were the previously reported PhotAucat 1 and PhotAucat
2 complexes. The new dinuclear complexes prove as or slightly more efficient than their

mononuclear cousins.

Conclusions

Aseries of dinuclear CMA complexes bearing aromatic/aliphatic linkers has been prepared for the
first time. This new class of dinuclear NHC-gold-amido complexes bearing aromatic or aliphatic
linker has been synthesized via efficient and operationally simple synthetic routes under mild
conditions. This straightforward synthetic protocol shows broad compatibility with NHC ligands
bearing different substituents and linkers. The novel CMAs were structurally characterized, and
representative complexes were analyzed by single crystal diffraction. Dinuclear gold-Cbz
complexes were tested as sensitizers in the [2 + 2] intramolecular addition of dicinnamyl ether


https://pubs.rsc.org/en/content/articlehtml/2023/CY/D3CY00716B#fn1
https://pubs.rsc.org/image/article/2023/CY/d3cy00716b/d3cy00716b-f4_hi-res.gif

and indole 6, exhibiting excellent catalytic activity. The observed reaction profiling using the
dinuclear species as sensitizers showed that conversion could be achieved in shorter times than
when the mononuclear [Au(SIPr)(Cbz)] complex was used. In addition, an unexpected
cyclohepta[b]indole product 8 was obtained when the indole substrate was decorated with two
methyl substituents. This series of gold complexes exhibits an emission in the 430-434 nm range
with long lifetimes (hundreds of microseconds). Overall, the photophysical properties of the
dinuclear complexes are reminiscent to the ones for [Au(SIPr)(Cbz)], indicating that two NHC-Au-
Cbz fragments of the molecule are independent in solution and do not display any cooperative
interaction. Further studies are presently being performed in our laboratory to shed light on the
slightly higher efficiency of these dinuclear complexes. These are also being deployed in related
photocatalytic reactions.
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