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1. Abstract

N-heterocyclic silylenes (NHSis), the heavier analogs of carbenes, have been
demonstrated to possess strong o-donation properties and, in some cases, T7-
acceptance properties as well. These highly reactive species have attracted significant
interest due to their remarkable chemistry. Though the chemistry of NHSis has been
well explored in metal complexation and small-molecule activation, their activity as
catalytic agents has received less attention. The reaction between a carbonyl
component, an alkyne, and a secondary amine, resulting in the formation of a
propargylamines, is of wide-ranging importance due to its utility in drug discovery and
pharmaceutical applications. Previous reports have explored the use of NHC-
supported Cu(l) complexes for catalysis of the A® and KA? coupling reactions;
however, there is no report on the catalytic activity of NHSi-supported Cu(l) complexes

for the same reaction.

In this thesis, we report a novel approach to the KA2 and A3 coupling reactions using
an NHSi-supported copper (I) catalyst. The catalyst incorporates an earth-abundant
and nontoxic first-row transition coinage metal, copper(l), within a silylene ligand, and
its use in the KA? and A® coupling reactions affords the corresponding propargyl
amines in excellent yield with low catalyst loading and fast reaction times. We have
thoroughly expounded on the substrate scope of the reaction and tested the catalyst's
reactivity with challenging substrates. In addition, we have also tested the catalytic
activity of the corresponding N-heterocyclic germylene (NHGe) complexes and
compared their utility as catalysts. The NHSi-based complex effectively catalyzes both
the facile A3 reaction and the comparatively more challenging KA? reaction with near-

guantitative yield. (Figure 1).
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Figure 1: A% and KA? coupling by NHSi and NHGe supported Cu(l) halide complexes.
2. Introduction

Carbenes are low-valent carbon species characterized by the presence of six-valence
electrons on a carbon atom. Long considered to be mere intermediates in organic
reactions, the chemistry of these fleeting compounds was solidly established in 1991
when Arduengo successfully isolated carbenes using nitrogen-containing backbones,
leading to the development of N-heterocyclic carbenes (NHCs).! The highly
electrophilic carbon center in NHCs is stabilized by conjugation with the lone pairs of
the neighboring N-atoms, and these species exist in the singlet configuration with a
lone pair and an empty p-orbital on the same atom. Because of their lone pairs and
vacant orbitals, these NHCs have garnered attention for their stability and dual
functionality as both Lewis acids and bases. These characteristics enable NHCs to
form robust transition metal complexes, whose strength often surpasses that of
complexes with traditional ligands like phosphines.? As we go down the members of
Group 14, encountering elements like silicon, germanium, tin, and lead, a decrease in
the extent of hybridization becomes apparent. This phenomenon is due to the larger
atomic radii and reduced overlap between s and p-orbitals,® resulting in higher energy
gaps between singlet and triplet states. Even though carbenes and tetrylenes (their
heavier congeners) have been successfully isolated and are stable under an inert

atmosphere, they exhibit highly unfavorable oxidation states, making them extremely
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reactive and prone to oligomerization or polymerization.* This reactivity poses
challenges in handling and isolating these compounds, necessitating both kinetic and
thermodynamic stabilization strategies. Thermodynamic stabilization involves
appending the carbene nucleus with heteroatoms that donate electron-density into its
vacant orbital via the mesomeric effect. In contrast, kinetic stabilization is achieved by
employing bulky substituents, which prevent dimerization and protect against external

nucleophile attacks (Figure 2).

Thermodynamic Stabilization Kinetic stabilization

Mesomeric effect .Nucleophile

Bulky /
Intramolecular O O

co-ordination

L =N, O, P donor- ligand, etc. . PP
Self oligomerization is hindered
Figure 2: Thermodynamic and Kinetic stabilization of tetrylenes. (E= group-14

elements).

The investigation of coinage metal complexes, particularly those possessing d©
electronic configurations such as copper (Cu), silver (Ag), and gold (Au), has garnered
considerable attention within the field of transition metal chemistry. The chemistry of
these complexes has undergone a paradigm shift in recent years, and their
photophysical properties, strong metal binding capabilities, and promising catalytic
applications are areas of active research. NHCs have emerged as crucial ligands for
stabilizing low-valent main group elements and forming transition metal complexes.®
Despite significant advancements in exploring NHCs and their applications, a research
gap exists concerning the catalytic potential of heavier tetrylene complexes,
particularly in conjunction with coinage metals like copper, silver, and gold. NHSis, the
heavier analogs of carbenes, have demonstrated utility in activating small molecules
and forming transition metal complexes, facilitating C-C and C-X bond formations and
reduction reactions.® However, the catalytic applications of NHSi-supported coinage

metal complexes have received comparatively lesser scholarly attention. This
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emphasizes the imperative requirement to explore the catalytic potential of heavier

tetrylenes to fully exploit their capabilities and propel the advancements in this field.

The metals in group 11 tend to form weak complexes with arenes and usually do not
coordinate in the n® mode. However, our group has isolated Cu(l) arene complexes in
the n® mode for the first time.” The Si(ll)»Cu(l) complexes have demonstrated
potential as effective homogeneous catalysts in crucial reactions such as the
hydrosilylation of ketones reported by the group of Barceiredo and Kato® (Chart 1a)
and alkyne-azide cycloaddition reactions reported by Stalke and co-workers (Chart
1b).° Our group has contributed to this area by reporting CUAAC reactions facilitated
by NHSi-supported Cu(l) cationic (Chart 1c)!® and NHSi-supported Cu(l) halide
complexes (Chart 1f).!! Notably, the literature on the use of NHSi-supported gold and
silver complexes as homogeneous catalysts is limited, with our group being among
the few to investigate such applications, including the use of NHSi-supported gold
cationic complexes in glycosidation reactions (Chart 1d)*? and NHSi-stabilized low-
coordinate Ag(l)--Arene cationic complex (Chart 1e) in A% coupling reactions.?

t b
(a) BU\N—rPh (b) (c)
B t
Me\ /tBu Ph Cl-Si-N- Bu CI 8 W—N B Bu. Ph t ®
Me—5i—N h By Br |-Cu—S| N S—C' —Slj |Bu Cur-Arene
/PI I|_>CU_C| W_N | —-Br N'—k t I\ / u\ / I BU Ph ( Sl
4 _N__ o N sl—Cu-l-Br | 'Bu Mes—N N— N “N(TMS),
Dipp Bu CI r—CIu /| \ tBu ]
'Bu=N-Si-CI (s Br NN SbFe
Ph)& N gy / =
Baceiredo, Kato and co-workers Stalke and co-workers Khan and co-workers
2016 2019 2020
Hydrosilylation of Ketones CuAAC reaction CuAAC reaction
(d) (e) (f)
. t 'Bu
. ?/ @ :Bu Ag---arene |Bu (TMS);N |
Bu U=~ N, / N, Br_ N
N/ Ph—< S Ph—( si+=cl_ JCu=+S| D—Ph
Ph—< Si{ N “N(TMS), N\ Bf N
N° “N(TMS), H o) | N(TMS), !
%BU e Bu f tB tBU
SbF BAr', u
Khan and co-workers Khan and co-workers Khan and co-workers
2020 2021 2022
Glycosidation reaction A% coupling CuAAC reaction

Chart 1: Application of NHSi-supported coinage metal complexes (Dipp= 2,6-
Diisopropylphenyl, Mes= 1,3,5-Trimethylphenyl).
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The potential demonstrated by NHSi-supported coinage metal complexes has led us
to focus on NHSi-supported coinage metal complexes, particularly copper, due to its
cost-effectiveness and widespread availability compared to other coinage metals. The
primary motivation for this study is to fill the current gap in knowledge about these
complexes and to investigate their catalytic capability thoroughly. Our research
focused on a benzamidinato-ligated silylene featuring a four-membered ring
architecture. This selection was based on its straightforward synthesis, high
thermodynamic stability, and the ability to adjust its o-donation and m-acceptance
properties by modifying the group attached to the silicon center.** Among the available
variants, we selected PhC(N'Bu)2SiN(TMS)2 due to its greater o-donation capabilities
compared to other substitutions (Figure 3).1° It showed the smallest HOMO-LUMO
gap among N-donors attached to the silicon center. In choosing the catalytic reaction,
we considered reactions relevant to industrial and commercial applications.
Propargylamines are particularly interesting due to their extensive applications in drug
delivery and pharmaceuticals.’® As a result, we have decided to concentrate on
synthesizing propargylamines as part of our investigation into the versatile applications

of NHSi complexes.

:Bu :Bu By
|
N\ L N\ . N\ .
Ph—<( i Ph<(,Si* Ph—<(C,Si”
N N(TMS), N Cbz N C
'‘Bu Bu ‘Bu
€
Donation strength of NHSI

Figure 3: Comparison of donor strength of silylenes (Cbz= carbazole).
2.1 Catalysis involving Multicomponent reaction

Propargylamines are a class of compounds of significant importance due to their utility
in biological contexts, drug delivery, and pharmaceutical applications. The
conventional approach for synthesizing propargylamines involves generating metal
acetanilides using stoichiometric amounts of harsh bases or organometallic reagents,
followed by their reaction with in situ generated imines.!’ However, this method suffers
from drawbacks, such as the need for purification at each stage, as it is a multistep

synthesis that compromises its environmental sustainability.
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A cleaner and more efficient route to synthesize propargylamines is through a
multicomponent reaction (MCR) that combines three or more reactants. MCRs
promote green chemistry principles by reducing waste with increasing efficiency. As
such, they have become an important focus of modern synthetic chemistry research,
with numerous applications in the fields of organic synthesis and drug discovery. The
three-component A3 (aldehyde-amine-alkyne) and KA? (ketone-amine-alkyne)
coupling reactions are efficient methods for synthesizing propargylamines, which
employ transition metal catalysts to activate the alkyne C-H bond, enabling the
reaction to occur under mild conditions.!8. Various transition metals, including Cu, Ag,
and Au, have been explored for the A3 coupling reaction, with copper being favored

for its cost-effectiveness.

Wei and co-workers in 2002 demonstrated an A3 coupling reaction catalyzed by a
combination of RuCls and CuBr, which showed a substantial increase in yield
compared to using CuBr alone.'® Following this, Tye and co-workers showcased
another approach for catalyzing the A3 coupling reaction in 2003, utilizing copper
chloride (CuCl) in dioxane at 150 °C.2° Building on these findings, Fan, and co-workers
(2004) introduced a rapid microwave-assisted A3 coupling method using copper lodide
(Cul) (15 mol %) and water as a solvent, reducing reliance on organic solvents.?!
Similarly, Nagaiah and co-workers offered an environment-friendly alternative with an
ionic liquid as a solvent and copper bromide (CuBr) as a catalyst.?? Yadav and co-
workers also corroborated this method (2004), using 8 mol% of CuBr under neat
conditions at 100 °C.22 Eycken and co-workers (2010) further contributed to this field
by utilizing CuBr (20 mol %) as a catalyst.?* Additionally, other studies explored the
use of copper cyanide (CUCN) 2° and copper(ll) trifluoromethanesulfonate [Cu(OTf)2]
26 as a catalyst. In 2015, Eycken and co-workers employed a mixture of copper (1)
chloride (CuCl) and copper (Il) chloride (CuCl2) as catalysts at 110 °C, further
diversifying the range of catalysts explored for the A2 coupling reaction.?” Despite
these advancements, challenges persist, such as high catalyst loading, elevated
temperature requirements, and higher reaction times. This necessitates investigating
modifications to the ligand or copper center properties to enable the A3 coupling
reaction to occur under milder conditions, which would contribute significantly to the
advancement of this field. In 2013, Navarro and co-workers utilized NHCs in the A3

coupling reaction, employing a homogenous NHC-supported Cu(l) complex (Chart
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2a).?® However, similar progress has not been made for the analogous NHSI-

supported Cu(l) complex.

The KA? coupling reaction remains a challenging reaction in organic synthesis. The
KA? coupling reaction involves the combination of a ketone, an alkyne, and an amine,
presenting significant hurdles due to the lower reactivity of ketimines compared to
aldimines, which is attributed to factors like a steric hindrance and electronic effects.?®
Recent advancements have addressed these challenges. Eycken and co-workers
pioneered the use of Cul at 100 °C,%° while Larsen and co-workers employed Cu(OTf)2
with cyclohexanone®' and CuClz with Ti(OEt)s as an additive at 110 °C to improve
ketone electrophilicity.3> Ma and co-workers successfully used CuBr with molecular
sieves as additives.3® However, these methods often require higher catalyst loadings,
increased temperatures, longer reaction times, and additives. In 2023, Vougioukalakis
and co-workers utilized 4 mol % Cu(l) NHC as a catalyst and Ti(OEt)4 as an additive
for enhancing the ketone electrophilicity in KA? coupling reactions (Chart 2b)34.
However, as is the case for the A2 reaction, there are no reports on the analogous

NHSi-supported Cu(l) complex for catalysis of the KA? reaction.

Based on the available literature and in pursuit of our research focus on silylene
complexes in catalysis, we have strategically chosen to employ our NHSi-supported
Cu(l) bromide complex for catalyzing the A3 and KA? coupling reactions (Chart 2c).
This project aims to comprehensively investigate silylene complexes' catalytic
capabilities and explore their potential applications in organic synthesis.

Previous Reports This Work
(a) (b) (c)
A\ [\ TBu l’Bu
Dipp~ N~ N~Dipp Mes~ N~ N-Mes N, B N
T \Iv/ Ph—<( /S‘h'—ncu\B :Cu—-—:sl‘,|\>>—Ph
Cu Cu N'NTMS), =" (TMs),N N
| | Bu ‘Bu
c Cl Cat.1
Navarro and co-workers, 2013 Vougioukalakis and co-workers, 2023
A3 Coupling KA?2 Coupling A® Coupling KA? Coupling
v 1-3 mol % catalyst v 4 mol % catalyst v 0.125 mol % catalyst v 1 mol % catalyst
v Methanol, 25-70 °C ¥ 1 equiv. Ti(OEt), as an additive v Neat, 60 °C ¥ Neat, 100 °C
v 20 min.-48 h v" Toluene, 70 °C v 10 min. v 1h
v 4h

Chart 2: Reported NHC-supported Cu(l) complexes for A% and KA? coupling reactions.
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3. Experimental Section

3.1 Material and Instrumentations

All experimental procedures were conducted under inert gas conditions using the
standard Schlenk technique within an argon-filled MBRAUN MB 150-GlI glovebox. The
solvents used in the experiments were purified using the MBRAUN MB SPS-800
solvent purification system. Chemicals used in the study were sourced from reputable
suppliers, including Sigma Aldrich, Alfa-Aesar, ChemScene, and BLD Pharma. The
synthetic procedure for silylene and germylene-supported Cu(l) complexes was

followed as reported in the literature.
3.2 Analytical Methods

The 'H and 3C NMR spectra were recorded in CDCIs solvents using a Bruker 400
MHz spectrometer. Mass spectrometry data were acquired using an AB Sciex 4800

plus HRMS instrument.
4. Results and Discussion

In 2021, our group initially attempted the A3 coupling reaction using the [Ag(l)-n?-
arene]* complex. However, we pursued an alternative catalyst due to its inherent
instability as a cationic species. We explored the potential of silylene-based complexes
in coupling reactions and turned to silylene-based copper complexes for the A3 and
KA? coupling reactions. Notably, silylene-supported copper halide complexes have
been successfully employed in click chemistry reactions. Therefore, we utilized our
previously reported NHSi-supported Cu(l) bromide complex for A3 and KA? coupling
reactions. This complex was synthesized by reacting NHSi with CuBr in a 1:1 ratio,

followed by overnight stirring and vacuum filtration to obtain Cat. 1 (Scheme 1)

:Bu :Bu :Bu
N N \
o Toluene , Br
ph—<C/Sl|! + CuBr —> ph—<C:S|I5—>CU:B :Cu<_:8|i:)>_Ph
N N(TMs), Overnight, RT N’ N(TMS), " (TMS),N N
'‘Bu Bu Bu
Cat.1

Scheme 1: Synthesis of NHSI- Cu(l) bromide complex.
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4.1 Optimization of A coupling reaction

Our investigation commenced with the selection of paraformaldehyde,
phenylacetylene, and piperidine as reactants for the A3 coupling reaction, conducted
with the help of microwave irradiation. The aim was to systematically evaluate the

reaction conditions by varying catalyst loadings and reaction temperatures.

Initially, 0.5 mol% of the catalyst was employed at a temperature of 100°C in neat
conditions under microwave irradiation for 10 minutes. Subsequently, the product was
purified using column chromatography, resulting in a product yield of >99%. We
obtained a nearly quantitative yield of the product, which was also obtained upon
reducing the reaction temperature to 60 °C while maintaining the same catalyst loading
and reaction time. Conversely, conducting the reaction at room temperature
diminished the yield by 40 %. Further optimization involved maintaining the reaction
temperature at 60 °C while decreasing the catalyst loading to 0.25 mol % and then to
0.12 mol %, yielding a product yield over 99 % within 10 minutes. However,

subsequent reductions in catalyst loading led to decreased product yield.

Ultimately, we established the optimized conditions for the reaction, achieving the
highest yield (>99 %) with 0.12 mol % of catalyst at 60 °C within 10 minutes of the
reaction (Entry-8) (Table 1). These findings demonstrate the effectiveness of silylene-
supported Cu(l) bromide complexes in catalyzing the A3 coupling reaction under

controlled reaction conditions.

Table 1: Optimization of reaction conditions for A3 coupling reaction catalyzed by

NHSi-supported Cu(l) complex.

;Bu ;Bu
O ©/ Cat.1 G\/© —<( Sl|—>Cu\Br/Cu<—S'| >—Ph
N N(TMS), (TMS)N N
'Bu Cat.1 'Bu
Entry Catalyst Mol (%) Temp (°C) | Time (min) | Yield* (%)
1 Cat. 1 0.5 80 60 >99
2 Cat. 1 0.5 100 10 >99
3 Cat. 1 0.5 100 5 92
4 Cat. 1 0.5 60 10 >99
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5 Cat. 1 0.5 RT 30 40
6 Cat. 1 0.1 120 30 88
7 Cat. 1 0.25 60 10 >99
8 Cat. 1 0.125 60 10 >99

*Isolated yields were calculated after column chromatography by performing the reaction at

0.5 mmol scale
4.2 Substrate Scope

With the optimized conditions established, we aimed to explore the utility of our
catalyst in catalyzing the A3 coupling reaction for a diverse range of substrates. Our
investigation delved into investigating the effect of different combinations of the alkyne,
amine, and aldehyde components. Remarkably, we found that our catalytic system
exhibited excellent compatibility with both cyclic and acyclic secondary amines.
Specifically, diethylamine and bulky diisopropylamine vyielded good to excellent
product yields when combined with alkynes and aldehydes. Furthermore, variations in
the alkyne substrates were explored, and it was noted that both electron-donating and
withdrawing groups led to moderate to excellent product yields. In addition, the impact
of changing the aldehyde substrate from paraformaldehyde to benzaldehyde was
studied by reacting benzaldehyde with piperidine and phenylacetylene, which resulted
in an excellent yield of >99 %. These observations highlight the versatility and
efficiency of our catalyst across a broad range of amine, alkyne, and aldehyde
substrates.

Moreover, we tested our catalytic system by utilizing dialkynes and trialkynes, the use
of which as substrates has not yet received much scholarly attention. Treating 1,4-
diethynylbenzene with 2 equiv. Paraformaldehyde and piperidine yielded product 1i
(Scheme 2) in >99 % vyield. Similarly, treating 1,3,5-triethynylbenzene with 3 equiv. of
paraformaldehyde and piperidine produced product 1j (Scheme 2) in 90 % yield,
further indicating the versatility and effectiveness of our catalytic system and its

compatibility with hitherto unexplored substrates.
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Scheme 2: Substrate Scope of A3 Coupling reaction catalyzed by NHSi-supported
Cu(l) bromide complex. All are isolated vyields, calculated after column

chromatography by performing a reaction on a 0.5 mmol scale.
1p: Temperature: 70°C

4.3 KA? Coupling reaction

Following successfully exploring the A3 coupling reaction using our catalyst, we
focused on the challenging KA? reaction, which has not been extensively studied with
silylene-supported Cu(l) catalysts. To this end, we selected cyclohexanone,
piperidine, and phenylacetylene as reactants and conducted the KA? coupling reaction

under microwave irradiation.

20



4.3.1 Optimization of KA? coupling reaction

Our investigation began by utilizing 1 mol % of the catalyst at 100 °C for 60 minutes
under microwave irradiation. After completion of the reaction, the product was isolated
through column chromatography with 86 % yield. Subsequent attempts to reduce
either the reaction time or temperature while maintaining the catalyst loading resulted
in decreased yields. Interestingly, increasing the temperature to 150 °C for 120
minutes did not significantly impact the yield. However, lowering the catalyst loading

to 0.5 mol % at 100 °C led to a decrease in yield.

Through systematic optimization, we identified the optimal conditions for the KA?2
coupling reaction, achieving the highest yield of the product with 1 mol % of catalyst
at 100 °C for 60 minutes (Entry-1) (Table 2). These findings significantly advance the
exploration of the KA? reaction using silylene-supported Cu(l) catalysts and pave the
way for further investigations into this challenging reaction.

Table 2: Reaction optimization of KA? Coupling reaction catalyzed by NHSi-supported

Cu(l) complex.

O :BU :BU
o N N
= N Ph-(C:S,“—’CU:Er:CW—:S,i:»‘Ph
. O , Cat. 1 — r? N(TMS); =" (TMS),N f?
N MW Bu Cat.1 Bu
H
Entry Catalyst Mol (%) Temp (°C) | Time (min) | Yield* (%)
1 Cat. 1 1 100 60 86
2 Cat. 1 1 100 30 78
3 Cat. 1 1 80 60 58
4 Cat. 1 1 150 120 90
5 Cat. 1 0.5 100 60 75
6 Cat. 1 1 100 120 89

*|solated yields were calculated after column chromatography
4.3.2 Substrate Scope

Following the successful outcome of the KA? coupling reaction under optimized

conditions, our focus transitioned to assessing the reaction's versatility through
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substrate scope studies. Keeping piperidine and cyclohexanone constant, we
systematically varied the alkyne substrates to explore the catalyst’s ability to perform
under diverse conditions. We obtained the corresponding products in moderate to
good vyields by utilizing a range of electron-donating and electron-withdrawing alkyne.
The amine component of the reaction was also varied, and excellent product yields
were observed upon using a variety of amines. Good to excellent product yields were
also obtained by using morpholine, which is less nucleophilic than carbocyclic amines
due to the presence of an electronegative oxygen atom. Variations in the ketone
component were also explored by utilizing different ketones in the reaction. To show
our system’s compatibility with linear ketones, we conducted the reaction of 2-
butanone with pyrrolidine and phenylacetylene, which gave positive results. Similar to
our studies for the A3 reaction, we extended our investigation to include dialkynes.
Treating 1,4-diethynylbenzene with 2 equiv. of cyclohexanone and morpholine
produced the desired product with a >99 % yield. These findings underscore the
potential applicability of our developed methodology across various KA? coupling
reactions with diverse substrates (Scheme 3)
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Scheme 3: Substrate scope of KA? coupling reaction catalyzed by NHSi-supported
Cu(l) bromide complex. Isolated yields were calculated after column chromatography

by performing the reaction at a 0.5 mmol scale.
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4.4 Comparison of NHSi and NHGe-supported Cu(l) complexes

After successfully conducting the A3 and KA? coupling reactions using NHSi-supported
Cu(l) bromide complex, we extended our investigation to include NHGe-supported
Cu(l) complexes. Specifically, we utilized four complexes: NHSi-supported Cu(l)

bromide complex, NHSi-supported Cu(l) iodide complex, and their respective NHGe

analogs (Figure 4).

( :Bu tBu ) ( tBu tBu )
N

Ph—<C:S|i:—>Cu o Cu<—S| >—ph —<( Sit— s| >—Ph
N N(TMS), (TMS)ZN N N N(TMS) (TMS) N N
Bu tBu tBu tBu

L Cat. 1 ) L Cat. 2 D

( :Bu B Y ( :Bu B h

Bro

ph—<( Ger—=Cu_ Cu=—G¢ )>—ph ph—<( Ger—Cu =Cu=iGé ))—Ph
N N(TMS), 2 (TMS)N N N N(TMS), (TMS) N N
tBu tBu tBu tBu

9 Cat. 3 ) L Cat. 4 )

Figure 4: NHSi and NHGe supported Cu(l) halide complexes used for A% and KA?

coupling reaction.

The NHGe-supported complexes were tested using them as catalysts for the A3
reaction under the previously optimized conditions. It was observed that the NHSI-
supported Cu(l) bromide and iodide complexes vyielded better results than their
germylene counterparts (Table 3). This outcome suggests that NHSi exhibits superior
ligand efficiency over NHGe in catalytic applications. Interestingly, the silylene-

supported Cu(l) bromide complex demonstrated higher efficiency than its iodide

counterpart, possibly due to its larger size.

Table 3: A3 coupling with NHSi and NHGe supported Cu(l) halide complexes

[CH
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Entry Catalyst Mol (%) Temp (°C) | Time (min) Yield* (%)
1 Cat. 1 0.125 60 10 >09
2 Cat. 2 0.125 60 10 >99
3 Cat. 3 0.125 60 10 60
4 Cat. 4 0.125 60 10 40

*|solated yields were calculated after column chromatography.

After optimizing the A3 coupling, we moved towards the catalysis of the KA? coupling

reaction with these four complexes. The previously optimized reaction conditions were

employed, and it was observed that the NHSi-supported complexes yielded better than
the germylene analogs (Table 4). Also, as noted previously, NHSi and NHGe-

supported Cu(l) bromide complexes gave better yields than the corresponding iodide

complexes.

Table 4: KA? coupling with NHSi and NHGe supported Cu(l) halide complexes.

O
= %
é O ©// Catalyst : N C
+ + > —
N MW
H

Entry Catalyst Mol (%) Temp (°C) | Time (min) | Yield* (%)
1 Cat. 1 1 100 60 86
2 Cat. 2 1 100 60 77
3 Cat. 3 1 100 60 73
4 Cat. 4 1 100 60 54

*|solated yields were calculated after column chromatography.
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4.5 A plausible mechanism of A% and KA?coupling reaction

R4\N/R5
H
% =
R4 R
1
R, [cul
\I
C')u
e A
)TN=R, (Cul
R2 RS R1 __l_ H
o H,O
N JL —kRs\@ Re ©
RS ORs* ROVR, . N=_ + OH

R3 = H/ alkyl/aryl

Scheme 4: Plausible mechanistic cycle for A% and KA? coupling reaction.

The A3 and KA? coupling reactions is likely to be initiated by the interaction of the
alkyne with the Cu-complex, leading to the formation of a Cu acetanilide complex and
increasing the acidity of the neighboring hydrogen atom, rendering it susceptible to
abstraction even by a weaker base. Subsequently, the generated aldimine/ ketimine,
from the reaction between the aldehyde/ketone and amine, interacts with the Cu
acetanilide complex, leading to the formation of the desired product, accompanied by
the release of water as a byproduct (Scheme 4).3536

4.6 Comparison of TON and TOF with the reported literature

In our recent comparative study of A3 coupling catalysis, we evaluated the
performance of our catalyst against those catalysts existing in the literature. Our
findings revealed that the catalyst we developed achieved a turnover number (TON)
of 792 and a turnover frequency (TOF) of 4771 h1, positioning it second only to the
Ag-cationic complex previously reported by our group in 2021 (Table 5). Notably, our
catalyst demonstrates advantages in terms of temperature (low) and higher product
yield. Despite the superior activity metrics of the Ag-cationic complex, its cationic
nature predisposes it to instability and a propensity for decomposition. Conversely, our
catalyst exhibits enhanced stability due to its neutral nature, presenting a significant

improvement over the Ag complex.
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Table 5: Comparison of A® coupling with the previously reported literature

Entry Catalyst Temp. | Yield* | Time | TON* | TOF*
(°C) (%) (h) (h™)
t ®
,{lBu Ag----arene
Ph—< ;Si_
1 _<N I\N(TMS)Ze 150 | 64 | 0.083 | 1280 | 15360
t
Bu BAr,

(Best report in literature)*?

Bu Bu
| Br

2 | pn CN)S,i:—>Cu/ Nou—ts{Prn| 60 99 | 0.166 | 792 | 4771
NNTMS), Na? (TMS)N N
‘Bu 'Bu

(This Work)
*TON and TOF are compared by using phenylacetylene, piperidine, and

paraformaldehyde as a substrate; *Isolated Yield

Upon comparison of the silylene complex with its previously reported lower analog,
NHC, it was observed that our catalyst demonstrated superior efficiency, necessitating

a significantly reduced mol % of the catalyst.(Table-6)

Table 6: Comparison of A3 coupling with previously reported Cu(l) NHC Complex

Entry Catalyst Mol | Yield* | Time | TON* | TOF*
(%) | (%) | (h) (h)

Dipp’NTN‘Dipp
1 Clu 3 88 48 | 29.33|0.611
o]
Cu(l)-NHC complex?®

:Bu :Bu

N B N
Ph—<C:S|i:—>Cu: r:Cu<—:Si\)>—ph
2 N N(TMS), Br (TMS)Z[\lj N 0.125 99 0.16 | 792 | 4771

I
Bu Bu

(This Work)
*TON and TOF are compared by using phenylacetylene, piperidine, and benzaldehyde

as a substrate at 70 °C; #Isolated Yield
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Subsequent to this study, a comparative analysis was conducted on the efficiency of
various homogeneous catalysts reported to date with our synthesized catalyst for the
KA? coupling reaction. Our findings indicate that our catalyst exhibits superior
performance, evidenced by a turnover number (TON) of 86 and a turnover frequency
(TOF) of 86 h1, outstripping the efficiency of the previously reported NHC complex
(Table 7), and also it shows better efficiency than all the homogenous catalyst

reported so far for KA2 coupling reaction.

Table 7: Comparison of KA? coupling with the previously reported literature

Entry Catalyst Mol | Temp. | Time | Yield# | TON* | TOF*
(%) | CC) | (h) | (%) (h)
\
Mes’NfN‘Mes
Cu
1 & 4 70 4 94 23.5 | 5.87

Cu(l) NHC complex3

:Bu :Bu
N\ _Br. /N
ph—<( =l :Cu<—28i\)>—Ph

r
2 '?BL“‘TMSb (TMS)N “;‘BU 1 | 100 1 86 | 86 | 86

(This Work)

*TON and TOF are compared by using phenylacetylene, piperidine, and

cyclohexanone as a substrate; *Isolated Yield
5. Conclusion

Our exploration into NHSi-Cu(l) complexes for the A% and KA? coupling reactions
marks a significant advancement in catalysis. These reactions exhibit sustainability
due to low catalyst loading, rapid reaction times, and mild reaction conditions. Our
catalyst demonstrates remarkable efficiency even with challenging substrates under
milder conditions, showcasing its versatility and applicability in catalyzing complex
reactions. Additionally, we investigated the impact of replacing NHSi with its heavier
analog NHGe, observing its effect on the yield of the coupling reactions. Notably, we
achieved the challenging KA? coupling reaction without any additives and under milder
reaction conditions, highlighting the potential of our approach.
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7. Analytical data of propargylamines:

Substrates of A3 Coupling

la: 'H NMR (400 MHz, CDCls, 298 K): 6 7.36-7.35 (m, 2H, Ph), 7.21-7.20 (m, 2H, Ph),
3.40 (s, 2H, CH2), 2.49 (bs, 4H, Piperidine), 1.59-1.54 (m, 4H, Piperidine), 1.37 (b, 2H,
Piperidine) ppm; *3C {*H} NMR (CDClIz, 100.613 MHz, 298 K): 4 131.79 (Ph), 128.30
(Ph), 128.07 (Ph), 123.35 (Ph), 125.24 (CF3Ph), 85.19 (CPh), 85.00 (CCH2Piperidine),
53.48 (Piperidine), 48.51 (CH2Piperidine), 25.98 (Piperidine), 23.98 (Piperidine) ppm
ESI-MS: Calculated for C14H17N: m/z 200.1439. Found m/z 200.1433 ([M]*).

1b: H NMR (400 MHz, CDCls, 298 K): & 7.36-7.34 (m, 2H, PhCH2CHj3), 7.12-7.10
(m, 2H, PhCH2CH3s), 3.47 (s, 2H, CHz), 2.65-2.57 (m, 6H, Piperidine+ PhCH>CH3),
1.65-1.62 (m, 4H, Piperidine), 1.44-1.42 (m, 2H, Piperidine), 1.23-1.19 (t, 3H,
PhCH2CHzs) ppm; $3C{ H} NMR (CDCls, 100.613 MHz, 298 K): & 144.37 (Ph), 131.74
(Ph), 127.86(Ph), 120.53 (Ph),85.20 (CPh), 84.29 (CCH:zPiperidine), 53.45
(Piperidine), 48.52 (CHzPiperidine), 28.83 (CH2CHs), 26.01(Piperidine), 24
(Piperidine), 15.44 (CH2CHs) ppm. ESI-MS: Calculated for CisH21N: m/z 228.1708.
Found m/z 228.1745 ([M]").

1c: *H NMR (400 MHz, CDCls, 298 K): 6 7.54-7.49 (m, 2H, CF3Ph), 3.47 (s, 2H, CH>),
2.55 (bs, 4H, Piperidine), 1.66-1.60 (m, 4H, Piperidine), 1.44-1.43 (m, 2H, Piperidine)
ppm; 3C {1H} NMR (CDCIls, 100.613 MHz, 298 K): 6 132.01 (Ph), 129.98 (Ph),
129.66(Ph), 127.23 (Ph), 125.24 (CFsPh), 87.99 (CPh), 83.83 (CCH:zPiperidine), 53.63
(Piperidine), 48.50 (CHzPiperidine), 26.01 (Piperidine), 23.97 (Piperidine) ppm. ESI-
MS: Calculated for CisHisFsN: m/z 268.1313. Found m/z 268.1312 ([M]).

1d: 'H NMR (400 MHz, CDCls, 298 K): 6 7.35-7.33 (d, 2H, BrPh), 7.22-7.20 (d, 2H,
BrPh), 3.37 (s, 2H, CH2), 2.47 (bs, 4H, Piperidine), 1.57-1.55 (m, 4H, Piperidine), 1.37
(m, 2H, Piperidine) ppm; 13C {*H} NMR (CDCls, 100.613 MHz, 298 K): & 133.22 (Ph),
131.51 (Ph), 122.32 (Ph), 122.20 (Ph), 86.49 (CPh), 83.99 (CCHzPiperidine), 53.58
(Piperidine), 48.53 (CHzPiperidine), 25.99 (Piperidine), 23.97 (Piperidine) ppm. ESI-
MS: Calculated for Ci4aH16BrN: m/z 278.0544. Found m/z 278.0544 ([M]*).

1le: *H NMR (400 MHz, CDCls, 298 K): & 7.41-7.37 (m, 2H, FPh), 6.99-6.94 (m, 2H,
FPh), 3.44 (s, 2H, CH2), 2.55 (bs, 4H, Piperidine), 1.65-1.60 (m, 4H, Piperidine), 1.43
(m, 2H, Piperidine) ppm; 3C { *H} NMR (CDClz, 100.613 MHz, 298 K): § 163.63 (Ph),
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133.67 (Ph), 119.46 (Ph), 115.64 (Ph), 84.83 (CPh), 84.01 (CCH2zPiperidine), 53.59
(Piperidine), 48.50 ( CHzPiperidine), 26.01 (Piperidine), 24.00 (Piperidine) ppm. ESI-
MS: Calculated for CiaH16FN: m/z 218.1345. Found m/z 218.1339 ([M]").

1f: 'H NMR (400 MHz, CDCls, 298 K): 6 7.59-7.58 (m, 2H, Naphthalene), 7.56-7.51
(m, 4H, Naphthalene), 7.46-7.42 (m, 2H, Naphthalene), 7.37-7.33 (m, 1H,
Naphthalene), 3.52 (s, 2H, CH2), 2.61 (bs, 4H, Piperidine), 1.69-1.66 (m, 4H,
Piperidine), 1.47 (m, 2H, Piperidine) ppm; 13C {{H} NMR (CDClIz, 100.613 MHz, 298
K): 6 140.79 (Naphthalene), 140.47 (Naphthalene), 132.20 (Naphthalene), 128.90
(Naphthalene), 127.62 (Naphthalene),127.06 (Naphthalene), 122.30 (Naphthalene),
85.85 (CPh), 84.96 (CCH:zPiperidine), 53.55 (Piperidine), 48.62 (CHzPiperidine),
26.04 ( Piperidine), 24.02 (Piperidine) ppm. ESI-MS: Calculated for C20H21N: m/z
276.1752. Found m/z 276.1751 ([M]").

1g: *H NMR (400 MHz, CDCls, 298 K): 6 7.33-7.31 (d, 2H, CHsPh), 7.09-7.07 (d, 2H,
CHsPh), 3.45 (s, 2H, CHy), 2.56 (bs, 4H, Piperidine), 2.32 (s, 3H, CH3s), 1.64-1.62 (m,
4H, Piperidine), 1.43 (m, 2H, Piperidine) ppm; 3C {*H} NMR (CDCls, 100.613 MHz,
298 K): 6 138.02 (Ph), 131.64 (Ph), 129.01 (Ph), 120.30 (Ph), 85.10 (CPh), 84.36
(CCH2Piperidine), 53.51 (Piperidine), 48.56 (CHzPiperidine), 26.02 (Piperidine), 24.02
(Piperidine), 21.47 (CHsPh) ppm. ESI-MS: Calculated for CisHioN: m/z 214.1595.
Found m/z 214.1590 ([M]").

1h: 'H NMR (400 MHz, CDCls, 298 K): 5 7.24-7.22 (d, 2H, PhN(CHs)2), 6.53-6.51 (d,
2H, PhN(CH?a)2), 3.37 (s, 2H, CH2), 2.86 (s, 3H, PhN(CHs3)2), 2.48 (bs, 4H, Piperidine),
1.58-1.53 (m, 4H, Piperidine), 1.36 (m, 2H, Piperidine) ppm; **C{*H} NMR (CDClIs,
100.613 MHz, 298 K): & 150.02 (PhN(CHs)2), 132.80 (PhN(CHs)2), 111.83
(PhN(CH3)2), 110.33 (PhN(CHs)2), 85.84 (CPh), 82.40 (CCH:Piperidine), 53.42
(Piperidine), 48.67 (CHzPiperidine), 40.31 (PhN(CHs)z2), 25.98 (Piperidine), 24.03
(Piperidine) ppm ESI-MS: Calculated for CisH22N2: m/z 243.1861. Found m/z
243.1861 ([M]Y).

1i: 'H NMR (400 MHz, CDCls, 298 K): 6 7.31 (s, 4H, Ph), 3.42 (s, 4H, CH2), 2.51 (bs,
8H, Piperidine), 1.56-1.62 (m, 8H, Piperidine), 1.40 (m, 4H, Piperidine) ppm; C{*H}
NMR (CDCls, 100.613 MHz, 298 K): 6 131.51 (Ph), 122.88 (Ph), 86.80 (CPh), 84.68
(CCHzPiperidine), 53.47 (Piperidine), 48.49 (CHzPiperidine), 25.93 (Piperidine), 23.96
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(Piperidine) ppm. ESI-MS: Calculated for Cz2H2sN2: m/z 321.2330. Found m/z
321.2324 ([M]Y).

1j: 'H NMR (400 MHz, CDClz, 298 K): d 7.40-7.35 (d, 3H, Ph), 3.40 (s, 6H, CH2), 2.49
(bs, 12H, Piperidine), 1.60-1.55 (m, 12H, Piperidine), 1.39 (m, 6H, Piperidine) ppm;
13C {*H} NMR (CDCls, 100.613 MHz, 298 K): 5 134.16 (Ph), 123.73 (Ph), 86.20 (CPh),
83.60 (CCH2Piperidine), 53.41 (Piperidine), 48.37 (CHzPiperidine), 25.94 (Piperidine),
23.88 (Piperidine) ppm. ESI-MS: Calculated for CsoHsoNs: m/z 442.3222. Found m/z
442.3216 ([M]").

1k: *H NMR (400 MHz, CDCls, 298 K): 6 7.33-7.30 (m, 2H, Ph), 7.21-7.18 (m,3H, Ph),
3.57 (s, 2H, CH2),3.22-3.15(m, 2H, CH(CHs)2), 1.08-1.07 (d,12H, CH(CHs)2) ppm;
13C{*H} NMR (CDClIs, 100.613 MHz, 298 K): § 131.53 (Ph), 128.29 (Ph), 89.08 (CPh),
83.63 (CCH2N(Pr)2), 48.63 (CH(CHa)2), 24.90 ( CH2 N(iPr)2), 23.88 (CH(CHs3)z2) ppm.
ESI-MS: Calculated for CisH21N: m/z 216.1752. Found m/z 216.1746 ([M]*).

1l: IH NMR (400 MHz, CDCls, 298 K): & 8.54(s, 1H, Py), 7.61-7.57 (t, 1H, Py), 7.37-
7.35(m, 1H, Py),7.18-7.15 (m, 1H, Py),3.66 (s, 2H, CH2),3.29-3.22(m, 2H, CH(CHs3)z2),
1.14-1.13 (d,12H, CH(CHs3)2) ppm; 3C {*H} NMR (CDCIsz, 100.613 MHz, 298 K): &
149.93 (Py), 143.78 (Py), 136.09 (Py), 127.04 (Py), 122.58 (Py), 89.55 (CPy), 83.27
(CCH2N(iPr)2), 48.70 (CH(CHs3)z2), 34.81 (CH2 N(iPr)2), 20.73 (CH(CHs)2) ppm. ESI-
MS: Calculated for CiaH20N2: m/z 217.1704. Found m/z 217.1698 ([M]*).

1m: *H NMR (400 MHz, CDCls, 298 K): 6 7.54-7.52 (d, 2H, PhCF3), 7.49-7.47 (d,2H,
Ph CFs3), 3.66 (s, 2H, CH>),3.28-3.22 (m, 2H, CH(CHs3)2), 1.16-1.14 (d,12H, CH(CHzs)2)
ppm; 13C {*H} NMR (CDCl3, 100.613 MHz, 298 K): 6 131.79 (PhCF3), 129.47 (PhCFs3),
127.72 (PhCF3), 125.24 (PhCF3), 122.77 (PhCFs3), 92.05 (CPh), 82.46 (CCH2N(iPr)2),
48.78 (CH(CHs)2), 34.96 (CH2N(iPr)2), 20.75 (CH(CHs)2) ppm. ESI-MS: Calculated for
CisH20F3N: m/z 244.2065. Found m/z 244.2054 ([M]).

1n: 'H NMR (400 MHz, CDCls, 298 K): § 7.44-7.41 (m, 2H, Ph), 7.30-7.28 (m, 3H, Ph),
3.66 (s, 2H, CH2), 2.66-2.64 (m, 4H, CH2CH3), 1.15-1.11 (t, 6H, CH2CHz) ppm; 13C
{*H} NMR (CDClI3, 100.613 MHz, 298 K): & 131.85 (PhCFs3), 128.37 (PhCF3), 128.12
(PhCFs), 123.39 (PhCFs3), 85.34 (CPh), 84.12 (CCH2N), 47.48 (CH2CHs), 41.53
(CH2NCH2CH3), 12.66 (CH2CHs) ppm. ESI-MS: Calculated for CiszHi7N: m/z
187.1361. Found m/z 187.1206 ([M]").
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1o: 'H NMR (400 MHz, CDCls, 298 K): 6 7.54-7.49 (m, 4H, PhCF3), 3.64 (s, 2H,
CH2),2.63-2.61 (m, 4H, CH2CH3),1.13-1.09 (t, 6H, CH2CHz) ppm; 3C {{H} NMR
(CDCls, 100.613 MHz, 298 K): & 132.03 (PhCF3), 129.97 (PhCFs), 127.28 (PhCF3),
125.23 (PhCFs), 122.70 (PhCFs), 87.39 (CPh), 83.89 (CCH2N), 47.45 (CH2CHj),
41.54 (CH2NCH2CH3),12.65 (CH2CHs) ppm. ESI-MS: Calculated for CiaHisF3N: m/z
256.1313. Found m/z 256.1304 ([M]").

1p: *H NMR (400 MHz, CDCls, 298 K): 6 7.54-7.26 (m, 4H, Ph), 3.66 (s, 2H, CH2),2.66-
2.64(m, 4H, CH2CH3),1.16-1.11 (t, 6H, CH2CH3s) ppm; **C{*H} NMR (CDCls, 100.613
MHz, 298 K): 6 138.74 (Ph), 131.91 (Ph), 128.61 (Ph), 128.37 (Ph), 128.14 (Ph),
127.54 (Ph), 123.45 (Ph), 87.95 (CPh), 86.19 (CCHzPiperidine), 62.49 (CHPiperidine),
50.80 (Piperidine), 26.30 (Piperidine), 24.55 (CHsPh) ppm. ESI-MS: Calculated for
C20H21N: m/z 276.1752. Found m/z 276.1746 ([M]").

Substrates of KA2 Coupling

2a: 'H NMR (400 MHz, CDCls, 298 K): 6 7.31 (m, 2H, Ph), 7.16 (m, 3H, Ph), 2.56 (bs,
4H, Piperidine), 1.99-1.96 (m, 2H, Cyclohexanone), 1.59-1.34 (m, 14H,
Cyclohexanone + Piperidine); *C{*H} NMR (CDCls, 100.613 MHz, 298 K): § 131.72
(Ph), 128.19 (Ph), 127.66 (Ph), 123.77 (Ph), 90.70 (CCPh), 86.22 (CCPh), 59.46
(Cyclohexanone), 47.17 (Piperidine), 35.77 (Cyclohexanone), 26.58 (Piperidine),
25.73 (Cyclohexanone), 24.73 (Piperidine), 23.13 (Cyclohexanone) ppm. ESI-MS:
Calculated for Ci9H2sN: m/z 268.2065. Found m/z 268.2054 ([M]*).

2b: 'H NMR (400 MHz, CDCls, 298 K): 6 7.26-7.24 (m, 2H, PhCHz), 7.03-7.01 (m, 2H,
PhCHs), 2.60 (bs, 4H, Piperidine), 2.25 (s, 3H, PhCHs), 2.03-2.00 (m, 2H,
Cyclohexanone), 1.63-1.37 (m, 14H, Cyclohexanone + Piperidine); 3C{ 'H} NMR
(CDCls, 100.613 MHz, 298 K): & 137.73 (PhCHs), 131.66 (PhCHs), 129.00 (PhCHs),
120.73 (PhCH3),89.81 (CCPh), 86.39 (CCPh), 59.63 (Cyclohexanone), 47.22
(Piperidine), 35.82 (Cyclohexanone), 26.60 (Piperidine), 25.80 (Cyclohexanone),
24.77 (Piperidine), 23.22 (Cyclohexanone), 21.48 (PhCHs) ppm. ESI-MS: Calculated
for C20H27N: m/z 282.2177. Found m/z 282.2213 ([M]").

2c: 'H NMR (400 MHz, CDCls, 298 K): 6 7.38-7.36 (m, 2H, PhCH2CH3), 7.14-7.12 (m,
2H, PhCH2CHs), 2.69-2.62 (m, 6H, Piperidine+ PhCH>CHs), 2.11-2.08 (m, 2H,
Cyclohexanone), 1.71-1.46 (m, 14H, Cyclohexanone + Piperidine), 1.24-1.20 (t, 3H,
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PhCH2CHs); 3C{ H} NMR (CDCls, 100.613 MHz, 298 K): & 144.18 (PhCH2CHba),
131.81 (PhCH2CHs), 127.87 (PhCH2CHs), 121.03 (PhCH2CHs),89.90 (CCPh), 86.43
(CCPh), 59.66 (Cyclohexanone), 47.28 (Piperidine), 35.90 (Cyclohexanone), 28.91
(PhCH2CHs), 26.67 (Piperidine), 25.84 (Cyclohexanone), 24.81 (Piperidine), 23.27
(Cyclohexanone), 15.63 (PhCH2CHs) ppm. ESI-MS: Calculated for C2iH2oN: m/z
296.2378. Found m/z 296.2370 ([M]*).

2d: IH NMR (400 MHz, CDCls, 298 K): § 7.35-7.33 (m, 2H, PhBr), 7.23-7.21 (m, 2H,
PhBr), 2.59 (bs, 4H, Piperidine), 2.02-1.18 (m, 2H, Cyclohexanone), 1.67-1.63 (m, 2H,
Cyclohexanone), 1.57-1.37 (m, 12H, Cyclohexanone + Piperidine); 13C{ 'H} NMR
(CDCls, 100.613 MHz, 298 K): 6 133.27 (PhBr), 131.49 (PhBr), 122.64 (PhBr), 121.90
(PhBr), 91.81 (CCPh), 85.46 (CCPh), 59.85 (Cyclohexanone), 47.28 (Piperidine),
35.61 (Cyclohexanone), 26.46 (Piperidine), 25.68 (Cyclohexanone), 24.67
(Piperidine), 23.16 (Cyclohexanone) ppm. ESI-MS: Calculated for CigH24BrN: m/z
346.1170. Found m/z 346.1161 ([M]*).

2e: 'H NMR (400 MHz, CDCls, 298 K): & 7.42-7.39 (m, 2H, PhF), 7.00-6.96 (m, 2H,
PhF), 2.68 (bs, 4H, Piperidine), 2.09-2.06 (m, 2H, Cyclohexanone), 1.74-1.71 (m, 2H,
Cyclohexanone), 1.66-1.45 (m, 12H, Cyclohexanone + Piperidine); 13C{ 'H} NMR
(CDCls, 100.613 MHz, 298 K): 6 163.53 (PhF), 161.06 (PhF), 133.63 (PhF), 115.41
(PhF), 90.16 (CCPh), 85.42 (CCPh), 59.80 (Cyclohexanone), 47.29 (Piperidine),
35.71 (Cyclohexanone), 26.51 (Piperidine), 25.75 (Cyclohexanone), 24.72
(Piperidine), 23.23 (Cyclohexanone) ppm. ESI-MS: Calculated for CioH24FN: m/z
286.1926. Found m/z 286.1967 ([M]*).

2f: 'H NMR (400 MHz, CDCls, 298 K): 6 7.43-7.40 (m, 2H, Ph), 7.30-7.27 (m, 3H, Ph),
2.83-2.80 (m, 4H, Piperidine), 1.74-1.71 (m, 2H, Butanone), 1.42 (s, 3H, Butanone),
1.31-1.21 (m, 3H, Piperidine), 1.06-1.02 (m, 3H, Piperidine), 0.90-0.86 (t, 2H,
Butanone); 13C{ 'H} NMR (CDCls, 100.613 MHz, 298 K): & 131.89 (Ph), 128.34 (Ph),
126.55 (PhCHs), 123.64 (Ph), 91.00 (CCPh), 84.88 (CCPh), 58.94 (CPiperidine),
48.06 (Piperidine), 34.09 (CH2CHs), 25.15 (Piperidine), 23.70 (CCHs), 14.10
(Piperidine), 9.07 (CH2CHs) ppm. ESI-MS: Calculated for Ci7H23N: m/z 242.1864.
Found m/z 242.2841 ([M]").

2g: 'H NMR (400 MHz, CDCls, 298 K): 6 7.37-7.34 (m, 2H, Ph), 7.21-7.18 (m, 3H, Ph),
2.74 (bs, 4H, Pyrrolidine), 1.98-1.95 (m, 2H, Cyclohexanone), 1.72-1.43 (m, 12H,
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Cyclohexanone + Pyrrolidine); 13C{ *H} NMR (CDCls, 100.613 MHz, 298 K): § 131.84
(Ph), 128.29 (Ph), 127.79 (PhCH3), 123.75 (Ph), 90.39 (CCPh), 86.29 (CCPh), 59.57
(Cyclohexanone), 47.19  (Pyrrolidine), 37.94  (Cyclohexanone), 25.78
(Cyclohexanone), 23.62 (Pyrrolidine), 23.18 (Cyclohexanone) ppm. ESI-MS:
Calculated for CisH2sN: m/z 254.1908. Found m/z 254.1901 ([M]).

2h: 'H NMR (400 MHz, CDCls, 298 K): 6 7.45-7.43 (m, 2H, Ph), 7.32-7.26 (m, 3H, Ph),
2.74-2.72 (t, 4H, Morpholine), 2.05-2.02 (m, 4H, Morpholine), 1.72-1.67 (m, 2H,
Cyclohexanone), 1.58-1.53(m, 3H, Cyclohexanone), 1.31-1.22(m, 1H,
Cyclohexanone); 3C{ *H} NMR (CDCIs, 100.613 MHz, 298 K): 6 131.82 (Ph), 128.31
(Ph), 127.93 (Ph), 89.84 (CCPh), 86.64 (CCPh), 67.56 (Morpholine), 59.07
(Cyclohexanone), 46.74  (Morpholine), 35.52  (Cyclohexanone), 25.78
(Cyclohexanone), 22.86 (Cyclohexanone) ppm. ESI-MS: Calculated for CisH23NO:
m/z 270.1858. Found m/z 270.1855 ([M]*).

2i: 'H NMR (400 MHz, CDClz, 298 K): 6 7.34 (m, 2H, Ph), 7.20 (m, 3H, Ph), 2.73 (b,
4H, Pyrrolidine), 1.94-1.54 (m, 16H, Cycloheptanone + Pyrrolidine); **C {*H} NMR
(CDCIs, 100.613 MHz, 298 K): 6 131.84 (Ph), 128.29 (Ph), 127.75 (Ph), 123.80 (Ph),
91.98 (CCPh), 84.88 (CCPh), 62.69 (Cycloheptanone), 47.94 (Pyrrolidine), 40.11
(Cycloheptanone), 28.23 (Cycloheptanone), 23.86 (Pyrrolidine), 22.25
(Cycloheptanone) ppm. ESI-MS: Calculated for Ci9H2sN: m/z 268.2065. Found m/z
268.2059 ([M]Y).

2j: 'H NMR (400 MHz, CDCls, 298 K): & 7.33-7.32 (m, 2H, PhCHs), 7.10-7.08 (m, 2H,
PhCHs), 3.76 (bs, 4H, Morpholine), 2.72 (bs, 4H, Morpholine), 2.33(s, 3H, PhCH3),
2.03-2.01 (m, 2H, Cyclohexanone), 1.70-1.46 (m, 7H, Cyclohexanone), 1.27-1.25 (m,
1H, Cyclohexanone); ¥3C{ *H} NMR (CDCls, 100.613 MHz, 298 K): & 137.91 (PhCH?3),
131.68 (PhCHs), 129.03 (PhCHs), 120.43 (PhCH3),89.00 (CCPh), 86.67 (CCPh),
67.56 (Morpholine), 59.07 (Cyclohexanone), 46.73 (Morpholine), 35.55
(Cyclohexanone), 25.79 (Cyclohexanone), 22.86 (Cyclohexanone), 21.50 (PhCHsz)
ppm. ESI-MS: Calculated for C19H2sNO: m/z 284.2014. Found m/z 284.2014 ([M]).

2k: 'H NMR (400 MHz, CDCls, 298 K): & 7.31-7.29 (m, 2H, PhCH2CHs), 7.09-7.06 (m,
2H, PhCH2CHs), 3.72-3.70 (t, 4H, Morpholine), 2.68-2.66 (m, 4H, Morpholine), 2.60-
2.55 (q, 2H, PhCH2CHs3),1.99-1.96 (m, 2H, Cyclohexanone), 1.69-1.40 (m, 8H,
Cyclohexanone), 1.18-1.14 (t, 3H, PhCH2CHjs); 3C{ *H} NMR (CDCls, 100.613 MHz,
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298 K): 6 144.27 (PhCH2CHzs), 131.77 (PhCH2CHs), 127.84 (PhCH2CH3s), 120.68
(PhCH2CHs), 89.04 (CCPh), 86.68 (CCPh), 67.56 (Morpholine), 59.02
(Cyclohexanone), 46.72 (Morpholine), 35.55 (Cyclohexanone), 28.86 (PhCH2CH3),
25.79 (Cyclohexanone), 22.85 (Cyclohexanone), 15.55 (PhCH2CHs) ppm. Calculated
for C20H27NO: m/z 298.2126. Found m/z 298.1797[(M]).

21: 1H NMR (400 MHz, CDCls, 298 K): & 7.32-7.29 (m, 2H, PhN(CHs)2), 6.62-6.60 (m,
2H, PhN(CHs3)2), 3.76 (bs, 4H, Morpholine), 2.95 (s, 6H, PhN(CH3)2), 2.73 (bs, 4H,
Morpholine), 2.03-2.01 (m, 2H, Cyclohexanone), 1.79-1.59 (m, 6H, Cyclohexanone),
1.50-1.45 (m, 2H, Cyclohexanone); 13C{ 'H} NMR (CDClIz, 100.613 MHz, 298 K): &
149.94 (PhN(CHs)2), 132.73 (PhN(CHs)2), 111.91 (PhN(CHs)2), 110.48
(PhN(CH3)2),87.32 (CCPh), 86.87 (CCPh), 67.45 (Morpholine), 59.28
(Cyclohexanone), 46.64 (Morpholine), 40.34 (N(CHs)2), 35.55 (Cyclohexanone),
25.78 (Cyclohexanone), 22.88 (Cyclohexanone) ppm. Calculated for C20H2sN20: m/z
313.2235. Found m/z 313.2271[(M]*).

2m: 'H NMR (400 MHz, CDCls, 298 K): & 7.36-7.34 (m, 2H, PhCH2CHs), 7.13-7.11
(m, 2H, PhCH2CHz3), 2.81 (bs, 4H, Pyrrolidine), 2.66-2.60 (q, 2H, PhCH>CH3), 2.05-
2.02 (m, 2H, Cyclohexanone), 1.79 (bs, 4H, Pyrrolidine), 1.69-1.61 (m, 6H,
Cyclohexanone), 1.57-1.50 (m, 2H, Cyclohexanone), 1.24-120 (t, 3H, PhCH2CH5);
13C{ 'H} NMR (CDClIs, 100.613 MHz, 298 K): & 144.26 (PhCH2CHs), 131.83
(PhCH2CHs), 127.88 (PhCH2CH3), 120.87 (PhCH2CHs), 89.37 (CCPh), 86.45 (CCPh),
59.76 (Cyclohexanone), 47.23 (Pyrrolidine), 37.92 (Cyclohexanone), 28.89
(PhCH2CHs), 25.77 (Pyrrolidine), 23.63 (Cyclohexanone), 23.21 (Cyclohexanone),
15.61 (PhCH2CHs) ppm. ESI-MS: Calculated for C20H27N: m/z 282.2221. Found m/z
282.2219 ([M]Y).

2n: H NMR (400 MHz, CDCls, 298 K): § 7.24-7.23 (m, 2H, PhCHz), 7.03-7.01 (m, 3H,
PhCHs), 2.74 (bs, 4H, Pyrrolidine), 2.26 (s, 3H, PhCHs) 1.99-1.94 (m, 2H,
Cycloheptanone), 1.82-1.71 (m, 6H, Cycloheptanone + Pyrrolidine), 1.60-1.54 (m,8H,
Cycloheptanone); 3C{ 'H} NMR (CDCls, 100.613 MHz, 298 K): 6 137.99 (PhCH3),
131.71 (PhCHs), 129.06 (PhCHs), 120.39 (PhCHs), 90.24 (CCPh), 85.42 (CCPh),
48.16 (Cycloheptanone), 39.87 (Pyrrolidine), 28.05 (Cycloheptanone), 23.90
(Pyrrolidine), 22.61 (Cycloheptanone), 21.51 (PhCHs). ESI-MS: Calculated for
C20H27N: m/z 282.2177. Found m/z 282.1833 ([M]*).
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20: 'H NMR (400 MHz, CDCls, 298 K): & 7.28 (s, 4H, Ph), 3.69 (bs, 8H, Morpholine),
2.64 (bs, 8H, Morpholine), 1.97-1.94 (m, 4H, Cyclohexanone), 1.65-1.41 (m, 14H,
Cyclohexanone), 1.21-1.18 (m, 2H, Cyclohexanone); *C {*H} NMR (CDClIz, 100.613
MHz, 298 K): 6 131.52 (Ph), 122.82 (PhCHs), 91.42 (CCPh), 86.25 (CCPh), 67.50
(Morpholine), 59.02 (Cyclohexanone), 46.63 (Morpholine), 35.34 (Cyclohexanone),
25.64 (Cyclohexanone), 22.70 (Cyclohexanone) ppm. ESI-MS: Calculated for
C30H40N202: m/z 461.3168. Found m/z 461.3176 ([M]").

2p: 'H NMR (400 MHz, CDCls, 298 K): § 7.35-7.33 (m, 2H, PhBr), 7.22-7.20 (m, 2H,
PhBr), 2.73 (bs, 4H, Pyrrolidine), 1.96-1.93 (m, 2H, Cyclohexanone), 1.72 (bs, 4H,
Pyrrolidine), 1.64-1.45 (m, 8H, Cyclohexanone); 3C { *H} NMR (CDClI3, 100.613 MHz,
298 K): 6 133.37 (PhBr), 131.59 (PhBr), 122.60 (PhBr), 122.04 (PhBr), 91.53 (CCPh),
85.49 (CCPh), 59.91 (Cyclohexanone), 47.35 (Pyrrolidine), 37.74 (Cyclohexanone),
25.72 (Pyrrolidine), 23.69 (Cyclohexanone), 23.20 (Cyclohexanone) ppm. ESI-MS:
Calculated for C1sH22BrN: m/z 332.0936. Found m/z 355.2843 ([M+Na]*).

2q: 'H NMR (400 MHz, CDCls, 298 K): 6 8.53-8.52 (d, 1H, Py), 7.59-7.55 (m, 1H, Py),
7.38-7.36 (d, 1H, Py), 7.16-7.13 (m, 1H, Py), 2.77 (bs, 4H, Pyrrolidine), 2.05-2.02 (m,
2H, Cyclohexanone), 1.88-1.85 (t, 1H, Cyclohexanone), 1.76-1.73 (m, 4H,
Pyrrolidine), 1.68-1.50 (m, 7H, Cyclohexanone); 3C{ *H} NMR (CDClIz, 100.613 MHz,
298 K): 6 150.26 (Py), 142.37 (Py), 136.39 (Py), 127.72 (Py),123.54 (Py), 88.05
(CCPh), 86.02 (CCPh), 48.41 (Cyclohexanone), 36.11 (Pyrrolidine), 31.06
(Cyclohexanone), 24.78  (Cyclohexanone), 23.72  (Pyrrolidine), 23.16
(Cyclohexanone) ppm. ESI-MS: Calculated for Ci7H22N2: m/z 255.1861. Found m/z
255.1854 ([M]Y).

2r: *H NMR (400 MHz, CDCls, 298 K): & 7.42-7.40 (m, 2H, PhBr), 7.29-7.27 (m, 2H,
PhBr), 3.76-3.75 (m, 4H, Morpholine), 2.72-2.03 (bs, 4H, Morpholine), 2.03-1.99 (m,
2H, Cyclohexanone), 1.72-1.48 (m, 6H, Cyclohexanone), 1.32-1.24 (m, 2H,
Cyclohexanone) ; 3C{ 'H} NMR (CDClz, 100.613 MHz, 298 K): 6 133.27 (PhBr),
131.53 (PhBr), 122.31 (PhBr), 122.10 (PhBr), 90.87 (CCPh), 85.78 (CCPh), 67.34
(Morpholine), 59.40 (Cyclohexanone), 46.70 (Morpholine), 35.28 (Cyclohexanone),
25.64 (Cyclohexanone), 22.81 (Cyclohexanone) ppm. ESI-MS: Calculated for
C18H22BrNO: m/z 348.0963. Found m/z 348.0965 ([M]*).
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2s: IH NMR (400 MHz, CDCls, 298 K): 6 7.33-7.31 (m, 2H, PhCHs), 7.11-7.09 (m, 2H,
PhCHs), 2.82 (bs, 4H, Pyrrolidine), 2.34 (s, 3H, PhCHs), 2.04-2.01 (m, 2H,
Cyclohexanone), 1.80 (bs, 4H, Pyrrolidine), 1.69-1.51 (m, 8H, Cyclohexanone); 13C{
'H} NMR (CDCls, 100.613 MHz, 298 K): 6 138.18 (PhCHs3), 131.77 (PhCHs3), 129.12
(PhCH3), 120.27 (PhCHs), 88.46 (CCPh), 86.99 (CCPh), 60.56 (Cyclohexanone),
47.50 (Pyrrolidine), 37.56 (Cyclohexanone), 25.58 (Cyclohexanone), 23.70
(Pyrrolidine), 23.22 (Cyclohexanone), 15.61 (PhCHs) ppm. ESI-MS: Calculated for
Ci9H25N: m/z 268.2021. Found m/z 268.2625 ([M]*).

2t: 'H NMR (400 MHz, CDCls, 298 K): 6 7.35-7.33 (m, 2H, PhOCH3), 6.81-6.79 (m,
2H, PhCHs), 3.78 (s, 3H, OCHa), 2.82-2.80 (m, 4H, Pyrrolidine), 2.02-1.99 (m, 2H,
Cyclohexanone), 1.80-1.76 (m, 4H, Pyrrolidine), 1.67-1.50 (m, 8H, Cyclohexanone);
13C{ 'H} NMR (CDClz, 100.613 MHz, 298 K):  159.30 (PhOCHz3), 133.15 (PhOCHa),
115.69 (PhOCHs), 113.87 (PhOCHs), 88.91 (CCPh), 86.22 (CCPh), 59.89
(Cyclohexanone), 55.33 (OCHa), 47.19 (Pyrrolidine), 37.71 (Cyclohexanone), 25.67
(Pyrrolidine), 23.59 (Cyclohexanone), 23.15 (Cyclohexanone) ppm. ESI-MS:
Calculated for C19H25sNO: m/z 284.2014. Found m/z 284.2010 ([M]).
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8. Spectroscopic Data
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Figure 60:13C{*H} NMR spectrum of 2| in CDCls.
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Figure 61:*H NMR spectrum of 2m in CDCls.
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Figure 62:13C{*H} NMR spectrum of 2m in CDCls.
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Figure 63:*H NMR spectrum of 2n in CDCls.
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Figure 65:*H NMR spectrum of 20 in CDCls.
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Figure 66:13C{*H} NMR spectrum of 20 in CDCls.

71



ST

$9'1 //
AN
€6'T
967/

LT~

0z'L
faars .),).m
£5°L T
ser !

Br

A\

0.5

1.0

1.5

3.0 25 20

3.5

60 55 50 45 4.0
f1 (ppm)

6.5

7.0

2p
90 85 80 75
Figure 67:1H NMR spectrum of 2p in CDCls.

9.5

0T'ee L

10

20

69°€7
sz

vLLE— -

30

SELY—

40

16'65 —

p-wiojololyd 91°LL

Br

A\

50

60

70

9T LL Uv.
6%°68 —
EST6 —

b0'CeT
09721/

65 TET -~ .

80

110 100 90
f1 (ppm)
72

120

130

LEEET

2p

150 140
Figure 68:13C{*H} NMR spectrum of 2p in CDCls.
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Figure 69:'H NMR spectrum of 2q in CDCls.
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Figure 71:*H NMR spectrum of 2r in CDCls.
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Figure 72:13C{*H} NMR spectrum of 2r in CDCls.
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Figure 73:'H NMR spectrum of 2s in CDCls.

Bebliinio 1oy

55'1T
NN.mNM
04624
85°'ST /

9§°/E —

0S'Ly —

9509 —

6698 -
9%'88

L2°0CT —

71621
L01eT
8T°8ET ~

2s

—
—=

160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10
f1 (ppm)

170

Figure 74:13C{*H} NMR spectrum of 2s in CDCls.
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Figure 75:1H NMR spectrum of 2t in CDCls.
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Figure 76:13C{*H} NMR spectrum of 2s in CDCls.
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