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Carbene—-metal-amide (CMA) complexes of gold, silver, and copper have been studied extensively for
their photochemical/photocatalytic properties and as potential (pre-)catalysts in organic synthesis.
Herein, the design, synthesis, and characterization of five bench-stable Au-, Ag-, and Cu-NHC complexes
bearing the benzotriazolyl anion as an amide donor, are reported. All complexes are synthesized in a
facile and straightforward manner, using mild conditions. The catalytic activity of the Ag and Cu com-
plexes was studied in propargylamide cycloisomerization and carbonyl hydrosilylation reactions. Both
CMA-catalyzed transformations proceed under mild conditions and are highly efficient for a range of pro-
pargylamides and carbonyl compounds, respectively, affording the desired corresponding products in

rsc.li/dalton good to excellent yields.

Introduction

Carbene-metal-amides (CMAs) are a class of complexes con-
sisting of a carbene type acceptor ligand and a coinage metal
center (Au, Cu, Ag), coordinated by an amide donor."” Over
the last seven years, CMAs have attracted significant attention
for their photonic applications, stemming from their uniquely
simple structure, in combination with the easily modifiable
donor and acceptor ligand properties. The option to employ a
wide range of carbene and amido ligands has made them a
valuable tool in various additional fields, such as catalysis,
materials science, and medicinal chemistry.>”

For example, a plethora of Au-, Ag-, and Cu-CMA complexes
now have shown promising results as emitters in the field of
organic light emitting diodes (OLEDs).*” Recent studies have
also revealed them as highly-efficient light-absorbing materials
in solar cell applications, with improved performance and
cost-effectiveness.®* > In the field of medicine, a wide range
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of CMAs have shown anti-cancer, anti-inflammatory, antiviral,
and/or antimicrobial properties, and are being explored for
potential use in pharmaceuticals.”® Recently, the synthesis of a
new series of carboline-derived CMAs with potent anticancer
activity has also been reported.'*

A general procedure for the synthesis of CMA complexes,
particularly focusing on the metal-nitrogen bond formation,
involves the use of a variety of bases, such as NaO¢Bu,
KHMDS, KOH, or K,COj;, a well-defined [MCI(NHC)] complex
and a (heterocyclic) amine in the presence of a solvent, such
as acetone, THF, EtOH, etc. In some cases, the use of a phase
transfer catalyst is essential for a positive reaction
outcome.>'® Another approach involves the direct use of the
(heterocyclic) amine and a [M(OH)(NHC)] complex, without
the need of exogenous bases.'”'® However, the existing pro-
cedures require in most cases the use of a strong base, toxic
solvents, and inert conditions, limiting their applications,
both in academia and industry.

The catalytic activity of [AuCI(NHC)] and [CuCI(NHC)] com-
plexes has been studied successfully in numerous
transformations.'® >* Their high selectivity, allowing the use of
very low catalytic loadings, especially in gold catalysis, has
made them powerful and reliable tools. A crucial point in the
case of CMA complexes, regardless of the ancillary ligand
employed, is the formation of the M-N bond. Several studies
have shown that the use of nitrogen-containing heterocyclic
amines as donors provides stable CMAs with improved
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properties.>>*** In a key contribution, Shi and co-workers
reported a new class of triazole-Au(r) complexes with improved
reactivity and thermal stability that was synthesized and tested
successfully in the intermolecular alkyne hydroamination
(Scheme 1a).>® Along similar lines, in 2017, Cazin and co-
workers developed a protocol for the synthesis of highly-stable
neutral binuclear Cu(1)-NHC complexes, using 1,2,4-triazoles
(trz) as bridging ligands (Scheme 1b).>° These [Cu(p-trz)
(NHCQ)], complexes were highly active in the hydrosilylation of
ketones.

In contrast to the cases of gold and copper, silver-NHC cata-
lysis remains relatively unexplored.”” On the other hand, the
fact that the Ag-NHC bond is longer, and consequently weaker
than that of the other coinage metals, makes silver suitable as
a transmetallating agent in organometallic synthesis.?*™°

This property has led to the widespread use of Ag-NHC
complexes in organometallic chemistry.>*° Furthermore,
recent studies show significant promise for silver-NHC com-
plexes as unique and highly selective catalysts in transform-
ations including cycloisomerizations and
hydrosilylations.>*®*°? In this regard, Blair and co-workers
have reported the synthesis of rare monomeric phosphine
silver() amido [Ag(Cy;P)(HMDS)] (HMDS = hexamethyl-
disilazane) complexes, both in the solid state and in solution,
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Scheme 1 Literature precedents using nitrogen containing compounds
as amide donors, and our present approach.

R‘I

1002 | Dalton Trans., 2024, 53, MO01-11008

View Article Online

Dalton Transactions

and explored their catalytic activities in hydroboration and the
hydrosilylation of carbonyl compounds.®' These complexes are
used as pre-catalysts, providing in situ access to silver(i)
hydride species that are key in such transformations. More
recently, the same group has synthesized two additional Ag(i)
amido complexes, stabilized by ancillary N-heterocyclic
carbene (NHC) ligands, and used them in hydroboration and
hydrosilylation reactions (Scheme 1c).*® It was thus shown that
upon changing the Lewis donor from PCy; to a more electron
donating NHC ligand, such as IPr [N,N'-bis(2,6-diisopropyl-
phenyl)-imidazol-2-ylidene] or IAd [N,N"-bis-(1-adamantyl)imi-
dazol-2-ylidene], improved catalytic efficiency and conversion
in the hydroboration and hydrosilylation of carbonyl com-
pounds is observed.

Inspired by these studies, we report the design, straight-
forward synthesis, and characterization of a new, air-, light-
and moisture-stable and easily accessible CMA family of Au,
Cu, and Ag complexes, bearing IPr and SIPr ligands, along
with the benzotriazolyl anion as the amide component
(Scheme 1d). The catalytic activity of these complexes was eval-
uated both in cycloisomerization and hydrosilylation reactions,
thus providing a sustainable alternative to catalytic systems
based on sensitive and not easily accessible catalysts.

Results and discussion

The Nolan group recently disclosed the sustainable synthesis
of CMAs derived from Cu-, Ag-, or Au-NHC complexes bearing
a carbazolyl moiety as the amide donor ([M(Cbz)(NHC)] where
Cbz is carbazolyl).” These complexes can be accessed via
simple synthetic routes, using mild bases, such as K,COj3, and
desirable greener solvents, such as ethanol and acetone. Using
this work as a springboard, we aimed to address the synthesis
of a new family of complexes, shown in Scheme 2, to study the
possible incorporation and the impact of the benzotriazolyl
anion. The synthesis of these complexes was achieved by utiliz-
ing the well-defined [MCI(IPr)] and [MCI(SIPr)] complexes 1a,
2a-b, 3a-b with 1H-benzotriazole (BTA) in the presence of
K,CO;, with the aim of achieving the N-H metalation
(Scheme 2). It is worth noting that the BTA-derived complex 6a
can be accessed directly from the imidazolium salt and CuCl
in a domino fashion, avoiding the sequential addition of sub-
strates, in high yield (for further details see the ESIf). After
screening several solvents, the optimal choice proved to be
ethanol, as moving away from ethanol led to side-product for-
mation in the case of Ag. All reactions were performed at room
temperature, with no need of inert conditions or special hand-
ling, and the synthetic methodology was applied successfully
not only to the Au-, but also to Ag- and Cu-CMAs. We therefore
isolated complexes 4a, 5a-b, and 6a-b ([M(BTA)(IPr or SIPr)])
in pure form, and in excellent yields. It should also be noted
that the synthesis of complex 4a has been previously men-
tioned in the literature, albeit following a different approach.**
The molecular structures of complexes 4a, 5a, and 6a-b were
unambiguously established by X-ray diffraction analysis of

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Synthesis of Au-, Ag-, and Cu-NHC CMA complexes with a benzotriazolyl moiety as amide donor. The X-ray molecular structures of 4a,
5a, 6a, and 6b are also presented. Thermal displacement ellipsoids are shown at the 50% probability level for 4a, 5a, 6a, and 6b.

single crystals, which revealed coordination of the metal (Au,
Ag, Cu) to the terminal nitrogen (N1) of the BTA anion. The 'H
and “C{"H} NMR spectra of 4a are in full agreement with this
binding motif, with distinct, clear sharp signals of the nuclei
in the aromatic ring. The "H and “*C{'H} NMR spectra of 5a
and 6a-b show broad signals of the BTA anion. According to
the literature, these broad signals suggest a rapid (on the NMR
time-scale) equilibrium exchange between N1 and N2 of the
BTA anion.”® To examine if this equilibrium is also observed
in our systems, we performed variable temperature NMR
experiments, which should thus result in the appearance of
two signals at lower temperatures. However, two distinct
signals were not observed, even at very low temperatures
(=50 °C), suggesting that the only equilibrium taking place
under these conditions is between N1 and N3 of the benzotria-
zole, which are equivalent, thus not affording distinct signals
in the NMR spectra. These experiments are shown and further
discussed in the ESL ¥

With the new family of 1H-benzotriazole-derived CMAs in
hand, we explored their application in two useful organic
transformations: the intramolecular cyclization of propargyl
amide, leading selectively to the corresponding 5-exo-dig pro-

This journal is © The Royal Society of Chemistry 2024

ducts, and the hydrosilylation of a range of carbonyl com-
pounds (both aldehydes and ketones). Considering the numer-
ous studies based on the catalytic activity of Au-based®’
CMAs,***” we focused mostly on the study of the catalytic
activity of Ag- and Cu-based complexes 5a-b and 6a-b.**™*° As
the initial benchmark reaction, we studied the cyclization of
the electron rich N-(2-methylbut-3-yn-2-yl)benzamide 7a to
alkylidene oxazoline 8a (5-exo-dig product), monitoring the
reaction via "H NMR spectroscopy, using an internal standard
(1,3,5 trimethoxybenzene) as reference. In our first attempt,
the reaction of 7a in the presence of 2 mol% of [Ag(BTA)(IPr)]
(5a) and DCE as the solvent, at room temperature for 16 hours,
afforded 8a in 94% yield (Table 1, entry 1). Notably, all the
experiments were set up and performed outside of a glovebox,
as the CMA catalysts are air and moisture stable, in contrast to
other literature works using catalysts that require special
handling.”®*"*? Solvent screening revealed that DCE was the
most suitable choice for this reaction (entries 2-4). Moreover,
time control experiments showed that only 1 hour, instead of
16, is long enough to achieve the formation of the cyclized
product 8a in excellent yields (entry 5). Finally, reducing the
catalytic loading from 2 to 1 mol% afforded the desired

Dalton Trans., 2024, 53, 11001-11008 | 11003
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Table 1 Optimization reactions for the cyclization of N-(2-methylbut-
3-yn-2-yl)benzamide (7a)

o] 0
K [cat] (mol %) \%A
N

N
solvent, r.t., time
under air

7a 8a

[Cat] Time Yield of 8”
Entry® (loading, mol%) Solvent (h) (%)
1 5a(2) DCE 16 94
2 5a (2) 1,4 dioxane 16 92
3 5a (2) DCM 16 90
4 5a (2) HFIP 1 93
5 5a (2) DCE 1 97
6 5a (1) DCE 1 97
7 5b (2) DCE 1 98
8 6a (2) DCE 16 65
9° 6a (2) DCE 16 76
10 6b (2) DCE 16 35
11 2a (2) DCE 1 9%
12 3a(2) DCE 16 N.R.A

“Reaction conditions: 0.5 mmol of 7a, 0.005 mmol (1 mol%) or
0.01 mmol (2 mol%) catalyst, 0.250 mL of solvent, 25 °C, time, under
air. ®Reaction yields were determined by 'H-NMR, using 1,3,5-tri-
methoybenzene as internal standard. ‘The reaction was heated to
50 °C. “ N.R.: no reaction.

product in the same yield (entry 6). Complex [Ag(BTA)SIPr] (5b)
was also tested under the same reaction conditions success-
fully (entry 7). On the other hand, the same cycloisomerization
using the copper-based complexes was more challenging.
More specifically, the use of 2 mol% [Cu(BTA)(IPr)] (6a) in DCE
for 16 hours furnished 8a in 65% yield (entry 8). When the
reaction was heated to 50 °C, the yield increased to 76% (entry
9). The yield of the desired product was significantly lower
with the use of [Cu(BTA)(SIPr)] (6b) (entry 10). To test whether
the 1H-benzotriazolyl moiety was necessary in our complexes
for them to show their high catalytic efficiency, the catalytic
ability of [Ag(IPr)Cl] (2a) and [Cu(IPr)Cl] (3a) was also probed,
under identical reaction conditions. Interestingly, 2a afforded
the targeted alkylidene oxazoline in the same yield as 5a (entry
11), while no reaction took place when 3a was used (entry 12).
To examine if these results are relevant only for electron
rich substrates, like 7a, and to expand the substrate scope
study, propargyl amides bearing either electron-donating
(EDQG) or electron-withdrawing (EWG) groups on the benzene
ring, or having no substitution at all, were also investigated
(Scheme 3). In all cases, only the 5-exo-dig alkylidene oxazoline
products (7b-f) were obtained. Initially, N-propargyl benza-
mides 7b-7f were found to be unreactive in DCE. However,
replacing DCE with hexafluoro-2-propanol (HFIP), in combi-
nation with a longer reaction time (16 hours), by employing
catalyst 5a, afforded the desired product 8b in 67% yield. On
the other hand, catalyst 5b is more efficient in the intra-
molecular cyclization of 7b, leading to 8b in an excellent, 96%
yield. Copper based complexes 6a and 6b, as well as chloride-
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Scheme 3 Propargylamide cycloisomerization substrate scope studies
employing catalysts 5a—b and 6a—b. N.R.: no reaction: ? Reaction con-
ditions: 0.5 mmol of 7b—f, 0.01 mmol (2 mol%) catalyst, 0.250 mL of
HFIP, 25 °C, time, under. ®The reaction yields were determined by
IH-NMR using 1,3,5-trimethoxybenzene as internal standard. € The reac-
tion was heated to 50 °C.

based complexes 2a and 3a proved ineffective (see Table S2 in
the ESIT for more details on optimization).

To examine if these results are relevant only for electron
rich substrates, like 7a, and to expand the substrate scope
study, propargyl amides bearing either electron-donating
(EDG) or electron-withdrawing (EWG) groups on the benzene
ring, or having no substitution at all, were also investigated
(Scheme 3). In all cases, only the 5-exo-dig alkylidene oxazoline
products (7b-f) were obtained. Initially, N-propargyl benza-
mides 7b-7f were found to be unreactive in DCE. However,
replacing DCE with hexafluoro-2-propanol (HFIP), in combi-
nation with a longer reaction time (16 hours), by employing
catalyst 5a, afforded the desired product 8b in 67% yield. On
the other hand, catalyst 5b is more efficient in the intra-
molecular cyclization of 7b, leading to 8b in an excellent, 96%
yield. Copper based complexes 6a and 6b, as well as chloride-
based complexes 2a and 3a proved ineffective (see Table S2 in
the ESIT for more details on optimization).

HFIP has been shown to exert unique properties as solvent,
due to the strong electron-withdrawing character of its fluor-
oalkyl groups.®® Its mildly acidic character in combination
with its strong hydrogen-bond donating ability make it ideal
for several transformations.*’ For example, we have recently
explored the dual role of HFIP as a solvent and an activator,

This journal is © The Royal Society of Chemistry 2024
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achieving the activation of Au-Cl bonds through hydrogen
bonding alone, in gold-catalysed cycloisomerizations.>®> The
role of HFIP could be analogous in the present systems, as it
can aid towards the removal of the benzotriazolyl anion via
protodemetallation and/or hydrogen bonding, thus generating
the reactive species.

The presence of a fluoride substituent on the aromatic ring
of the precursor to alkylidene oxazoline 8¢ led to very good to
excellent results upon using complexes 5a or 5b, whereas very
low yields of the corresponding product were observed when
using complexes 6a or 6b (Scheme 3). When using a substrate
bearing two chlorides at the meta positions of the aromatic
ring, oxazoline 8d was obtained in 99% yield, in only 1 hour,
in the presence of 5a; catalyst 5b proved successful as well.
Both [Cu(BTA)(IPr)] (6a) and [Cu(BTA)(SIPr)] (6b) performed
exceedingly well in this transformation, resulting in the for-
mation of 8d in 99% yield in 16 hours. We also utilized an
alkyl-substituted propargyl amide, leading to oxazoline 8e in a
very good yield in 16 hours, both with 5a and 5b. In this case,
no product formation was observed when employing com-
plexes 6a or 6b. In addition, the use of a bulkier, non-terminal
alkyne, towards oxazoline 8f, is not amenable to our protocol,
as no product formation was observed, even at 50 °C for
16 hours. Finally, substates 7b-f remained unreactive when
chloride-based complexes 2a and 3a were used as catalysts,
under the optimal reaction conditions (see Table S2 in the
ESIT for more details on optimization).

We then extended our study to the hydrosilylation of carbo-
nyl compounds. The optimal reaction conditions were probed
employing 4-bromobenzaldehyde as a benchmark substrate
(Table 2). Reactions were performed using a hydrosilane

Table 2 Optimization reaction for hydrosilylation of
4-bromobenzaldehyde

o o181

silane, [cat] (2 mol %) H
H H
solvent, r.t., time
Br Br
9a 10a
[Cat] Silane Time  Yield®

Entry*  (loading, mol%) (equiv.) Solvent  (h) (%)
1 5a (2) Ph,SiH, (3) THF-dg 2 84
2 5a (2) Ph,SiH, (3) CeHe 2 95
3 5a (2) Ph,SiH, (2) CeHg 2 89
4 5a (3) Ph,SiH, (3) CeHe 2 84
5 5a (2) Ph,SiH, (3) CeHg 3 95
6 5a (2) MePh,SiH (3)  CeHe 2 N.R.
7 5a (2) (OEt);SiH (3)  CgHs 2 N.R.
8 — Ph,SiH, (3) CeHe 2 N.R.
9 5b (2) Ph,SiH, (3) CeHg 2 >99
10 6a (2) Ph,SiH, (3) CeHe 2 >99
11 6b (2) Ph,SiH, (3) CeHg 2 >99
12 2a (2) Ph,SiH, (3) CeHe 2 N.R.

“Reaction conditions: 0.5 mmol of 9a, 0.01 mmol (2 mol%) or
0.015 mmol (3 mol%) catalyst, silane, 0.250 mL of solvent, 25 °C, time,
under Ar. ?The reaction yields were determined by 'H-NMR using
1,3,5-trimethoxybenzene as internal standard. “ N.R.: no reaction.
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reagent, 2 mol% of catalyst, at room temperature, in a J. Young
NMR tube, and reaction progress was monitored by "H NMR
spectroscopy. Initial studies were performed with 3 equivalents
of diphenylsilane (Ph,SiH,) and catalyst 5a, for 2 hours, either
in THF-dg or in benzene-ds, with the later providing better
results (Table 2, entries 1 and 2). Diphenylsilane is a suitable
hydride source in this type of transformations, due to its low
cost and its ability to be used safely, both in small and large
scale reactions.’>** Attempts to further reduce the catalyst
loading were not successful. An increase in the number of
Ph,SiH, equivalents was not beneficial either, while 2 hours
were enough to reach full conversion of 9a to 10a.
Furthermore, as is shown in entries 6 and 7 (Table 2), employ-
ing alternative silane sources, such as MePh,SiH or Si(OEt);H,
did not lead to the desired product. Finally, to confirm catalyst
activity, we performed a blank experiment revealing that in the
absence of 5a no reaction takes place (Table 2, entry 8).
Catalysts 5b, 6a, and 6b were also tested in the same reaction
under the optimal reaction conditions, all affording 10a in
yields >99% (Table 2, entries 9-11). It is worth mentioning
that, compared to Ag-based CMAs, the applications of Cu-
based CMA complexes in the hydrosilylation of carbonyl com-
pounds are rare in the literature, and, therefore, these results
showcase the potential of more sustainable systems for the
synthesis industrially interesting silyl ethers.>®*'?? On the
other hand, complex 2a was inactive under these reaction con-
ditions, underlining the necessity of the 1H-benzotriazolyl
anion in the complex scaffold (Table 2, entry 12). A wide range
of aldehydes and ketones were then tested, using mainly cata-
lysts 5a and 6a (Scheme 4). The present protocol works very
efficiently for several substituted aromatic aldehydes, such as
9a. The corresponding silyl ethers were obtained in nearly
quantitative yields or in higher yields than those reported in
literature precedents, using only 2 mol% of 5a,b or 6a,b, in
2 hours at room temperature, while similar protocols use at
least 5 mol% catalyst loading, heating to accelerate the reac-
tion, and/or require longer reaction times.>*'?*® Thus, our
system competes with the state-of-the-art catalytic systems,
while offering the advantage of lower-than-average catalyst
loading, easily accessible and indefinitely stable (pre)catalysts,
and mild reaction conditions. Silylether 10a was further hydro-
lyzed to the corresponding primary alcohol 11a in 97% yield
(Scheme 5) and the overall yield of the two step procedure,
beginning from 9a, is 92%. Moreover, benzaldehyde 9c, 2,4-
dimethoxybenzaldehyde 9f, and terephaldehyde 9g underwent
successful hydrosilylation with catalyst 5a, resulting in the
corresponding silylated ethers 10c, 10f, and 10g, respectively,
in very good to excellent yields (82-99%, Scheme 5). In the
presence of 5a, benzaldehydes bearing electron-withdrawing
substituents, such as —cyano or -nitro, regardless of the substi-
tuents’ position, afforded the desired products 10b, 10d, and
10e in lower, but very good yields, ranging from 75% to 86%.
The same range of substituted benzaldehydes underwent suc-
cessful hydrosilylation with catalyst 6a having better results
than 5a on yields except of substrates 9d and 9f. Ketones are
generally more challenging, due to electronic factors and the

Dalton Trans., 2024, 53, 11001-11008 | 11005
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Scheme 4 Hydrosilylation of carbonyl compounds catalyzed by com-
plexes 5a—d and 6a-b.: “Reaction conditions: 0.5 mmol of 9a,
0.01 mmol (2 mol%) catalyst, 0.75 mmol Ph,SiH,, 0.5 mL of C¢Dg, 25 °C,
2 hours, under Ar. ® Conversion of substrates. € The reaction yields were
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dard 9 1.5 mmol Ph,SiH,.
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Scheme 5 Hydrolysis of silylether 10a with TBAF, 1 M in THF: ? Reaction
yields were determined by H-NMR using 1,3,5-trimethoxybenzene as
internal standard.

increased steric hindrance around the carbonyl group; there-
fore, para-bromoacetophenone (9h), benzophenone (9i), and
cyclopentanone (9k) provided low conversions under our
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standard conditions, even with longer reaction times (10h, 10i,
10k, 5-20%), when 5a or 6a were applied. On the other hand,
9-fluorenone resulted in the desired silylated ether 10j in excel-
lent yield (>99%) with both catalysts.

Conclusions

We have designed, synthesized, and thoroughly characterized
a new, air-, light-, and moisture-stable family of Au-, Ag-, and
Cu-NHC complexes, bearing the benzotriazolyl anion as an
amide donor. All complexes can be accessed through a facile,
sustainable, and straightforward manner, using commercially
available starting materials under mild reaction conditions,
with no need for an inert atmosphere. These CMA complexes
are obtained in almost quantitative yields in a highly pure
form. The potential of these complexes as pre-catalysts was
explored in the intramolecular cyclization of propargylamides,
as well as in the hydrosilylation of carbonyl compounds. Both
reactions are catalyzed using low catalyst loadings (1-2 mol%),
under mild reaction conditions. The desired products from
both synthetic methodologies were generally obtained in very
good to excellent yields, ranging from 46-99%. The catalytic
activity of our new CMA complexes is comparable to that of
the state-of-the-art catalysts in the case of aldehyde hydrosilyl-
ation and Cu- or Ag-catalyzed propargylamide cycloisomeriza-
tion, while the hydrosilylation of ketones requires the use of
pre-catalysts bearing more nucleophilic and strongly basic tria-
zolyl anions.'*?3% However, the advantage of the design of
the CMA complexes examined herein, lies in their stability and
ease of access, which is substantially improved in comparison
to the current state-of-the-art.
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