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The reactivity of unprecedented CCC-NHC Au(i) pincer complexes has been investigated, employing
a novel methodology for their preparation. Notably, this marks the inaugural case of CCC-NHC Au(in)
pincer complexes with a central aryl moiety where the two arms of the pincer ligand consist of N-
heterocyclic carbenes (NHC). The stability conferred by the CCC-NHC ligand facilitated the isolation of
elusive Au(m) species, encompassing Au(i)—formate, Au(m)—F, Au(i)—Me, and Au(m)—alkynyl. Our study
also unveiled the elusive Au()—H species, offering valuable insights into its formation, stability, and
reactivity. While the CCC-NHC Au(i)—H complex remains stable at room temperature, its decomposition
becomes conspicuous at elevated temperatures (>60 °C), exhibiting a more pronounced tendency under
acidic conditions compared to basic ones. Through comprehensive experiments, we indirectly
demonstrated the potential of Au(i)—formate to undergo B-hydride elimination, becoming a key step in
the dehydrogenation of formic acid. Theoretical calculations revealed variations in the reactivity of
Au(i)—H species towards sodium hydride and formic acid, highlighting a link between c-donation from
the pincer ligand and reaction energetics. Pincers with lower electron donation favored the reaction with
sodium hydride but impeded the reaction with formic acid, whereas those with higher electron donation
exhibited the opposite behavior. Additionally, the CCC-NHC Au(i) pincer complex exhibited Lewis acid
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DOI: 10.1039/d4sc02999b behavior, catalyzing the synthesis of phenols. In summary, the CCC-NHC Au(i) pincer complex emerges

rsc.li/chemical-science as a versatile platform for isolating reactive species and unraveling elementary catalytic steps.

electron-rich ligands generally incompatible.”® An illustrative
example is provided by Au(u)-H species,*® which remains

1 Introduction

One crucial facet of metal-based catalysis lies in unraveling the
intermediate species intricately involved in catalytic cycles. This
comprehension not only facilitates the enhancement and
design of novel catalysts but also directly impacts the efficiency
of the catalytic process. In the domain of gold catalysis, eluci-
dating these species proves challenging owing to the inherent
reactivity of gold. Its notably high oxidation potential (E*"™
Al 4 = +1.41 Vv, EAYM/AUO) — 41 36 V) designates gold(m) as
a potent oxidizing metal, rendering its coordination with highly
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elusive, with few examples in the literature (Fig. 1a)."”** Stable
examples typically involve the use of multidentated ligands. In
separate studies, Bochmann and collaborators,>™ as well as
Benzuidenhout and co-workers," employed CNC pincer ligands
to isolate and characterize Au(m)-H species. Very recently,
Nevado's group also employed PNC to stabilize Au(m)-H
complexes.*® The heightened stability of these complexes can be
attributed to the weak trans effect of the N-containing ligand
positioned opposite the hydride group, thereby augmenting the
Au-H bond dissociation enthalpy. In contrast, Au(m)-H
featuring a robust trans-carbon c-donor exhibits significantly
higher lability.** While composing this manuscript, Goldberg
and colleagues reported the oxygen insertion into the Au(u)-H
bond of a PCP pincer complex. This process led to the formation
of a PCP Au(u1)-OOH species.*® Moreover, the use of bidentated
CC-ligands enabled the isolation of an air-sensitive Au(m)-H
complex.’® The introduction of a PPh; ligand provided addi-
tional stabilization, enabling its characterization through X-ray
diffraction. However, Au(m) phosphane complexes with organic
substituents might decompose via reductive elimination to
form a P-C bond. Utilizing N-heterocyclic carbene (NHC)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Overview of reported Au(i)—H species to date and their
significance in the dehydrogenation of formic acid. (b) Overview of
methodologies for synthesizing CCC-NHC transition metal
complexes. (c) Our work describing the innovative synthesis of CCC-
Au(m) pincer complexes.

ligands could prevent this undesired reaction due to their
strong c-donor character.

Au(m)-H species, alongside Au(m)-carboxylates
-formates, play a pivotal role as proposed intermediates in the
dehydrogenation of formic acid'*?* and Water-Gas Shift (WGS)
processes.”® In 2017, Nevado and colleagues elucidated the
formic acid dehydrogenation employing a CCN-Au(m) pincer
complex (Fig. 1a).>* They outlined the reaction of a CCN Au(m)-F
complex with formic acid, yielding the formate complex in
quantitative yield. The Au(m)-formate complex, in principle,
can undergo B-hydride elimination, leading to the formation of
an Au(m)-H species. Subsequently, this species reacts with
another molecule of formic acid, generating hydrogen gas and
regenerating the Au(m)-formate. The latter process was

178 and
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observed at high temperatures due to the highly energetic cost
of B-hydride elimination. It is noteworthy that the CCN Au()-H
species was exclusively identified through in situ cryo-NMR
experiments,'® and its reactivity was probed through trapping
experiments conducted in the presence of alkynes.** Addition-
ally, the Au(m)-formate complex exhibited stability in the solid
state, but it decomposed in solution over time under heating at
100 °C.

Motivated by the limited structural diversity observed in
stable gold(m)-hydrides and recognizing their importance and
potential roles in hydrofunctionalization, water-gas shift, for-
mic acid dehydrogenation reactions, and B-hydride elimination
processes, we focused our efforts in employing a CCC-NHC
pincer ligand with a central aryl moiety to stabilize elusive
Au(m) species, where the two arms of the pincer ligand consist
of NHC. The synthesis of CCC-NHC pincer complexes is pres-
ently limited to very few methodologies (Fig. 1b).>>** Coordi-
nating the metal atom with the central aryl fragment poses
a notable synthetic challenge. For instance, initiating with
a bis(azolium)-aryl precursor necessitates the activation of the
central aryl's C-H bond to prepare the pincer complex deriva-
tive. This C-H activation is predominantly achievable with
a subset of transition metals, including Ir,””*¢ Hf*” and Zr.***°
Functionalizing the central aryl fragment with a halogen group
facilitates coordination with certain transition metals capable
of oxidative addition, such as Pd(0).** In 2005, Hollis and
colleagues introduced a general synthetic method involving
a transmetallation reaction employing Zr derivatives,?”%104243
proven effective for synthesizing Rh,**** Ir,*® Co,*** Fe,**** Ni,>
Pt,>*>* Re.* Despite the success of these strategies in obtaining
pincer complexes with various transition metals, the synthesis
of CCC-NHC Au-pincer (one central aryl and two NHC-based
arms) complexes remains undocumented. So far, all attempts
reported to obtain CCC-NHC Au-pincer complexes have resulted
in the formation of linear Au() complexes®® or bimetallic
species.?”*®

A widely utilized approach for synthesizing CCD-Au(m)
pincer complexes, where D is a N atom or a NHC carbene ligand,
involves a transmetalation reaction utilizing Sn,*® Hg,**** Si,*> or
Au(1)® species, as well as acidic conditions.*** Notably, in 2020,
Breher and Klopper innovatively detailed the synthesis of a non-
palindromic CCC-NHC complex, where two aryl groups and one
NHC arm were coordinated to Au(m).”> The complex was
prepared via a transmetalation reaction employing Sn(w).
However, a notable drawback of these methodologies is, in
some cases, the generation of toxic waste owing to the forma-
tion of Sn and Hg species. In contrast, Hashmi and co-workers
have circumvented the need for transmetalation agents by
employing diazonium salts to create pincer Au(um)
complexes.®”*® This approach hinges on the use of light to
facilitate the C-N, activation by Au(1), a key step requiring the
presence of a donating heteroatom in the pincer framework.
The initial phase of this reaction involves the coordination of
the heteroatom, which promotes close interaction between Au(i)
and the diazonium salt. Subsequently, the application of light
triggers the oxidative addition of C-N, to Au(i), yielding an
Au(m) species capable of activating aromatic C-H bonds. It is
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noteworthy that this specific strategy has not been previously
employed for the synthesis of CCC-NHC pincer complexes. As
such, we envisioned that the synthesis of CCC-NHC Au(m)
pincer complexes should be attainable through this innovative
approach.

Based on the above-mentioned, we present an innovative
methodology for synthesizing CCC-NHC Au(m) complexes,
featuring NHC ligands as both arms of the pincer ligand
(Fig. 1c). The pivotal non-photoirradiated activation of a diazo-
nium salt using sodium ascorbate played a crucial role in the
success of this strategy.®® Utilizing this reliable platform, we
successfully isolated otherwise elusive Au(u) species, including
Au(m)-H, Au(m)-F, Au(m)-alkynyl, Au(m)-Me, and Au(m)-
formate. The reactivity of the Au(m)-H complex towards both
acids and bases was investigated, shedding light on its stability
under varying conditions. Additionally, we delved into the
mechanism of B-hydride elimination in the Au(m)-formate
complex, enhancing our understanding of this crucial reaction.
Finally we explored the Lewis acid catalysis of the CCC-NHC
Au(mr)-Cl complex in the synthesis of phenol derivatives.

2 Results and discussion

The synthesis of our targeted CCC-NHC pincer ligand (Fig. 1c)
precursors began with the reflux of 1,3-dimethylnitrobenzene
(1) in the presence of N-bromo succinimide (NBS) and dibenzoyl
peroxide (BPO) as a radical initiator in 1,2-dichloroethane
(Scheme 1). Following purification, the desired product (2) was
obtained in a 20% yield. Subsequently, this product was reacted
with 1-substituted benzimidazole to yield the targeted bis(azo-
lium) salts 3a and 3b. Reduction of the nitro group was achieved
using zinc and NH,CI in methanol under reflux conditions to
afford 4a and 4b. The diazonium-bis(azolium) salts, 5a or 5b,
were then synthesized by reacting with “Bu-ONO in the presence
of HBF,. An important advantage of this entire pincer ligand
precursor synthesis process is its simplicity, eliminating the
need for chromatographic columns or laborious procedures
(see ESIT). Additionally, the synthetic process for the diazo-
nium-bis-azolium salt offers the benefit of producing all
resulting products on a gram-scale, with the added advantage of
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Scheme 1 Synthesis of the diazonium—bis—azolium salt.
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excellent bench stability (stable for months in solid state).
Subsequently, we reacted [Au(SMe,)Cl] with the diazonium-
bis(azolium) salt in the presence of KO'Bu and blue LEDs,
which led to a very complex reaction mixture. Thus, we resorted
to a different approach. The reaction of the diazonium-
bis(azolium) salt 5b with [Au(SMe,)Cl] in the presence of LiCl
(2.7 equivalents) and sodium ascorbate (0.3 equivalents) resul-
ted in the formation of the Au(m) complex 7b-Au.**7> We
observed immediately the formation of N, gas bubbles in the
reaction mixture, which suggested the reaction with gold. At
this stage of the reaction, ESI-MS monitoring showed a peak at
755.2 m/z that matched with aryl-Au(ur) complex 7b-Au (See ESI,
Fig. S1t), in which the central aryl fragment is coordinate to
Au(m)Cl; and the azolium salts remained uncoordinated.
Interestingly, LiCl not only acted as an accelerator for C-N,
bond activation by forming a chloride diazonium-bis(azolium)
but also promoted the formation of the [AuCl,]™ species (See
ESI, Scheme S121).” To complete the assembling of the pincer
complex, we added a DMSO solution of potassium tert-butoxide
to the reaction mixture, allowing the deprotonation of the
azolium and forming the pincer CCC-Au(u)-Cl complex. It is
worth noting that 6a and 6b were isolated as their BF, salts, as
confirmed by X-ray diffraction analyses and subsequent reac-
tivity studies. During the work-up and purification process of
the pincers, water was employed, and the selective formation of
these pincer salts was likely due to the limited solubility of BF, ™
species in water.

Based on earlier studies, it is proposed that sodium
ascorbate can activate the diazonium salt by generating an aryl
radical (See ESI, Scheme S127). This aryl radical may subse-
quently react with the [AuCl,]™ species, leading to the formation
of an Au(u) species. This species may proceed along two distinct
pathways. Firstly, it could transfer an electron to another
molecule of the diazonium-bis-azolium salt, thereby propa-
gating the radical reaction.” Alternatively, it may undergo
disproportionation with another molecule of the Au(i) complex,
resulting in the formation of Au(1) and Au(ur) compounds. The
identification of these compounds was confirmed through ESI-
MS analysis (See ESIT). Ultimately, the introduction of a base
promotes the formation of the pincer complex by deprotonating
the azolium salts.

The pincer complexes 6a and 6b were obtained in 40% yield,
and were thoroughly characterized by various analytical tech-
niques (NMR, HRMS, and crystallographic analysis). In the 'H
NMR spectra, the absence of the acidic proton of the azolium
salts served as a strong indication of pincer formation, along
with the presence of two pairs of diastereotopic signals corre-
sponding to the -CH,- bridges (see Fig. S46-55t). Meanwhile,
the *C NMR spectra exhibited a characteristic signal for the
carbene carbon atom at 170.3 ppm and 168.8 ppm for complex
6a and complex 6b, respectively. This small difference is prob-
ably due to the more electron-donating character of the "
derivative.””®

Fortunately, we were able to obtain suitable crystals of both
CCC-Au(m)-Cl pincer complexes, enabling their analysis by X-
ray diffraction of a monocrystal (Scheme 2). The resulting
structures of both complexes were found to be isostructural,

67,69-71
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Scheme 2 Synthesis of gold(in) pincer complexes through C-N, bond
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with Au(ur) coordinated to one pincer ligand and one chloride
ligand completing its coordination sphere. The metal center
exhibited a distorted square planar geometry, with C(NHC)-Au-
C(NHC) angles lower than the ideal for a perfect square,
measuring 171.4(3)° for 6a (‘Pr) and 172.44(18)° for 6b ("Bu).
Interestingly, despite having different N-substituents, the
average length of the Au-Capene bond was very similar between
the two complexes, measuring 2.044 A for ‘Pr and 2.042 A
for "Bu.

Moreover, crystal structures of both complexes 6a and 6b
consist of a racemic mixture of two helical conformations of the
pincer complexes. This phenomenon arises from hindered
rotation of the methylene bridges (-CH,- fragments), leading to
the formation of two atropisomers. A similar behavior was
previously reported by Hahn and co-workers in the context of
related Pd(u) pincer complexes.*””” The observed axial chirality
may potentially play a pivotal role in the realm of gold
catalysis,”®®" provided these racemic mixtures could be sepa-
rated and used for asymmetric gold catalysis.

2.1 Reactivity studies of CCC-Au(m)-Cl pincer complexes

We embarked on a study to explore the reactivity of both
complexes towards various nucleophiles (Scheme 3). Our initial
focus was on substituting the chlorine atom in 6a/6b with
different functional groups. To accomplish this, we conducted
reactions between both complexes with methyl magnesium
chloride in dichloromethane at room temperature. The
outcome was a successful exchange reaction between the chlo-
ride and methyl ligand. Both complexes underwent thorough
characterization using spectroscopic techniques and X-ray
diffraction analyses. Notably, the Heteronuclear Multiple

Bond Correlation (*H, '?C-HMBC) analysis revealed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a correlation between the proton atoms of the methyl group and
the carbon atoms coordinated to the gold atom (Fig. S56-657).
This observation strongly suggests that the methyl group is
indeed coordinated to the metal center. In the mass spectra, we
observed a single peak corresponding to the CCC-Au(u)-Me
complex at 633.2 m/z for 8a and 661.3 for 8b. To obtain high-
quality crystals for further analysis, we employed the slow
diffusion method, where n-hexane was diffused into a concen-
trated solution of the complexes in dichloromethane. The
resulting crystals were suitable for X-ray diffraction analysis.
Both complexes 8a and 8b, clearly show the coordination of the
methyl moiety, with similar Au-CH; bond lengths, measuring
2.108(9) A for ‘Pr (8a) and 2.14(3) A for "Bu (8b).

It is worth noting that both complexes were remarkably
stable. First, we heated a solution of complex 8b in 1,2-DCE at
100 °C overnight, with no apparent decomposition observed by
'H NMR. When a solution of complex 8b in CD,Cl, was heated
at 60 °C in the presence of formic acid, no significative changes
were observed in the "H NMR. Furthermore, the complex was
stable towards NaH at room temperature and at 60 °C. Hence,
complex 8b is thermally stable, and resistant to the presence of
soft acid and strong base.

Next, we reacted the CCC-Au(m)-Cl pincer complexes 6a and
6b with AgF in CH;CN at room temperature, seeking to
exchange the chloride ligand by a fluorine atom. The "H NMR of
the complexes did not show significant changes. Interestingly,
in the "*C{"H} NMR spectra the signals of the carbene carbon
atom and the metalated aryl carbon appeared as multiplets due
to the coupling with the fluorine atom. In complex 9a, the car-
benic carbon appeared as a doublet at 170.0 ppm with a *J¢_g of
2.6 HZ, while the metalated aryl carbon appeared at lower
frequencies 124.1 ppm and a larger *J_p of 37 Hz. In the case of
complex 9b the signal of the carbenic carbon appeared as
singlet at 169.2 ppm, and the metalated aryl carbon was showed
as doublet at 125.7 with a *J¢_g of 26 Hz. Finally, in the '°F NMR
spectra appeared a signal at —256.1 ppm for 9a and at
—260.1 ppm for 9b, which is within the typical chemical shift
range for Au(m)-F complexes.>**>%

With complex Au(m)-F 9a in hand, our focus turned to
investigating its reactivity. The nucleophilic nature of the fluo-
rine ligand, characterized by a negative charge, enables it to act
as a base, reacting with acidic species. To illustrate this concept,
we conducted a reaction between complex Au(m)-F 9a and
phenylacetylene at room temperature for 2 h. The relatively
acidic character of the C(sp)-H proved sufficient for a quanti-
tative reaction with complex 9a, considering the pK, of phe-
nylacetylene is 28.7.** The fluorine ligand acted as a base,
deprotonating the alkyne, leading to the formation of HF and
generating a negatively charged C(sp) that coordinates to Au(i).
This reactivity aligns with observations made previously by
Nevado.®” The CCC-Au(ui)-alkynyl complex 10a was thoroughly
characterized, including structural elucidation through crys-
tallographic analysis. A similar behavior was observed with 1-
hexyne, which resulted in the formation of complex 10b.

Having established this proof of concept, it becomes evident
that complex 9a may react with stronger acids, such as formic
acid. While formate Au(ur) complexes are infrequently reported

Chem. Sci., 2024, 15, 17618-17628 | 17621
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in the literature,'®** their significance lies in their pivotal role in
dehydrogenation processes.**¢ Thus, we proceeded to react 9a
with formic acid in CD,Cl, at room temperature. Gratifyingly,
the reaction progressed quantitatively in just a few minutes. The
initial indication of the exchange of the fluorine atom by
a formate ligand was revealed by '°F NMR, as the signal of the
Au-F bond disappeared. The crystal structure of the resulting
CCC-Au(m)-OOCH complex 11a unveiled an Au-O distance of
2.081(3) A, comparable to that reported for gold(u)-OOCR
complexes.””*®** Remarkably, the complex remained stable in
CD,Cl, at room temperature for several days. Additionally, the
complex showed no apparent signs of decomposition when
heated in CD,Cl, at 60 °C for 24 h.

In contrast, heating a 1,2-DCE solution of the complex 11a at
100 °C for 24 h resulted in significant changes in the "H NMR

17622 | Chem. Sci, 2024, 15, 17618-17628

spectra. First, the signal corresponding to the formate dis-
appeared. This observation, in principle, should be an indica-
tion that the Au(m)-formate complex may undergo B-hydride
elimination, forming an Au(m)-H complex and CO, as a side-
product. Unfortunately, no hydride complex was observed by
'H NMR,; instead, the signals matched those of complex Au(mm)-
Cl 6a. We then wondered whether a simple ligand exchange
between formate and chloride occurs, or if the formation of the
Au(m)-H takes place, this species is unstable at high tempera-
tures.' Regardless, the presence of complex 6a was further
confirmed by ESI-MS, which exhibited a peak at 653.2 m/z cor-
responding to the molecular weight of the complex minus the
counter ion ([6a-BF,]"). The ubiquity of chlorides in most
solvents, including chlorinated ones, may facilitate the forma-
tion of the chlorinated complex 6a. More importantly,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a dicharged peak at 619.2 m/z was observed, suggesting the
possibility of a dimetallic species in which each gold atom has
an oxidation state of +1, with each metal linearly coordinated to
two NHC fragments, and the central aryl moiety has been con-
verted to arene.

To shed light on the possible f-hydride elimination reaction,
we embarked on the preparation of the Au(m)-H derivative. We
reacted Au(m)-F complex with HBpin in CD,Cl,. To our delight,
the CCC-Au(m)-H species 12a was formed in quantitative yield
(99%) within a few minutes. The formation of the stable B-F
bond is likely the driving force behind this reaction. The
complex 12a exhibited stability in the solid state, allowing for
a comprehensive characterization, including the elucidation of
its crystal structure through X-ray diffraction analysis. To our
knowledge, this constitutes the first X-ray structure of a CCC-
Au(m)-H species. In the "H NMR spectrum, the signal of the Au-
H appeared at 1.43 ppm. This value is similar to that reported
for Au(m)-H complexes featuring bidentate C*C ligands, where
an aryl carbon atom is positioned ¢rans to the hydrogen ligand.*®
Recently, Goldberg and co-workers previously reported a chem-
ical shift of 3.50 ppm for a PCP Au(m)-H complex.*®

The reactivity of Au(m)-H species with organic acids is
uncommon. For instance, the CNC Au(m)-H pincer, as reported
by Bezuidenhout and co-workers, exhibited no reactivity
towards TfOH, CF;COOH, or HCL.**> A similar unreactive trend
was observed for the CNC Au(u)-H pincer reported by Boch-
mann, which showed no response to acetic acid.»*'" In contrast,
Nevado and co-workers proposed that a CCN-Au(m)-formate
complex undergoes B-hydride elimination to in situ form
a CCN-Au(m)-H and releasing CO,, and allowing the CCN-
Au(m)-H with hydridic character to react with formic acid,
affording H, gas and CCN-Au(m)-formate to restart the catalytic
cycle. With these precedents, we sought to explore the reactivity
of CCC-Au(u)-H 12a with formic acid. Therefore, we prepared
a CD,Cl, solution of the Au(m)-H complex 12a and added
a substantial excess of formic acid. Surprisingly, 12a demon-
strated stability towards formic acid at room temperature for
24 h, as revealed by the "H NMR. However, after 24 hours at 60 ©
C, significant changes were observed in the 'H NMR of the
reaction mixture, only small amounts of the hydride derivative
remained, and a new complex was formed, but no H, was
generated. Also, the presence of the Au(m)-Cl and Au(ur)-
formate species was further corroborated by ESI-MS (see ESIT).
The new species was crystallographically identified as a dime-
tallic Au(1) species 13a, bearing two non-metalated arene
moieties and each metal coordinated to two NHC fragments in
a linear arrangement.

Since no H, evolution was observed with formic acid, we
wondered whether the hydrogen atom coordinated to gold
possesses a “protic” instead of “hydridic” character. Notably,
Bezuidenhout and co-workers* reported the stoichiometric
formation of T-shaped CNC Au(i) pincer complex and H, gas
upon the reaction of the CNC Au(m)-H complex with protic
character with NaH. To discern this, we reacted the Au(u)-H
complex 12a with a strong base NaH in CD,Cl,, with no
significant changes at 60 °C for 24 h. However, upon heating the

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

I8

Qi 0
Py Pr

r

ProN_N ipr=N
N cistrans P
= | \<N isomerization
W

H— N
|
O
L=HCOO, H  Pr or

ﬁ‘w

HCOOH
or
NaH

Reductive
elimination
clination_

» Aut czI

c27

2ok

-

13a

Scheme 4 Convergent decomposition route of Au(i)—-H complex
(12a) towards 13a with HCOOH and NaH.

solution at 60 °C for 5 days, we again observed the formation of
the dimetallic Au(i) species 13a.

From the above reactivity of CCC-Au(u)-H 12a with formic
acid or NaH several conclusions can be drawn: (a) Au(m)-H
complex 12a displays greater stability in the presence of NaH
than in the presence of formic acid; (b) the formation of the
arene C-H bond suggests reductive elimination of a CCC-
Au(u)-H species. We propose that the formation of the dime-
tallic species 13a might follow the mechanism depicted in
Scheme 4. Initially, one arm of the pincer is decoordinated,
followed by hydride cis-trans isomerization promoted by the
strong trans effect of the NHC ligand. Subsequently, the Au(m)
atom undergoes reductive elimination between the aryl frag-
ment and the hydrogen atom. Finally, two of these molecules
dimerize to form 13a. The decoordination of the NHC ligand is
likely to be more favorable under acidic conditions via the
formation of the corresponding azolium salt. Conversely, under
basic conditions, the free NHC ligand may dissociate more
sluggishly and a transient bis-hydride species might drive the
formation of 13a.

Finally, we were interested in evaluating the possibility of
performing the dehydrogenation of formic acid. We reacted the
Au(ur)-F complex 9a with a large excess of formic acid in CD,Cl,
at 90 °C. After 24 h, we observed neither the formation of H, gas
nor the Au(m)-H complex; instead, we detected the formation of
the Au(um)-formate complex. According to some reports, the
dehydrogenation of formic acid proceeds under neat condi-
tions.>** Therefore, we heated a solution of the Au(u)-F
complex in DCOOH at 100 °C for 168 h. By '"H NMR and ESI-MS
studies, we detected the formation of the dimetallic complex
(major species by 'H NMR), Au(m)-formate, and Au(m)-CI
complex, but the formation of HD or H, gas was not observed by
"H NMR or GC (see ESIY).

With all the above information, we propose that the forma-
tion of the dimetallic complex should occur through B-hydride
elimination at the formed Au(m)-formate 11a to form Au(m)-H
12a (Scheme 3), followed by successive decomposition steps as
in Scheme 4: de-coordination of NHC, hydride cis-trans isom-
erization, and reductive elimination. Thus, thermal decompo-
sition of the Au(m)-H leads to the formation of the dimetallic
complex 13a, so its formation is a good indication of the
intermediacy of 12a in this reaction. Furthermore, the reaction
of 12a with triflic acid at room temperature in CD,Cl, leads to
the formation of 13a within minutes.
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Table 1 Thermodynamics of the reaction of the reported Au(in)—H species with NaH and HCOOH, and the occupancy of the EFOs for each

pincer

Entry Au(ur)-H species

AG:‘sss « (NaH) keal mol "

AG; 44, « (HCOOH) keal mol ™" Occ. EFO pincer

1 @[:;)/ H \<§]©
ipr ipr

+4.7
2 +37.2
3 +14.4
Bochmann
Bu Bu —| X
. N .
Dipp. .D
ipp NO : N ipp
4 NSOon NN —2.2
Dipp  Dipp

Bezuidenhout

DFT calculations were conducted to elucidate the observed
reactivity of the Au(m)-H species from Bochmann," Bezui-
denhout," and Nevado® (Fig. 1a) and our 12a towards sodium
hydride and formic acid for the generation of H,. Details of the
calculations are provided in the ESI,{ and Table 1 summarizes
the thermodynamics of all the reactions. According to our
calculations, Bezuidenhout's Au(m)-H species is the only one
with a favorable thermodynamic value of —2.2 kcal mol ™" for
the reaction with NaH, and this agrees with the H, evolution
observed in THF upon reaction with NaH.

On the contrary, unfavorable endergonic reaction is found
for the other Au(m)-H species. On the other hand, the calculated
thermodynamics for the formation of the Au(m)-formate
species and liberation of H, are highly unfavorable, particularly
for the sterically hindered Bezuidenhout's species. Remarkably,
the reaction is thermodynamically accessible for Nevado's
species, which indeed showed reactivity with formic acid for the
generation of H, and the formation of the intermediate Au(i)-
formate.> In the case of 12a, we observed degradation upon
prolonged exposure to formic acid at high temperatures (which
ultimately leads to the formation of the bimetallic species 13a).
In this case, the reaction is almost isoenergetic, accounting for
the detection of the Au(m)-formate species by ESI-MS.

17624 | Chem. Sci, 2024, 15, 17618-17628

+0.8 0.449
—8.2 0.414
+9.7 0.451
+33.2 0.502

We endeavored to explain the energetic trends by scruti-
nizing the electronic structure of the Au(i)-species. Specifically,
we quantified the amount of o-donation®” from the pincer
ligand to the metal using a method known as effective fragment
orbitals (EFOs). The shape and occupations of the relevant EFOs
for the pincer, Au and H fragments are depicted in Fig. S$116 and
S117.1 The main o-donation channel occurs via the in phase
interaction of the NHC lone pairs in cis position with respect to
the H atom. As the occupancy of this EFO decreases, the o-
donation from the pincer increases. We observed a significant
correlation between the o-donation (Table 1 and Fig. S118t) and
the energetics of the reaction with NaH and formic acid. A less
electron-donating pincer (i.e. Bezuidenhout's) results in a more
electrophilic H moiety, allowing reaction with hydride while
inhibiting reaction with formic acid. Conversely, the more
electron-donating pincer of Nevado's species induces the
opposite reactivity. The intermediate situation of our CCC
scaffold suggests that the reactivity of 12a could potentially be
fine-tuned by adding the correct substituent to our pincer
ligand.

2.2 Catalytic studies of CCC-NHC Au(m) pincer complex 6a

We further delved into the capabilities of the Au(m) pincer
complex as a Lewis acid catalyst.®®*° It is well-established that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gold can coordinate to multiple bonds, activating them and
rendering them susceptible to nucleophilic attacks. Building on
this understanding, we chose to assess the catalytic activity of
complex 6a in the synthesis of phenols. To achieve this, we
reacted w-alkynylfurans®® with 5 mol% of 6a, along with
a halogen scavenger, as a model reaction for Lewis acid catalysis
of gold(m) to trigger the cyclization-mediated production of the
corresponding phenol derivative (Scheme 5).°**> The halogen
scavenger traps the chlorine ligand, generating a vacant coor-
dination site within the Au(m) coordination sphere.***” This
enables the coordination of the alkyne moiety to Au(u), result-
ing in the formation of an #* adduct. Following this, subsequent
rearrangements occur, ultimately leading to the production of
the desired phenol product.”>*

In our initial attempts, we used [NaSbFs] in CDCl; as the
reaction medium at room temperature. Unfortunately, the
reaction yielded products in low quantities (<5%) after 24 h.
Consequently, we decided to carry out the catalytic reactions at
a higher temperature. To our delight, when the reaction was
performed at 60 °C for 16 h, we detected the formation of the
desired product. Using 4-methyl-N-((5-methylfuran-2-yl)
methyl)-N-(prop-2-yn-1-yl)benzenesulfonamide as the substrate,
we achieved a yield of 60% for compound 14, with a TON of 12.

When the analogous compound with a hydrogen atom
replacing the methyl group on the furan fragment (N-(furan-2-
ylmethyl)-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide) was
used, we observed a mixture of isomers 15 and 16, with yields of
10% and 4%, respectively, resulting in a TON of ~3. When the
benzenesulfonamide group was replaced by an ether group, the
yields were significantly lower. Specifically, using 2-methyl-5-
((prop-2-yn-1-yloxy)methyl)furan as the substrate, the yield was
18% (TON ~4), while with 2-((prop-2-yn-1-yloxy)methyl)furan,
no product formation was observed.

The differences in reactivity among the substrates can likely
be attributed to the Thorpe-Ingold effect.”*** The bulkier
benzenesulfonamide group, compared to the ether fragment,
brings the furan and alkyne fragments into closer proximity,
facilitating their interaction and, consequently, the formation
of the phenol product. This catalytic behaviour has been
described previously.”'** Additionally, the presence of the
methyl group on the furan fragment likely enhances the reac-
tion due to an electronic effect.

Our complex 6a demonstrated catalytic activity comparable
to other Au(m)-based catalysts.”**'°*"*** For instance, using

mE

5 mol% [6a]

N
Iﬁ—_\/v [NaSbFg], 60°C, 16h R ] @»/CI\((@
’Pr

R

R

=Hor Me
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Scheme 5 Synthesis of phenol products catalyzed by 6a.
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2 mol% of AuCl; at 20 °C, compound 14 was obtained in 97%
yield after 30 h.°* Another example involves the use of bidentate
N~O ligands;** however, in that case, an induction period was
observed, suggesting that the well-defined complex functions as
a pre-catalyst. Nevertheless, this preliminary study serves as
compelling evidence of the Lewis acid role that our CCC-NHC
Au(m) pincer complex can play, opening avenues for further
exploration and applications in catalysis.

3 Conclusion

Our investigation into the reactivity and catalytic potential of
the CCC-NHC Au(m) pincer complexes has revealed intriguing
insights into their behavior and applications. The successful
synthesis of the pincer complex through innovative approaches,
such as non-photoactivated aryl-diazonium bond activation
mediated by sodium ascorbate, marks a significant advance-
ment in the field. The obtained CCC-Au(m) pincer complexes
demonstrated stability and resistance to various conditions,
showcasing their robust nature. Ligand exchange reactivity of
the CCC-Au(m)-L pincer complex using nucleophiles allowed
the coordination of a methyl, fluorine, alkyne and formate
ligands, all of them fully characterized spectroscopically and
crystallographically. The study also sheds light on the elusive
Au(m)-H species, offering valuable insights into its formation,
stability, and reactivity. The successful preparation of the
Au(u)-H derivative and its reactivity in the presence of formic
acid present opportunities for further exploration in catalytic
processes in the context of H, generation. The DFT calculations
shed light on the reactivity differences observed among various
Au(u)-H species, including those from Bochmann, Bezui-
denhout, and Nevado, as well as our own 12a, towards sodium
hydride and formic acid for H, generation. Correlation between
reaction thermodynamics and the o-donating character of the
pincer ligand was found, showing that less electron-donating
pincers favored reaction with NaH but hindered the reaction
with formic acid, while more electron-donating pincers induced
the opposite reactivity. These findings offer valuable insights for
designing and wunderstanding gold-mediated catalytic
processes. Furthermore, the CCC-Au(m)-Cl pincer complex
shows very good Lewis acid reactivity as catalyst for the
synthesis of phenols, underscoring its potential as a Lewis acid
catalyst.

In summary, our findings not only contribute to the under-
standing of gold(m) chemistry but also highlight the CCC-NHC
Au(m) pincer complex as a versatile and promising candidate for
catalytic applications. The demonstrated stability, reactivity,
and Lewis acid behavior pave the way for future studies aimed at
unraveling additional facets of gold catalysis and expanding the
utility of CCC-NHC Au(m) pincer complexes in various synthetic
transformations.
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