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A B S T R A C T

The gold(I) acetylide complexes of Acyclic Aminooxy Carbene (AAOC) ligands, [{(4-R1-2,6-t-Bu2-C6H2O)(NCy2)}
methylidene]Au[C–––C(p-C6H4R2)] [where R1

= H; R2
= H (1), and R1

= t-Bu; R2
= H (4)] efficiently catalyzed

the three-component Alkyne-Aldehyde-Amine (A3) coupling yielding propargylamine and amino indolizine
compounds, thereby implicating its direct role in the catalytic cycle. The DFT studies performed on a simplified
gold(I) precatalyst, [{(2,4,6-Me3-C6H2O)(NCy2)}methylidene]Au[C–––CPh] (4’), at B3LYP-D3/def2-TZVP of
theory implicated the role of non-covalent Au•••H–C interactions in the A3 coupling reactions producing
propargylamine and subsequently amino indolizine via intramolecular cyclization of propargylamine followed by
an intramolecular 1,2-hydrogen transfer-step for the 2-formylpyridine substrate. The non-covalent Au•••H–C
(alkyl) and Au•••H–C(aryl) interactions participate in tandem to influence the overall reaction kinetic barrier,
and thereby illustrating the importance of such interactions in gold catalysis. The gold(I) acetylide complexes,
[{(4-R1-2,6-t-Bu2-C6H2O)(NCy2)}methylidene]Au[C–––C(p-C6H4R2)] [where R1 = H; R2 = H (1), Me (2), OPh (3):
R1

= t-Bu; R2
= H (4), Me (5), OPh (6)] were conveniently synthesized from the corresponding chloro analogues

[{(4-R1-2,6-t-Bu2-C6H2O)(NCy2)}methylidene]AuCl (where R1 = H, t-Bu) by the treatment with terminal alkyne
HC–––C(p-C6H4R2) (where R2 = H, Me, OPh) in the presence of K2CO3 as a base in ca. 88− 95 % yield.

Introduction

Transition metal acetylides store a rich and diverse chemistry
through a gamut of stoichiometric, sub-stoichiometric, and catalytic
transformations, paving the way for the utilization of the acetylene-
based C2-feedstocks [1,2]. Consequently, the transition metal acety-
lides are active intermediates [3] in many important catalytic processes,
namely Castro–Stephens reaction [4-6], Sonagashira coupling [7-10],
the alkyne-azide 1,3-dipolar cycloaddition reactions [11-15],
cross-coupling of diazo compounds with terminal alkynes [16-18],
carboxylation and carboxylative coupling reactions of terminal alkynes
[19-22], metal acetylide-diazocarbonyl compound cycloaddition re-
actions [3,23-25], azomethine imine–alkyne cycloaddition reactions
[25,26], alkynylation of azomethine imine reactions [27], Kinugasa
reactions [28-30], the Alkyne-Aldehyde-Amine (A3) coupling [31], and
etc. giving a wide variety of organic compounds of both industrial and

pharmaceutical interests alike [32,33]. The synthesis-related challenges
associated with the extreme sensitivities of the organometallic transition
metal acetylides toward air, moisture, and temperature make their study
demanding. In most instances, the exploration and expansion of the
chemistry of the transition metal acetylides has been achieved through
the in-situ generation of the metal acetylide species during the course of
the reaction [32,33]. Hence, direct synthesis of the relevant well-defined
molecular transition metal acetylide complexes and their corresponding
application studies has significantly lagged behind the aforementioned
and more convenient in-situ generation studies. Subscribing to this line
of rationale, we decided to employ well-defined molecular metal ace-
tylide complexes for those specific catalytic applications that contain
metal-acetylide as an active intermediate species in its catalytic cycle.
The direct entry to the catalytic cycle via the catalytically active
metal-acetylide intermediate would provide an up close and insightful
perspective on the catalyst mode of action.
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The Alkyne-Aldehyde-Amine (A3) coupling provides a direct conve-
nient access to the propargylamine core, that is common to many drugs
and pharmaceutically important compounds like, Seleginine [34-36]
and Rasagiline [37], used in the treatment of early symptoms of the
Parkinson’s disease, and Ladostigil [38,39], used as a neuroprotective
agent. The three-component (A3) coupling also provides a direct syn-
thetic route to the nitrogen-containing heterocycles, like, indolizines,
which are of interest for their potential bioactive properties. With our
interest in tandem and multi-component reactions [40-46] in line with
our efforts in understanding the utility of the transition metal complexes
of the heteroatom stabilized singlet carbene complexes in catalytic and
biomedical applications [47,48], we decided to study the

Alkyne-Aldehyde-Amine (A3) coupling by directly accessing the cata-
lytic cycle through the metal-acetylide intermediate of its catalytic
cycle. For this purpose, we desired to employ well-defined gold(I) ace-
tylide molecular complexes of the acyclic aminooxy carbene (AAOC)
ligands in the Alkyne-Aldehyde-Amine (A3) coupling reaction.

The theoretical investigations of several noble metals like Au and Ag-
mediated A3 coupling reactions reveal the prominent role of the
Au•••H–C(alkyl) and Au•••H–C(aryl) interactions in influencing the
overall reaction rate significantly [49-52]. Though considerable insights
are available on the A3 coupling mechanism [53], similar understanding
of the tandem A3 coupling/cyclization reaction forming heterocycles has
not been established yet. Hence in the current study, we intend to
explore the mechanisms of the A3 coupling and the tandem A3 cou-
pling/cyclization reaction and also probe the influence of the
non-covalent interactions in these catalytic cycles. In particular, using
comprehensive computational study, we aim to look into the influence
of the non-covalent Au•••H–C(alkyl) and Au•••H–C(aryl) interactions
in the A3 coupling and the tandem A3 coupling/cyclization reactions
from the prisim of their catalytic pathways.

Here in the manuscript, we report Alkyne-Aldehyde-Amine (A3)
coupling reaction by directly entering the catalytic cycle at its metal-
acetylide intermediate with well-defined gold(I)-acetylide acyclic ami-
nooxy carbene (AAOC) complexes (Fig. 1). Specifically, the represen-
tative [{(4-R1-2,6-t-Bu2-C6H2O)(NCy2)}methylidene]Au[C–––C(p-
C6H4R2)] [where R1 = H; R2 = H (1), and R1 = t-Bu; R2 = H (4),)]
complexes efficiently catalyzed Alkyne-Aldehyde-Amine (A3) coupling
producing propargylamines and amino indolizines, and in the process
attesting to the direct involvement of the metal acetylide moiety in the
catalysis reaction. The DFT studies provide valuable mechanistic in-
sights on the catalyst mode of action.

Results and Discussions

The gold(I) acetylide complexes, [{(4-R1-2,6-t-Bu2-C6H2O)(NCy2)}
methylidene]Au[C–––C(p-C6H4R2)] [where R1 = H; R2 = H (1), Me (2),
OPh (3): R1 = t-Bu; R2 = H (4), Me (5), OPh (6)], were synthesized from
the chloro derivatives, [{(4-R1-2,6-t-Bu2-C6H2O)(NCy2)}methylidene]
AuCl (where R1 = H, t-Bu) [46] by reaction with terminal alkynes,
namely, phenylacetylene, 4-ethynyltoluene and 1-ethynyl-4-phenoxy-
benzene, in the presence of K2CO3 as a base in CH2Cl2, in ca. 88− 95
% yields using literature procedure (Scheme 1) [54-56]. The 13C{1H}
NMR showed a significant downfield shift of the characteristic Au(I)−
Ccarbene resonance at δ ca. 227.5-227.9 ppm for the gold(I) acetylide
(1− 6) complexes (Supporting Information Figures S9, S10, S16, S17,
S23, S24, S30, S31, S37, S38, S44 and S45) and compared well that
reported for the related acyclic diamino carbene (ADC) based analogues

Fig. 1. Gold(I) acetylide derivatives (1− 6) stabilized by acyclic aminooxy
carbene (AAOC).

Scheme 1. Synthesis route to the acyclic aminooxy carbene (AAOC) stabilized gold(I) acetylide derivatives (1− 6).
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namely, [{(NEt2)(NHt-Bu)}methylidene]Au(C–––CCH3) (206.4 ppm)
[57], [{(NEt2)(NHt-Bu)}methylidene]Au(C–––C(p-C6H4NO2)) (204.7
ppm) [58], [[{(NEt2)(NHt-Bu)}methylidene]Au]2(μ-1,2-(C–––C)2C6Me4)

(206.9 ppm) [59], [[{(NEt2)(NHt-Bu)}methylidene]Au]2(μ-1,
3-(C–––C)2C6H4) (205.4 ppm) [60] (Supporting Information Table S2).
Similarly, in the 13C{1H} NMR, the Au[C–––C(p-C6H4R2)] (where R2 = H,
Me, OPh) resonance appeared at δ ca. 121.4-124.2 ppm for the (1− 6)
complexes (Supporting Information Figures S9, S10, S16, S17, S23, S24,
S30, S31, S37, S38, S44 and S45) and were considerable upfield shifted
by (Δδ) ca. 2.4 ppm with respect to the reported gold(I) acetylide acyclic
diamino carbene (ADC) complexes namely, [{(NEt2)(NHt-Bu)}methyl-
idene]Au(C–––CCH3), (114.6 ppm) [57], [{(NEt2)(NHt-Bu)}methyl-
idene]Au(C–––C(p-C6H4NO2)), (133.5 ppm) [58], [[{(NEt2)(NHt-Bu)}
methylidene]Au]2(μ-1,2-(C–––C)2C6Me4), (126.6 ppm) [59], and
[[{(NEt2)(NHt-Bu)}methylidene]Au]2(μ-1,3-(C–––C)2C6H4), (126.0
ppm) [60]. Furthermore, the IR ν(C–––C) stretching for the Au[C–––C
(p-C6H4R2)] (where R2 = H, Me, OPh) moiety appeared at 2107 cm− 1

(1), 2116 cm− 1 (2), 2113 cm− 1 (3), 2117 cm− 1 (4), 2118 cm− 1 (5) and
2119 cm− 1 (6) frequencies (Supporting Information Figures S11, S18,
S25, S32, S39 and S46) in agreement with their acyclic diamino carbene
(ADC) analogs (Supporting Information Table S2).

The molecular structures of the (1− 6) complexes revealed their
discrete monomeric nature, with a two-coordinated linear gold(I) center
flanked on its sides by the acyclic aminooxy carbene (AAOC) ligand and
the [C–––C(p-C6H4R2)] (where R2 = H, Me, OPh) moiety. The Au− Ccarbene
bond distances of 2.028(2) Å (1), 2.062(5) Å (2), 2.038(2) Å (3), 2.043
(3) Å (4), 2.040(3) Å (5) and 2.039(3) Å (6) (Figs. 2, 3 and Supporting
Information Figures S1, S2, S3 and S4 and Table S1) are shorter than the
sum of their individual covalent radii [d(Csp

2 − Au) = 2.09 Å] [61]. The
(1− 6) complexes exhibit bond lengths comparable to structurally
characterized analogs, representatively, [{(NEt2)(NHt-Bu)}methyl-
idene]Au(C–––CCH3) [2.045(4) Å] [57], [{(NEt2)(NHt-Bu)}methylidene]
Au(C–––C(p-C6H4NO2)) [2.044(5) Å] [58]. [{(NEt2)(NHt-Bu)}methyl-
idene]Au{C–––C(p-C6H4-((E)-CH=CHC6H4NO2))} [2.052(6) Å] [58],
[[{(NEt2)(NHt-Bu)}methylidene]Au]2(μ-1,2-(C–––C)2C6Me4) [2.046(3)
Å] [59] and [[{(NEt2)(NHt-Bu)}methylidene]Au]2(μ-1,3-(C–––C)2C6H4)
[2.043(4) Å] [60] (Supporting Information Table S2). Likewise, the
Au− Cacetylide bond distances of 2.002(2) Å (1), 1.998(5) Å (2), 1.995(2)
Å (3), 2.018(3) Å (4), 1.992(3) Å (5) and 1.986(4) Å (6) (Figs. 2, 3 and
Supporting Information Figures S1, S2, S3 and S4 and Table S1) are also
shorter than the sum of their individual covalent radii [d(Csp− Au) =

2.05 Å] [61] and are in agreement with related examples (Supporting
Information Table S2). The C–––C bond distances of 1.196(3) Å (1), 1.229
(8) Å (2), 1.203(3) Å (3), 1.176(4) Å (4), 1.196(4) Å (5) and 1.204(5) Å
(6) (Figs. 2, 3 and Supporting Information Figures S1, S2, S3 and S4 and
Table S1) are also shorter than the sum of their individual covalent radii
[d(C–––C) = 1.38 Å] [61].

Significantly enough, all the gold(I) acetylide (1− 6) complexes
successfully catalyzed the A3-coupling of the representative substrates,
formaldehyde, phenylacetylene and morpholine at 80 ◦C and 0.5 mol %
of the catalyst loadings yielding the propargylamine (7) in quantitative
yields of 93 % for (1), 98 % for (2), 96 % for (3), 96 % for (4), 99 % for
(5) and 98 % for (6) (Table 1).

With the intent of demonstrating the entry to the catalytic cycle
through its metal-acetylide intermediate, the following two represen-
tative gold(I) acetylide complexes, [{(4-R1-2,6-t-Bu2-C6H2O)(NCy2)}
methylidene]Au[C–––C(p-C6H4R2)], where R1 = H, R2 = H (1) and R1 = t-
Bu, R2 = H (4), were explored in the A3-coupling reaction of Alkyne-
Aldehyde-Amine for the preparation of the propargylamines de-
rivatives. Furthermore, in order to compare the catalytic activities of the
gold(I) acetylide (1) and (4) complexes with that of accessing the same
A3-coupling catalytic cycle, through its other metal-chloro catalytic in-
termediate, the corresponding chloro complexes, [{(2,6-t-Bu2-C6H3O)
(NCy2)}methylidene]AuCl and [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methyl-
idene]AuCl, were also employed in the A3-coupling reaction. Signifi-
cantly enough, both the gold(I) acetylide intermediates, (1) and (4), and
their corresponding chloro derivatives carried out the A3-coupling re-
action for a variety of aldehyde, amine, and terminal alkyne substrates
with equal efficiency and thereby implicating the gold(I) acetylide and

Fig. 2. ORTEP of 1 with thermal ellipsoids drawn at the 50 % probability level.
Hydrogen atoms and solvent CHCl3 are omitted for clarity. Selected bond
lengths (Å) and angles (◦): Au(1)− C(1) 2.028(2), O(1)− C(1) 1.351(2), N(1)− C
(1) 1.323(3), Au(1)− C(16) 2.002(2), C(16)− C(17) 1.196(3), N(1)− C(1)− O(1)
111.12(17), N(1)− C(1)− Au(1) 126.99(14), O(1)− C(1)− Au(1) 121.71(13), C
(1)-Au(1)-C(16) 174.15(7), Au(1)− C(16)− C(17) 172.13(18).

Fig. 3. ORTEP of 4 with thermal ellipsoids drawn at the 50 % probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles
(◦): Au(1)− C(1) 2.043(3), O(1)− C(1) 1.363(4), N(1)− C(1) 1.318(4), Au(1)− C
(2) 2.018(3), C(2)− C(3) 1.176(4), N(1)− C(1)− O(1) 112.0(2), N(1)− C(1)− Au
(1) 129.6(2), O(1)− C(1)− Au(1) 118.40(19), C(1)-Au(1)-C(2) 177.25(11), Au
(1)− C(2)− C(3) 173.8(3).
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Table 1
Selected results for the propargylamine synthesis catalysed by the Au(I) acetylide (1− 6) complexes for the representative substrates namely, formaldehyde, phe-
nylacetylene and morpholine.a

Reaction conditions: (a). 1:1.2:4 ratio of phenylacetylene: morpholine: formaldehyde and 0.5 mol % of catalysts loading; 2 mL of CH3CN at 80 ◦C for the 24 hours. (b).
Isolated yields (%).

J. Singh et al.
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gold(I) chloro species to be part of the same catalytic cycle. Detailed
optimization studies along with control and blank experiments were
undertaken to arrive at the catalysis conditions (Supporting Information
Table S4 and S5).

In particular, all the gold(I) acetylide (1) and (4) and gold(I) chloro
complexes, [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl and [{(2,4,6-
t-Bu3-C6H2O)(NCy2)}methylidene]AuCl, performed the A3-coupling at

80 ◦C at 0.5 mol % of the catalyst loading in 15− 99 % yielding. For
example, the coupling of formaldehyde, phenylacetylene and morpho-
line proceeds in 93 % for (1) and 96 % for (4), the gold(I) acetylide
complexes. The corresponding yields for the chloro derivatives are 99 %
and 96 % respectively (Table 2). Additionally, no meaningful differences
were observed in the product yields are observed for the gold(I) acety-
lide (1) and (4) complexes as well for the corresponding gold(I) chloro

Table 2
Selected results for the synthesis of propargylamine by coupling of terminal alkyne, amine and aldehyde catalyzed by the representative catalysts (1), (4), [{(2,6-t-Bu2-
C6H3O)(NCy2)}methylidene]AuCl [46] and [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl complexes [46].a

Reaction conditions: (a). 1:1.2:4 ratio of terminal alkynes: sec amine: formaldehyde and 1:1.2:1.2 ratio of terminal alkynes: sec amine: benzaldehyde/cyclo-
hexanecarboxaldehyde/cyclopentanecarboxaldehyde; 0.5 mol % of catalyst (1), (4), [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl and [{(2,4,6-t-Bu3-C6H2O)
(NCy2)}methylidene]AuCl; 2 mL of CH3CN at 80 ◦C for the 24 hours. (b). Isolated yields (%).

J. Singh et al.



Molecular Catalysis 565 (2024) 114387

6

derivatives, [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl and
[{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl, suggesting all four
complexes equally active in partaking the coupling reaction. The supe-
riority of the acyclic aminooxy carbene (AAOC) ligand in the coupling
reaction is evident from the observation of higher yields obtained in case
of the gold(I) acetylide (1) [93 %] and (4) [96 %] complexes and the
chloro derivatives [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl [99
%] and [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl [96 %], as
compared to the following benchmark complexes namely, [1,3-bis
(mesityl)imidazol-2-ylidene]AuCl [62] [84 %] (entry 8 and Supporting
Information, Table S5) and [1,3-bis(2,6-diisopropylphenyl)imidazo-
l-2-ylidene]AuCl [62] [92 %] (entry 9 and Supporting Information
Table S5) for the coupling of phenylacetylene, formaldehyde and mor-
pholine. Substrate scope explored with different aldehydes derivatives
namely, formaldehyde, benzaldehyde, cyclopentanecarboxaldehyde,
cyclohexanecarboxaldehyde along with a variety of terminal alkynes
such as phenylacetylene, 4-ethynyltoluene, and 1-ethynyl-4-phenoxy-
benzene and cyclic secondary amines, morpholine, and piperidine,
showed higher yields of ca. 52− 99 % for formaldehyde, cyclo-
hexanecarboxaldehyde, cyclopentanecarboxaldehyde, but lower yields
of ca. 15− 47 % for the benzaldehyde substrate for all of the (1), (4),
[{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl and [{(2,4,
6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl complexes.

In the absence of any report of A3-coupling with a gold(I) acyclic
aminooxy carbene (AAOC) complex, a comparison is made with related
well-defined molecular complexes namely, [1-(methyl)-3-(2-methoxy-2-
phenylethyl)imidazol-2-ylidene]AuCl [63] that exhibited ca. 88 %
product yield at 3 mol % catalyst loading at 80 ◦C for 6 hours under
solvent-free conditions, while [2,6-bis-(1-(1S)-menthyl-3-methylene-i-
midazol-2-ylidene)-pyridine]Au2Cl2 [64] displayed ca. 48 % product
yield at 2 mol % of catalyst loading at 30 ◦C for 24 hours in CH2Cl2 for
the formaldehyde, phenylacetylene and piperidine substrates. Higher

yields were observed for the gold(I) acetylide (1) [94 %] and (4) [96 %]
and gold(I) chloro complexes, [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]
AuCl [89 %] and [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl [87
%], for the A3-coupling of same substrates at 0.5 mol % of the catalyst
loading at 80 ◦C for 24 hours of reaction time (Supporting Information
Table S3). Here again, the catalytic superiority of the acyclic aminooxy
carbene (AAOC) stabilized gold(I) acetylide (1) and (4) and gold(I)
chloro complexes, [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl and
[{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl are underscored in
A3-coupling.

A proposed catalytic pathway for the representative gold(I) acetylide
(1) complex initiates with an attack of the gold(I) bound acetylide
moiety to the protonated morpholine imine salt, 4-methylenemorpho-
lin-4-ium hydroxide/chloride, to eliminate the product propargyl-
amine (7) along with the formation of [[{(2,6-t-Bu2-C6H3O)(NCy2)}
methylidene]AuX] [where X = OH (1− A), Cl (1− A’)]) (Scheme 2 and
Supporting Information Schemes S1 and S2). The coordination of phe-
nylacetylene to (1− A)/(1− A’) yields the gold(I) bound phenylacetylene
species, [[{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuX(HC–––CPh)],
[where X = OH (1− B), Cl (1− B’)]. Subsequent reaction of (1− B)/
(1− B’) with the protonated morpholine imine salt, 4-methylenemorpho-
lin-4-ium hydroxide, regenerating the gold(I) acetylide (1) complex,
along with the generation of the protonated morpholine imine salt, 4-
methylenemorpholin-4-ium chloride, with water. Significantly enough,
both of the catalytic intermediates, (1) and (1− B’), have been charac-
terized by mass spectroscopy (Figs. 4 and 5 and Supporting Information
Figures S117− S120).

The X-ray photoelectron spectroscopy (XPS) studies unequivocally
corroborated the gold(I) mediated A3-coupling in the synthesis of
propargylamines. Specifically, under all the following conditions, i.e. the
XPS experiments when performed (i) only with the precatalyst (4), (ii)
the precatalyst (4) mixed with benzaldehyde and morpholine at room

Scheme 2. Proposed mechanism for the Au(I) acyclic aminooxy carbene (AAOC) (1) catalyzed the synthesis of propargylamine by coupling of the representative
substrates namely, phenylacetylene, formaldehyde and morpholine.
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temperature for 5 minutes, and (iii) the precatalyst (4) under catalysis
conditions in presence with phenylacetylene, benzaldehyde and mor-
pholine for the 24 hours at 80 ◦C, produced the characteristics Au 4f
signals at two typical binding energies peaks of Au 4f5/2 at 88.5 eV and

of Au 4f7/2 at 84.8 eV, in agreement with the Au (+1) oxidation state in
all instances [65-68]. (Fig. 6 and Supporting Information
Figures S121− S123).

Propargylamines are important for their utility as crucial

Fig. 4. ESI− MS data of the {[{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl(HC–––CPh)} species (1− B’), detected in the reaction mixture of 0.5 mol % catalyst [{(2,6-
t-Bu2-C6H3O)(NCy2)}methylidene]AuCl and phenylacetylene (1.00 mmol), ca. 2 mL of CH3CN at room temperature. [(a) Experimental and (b) simulated pattern of
ESI− MS data].

Fig. 5. HRMS data of the {[{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]Au(C–––CPh)} species (1), detected in the reaction mixture of 0.5 mol % catalyst [{(2,6-t-Bu2-
C6H3O)(NCy2)}methylidene]AuCl, phenylacetylene (1.00 mmol), formaldehyde (1.20 mmol) and morpholine (1.20 mmol), ca. 2 mL of CH3CN at room temperature.
[(a) Experimental and (b) simulated pattern of ESI− MS data].

J. Singh et al.
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intermediates in the synthesis of various heterocycles common to nat-
ural products and therapeutic drugs [63,69]. Hence, the preparation of
various amino indolizine compounds through propargylamine formed
via A3-coupling reaction represents a significant demonstration of the
coupling reaction. Indeed, the two representative complexes namely, the
gold(I) acetylide (1) complex and the gold(I) chloro [{(2,6-t-Bu2-C6H3O)
(NCy2)}methylidene]AuCl complex, successfully produced various
amino indolizine derivatives (19− 23) by A3-coupling of
pyridine-2-carboxaldehyde and morpholine with several terminal
alkyne derivatives namely, phenylacetylene, 4-ethynyltoluene, 1-ethy-
nyl-4-phenoxybenzene, 1-ethynyl- 4-chlorobenzene, and 1-ethynyl-4--
bromobenzene, in 41− 73 % yield (Table 3 and Supporting
Information Figures S97− S116). The amino indolizine derivatives (20)
and (23) has also been structurally characterized revealing its expected
cyclic motif.

A mechanism proposed for the preparation of the amino indolizine
derivative (19) for the representative gold(I) acetylide (1) complex
consists of two catalytic cycles. The first catalytic cycle proceeds by gold
(I) acetylide (1) catalyzed A3-coupling of pyridine-2-carboxaldehyde,
morpholine and phenylacetylene yielding the corresponding prop-
argylamine derivative that enters the second catalytic cycle by coordi-
nation to the CH3CN bound gold(I) species (1-C) to give the (1-E)
intermediate. The (1-E) intermediate undergoes intramolecular cycli-
zation to produce the (1-F) intermediate. Subsequent reaction can occur
by two possible pathways. The pathway 1 produces the (1-G) interme-
diate that on protonation eliminates the final amino indolizine product
(19) along with the generation of CH3CN bound gold(I) species (1-C)
(Scheme 3 and Supporting Information Scheme S4). The pathway 2
proceeds by an 1,2-intramolecular step giving (19).

Density Functional Theory Studies

We conducted our theoretical calculations in the Gaussian16 suite of
programs [70], employing the B3LYP-D3 functional [71,72] combined
with specific basis sets (SDD for Au [73] and 6-31G* for other atoms [71,
72,74,75]. To enhance accuracy, we computed single-point energies
using the B3LYP-D3 functional and the def2-TZVP basis set [76]. A Gibbs
free energy correction was applied to refine gas-phase electronic en-
ergies. Solvation effects were considered through the Polarizable Con-
tinuum Model (PCM) [77] with acetonitrile as the solvent. Additionally,
we performed Natural Bond Orbital (NBO) analysis [78] using the same
methodology. To validate our computational methods, we compared the
optimised structures of acetylide complexes (1-6) with single-crystal
X-ray diffraction data, revealing good agreement (Supporting Informa-
tion, Figures S124-S129). To conduct theoretical calculations for the
proposed pathway, we focused on a simplified gold(I) precatalyst, [{(2,
4,6-Me3-C6H2O)(NCy2)}methylidene]Au[C–––CPh] (4’), which is a

modified form of the complex (4) with t-Bu groups replaced by -CH3
groups (Supporting Information Figure S130).

13C. NMR Chemical Shift Analysis
The 13C NMR spectroscopic computations were conducted using

ORCA 4.2.1 [79,80] software, and the initial coordinates for these cal-
culations were derived from prior DFT calculations performed within
the Gaussian16 suite of programs. The computational methodology
involved the utilization of the B3LYP hybrid functional [71,72,75] in
conjunction with the RIJK approximation [81]. For specific elements,
the Sapporo-DKH3-DZP-2012 basis set was employed for gold transition
metal [82,83], IGLO-II for carbon (C) [84,85], and DKH-def2-SVP for all
other atoms (oxygen, nitrogen, and hydrogen) [76,86,87]. The relativ-
istic effects were incorporated using DKH method as implemented in
ORCA suite. This same approach was applied to 13C NMR calculations
for trimethylsilyl (TMS).

Notably, the computed 13C NMR chemical shifts for the (1¡6)
compounds exhibited excellent agreement with experimentally reported
values, as documented in the Supporting Information (Supporting In-
formation, Table S6). For instance, in the case of (1), the experimentally
determined chemical shifts, δ ca. 227.6 ppm for (Au− Ccarbene), δ ca.
124.2 ppm for (Au− Cacetylide), and δ ca. 105.2 ppm for (C–––C), align
closely with their respective computed counterparts, δ 227.9 ppm, δ
120.7 ppm and δ 105.3 ppm. A larger deshielding of the Au− Ccarbene
observed is found to be associated with a significant contribution to the
paramagnetic spin-orbit term compared to the Au− Cacetylide carbon
shift. Particularly, the dominant contribution is nearly five times larger
for the former compared to the latter. This contribution is correlated to a
charge-transfer process [88], and thus it indicates the occurrence of a
significant charger transfer from the carbene carbon to the Au atom,
thereby resulting in the observed deshielding.

Steric Parameter (% Buried Volume) Analysis
The steric properties and buried volume (% VBur) of acetylide the

(1− 6) complexes were assessed utilizing SambVca 2.1 [89]. The
generated steric map plot reveals the calculated (% VBur), corresponding
to the steric factor. It is important to note that the steric effect within the
catalytic pocket diminishes when transitioning from the red to the blue
region in the plot. The steric map was generated by applying the default
settings in the SambVca2.1 web tool and incorporating hydrogen atoms.
The central reference point for this analysis was gold (Au), with the
Au-Ccarbene bond selected in the z-negative direction. The x-z direction
corresponds to the Ccarbene-O bond. We conducted steric map and the
percent buried volume (% VBur) calculations for the (1− 6) compounds,
and the results are presented in Supporting Information Table S7. These
analyses shed light on the spatial arrangement and steric hindrance
within these acetylide complexes, providing valuable insights into their

Fig. 6. XPS analysis for the Au 4f signal (i) the precatalyst (4), (ii) the precatalyst (4) with benzaldehyde and morpholine at room temperature and (iii) the precatalyst
(4) with phenylacetylene, benzaldehyde and morpholine for the 24 hours at 80 ◦C stirring.
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Table 3
Selected results for the synthesis of amino indolizines by coupling of terminal alkyne, amine and aldehyde catalyzed by the representative catalyst (1) and [{(2,6-t-Bu2-
C6H3O)(NCy2)}methylidene]AuCl complex.19,a

Reaction conditions: (a). 1:1.2:1.2 ratio of terminal alkynes: morpholine: pyridine-2-carboxyldehyde; 1.00 mol % of catalyst (1); 1.00 mol % AgBF4 and 1.00 mol %
[{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl; 1.00 mol % AgBF4; 2 mL of CH3CN at 80 ◦C for the 24 hours. (b). Isolated yields (%).
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reactivity and catalytic potential. A comprehensive analysis of the re-
sults demonstrated that the (1− 3) complexes, having hydrogen at the
para-position of the phenoxo ring, exhibit substantial buried volumes (%
VBur) of ca. ~72 %. In contrast, the (4− 6) complexes, with the t-butyl
group at the para-position of the phenoxy ring, display only marginally
higher buried volumes (% VBur) of 73.2 %, 73.4 %, and 72.8 %,
respectively. No significant distinctions were observed between the
acyclic aminooxy carbene (AAOC) variants with hydrogen, methyl, and
-OPh substitutions at the para-position of the gold(I) bound phenyl
acetylide moiety.

Catalytic Cycles
The DFT calculations were performed using a simplified gold(I)

precatalyst, [{(2,4,6-Me3-C6H2O)(NCy2)}methylidene]Au[C–––CPh]
(4’), to reduce the computational cost. The NBO analysis unveils the
substantial ionic nature of the Au–C1 [Au(1)(px)19.76%–C(1)(s)80.24%] and
Au-C2 [Au(px)16.38%–C(2)(px)83.62%] bonds (Supporting Information
Figure S136), displaying over 80% of the electron density donations
originating from the respective donor atoms and is attributed to the +1
oxidation state of Au in (4’). The Au-C2 bond is slightly more ionic than
Au-C1 bond. The optimized structure of (4’) reveals several non-
covalent Au•••H–C(alkyl) and Au•••H–C(aryl) interactions, with the
strongest interaction appearing at 2.671 Å and one Au•••H–C(aryl)
interaction appearing at 3.091 Å, in accordance with the range and
angles defined for such interactions [50]. NBO analysis indicates mod-
erate donation in ca. 2 – 4 kJ/mol from the C− H and C− C σ bond to the
Au(6p) orbital (See Figure S131). The QTAIM analysis further confirms
bond-critical points between the Au(I) and the H atoms (See Fig. 7 and
Supporting Information Table S8, Entry 1). The Atoms in molecules
(AIM) calculations were performed to investigate the nature of bonding
in the molecules between the Au(I) ion and the hydrogens of the ligand
system. According to the AIM theory, the closed-shell interactions

include majority of weak intermolecular contacts, that correspond to
significantly smaller accumulation of the electron density between the
nuclei, so small ρ(r) values and slightly positive ∇2ρ(r) values are typical
of them [90]. Here Au(1) •••H(45)/H(48) (see Fig. 7 for labelling) found

Scheme 3. Proposed mechanism for the Au(I) acyclic aminooxy carbene (AAOC) (1) catalyzed the synthesis of amino indolizine by coupling of the representative
substrates namely, phenylacetylene, pyridine-2-carboxyldehyde and morpholine.

Fig. 7. AIM plot for (4’) showing bond critical points (BCP) by red spheres.
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to have the strongest Au•••H− C interaction with decent electron den-
sity gradient [∇2ρ(r)] values while the Au•••H–C(aryl) interaction is
found to have negative ∇2ρ(r) value with all five interactions have
bond-critical points (BCPs) affirming the presence of non-covalent in-
teractions in (4’).

The A3 coupling reaction
The reaction initiates with the Au(I) bound acetylide moiety in (4′)

acting as a nucleophile by attacking the carbon atom of the protonated
morpholine imine salt, leading to the formation of a C− C bond in the
first transition state, TS1 (Scheme 4). At this transition state, the Au− C2
bond elongates to 2.023 Å from its initial length of 1.988 Å in (4′)
(Supporting Information Figure S132). Furthermore, there is a slight
weakening of the C2–––C3 bond in the acetylide moiety and remarkable
bending of ∠ Au1-C2-C3 from 149.8⁰ in TS1 to 179.7⁰ in (4′), and which
facilitates the attack of C2 at the carbon atom of imine (Ci) displaying an
energy barrier of 36.4 kJ/mol. The attack is accelerated due to the
increased negative charge on C2 (Supporting Information Table S9),
which helps in migration of the acetylide moiety on the imine salt to
form the propargylamine product (7) (Supporting Information
Figure S133). In the subsequent step, Int1 is formed after the hydroxide
anion in the reaction mixture attaches to the gold(I) (Int1) species and
the product (7). This is evident from the NBO analysis that show the
existance of strong covalent bond between Ci and C2 [C(i)(px)49.45%–C
(2)(s)50.55%] (Supporting Information Figure S137). The (Int1) inter-
mediate is highly exothermic by -144.6 kJ/mol with respect to the
reactant.

Subsequently, phenylacetylene enters the coordination sphere of
(Int1), facilitating the regeneration of catalyst (4’) and giving rise to
(Int2). The hydrogen of phenylacetylene (Ha) is anchored with the

oxygen of hydroxide (O2), establishing a weak non-covalent interaction
with a distance of 1.948 Å (Supporting Information Figure S134). There
is only a slight change in the energy barrier by 0.9 kJ/mol from the
preceding species (Int1). The interaction of Ha with O2 imparts some
ionic character in the C2− Ha bond that can be evident from the NBO
analyses, showcasing 64.56% of electron donation from C2 atom and
only 35.44% from Ha (Supporting Information Figure S138). In the next
step, the formation of (4’) occurs via (TS2), where the π-bond of acet-
ylene attacks the Au(I) and Ha comes closer to the OH− , having a dis-
tance of 1.080 Å and leading to the formation of H2O Supporting
Information Figure S135). In this step, the Au-O2 bond weakens, as seen
from a bond distance of 2.256 Å, facilitating the attack of acetylene
alongwith the formation of H2O and ultimately regenerating the catalyst
(4’). Additionally, the charge on the carbon C2 becomes more negative,
signifying the increased nucleophilic nature of C2 as compared to Int2
(-0.39 versus -0.17), (Supporting Information Table S9). The transition
state (TS2) is associated with an energy barrier of 103.2 kJ/mol relative
to the preceding intermediate. However, it is important to note that the
overall reaction proceeds along a barrierless pathway. The regenerated
catalyst (4’), and the propargylamine (7), manifests a highly exothermic
reaction with an overall energy release of 227.4 kJ/mol (Fig. 8).

To understand the effect of the non-covalent Au•••H–C(alkyl) and
Au•••H–C(aryl) interactions during the course of the reaction, we have
done AIM analysis for the transition states involved in the catalytic
cycle. It has been found that the ∇2ρ(r)average of all Au•••H–C(alkyl) and
Au•••H–C(aryl) interactions comes as 0.03068 au and 0.03525 au for
(TS1) and (TS2), respectively (See Table S8 entry 2 and 3 for topological
diagram and parameters at bond critical point). These values suggest
that non-covalent interactions collectively lower the reaction energy
barrier. While the role of Au•••H–C non-covalent interactions can not

Scheme 4. A proposed mechanism for the A3 coupling of morpholine, formaldehyde and phenylacetylene substrates forming propargylamine mediated by a gold(I)
acetylide (4’) complex.
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be neglected. The absence of the Au•••H–C non-covalent interactions
likely contributes to the enhancement of the reaction barrier, suggesting
the critical role of these subtle interactions in controlling the overall
kinetics of the reaction.

We have also conducted the DFT calculations on another gold(I)
precatalyst, the chloro derivative, [{(2,4,6-Me3-C6H2O)(NCy2)}methyl-
idene]AuCl (4’’), (Supporting Information Scheme S3 and Figure S139)
in addition to the acetylide derivative, [{(2,4,6-Me3-C6H2O)(NCy2)}
methylidene]Au[C–––CPh] (4’). In case of (4’’) (Supporting Information
Figure S141), the catalytic cycle initiates with the attack of phenyl-
acetylene at Au(I), resulting in the formation of a Au− C bond. A
hydrogen transfer event transpires from the phenylacetylene species to
the OH− resulting in the formation of H2O and mediated by the in-
termediates Int1’ and Int2’ (Supporting Information Figure S142 and
Figure S143). This sequence ultimately gives rise to the (4’) species, as
shown in Supporting Information Figure S144, which then undergoes
regeneration of the reactant species through TS1’ (Supporting Infor-
mation Figure S145). The computed natural charges for the cycle is re-
ported in Supporting Information Table S10.

Additionally, the electronic properties of AAOC and NHC ligands
were compared by examining their highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) orbitals in
their gold(I)-acetylide analogues (Figure S156 Supporting Information).
The HOMO exhibits similarities between NHC and AAOC ligands, with
contributions from the dxy orbital at the Au center. Additionally, in both
cases, the LUMO is predominantly located on the carbene carbon center
and a minor contribution at the nitrogen and oxygen centers. Also, the

HOMO-LUMO gap for NHC (0.1738 au) and AAOC (0.1710 au) gold(I)-
acetylide analogues are similar with a difference of 0.0028 au (around 7
kJ/mol).

Tandem A3 coupling/cyclization reaction
The formation of amino indolizine involves a tandem A3 coupling/

cyclization process in which propargylamine is initially generated in a
first catalytic cycle, and undergo subsequent cyclization leading to the
desired amino indolizine (19) (Scheme 5). The DFT investigations were
performed with the same starting gold(I) acetylide species (4’). In the
first catalytic cycle, shown in red in Fig. 9, the protonated imine de-
rivative formed by the reaction of pyridine-2-carboxaldehyde and
morpholine is attacked by the nucleophilic carbon of gold(I) bound
phenylacetylide moiety in (4’), forming the (TSA) transition state. The
observed weakening of the C2–––C3 bond and the alteration of ∠
Au1− C2− C3 from 179.7⁰ in (4′) to 136.2⁰ in (TSA) indicate the favor-
able accessibility for the attack of C2 onto the carbon of the imine (Ci)
(Fig. 10a). This C− C bond froming transition state (TSA) has an energy
barrier of 64 kJ/mol, as shown in the energy profile in Fig. 9. Subse-
quently, the intermediate (A) (Supporting information Figure S146)
forms as the hydroxide anion, present in the reaction mixture, binds to
the gold(I) species alongside formation of the propargylamine (G). This
step has an energy barrier of 23.9 kJ/mol. The binding of OH− is facil-
itated by the increased charge of Au (Supporting information
Table S11). The reaction proceeds by solvent-mediated intermediate, in
which the acetonitrile solvent binds with the Au(I) after the addition of
AgBF4 additive, and forming the intermediate (B) and AgOH. The

Fig. 8. An energy profile diagram for the A3 coupling of morpholine, formaldehyde and phenylacetylene substrates forming propargylamine mediated by a gold(I)
acetylide (4’) complex (Energy in kJ/mol).
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species (B) is formed with the Au1− N2 distance of 2.065 Å (Supporting
information Figure S147) and at the expense of 13.4 kJ/mol energy from
the starting species (4’). The next step proceeds by the incoming phe-
nylacetylene forming (TSBC) where C2 starts binding with the Au(I),
having the bond distance of Au1-C2 = 2.480 Å and increasing the Au1-
N2 distance of 2.424 Å (Supporting information Figure S148). The

transition state (TSBC) is endothermic by 40.1 kJ/mol with regard to the
intermediate (B). The intermediate (C) involves the formation of a Au− C
bond with a bond distance of 2.177 Å (Supporting information
Figure S149) displaying an energy barrier of 21.1 kJ/mol. In the next
step, BF4

- abstracts the hydrogen attached to C2 of alkyne, forming HBF4
and consequently regenerating (4’) along with the propargylamine (G).

Scheme 5. A proposed tandem A3 coupling/cyclization of morpholine, pyridine-2-carboxaldehyde and phenylacetylene substrates forming amino indolizine
mediated by a gold(I) acetylide (4’) complex.

Fig. 9. An energy profile diagram for tandem A3 coupling/cyclization of morpholine, pyridine-2-carboxaldehyde and phenylacetylene substrates forming amino
indolizine mediated by a gold(I) acetylide (4’) complex (energy are in kJ/mol).
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This step is highly exothermic by 202.3 kJ/mol compared to the starting
species (4’).

In the second catalytic cycle, shown in blue in Fig. 9, the prop-
argylamine (G) formed in the first cycle reacts with the intermediate (B)
(Supporting information Figure S147), forming the transition state
(TSBD) (Supporting information Figure S150) with an energy barrier of
72.5 kJ/mol. The intermediate (D) (Supporting information
Figure S151) formed in the subsequent step has Au(I) center coordi-
nating to the π-bond of C2− C3 of the propargylamine, and evidenced
from the Au− C bond distances of 2.202 Å and 2.366 Å with C2 and C3,
respectively. The intermediate (D) is stable by 16.6 kJ/mol. The next
step is relatively facile leading to the formation of intramolecular five-
membered cyclic transition state (TSDE) displaying an energy barrier
of 25.2 kJ/mol. The formation of the cyclized transition state (TSDE)
with Au-C2 bond distance of 2.109 Å shows the covalent bond formation
between Au1− C2 (Supporting information Figure S152). The cyclized
intermediate species (E) is stable and exothermic by -67.9 kJ/mol.
Notably, there is an observed increase in the charge on nitrogen (N3) to
− 0.26 when compared to (TSDE), which displayed a charge of − 0.42
showing the donation of lone pair of N3 to form the cyclic ring (Sup-
porting information Figure S153). The hydrogen attached to Ci then
undergoes the 1,2-intramolecular hydrogen transfer from Ci to C2

leading to (TSEF). This step has a high energy barrier of 101.8 kJ/mol
from (E) and an overall energy of 33.9 kJ/mol compared to the starting
species (4’). This transition state (TSEF) formation emphasizes the sig-
nificance of the intramolecular 1,2-hydrogen transfer step as the rate-
determining event in the A3 coupling reaction for the formation of the
amino indolizine (19). The C2− H1 distance of 1.293 Å. Subsequently,
the intermediate (F) is formed with the release of 105.3 kJ/mol energy
and in which the amino indolizine so formed is weakly coordinated to
the Au(I) center. The Au1-C2 bond in (F) (Supporting information
Figure S154) elongated by 0.164 Å compared to the previous transition
state (TSEF) (Fig. 10b). Finally, the acetonitrile solvent molecule co-
ordinates to the gold center forming the transition state (TSFB). The
energy consumed in this step is 51 kJ/mol, but in overall, it is a barrier-
less transition state, regenerating the intermediate (B) along side the
amino indolizine product (19). This step is exothermic by 97.9 kJ/mol
compared to the starting species (4’). The computed natural charges for

the cycle is reported in Supporting Information Table S11.
To understand the role of the non-covalent Au•••H–C(alkyl) and

Au•••H–C(aryl) interactions in the tandem A3 coupling/cyclization re-
action, the AIM analyses of the important transition states were under-
taken, namely of the C− C bond formation in (TSA), the intramolecular
ring closing in (TSDE) and intramolecular hydrogen transfer in (TSEF).
The order of ∇2ρ(r)average is found to be in order TSDE (0.04237 au) >

TSA (0.03380 au) > TSEF (0.03288 au), thereby correlating with the
energy barriers in reverse trend (Supporting Information Table S12 for
topological diagram and parameters at bond critical point). This again
suggests the significance of the non-covalent Au•••H–C interactions
cannot be neglected.

Conclusion

A series of six new gold(I) acetylide complexes [{(4-R1-2,6-t-Bu2-
C6H2O)(NCy2)}methylidene]Au[C–––C(p-C6H4R2)] [where R1 = H; R2 =

H (1), Me (2), OPh (3): R1 = t-Bu; R2 = H (4), Me (5), OPh (6)] stabilized
over acyclic aminooxy carbene (AAOC) ligands have been synthesized
and structurally characterized. These (1− 6) complexes successfully
catalyzed the A3-coupling reaction of aldehyde-amine-terminal alkyne
to produce propargylamines (7− 18) as well as amino indolizines de-
rivatives (19− 23). Entering the catalytic cycle through its metal-
acetylide intermediate using the gold(I) acetylide (1) and (4) com-
plexes and through its metal-chloro intermediate using the corre-
sponding chloro complexes, [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]
AuCl and [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl, produced
near equal product yields, thereby implicating their role in the same
catalytic cycle. Significantly enough, a gold(I) bound phenylacetylene
intermediate has been detected by mass spectrometric studies. The X-ray
photoelectron spectroscopy (XPS) experiments confirmed further
corroborated the Au(I) mediated A3-coupling reactions. The DFT studies
showed that for the A3 coupling reaction, the C-C bond forming step
leading to the formation of propargylamine from the gold(I) acetylide
(4’) complex is endothermic (36.4 kJ/mol) and represents the rate-
determing step of the reaction. Notably, amino indolizine product for-
mation utilizes pyridine-based propargylamine, which undergoes
cyclization followed by an 1,2-intramolecular hydrogen transfer step.

Fig. 10. Optimized geometries of transition states (a) TSA involving the C-C coupling step for the formation of propargylamine (b) TSEF showing the 1,2-intramo-
lecular hydrogen transfer to form amino indolizine (19) product.
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The hydrogen transfer represents rate-determining step displaying a
barrier of 101.8 kJ/mol for the overall tandem A3 coupling/cyclization
reaction. The observed correlation between higher electron density
gradients and lower energy barriers emphasizes the pivotal influences of
the non-covalent Au•••H–C(alkyl) and Au•••H–C(aryl) interactions.
The current study will develop gold(I) acetylide chemistry, particularly
their direct use as catalysts in the transition metal-mediated catalytic
transformations.

Experimental Section

General Procedures. All manipulations were carried out using
standard Schlenk techniques. Solvents were purified and degassed by
standard procedures. Phenylacetylene, morpholine, piperidine and
benzaldehyde were purchased from Spectrochem Chemicals (India) and
4-ethynyltoluene, 1-ethynyl-4-phenoxybenzene, 1-ethynyl-4-chloroben-
zene, and 1-ethynyl-4-bromobenzene were purchased from Sigma
Aldrich Chemicals (India) and used without any further purification. 1H
NMR, 13C{1H} and 19F{1H} NMR spectra were recorded on Bruker 400
MHz and Bruker 500 MHz NMR spectrometer. 1H NMR peaks are
labelled as singlet (s), doublet (d), triplet (t), multiplet (m). The (AAOC)
AuCl type complexes was synthesized with the help of procedure re-
ported in the literature [46]. The [1,3-bis(2,6-diisopropylphenyl)imi-
dazol-2-ylidene]AuCl and [1,3-bis(mesityl)imidazol-2-ylidene]AuCl
were synthesized with the help of procedure reported in the literature
[62]. The [2,6-bis-(1-(1S)-menthyl-3-methylene-imidazol-2-ylidene)--
pyridine]Au2Cl2 was synthesized with the help of procedure reported in
the literature [64]. High-resolution mass spectrometry measurements
were done on a Micromass Q–Tof spectrometer and a Bruker maxis
impact spectrometer. Infrared spectra were recorded on a Perkin Elmer
Spectrum One FT-IR spectrometer. Elemental Analysis was carried out
on Thermo Quest FLASH 1112 SERIES (CHNS) Elemental Analyser.
X-ray photoelectron spectra were acquired on Kartos analytical AXIS
Supra spectrometer with a monochromatic Al Kα X-ray source (1486.6
eV) using pass energy of 20 eV. The XPS data was calibrated against C 1s
signal peak with binding energy 284.6 eV [91,92] in order to give an
accurate binding energy. X-ray diffraction data were collected for
compounds (1− 6) on Bruker D8 QUEST single crystal X-ray diffrac-
tometer with MoK\a (0.71073) radiation. The Bruker D8 QUEST single
crystal X-ray diffractometer was equipped with an Oxford liquid nitro-
gen cryostream. Crystals were mounted on a nylon loop with paraffin
oil. The structures were solved via direct method using SHELXT and
refined via the full matrix least-squares method with SHELXL-2018/3,
refining on F2 [93]. Crystal data collection and refinement parameters
are summarized in Supporting Information Table S1, and CCDC for the
gold acetylide complexes, CCDC-2253043 (for 1), CCDC-2278499 (for
2), CCDC-2202644 (for 3), CCDC-2254619 (for 4), CCDC-2186065 (for
5), CCDC-2192674 (for 6) CCDC-2278453 (for 20), and CCDC-2281829
(for 23) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystal-
lographic Data centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]Au(C–––CC6H5)
(1)

A mixture of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl (0.030
g, 0.047 mmol) was taken with the phenylacetylene (0.024 g, 0.235
mmol) and K2CO3 (0.065 g, 0.470 mmol) added to it in dry CH2Cl2 (ca.
10 mL). The reaction mixture was stirred at room temperature for 24
hours. Afterward, the volatiles were removed in vacuo, and the residue
was dissolved in CH2Cl2 (ca. 50 mL), and filtered through the thin layer
of neutral alumina. Then the solvent was evaporated and obtained res-
idue was washed with the pentane and dried under vacuum to give the
product (1) as a white solid (0.029 g, 88 %). 1H NMR (CDCl3, 400 MHZ,
25 ◦C): δ ppm, 7.38− 7.35 (m, 4H, m-C6H3 and o-C6H5), 7.22 (t, 1H, 3JHH
= 8 Hz, p-C6H3), 7.16 (t, 2H, 3JHH = 7 Hz, m-C6H5), 7.09 (t, 1H, 3JHH = 7

Hz, p-C6H5), 4.96− 4.91 (m, 1H, NC6H11), 3.27 (br, 1H, NC6H11),
1.96− 1.75 (m, 12H, 2C6H11), 1.65− 1.44 (m, 8H, 2C6H11), 1.41 (s, 18H,
2C(CH3)3). 13C{1H} NMR (CDCl3, 100 MHz, 25 ◦C): δ ppm, 227.6
(Au− Ccarbene), 155.0 (ipso-C6H3), 141.9 (o-C6H3), 132.4 (o-C6H5), 127.5
(m-C6H3), 126.9 (m-C6H5), 126.1 (ipso-C6H5), 126.0 (p-C6H3), 125.8 (p-
C6H5), 124.2 (C–––CC6H5), 105.2 (C–––CC6H5), 59.4 (NC6H11), 57.6
(NC6H11), 35.4 (2C(CH3)3), 34.7 (C6H11), 32.3 (2C(CH3)3), 29.8 (C6H11)
26.7 (C6H11), 25.4 (C6H11), 25.1 (C6H11), 24.8 (C6H11). IR data (cm-1)
KBr pellet: 3967 (w), 3453 (m), 3075 (w), 2930 (s), 2854 (s), 2107 (w),
1596 (w), 1517 (s), 1486 (m), 1448 (m), 1415 (m), 1375 (w), 1317 (m),
1210 (s), 1142 (m), 1118 (w), 1029 (m), 897 (w), 783 (w), 758 (s), 696
(w). HRMS (ESI): calcd. for [C35H48AuNO + H]+ m/z 696.3474; found
m/z 696.3476. Anal. Calcd. for C35H48AuNO: C, 60.42; H, 6.95; N, 2.01;
found: C, 60.06; H, 7.07; N, 1.26 %.

Synthesis of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]Au[C–––C(p-
C6H4CH3)] (2)

A mixture of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl (0.060
g, 0.095 mmol) was taken with the 4-ethynyltoluene (0.055 g, 0.475
mmol) and K2CO3 (0.131 g, 0.950 mmol) added to it in dry CH2Cl2 (ca.
20 mL). The reaction mixture was stirred at room temperature for 24
hours. Afterward, the volatiles were removed in vacuo, and the residue
was dissolved in CH2Cl2 (ca. 50 mL), and filtered through the thin layer
of neutral alumina. Then the solvent was evaporated and obtained res-
idue was washed with the pentane and dried under vacuum to give the
product (2) as a white solid (0.062 g, 92 %). 1H NMR (CDCl3, 400 MHZ,
25 ◦C): δ ppm, 7.36 (d, 2H, 3JHH = 8 Hz, m-C6H3), 7.26 (d, 2H, 3JHH = 8
Hz, o-C6H4CH3), 7.22 (t, 1H, 3JHH = 7 Hz, p-C6H3), 6.96 (d, 2H, 3JHH = 8
Hz, m-C6H4CH3), 4.96− 4.90 (m, 1H, NC6H11), 3.28 (br, 1H, NC6H11),
2.28 (s, 3H, C6H4CH3), 1.96− 1.75 (m, 10H, 2C6H11), 1.64− 1.43 (m, 6H,
2C6H11), 1.41 (s, 18H, 2C(CH3)3), 1.28− 1.21 (m, 4H, 2C6H11). 13C{1H}
NMR (CDCl3, 100 MHz, 25 ◦C): δ ppm, 227.6 (Au− Ccarbene), 155.0 (ipso-
C6H3), 141.9 (o-C6H3), 135.5 (ipso-C6H4CH3), 132.2 (m-C6H3), 128.3 (p-
C6H3), 126.9 (o-C6H4CH3), 125.9 (m-C6H4CH3), 123.0 (p-C6H4CH3),
122.9 (C–––CC6H4CH3), 105.2 (C–––CC6H4CH3), 59.3 (NC6H11), 57.5
(NC6H11), 35.4 (2C(CH3)3), 34.7 (C6H11), 32.3 (2C(CH3)3), 29.8 (C6H11)
26.7 (C6H11), 25.4 (C6H11), 25.1 (C6H11), 24.8 (C6H11), 21.3 (C6H4CH3).
IR data (cm-1) KBr pellet: 3479 (w), 2927 (s), 2853 (s), 2116 (w), 1740
(m), 1507 (s), 1448 (m), 1415 (m), 1368 (m), 1311 (m), 1269 (w), 1213
(s), 1142 (w), 1118 (w), 1029 (m), 894 (w), 812 (w). HRMS (ESI): calcd.
for [C36H50AuNO + H]+ m/z 710.3631; found m/z 710.3633. Anal.
Calcd. for C36H50AuNO: C, 60.92; H, 7.10; N, 1.97; Found: C, 60.32; H,
7.07; N, 1.51 %.

Synthesis of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]Au[C–––C(p-
C6H4OC6H5)] (3)

A mixture of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl (0.040
g, 0.063 mmol) was taken with the 1-ethynyl-4-phenoxybenzene (0.061
g, 0.315 mmol) and K2CO3 (0.087 g, 0.630 mmol) added to it in dry
CH2Cl2 (ca. 15 mL). The reaction mixture was stirred at room temper-
ature for 24 hours. Afterward, the volatiles were removed in vacuo, and
the residue was dissolved in CH2Cl2 (ca. 50 mL), and filtered through the
thin layer of neutral alumina. Then the solvent was evaporated and
obtained residue was washed with the pentane and dried under vacuum
to give the product (3) as a white solid (0.047 g, 95 %). 1H NMR (CDCl3,
400 MHZ, 25 ◦C): δ ppm, 7.38− 7.29 (m, 6H, m-C6H3 and C6H4OC6H5),
7.22 (t, 1H, 3JHH = 8 Hz, p-C6H3), 7.07 (t, 1H, 3JHH = 7 Hz, p-OC6H5),
6.96 (d, 2H, 3JHH = 8 Hz, o-OC6H5), 6.82 (d, 2H, 3JHH = 8 Hz m-C6H4),
4.96− 4.91 (m, 1H, NC6H11), 3.27 (br, 1H, NC6H11), 1.96− 1.75 (m, 10H,
C6H11), 1.65− 1.45 (m, 6H, C6H11), 1.41 (s, 18H, 2C(CH3)3), 1.36− 1.22
(m, 4H, C6H11). 13C{1H} NMR (CDCl3, 100 MHz, 25 ◦C): δ ppm, 227.5
(Au− Ccarbene), 157.4 (ipso-C6H5), 155.1 (p-C6H4), 155.0 (ipso-C6H3),
141.9 (o-C6H3), 133.8 (o-C6H4), 129.6 (m-C6H5), 126.9 (m-C6H3), 126.0
(p-C6H3), 123.4 (C–––CC6H4) 122.9 (p-C6H5), 121.4 (ipso-C6H4), 118.6 (o-
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C6H5) 118.4 (m-C6H4), 104.5 (C–––CC6H4), 59.4 (NC6H11), 57.6
(NC6H11), 35.4 (2C(CH3)3), 34.7 (C6H11), 32.3 (2C(CH3)3), 29.8
(C6H11), 26.7 (C6H11), 25.4 (C6H11), 25.1 (C6H11), 24.8 (C6H11). IR data
(cm-1) KBr pellet: 2924 (s), 2855 (m), 2113 (w), 1586 (s) 1518 (s), 1497
(s), 1487 (s), 1445 (s), 1416 (m), 1368 (m), 1312 (m), 1269 (s), 1238 (s),
1213 (s), 1143 (w), 1118 (w), 1019 (m), 870 (w), 828 (m), 796 (w), 779
(w), 753 (w), 694 (w), 528 (w), 478 (w). HRMS (ESI): calcd. for
[C41H52AuNO2 + H]+ m/z 788.3737; found m/z 788.3726. Anal. Calcd.
for C41H52AuNO2: C, 62.51; H, 6.65; N, 1.78; found: C, 62.09; H, 6.91; N,
1.54 %.

Synthesis of [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]Au(C–––CC6H5)
(4)

A mixture of [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl
(0.050 g, 0.072 mmol) was taken with the phenylacetylene (0.037 g,
0.360 mmol) and K2CO3 (0.099 g, 0.720 mmol) added to it in dry CH2Cl2
(ca. 15 mL). The reaction mixture was stirred at room temperature for 24
hours. Afterward, the volatiles were removed in vacuo, and the residue
was dissolved in CH2Cl2 (ca. 50 mL), and filtered through the thin layer
of neutral alumina. Then the solvent was evaporated and obtained res-
idue was washed with the pentane and dried under vacuum to give the
product (4) as a white solid (0.050 g, 93 %). 1H NMR (CDCl3, 400 MHZ,
25 ◦C): δ ppm, 7.37 (s, 2H, C6H2), 7.31 (d, 2H, 3JHH = 7 Hz, o-C6H5), 7.15
(t, 2H, 3JHH = 7 Hz, m-C6H5), 7.08 (t, 1H, 3JHH = 7 Hz, p-C6H5), 4.92 (br,
1H, NC6H11), 3.23 (br, 1H, NC6H11), 1.95− 1.75 (m, 12H, 2C6H11),
1.64− 1.52 (m, 8H, 2C6H11), 1.41 (s, 18H, 2C(CH3)3), 1.38 (s, 9H, C
(CH3)3). 13C{1H} NMR (CDCl3, 100 MHz, 25 ◦C): δ ppm, 227.9
(Au− Ccarbene), 153.0 (ipso-C6H2), 147.9 (p-C6H2), 140.8 (o-C6H2), 132.2
(o-C6H5), 127.5 (m-C6H5), 126.3 (ipso-C6H5), 125.6 (p-C6H5), 123.9
(C–––CC6H5), 123.7 (m-C6H2), 104.8 (C–––CC6H5), 59.3 (NC6H11), 57.5
(NC6H11), 35.5 (2C(CH3)3), 34.9 (C6H11), 34.7 (C6H11), 32.3 (2C(CH3)3)
31.5 (C(CH3)3), 29.8 (C6H11), 26.7 (C(CH3)3), 25.4 (C6H11), 25.2
(C6H11), 24.8 (C6H11). IR data (cm-1) KBr pellet: 3445 (br), 3073 (w),
2960 (s), 2936 (s), 2857 (m), 2117 (w), 1596 (m), 1526 (s), 1484 (w),
1450 (w), 1430 (w), 1393 (w), 1362 (m), 1313 (w), 1271 (w), 1247 (w),
1201 (s), 1133 (m), 1115 (m), 1032 (m), 896 (w), 831 (w), 786 (w), 754
(s), 690 (w), 621 (w), 526 (w). HRMS (ESI): calcd. for [C39H56AuNO +

H]+ m/z 752.4100; found m/z 752.4096. Anal. Calcd. for C39H56AuNO:
C, 62.30; H, 7.51; N, 1.86; found: C, 61.80; H, 7.53; N, 1.56 %.

Synthesis of [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]Au[C–––C(p-
C6H4CH3)] (5)

A mixture of [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl
(0.050 g, 0.072 mmol) was taken with the 4-ethynyltoluene (0.042 g,
0.360 mmol) and K2CO3 (0.099 g, 0.720 mmol) added to it in dry CH2Cl2
(ca. 15 mL). The reaction mixture was stirred at room temperature for 24
hours. Afterward, the volatiles were removed in vacuo, and the residue
was dissolved in CH2Cl2 (ca. 50 mL), and filtered through the thin layer
of neutral alumina. Then the solvent was evaporated and obtained res-
idue was washed with the pentane and dried under vacuum to give the
product (5) as a white solid (0.051 g, 93 %). 1H NMR (CDCl3, 400 MHZ,
25 ◦C): δ ppm, 7.37 (s, 2H, C6H2), 7.21 (d, 2H, 3JHH = 8 Hz, C6H4CH3),
6.96 (d, 2H, 3JHH = 8 Hz, C6H4CH3), 4.92 (br, 1H, NC6H11), 3.23 (br, 1H,
NC6H11), 2.28 (s, 3H, C6H4CH3), 1.94− 1.83 (m, 10H, 2C6H11),
1.77− 1.54 (m, 10H, 2C6H11), 1.40 (s, 18H, 2C(CH3)3), 1.38 (s, 9H, C
(CH3)3). 13C{1H} NMR (CDCl3, 100 MHz, 25 ◦C): δ ppm, 227.8
(Au− Ccarbene), 153.0 (ipso-C6H2), 147.9 (p-C6H2), 140.8 (o-C6H2), 135.3
(p-C6H4), 132.1 (o-C6H4), 128.3 (m-C6H4), 123.6 (m-C6H2), 123.2
(C–––CC6H4), 123.0 (ipso-C6H4), 104.9 (C–––CC6H4), 59.3 (NC6H11), 57.4
(NC6H11), 35.5 (2C(CH3)3), 34.9 (C6H11), 34.7 (C6H11), 32.3 (2C(CH3)3)
31.5 (C(CH3)3), 29.8 (C6H11), 26.7 (C(CH3)3), 25.4 (C6H11), 25.2
(C6H11), 24.8 (C6H11), 21.3 (CH3). IR data (cm-1) KBr pellet: 3435 (br),
2933 (s), 2859 (m), 2118 (w), 1672 (w), 1594 (w), 1519 (m), 1447 (m),
1362 (w), 1314 (w), 1207 (s), 1119 (m), 1029 (m), 879 (w), 815 (w),

622 (w), 527 (w). HRMS (ESI): calcd. for [C40H58AuNO + K]+ m/z
804.3816;found m/z 804.3820. Anal. Calcd. for C40H58AuNO: C, 62.73;
H, 7.63; N, 1.83; found: C, 61.95; H, 7.25; N, 1.65 %.

Synthesis of [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]Au[C–––C(p-
C6H4OC6H5)] (6)

A mixture of [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl
(0.035 g, 0.051 mmol) was taken with the 1-ethynyl-4-phenoxybenzene
(0.049 g, 0.255 mmol) and K2CO3 (0.070 g, 0.510 mmol) added to it in
dry CH2Cl2 (ca. 15 mL). The reaction mixture was stirred at room tem-
perature for 24 hours. Afterward, the volatiles were removed in vacuo,
and the residue was dissolved in CH2Cl2 (ca. 50 mL), and filtered
through the thin layer of neutral alumina. Then the solvent was evap-
orated and obtained residue was washed with the pentane and dried
under vacuum to give the product (6) as a white solid (0.039 g, 91 %).
1H NMR (CDCl3, 400 MHZ, 25 ◦C): δ ppm, 7.37 (s, 2H, C6H2), 7.31 (t, 2H,
m-OC6H5), 7.28 (d, 2H, 3JHH = 8 Hz, o-C6H4), 7.07 (t, 1H, 3JHH = 8 Hz, p-
OC6H5), 6.96 (d, 2H, 3JHH = 8 Hz, o-OC6H5), 6.81 (d, 2H, 3JHH = 8 Hz,m-
C6H4), 4.92− 4.89 (m, 1H, NC6H11), 3.23 (br, 1H, NC6H11), 1.95− 1.75
(m, 14H, C6H11), 1.67− 1.54 (m, 6H, C6H11), 1.41 (s, 18H, 2C(CH3)3),
1.39 (s, 9H, C(CH3)3). 13C{1H} NMR (CDCl3, 100 MHz, 25 ◦C): δ ppm,
227.8 (Au− Ccarbene), 157.5 (ipso-C6H5), 155.0 (p-C6H4), 153.0 (ipso-
C6H2), 147.9 (p-C6H2), 140.8 (o-C6H2), 133.6 (o-C6H4), 129.6 (m-C6H5),
123.6 (m-C6H2), 123.5 (C–––CC6H4), 122.9 (p-C6H5), 121.6 (ipso-C6H4),
118.6 (o-C6H5), 118.3 (m-C6H4), 104.1 (C–––CC6H4), 59.3 (NC6H11), 57.5
(NC6H11), 35.5 (2C(CH3)3), 34.9 (C6H11), 34.7 (C6H11), 32.3 (2C
(CH3)3), 31.5 (C(CH3)3), 29.8 (C6H11), 26.7 (C(CH3)3) 25.4 (C6H11),
25.2 (C6H11), 24.8 (C6H11). IR data (cm-1) KBr pellet: 3433 (br), 2936
(s), 2858 (s), 2202 (w), 2119 (w), 1587 (m), 1519 (s), 1486 (s), 1361
(w), 1313 (w), 1235 (s), 1206 (s), 1116 (m), 1016 (m), 866 (w), 831 (w),
780 (w), 692 (w). HRMS (ESI): calcd. for [C45H60AuNO2 + H]+ m/z
844.4363;found m/z 844.4365. Anal. Calcd. for C45H60AuNO2: C, 64.04;
H, 7.17; N, 1.66; found: C, 63.22; H, 6.84; N, 1.47 %.

General procedure for the blank experiment

In typical catalysis run, a mixture of the phenylacetylene (1.00
mmol) was taken CH3CN (ca. 2 mL) in reaction vial and kept at 80 ◦C and
after 5 minutes formaldehyde (4.00 mmol) and morpholine (1.20 mmol)
was added to it. Reaction mixture was stirred for the 24 hours at 80 ◦C.
Afterward, it was cooled to room temperature and volatiles were
evaporated and obtained residue was purified by column chromatog-
raphy using neutral alumina as the stationary phase and mixed medium
of petroleum ether and EtOAc as mobile phase to give the pure product
(7) that was confirmed by 1H NMR, GCMS and elemental analysis (Entry
1 in Supporting Information Table S5 and Figures S49− S52).

General procedure for the control experiment

The following control experiments were performed.
(i). In typical catalysis run, a mixture of the phenylacetylene (1.00

mmol) was taken with ligand {[(2,6-t-Bu2-C6H3O)(NCy2)]CH}+OTf−

(0.005 mmol, 0.5 mol %) in CH3CN (ca. 2 mL) in reaction vial and kept
at 80 ◦C and after 5 minutes formaldehyde (4.00 mmol) and morpholine
(1.20 mmol) was added to it. Reaction mixture was stirred for the 24
hours at 80 ◦C. Afterward, it was cooled to room temperature and vol-
atiles were evaporated and obtained residue was purified by column
chromatography using neutral alumina as the stationary phase and
mixed medium of petroleum ether and EtOAc as mobile phase to give the
pure product (7) that was confirmed by 1H NMR, GCMS and elemental
analysis (Entry 2 in Supporting Information Table S5 and
Figures S49− S52).

(ii). In typical catalysis run, a mixture of the phenylacetylene (1.00
mmol) was taken with (Me2S)AuCl (0.005 mmol, 0.5 mol %) in CH3CN
(ca. 2 mL) in reaction vial and kept at 80 ◦C and after 5 minutes
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formaldehyde (4.00 mmol) and morpholine (1.20 mmol) was added to
it. Reaction mixture was stirred for the 24 hours at 80 ◦C. Afterward, it
was cooled to room temperature and volatiles were evaporated and
obtained residue was purified by column chromatography using neutral
alumina as the stationary phase and mixed medium of petroleum ether
and EtOAc as mobile phase to give the pure product (7) that was
confirmed by 1H NMR, GCMS and elemental analysis (Entry 3 in Sup-
porting Information Table S5 and Figures S49− S52).

(iii). In typical catalysis run, a mixture of the phenylacetylene (1.00
mmol) was taken with [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl
(0.005 mmol, 0.5 mol %) in CH3CN (ca. 2 mL) in reaction vial and kept
at 80 ◦C and after 5 minutes formaldehyde (4.00 mmol) and morpholine
(1.20 mmol) was added to it. Reaction mixture was stirred for the 24
hours at 80 ◦C. Afterward, it was cooled to room temperature and vol-
atiles were evaporated and obtained residue was purified by column
chromatography using neutral alumina as the stationary phase and
mixed medium of petroleum ether and EtOAc as mobile phase to give the
pure product (7) that was confirmed by 1H NMR, GCMS and elemental
analysis (Entry 4 in Supporting Information Table S5 and
Figures S49− S52).

(iv). In typical catalysis run, a mixture of the phenylacetylene (1.00
mmol) was taken with [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]Au
(C–––CC6H5) (1) (0.005 mmol, 0.5 mol %) CH3CN (ca. 2 mL) in reaction
vial and kept at 80 ◦C and after 5 minutes formaldehyde (4.00 mmol)
and morpholine (1.20 mmol) was added to it. Reaction mixture was
stirred for the 24 hours at 80 ◦C. Afterward, it was cooled to room
temperature and volatiles were evaporated and obtained residue was
purified by column chromatography using neutral alumina as the sta-
tionary phase and mixed medium of petroleum ether and EtOAc as
mobile phase to give the pure product (7) that was confirmed by 1H
NMR, GCMS and elemental analysis (Entry 6 in Supporting Information
Table S5 and Figures S49− S52).

(v). In typical catalysis run, a mixture of the phenylacetylene (1.00
mmol) was taken with [1,3-bis(mesityl)imidazol-2-ylidene]AuCl (0.005
mmol, 0.5 mol %) in CH3CN (ca. 2 mL) in reaction vial and kept at 80 ◦C
and after 5 minutes formaldehyde (4.00 mmol) and morpholine (1.20
mmol) was added to it. Reaction mixture was stirred for the 24 hours at
80 ◦C. Afterward, it was cooled to room temperature and volatiles were
evaporated and obtained residue was purified by column chromatog-
raphy using neutral alumina as the stationary phase and mixed medium
of petroleum ether and EtOAc as mobile phase to give the pure product
(7) that was confirmed by 1H NMR, GCMS and elemental analysis (Entry
8 in Supporting Information Table S5 and Figures S49− S52).

(vi). In typical catalysis run, a mixture of the phenylacetylene (1.00
mmol) was taken with [1,3-bis(2,6-diisopropylphenyl)imidazol-2-yli-
dene]AuCl (0.005 mmol, 0.5 mol %) in CH3CN (ca. 2 mL) in reaction vial
and kept at 80 ◦C and after 5 minutes formaldehyde (4.00 mmol) and
morpholine (1.20 mmol) was added to it. Reaction mixture was stirred
for the 24 hours at 80 ◦C. Afterward, it was cooled to room temperature
and volatiles were evaporated and obtained residue was purified by
column chromatography using neutral alumina as the stationary phase
and mixed medium of petroleum ether and EtOAc as mobile phase to
give the pure product (7) that was confirmed by 1H NMR, GCMS and
elemental analysis (Entry 9 in Supporting Information Table S5 and
Figures S49− S52).

(vii). In typical catalysis run, a mixture of the phenylacetylene (1.00
mmol) was taken with [2,6-bis-(1-(1S)-menthyl-3-methylene-imidazol-
2-ylidene)-pyridine]Au2Cl2 (0.005 mmol, 0.5 mol %) in CH3CN (ca. 2
mL) in reaction vial and kept at 80 ◦C and after 5 minutes formaldehyde
(4.00 mmol) and morpholine (1.20 mmol) was added to it. Reaction
mixture was stirred for the 24 hours at 80 ◦C. Afterward, it was cooled to
room temperature and volatiles were evaporated and obtained residue
was purified by column chromatography using neutral alumina as the
stationary phase and mixed medium of petroleum ether and EtOAc as
mobile phase to give the pure product (7) that was confirmed by 1H
NMR, GCMS and elemental analysis (Entry 10 in Supporting Information

Table S5 and Figures S49− S52).

General procedure for the Hg drop experiment

(i). In a typical Hg-drop experiment, a mixture of the phenyl-
acetylene (1.00 mmol) was taken with [{(2,6-t-Bu2-C6H3O)(NCy2)}
methylidene]AuCl (0.005 mmol, 0.5 mol %) in CH3CN (ca. 2 mL) along
with one drop of Hg in reaction vial and kept at 80 ◦C and after 5 minutes
formaldehyde (4.00 mmol) and morpholine (1.20 mmol) was added to
it. Reaction mixture was stirred for the 24 hours at 80 ◦C. Afterward, it
was cooled to room temperature and volatiles were evaporated and
obtained residue was purified by column chromatography using neutral
alumina as the stationary phase and mixed medium of petroleum ether
and EtOAc as mobile phase to give the pure product (7) that was
confirmed by 1H NMR, GCMS and elemental analysis. (Entry 5 in Sup-
porting Information Table S5 and Figures S49− S52).

(ii). In a typical Hg-drop experiment, a mixture of the phenyl-
acetylene (1.00 mmol) was taken with [{(2,6-t-Bu2-C6H3O)(NCy2)}
methylidene]Au(C–––CC6H5) (1) (0.005 mmol, 0.5 mol %) in CH3CN (ca.
2 mL) along with one drop of Hg in reaction vial and kept at 80 ◦C and
after 5 minutes formaldehyde (4.00 mmol) and morpholine (1.20 mmol)
was added to it. Reaction mixture was stirred for the 24 hours at 80 ◦C.
Afterward, it was cooled to room temperature and volatiles were
evaporated and obtained residue was purified by column chromatog-
raphy using neutral alumina as the stationary phase and mixed medium
of petroleum ether and EtOAc as mobile phase to give the pure product
(7) that was confirmed by 1H NMR, GCMS and elemental analysis.
(Entry 7 in Supporting Information Table S5 and Figures S49− S52).

General procedure of mass experiment for the detection of the catalytic
intermediates

(i). In the typical mass experiment, the species {[{(2,6-t-Bu2-C6H3O)
(NCy2)}methylidene]AuCl(HC–––CPh)} (1− B’), detected in the reaction
mixture of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl (0.005 mmol,
0.5 mol %) and phenylacetylene (1.00 mmol), ca. 2 mL of CH3CN at
room temperature (Fig. 4 and Supporting Information Figures S117).

(ii). In the typical mass experiment, the species {[{(2,6-t-Bu2-C6H3O)
(NCy2)}methylidene]Au(C–––CPh)} species (1), detected in the reaction
mixture of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl (0.005 mmol,
0.5 mol %), phenylacetylene (1.00 mmol), formaldehyde (1.20 mmol)
and morpholine (1.20 mmol), ca. 2 mL of CH3CN at room temperature
(Fig. 5 and Supporting Information Figures S118).

(iii). In the typical mass experiment, the species {[{(2,4,6-t-Bu3-
C6H2O)(NCy2)}methylidene]Au(C–––CPh)} species (4), detected in the
reaction mixture of [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]AuCl
(0.005 mmol, 0.5 mol %), phenylacetylene (1.00 mmol), formaldehyde
(1.20 mmol) and morpholine (1.20 mmol), ca. 2 mL of CH3CN at room
temperature (Supporting Information Figures S119 and S120).

General procedure for the X-ray Photoelectron Spectroscopy experiment

The following XPS experiments were performed
(i). The XPS experiment conducted for the precatalyst [{(2,4,6-t-Bu3-

C6H2O)(NCy2)}methylidene]Au(C–––CC6H5) (4) itself (Fig. 6 and Sup-
porting Information Figure S121).

(ii). In the XPS experiment, a mixture of the [{(2,4,6-t-Bu3-C6H2O)
(NCy2)}methylidene]Au(C–––CC6H5) (4) (0.005 mmol), benzaldehyde
(1.20 mmol) and morpholine (1.20 mmol) in CH3CN (ca. 2 mL) at room
temperature for the 5 minutes. Afterward, the volatiles were evaporated,
and the residue was dried under vacuum. The crude material so obtained
was used for the XPS analysis (Fig. 6 and Supporting Information
Figure S122).

(iii). In the XPS experiment, a mixture of the terminal alkynes (1.00
mmol) was taken with [{(2,4,6-t-Bu3-C6H2O)(NCy2)}methylidene]Au
(C–––CC6H5) (4) (0.005 mmol) in CH3CN (ca. 2 mL) in reaction vial and
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kept at 80 ◦C and after 5 minutes benzaldehyde (1.20 mmol) and mor-
pholine (1.20 mmol) was added to it. Reaction mixture was stirred for
the 24 hours at 80 ◦C. Afterward, it was cooled to room temperature and
volatiles were evaporated, and the residue was dried under vacuum. The
crude material so obtained was used for the XPS analysis (Fig. 6 and
Supporting Information Figure S123).

General procedure for the synthesis of propargylamine catalyzed by
acetylide and chloro derivative of gold(I) acyclic aminooxy carbene
complexes

In typical catalysis run, a mixture of the terminal alkynes (1.00
mmol) was taken with [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]Au
(C–––CC6H5) (1)/ [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl/ [{(2,
4,6-t-Bu3-C6H2O)(NCy2)}methylidene]Au(C–––CC6H5) (4)/ [{(2,4,6-t-
Bu3-C6H2O)(NCy2)}methylidene]AuCl (0.005 mmol, 0.5 mol %) in
CH3CN (ca. 2 mL) in reaction vial and kept at 80 ◦C and after 5 minutes
formaldehyde (4.00 mmol)/ (benzaldehyde/ cyclohexanecarboxylde
hyde/ cyclopentanecarboxyldehyde) (1.20 mmol) and sec amines (1.20
mmol) was added to it. Reaction mixture was stirred for the 24 hours at
80 ◦C. Afterward, it was cooled to room temperature and volatiles were
evaporated and obtained residue was purified by column chromatog-
raphy using neutral alumina as the stationary phase and mixed medium
of petroleum ether and EtOAc as mobile phase to give the pure products
(7− 18) (Table 2) that was confirmed by 1H NMR, GCMS and elemental
analysis (Supporting Information Figures S49− S96). The characteriza-
tion data of compounds (7− 18) have been showed in Figures 11− 22.

4-(3-phenylprop-2-yn-1-yl)morpholine (7) [64,94]
Yields: 0.188 g, 93 % (1), 0.197 g, 98 % (2), 0.194 g, 96 % (3), 0.193

g, 96 % (4), 0.199 g, 99 % (5), 0.197 g, 98 % (6).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.44− 7.42 (m, 2H, C6H5),

7.30− 7.28 (m, 3H, C6H5), 3.77 (t, 4H, 3JHH = 4 Hz, NC4H8O), 3.50 (s,
2H, CH2), 2.64 (t, 4H, 3JHH = 4 Hz, NC4H8O). GCMS (ESI): [M]+ m/z =
201.1. Anal. Calcd. for C13H15NO: C, 77.58; H, 7.51; N, 6.96; Found: C,
76.79; H, 6.77; N, 6.11 %.

4-(3-(p-tolyl)prop-2-yn-1-yl)morpholine (8) [64,94]
Yields: 0.212 g, 98 % (1), 0.211 g, 98 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.31 (d, 2H, 3JHH = 8 Hz, o-

C6H4CH3), 7.08 (d, 2H, 3JHH = 8 Hz, m-C6H4CH3), 3.75 (t, 4H, 3JHH = 5
Hz, NC4H8O), 3.47 (s, 2H, CH2), 2.62 (t, 4H, 3JHH = 5 Hz, NC4H8O), 2.32
(s, 3H, C6H4CH3). GCMS (ESI): [M]+ m/z = 215.2. Anal. Calcd. for
C14H17NO: C, 78.10; H, 7.96; N, 6.51; Found: C, 77.30; H, 7.89; N, 6.04
%.

4-(3-(4-phenoxyphenyl)prop-2-yn-1-yl)morpholine (9) [64,94]
Yields: 0.291 g, 99 % (1), 0.278 g, 95 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.44− 7.41 (m, 2H, o-

C6H5), 7.40− 7.35 (m, 2H, m-C6H5), 7.18− 7.14 (m, 1H, p-C6H5),
7.05− 7.03 (m, 2H, o-C6H4), 6.96− 6.92 (m, 2H, m-C6H4), 3.80 (t, 4H,
3JHH = 5 Hz, NC4H8O), 3.52 (s, 2H, CH2), 2.67 (t, 4H, 3JHH = 5 Hz,
NC4H8O). GCMS (ESI): [M]+ m/z = 293.1. Anal. Calcd. for C19H19NO2:
C, 77.79; H, 6.53; N, 4.77; Found: C, 76.94; H, 6.71; N, 4.08 %.

1-(3-phenylprop-2-yn-1-yl)piperidine (10) [64,94]
Yields: 0.187 g, 94 % (1), 0.191 g, 96 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.44− 7.42 (m, 2H, C6H5),

7.30− 7.28 (m, 3H, C6H5), 3.49 (s, 2H, CH2), 2.59 (s, 4H, NC5H10),
1.69− 1.64 (m, 4H, NC5H10), 1.49 (br, 2H, NC5H10). GCMS (ESI): [M]+

m/z = 198.2. Anal. Calcd. for C14H17N: C, 84.37; H, 8.60; N, 7.03;
Found: C, 84.97; H, 8.88; N, 6.51 %.

1-(3-(p-tolyl)prop-2-yn-1-yl)piperidine (11) [64,94]
Yields: 0.202 g, 95 % (1), 0.209 g, 98 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.35 (d, 2H, 3JHH = 8 Hz, o-

C6H4CH3), 7.12 (d, 2H, 3JHH = 8 Hz, m-C6H4CH3), 3.49 (s, 2H, CH2),
2.59 (s, 4H, NC5H10), 2.36 (s, 3H, C6H4CH3), 1.69− 1.64 (m, 4H,
NC5H10), 1.47 (br, 2H, NC5H10). GCMS (ESI): [M]+ m/z = 212.2. Anal.
Calcd. for C15H19N: C, 84.46; H, 8.98; N, 6.57; Found: C, 84.52; H, 9.30;
N, 5.90 %.

1-(3-(4-phenoxyphenyl)prop-2-yn-1-yl)piperidine (12) [64,94]
Yields: 0.272 g, 93 % (1), 0.276 g, 95 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.42 (d, 2H, 3JHH = 9 Hz, o-

C6H5), 7.37 (t, 2H, 3JHH = 8 Hz, m-C6H5), 7.15 (t, 1H, 3JHH = 8 Hz, m-
C6H5), 7.04 (d, 2H, 3JHH = 9 Hz, o-C6H4), 6.94 (d, 2H, 3JHH = 9 Hz, m-
C6H4), 3.49 (s, 2H, CH2), 2.59 (s, 4H, NC5H10), 1.67− 1.64 (m, 4H,
NC5H10), 1.47 (br, 2H, NC5H10). GCMS (ESI): [M]+ m/z = 291.1. Anal.
Calcd. for C20H21NO: C, 82.44; H, 7.26; N, 4.81; Found: C, 82.44; H,
7.31; N, 3.87 %.

4-(1,3-diphenylprop-2-yn-1-yl)morpholine (13) [95]
Yields: 0.052 g, 19 % (1), 0.120 g, 43 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.64 (d, 2H, 3JHH = 7 Hz,

C6H5), 7.54− 7.52 (m, 2H, C6H5), 7.39− 7.29 (m, 6H, 2C6H5), 4.80 (s,
1H, CH), 3.79− 3.70 (m, 4H, NC4H8O), 2.65 (s, 4H, NC4H8O). GCMS
(ESI): [M]+ m/z = 277.1. Anal. Calcd. for C19H19NO: C, 82.28; H, 6.90;
N, 5.05; Found: C, 81.69; H, 6.92; N, 4.49 %.

4-(1-phenyl-3-(p-tolyl)prop-2-yn-1-yl)morpholine (14) [95]
Yields: 0.105 g, 36 % (1), 0.139 g, 47 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.63 (d, 2H, 3JHH = 8 Hz,

C6H5), 7.41 (d, 2H, 3JHH = 8 Hz, C6H4CH3), 7.36 (t, 2H, 3JHH = 8 Hz,
C6H5), 7.29 (t, 1H, 3JHH = 7 Hz, C6H5), 7.13 (d, 2H, 3JHH = 8 Hz,
C6H4CH3), 4.77 (s, 1H, CH), 3.77− 3.68 (m, 4H, NC4H8O), 2.67− 2.59
(m, 4H, NC4H8O), 2.39 (s, 3H, C6H4CH3). GCMS (ESI): [M]+ m/z =

291.1. Anal. Calcd. for C20H21NO: C, 82.44; H, 7.26; N, 4.81; Found: C,
83.03; H, 7.72; N, 4.00 %.

4-(1-cyclopentyl-3-phenylprop-2-yn-1-yl)morpholine (15) [95]
Yields: 0.146 g, 54 % (1), 0.149 g, 55 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.48− 7.44 (m, 2H, C6H5),

7.35− 7.30 (m, 3H, C6H5), 3.82− 3.73 (m, 4H, NC4H8O), 3.25 (d, 1H,
3JHH = 10 Hz, CH), 2.79− 2.74 (m, 2H, NC4H8O), 2.59− 2.54 (m, 2H,
NC4H8O), 2.30− 2.22 (m, 1H, C5H9), 1.96− 1.88 (m, 1H, C5H9),
1.84− 1.76 (m, 1H, C5H9), 1.67− 1.49 (m, 6H, C5H9). GCMS (ESI): [M]+

m/z = 268.1. Anal. Calcd. for C18H23NO: C, 80.26; H, 8.61; N, 5.20;
Found: C, 79.74; H, 8.82; N, 4.36 %.

4-(1-cyclopentyl-3-(p-tolyl)prop-2-yn-1-yl)morpholine (16) [95]
Yields: 0.178 g, 63 % (1), 0.208 g, 73 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.35 (d, 2H, 3JHH = 8 Hz, o-

C6H4CH3), 7.13 (d, 2H, 3JHH = 8 Hz, m-C6H4CH3), 3.81− 3.71 (m, 4H,
NC4H8O), 3.24 (d, 1H, 3JHH = 10 Hz, CH), 2.79− 2.73 (m, 2H, NC4H8O),
2.58− 2.53 (m, 2H, NC4H8O), 2.37 (s, 3H, C6H4CH3), 2.27− 2.21 (m, 1H,
C5H9), 1.94− 1.90 (m, 1H, C5H9), 1.81− 1.75 (m, 1H, C5H9), 1.67− 1.49
(m, 6H, C5H9). GCMS (ESI): [M]+ m/z = 282.1. Anal. Calcd. for
C19H25NO: C, 80.52; H, 8.89; N, 4.94; Found: C, 80.40; H, 8.92; N, 3.97
%.

4-(1-cyclohexyl-3-phenylprop-2-yn-1-yl)morpholine (17) [95]
Yields: 0.226 g, 80 % (1), 0.223 g, 78 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.47− 7.45 (m, 2H, C6H5),

7.32− 7.31 (m, 3H, C6H5), 3.80− 3.72 (m, 4H, NC4H8O), 3.15 (d, 1H,
3JHH = 10 Hz, CH), 2.74− 2.70 (m, 2H, NC4H8O), 2.56− 2.51 (m, 2H,
NC4H8O), 2.14− 2.05 (m, 2H, C6H11), 1.78− 1.61 (m, 4H, C6H11),
1.32− 1.22 (m, 3H, C6H11), 1.12− 0.97 (m, 2H, C6H11). GCMS (ESI):
[M]+ m/z = 282.1. Anal. Calcd. for C19H25NO: C, 80.52.58; H, 8.89; N,
4.94; Found: C, 80.41; H, 8.89; N, 4.35 %.

4-(1-cyclohexyl-3-(p-tolyl)prop-2-yn-1-yl)morpholine (18) [95]
Yields: 0.254 g, 85 % (1), 0.277 g, 93 % (4).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 7.35 (d, 2H, 3JHH = 8 Hz, o-

C6H4CH3), 7.12 (d, 2H, 3JHH = 8 Hz, m-C6H4CH3), 3.81− 3.71 (m, 4H,
NC4H8O), 3.14 (d, 1H, 3JHH = 10 Hz, CH), 2.74− 2.69 (m, 2H, NC4H8O),
2.55− 2.50 (m, 2H, NC4H8O), 2.36 (s, 3H, C6H4CH3), 2.14− 2.04 (m, 2H,
C6H11), 1.81− 1.60 (m, 4H, C6H11), 1.32− 1.19 (m, 3H, C6H11),
1.11− 0.97 (m, 2H, C6H11). GCMS (ESI): [M]+ m/z = 296.1. Anal. Calcd.
for C20H27NO: C, 80.76; H, 9.15; N, 4.71; Found: C, 80.66; H, 9.08; N,
4.31 %.
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General procedure for the synthesis of amino indolizines catalyzed by
acetylide and chloro derivative of gold(I) acyclic aminooxy carbene
complexes

(i) In typical catalysis run, a mixture of the terminal alkynes (1.00
mmol) was taken with [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]Au
(C–––CC6H5) (1)/ [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]AuCl (0.01
mmol, 1 mol %) and AgBF4 (0.01 mmol, 1 mol %) in ca. 2 mL CH3CN in
reaction vial and kept at 80 ◦C and after 5 minutes pyridine-2-
carboxyldehyde (1.20 mmol) and morpholine (1.20 mmol) was added
to it. Reaction mixture was stirred for the 24 hours at 80 ◦C. Afterward, it
was cooled to room temperature and volatiles were evaporated and
obtained residue was purified by column chromatography using neutral
alumina as the stationary phase and mixed medium of petroleum ether
and EtOAc as mobile phase to give the pure products (19− 23) (Table 3)
that was confirmed by 1H NMR, HRMS and elemental analysis (Sup-
porting Information Figures S97− S116). The characterization data of
compounds (19− 23) is shown in Figures 23− 27.

4-(3-phenylindolizin-1-yl)morpholine (19) [95]
Yield: 0.154 g, 55 % (1).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 8.22 (d, 1H, 3JHH = 7 Hz,

C5H4N), 7.57 (d, 2H, 3JHH = 8 Hz, o-C6H5), 7.50− 7.45 (m, 3H, C5H4N
and m-C6H5), 7.34 (t, 1H, 3JHH = 8 Hz, p-C6H5), 6.73 (s, 1H, C4HN), 6.59
(t, 1H, 3JHH = 8 Hz, C5H4N), 6.44 (t, 1H, 3JHH = 7 Hz, C5H4N), 3.94 (t,
4H, 3JHH = 5 Hz, NC4H8O), 3.08 (s, 4H, NC4H8O). HRMS (ESI): calcd. for
[C18H18N2O + H]+ m/z 279.1492; found m/z 279.1442. Anal. Calcd. for
C18H18N2O: C, 77.67; H, 6.52; N, 10.06; Found: C, 77.41; H, 6.77; N,
9.48 %.

4-(3-(p-tolyl)indolizin-1-yl)morpholine (20) [95]
Yield: 0.196 g, 67 % (1).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 8.19 (br, 1H, C5H4N),

7.48− 7.45 (m, 3H, C5H4N and o-C6H4), 7.30 (d, 2H, 3JHH = 8 Hz, m-
C6H4), 6.70 (s, 1H, C4HN), 6.57 (br, 1H, C5H4N), 6.42 (br, 1H, C5H4N),
3.94 (t, 4H, 3JHH = 4 Hz, NC4H8O), 3.09 (s, 4H, NC4H8O), 2.44 (s, 3H,
CH3). HRMS (ESI): calcd. for [C19H20N2O + H]+ m/z 293.1648; found
m/z 293.1617. Anal. Calcd. for C19H20N2O: C, 78.05; H, 6.90; N, 9.58;
Found: C, 77.33; H, 6.28; N, 9.16 %.

4-(3-(4-phenoxyphenyl)indolizin-1-yl)morpholine (21) [95]
Yield: 0.224 g, 60 % (1).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 8.16 (d, 1H, 3JHH = 7 Hz,

C5H4N), 7.52 (d, 2H, 3JHH = 8 Hz, o-C6H4), 7.45 (d, 1H, 3JHH = 9 Hz,
C5H4N), 7.40 (t, 2H, 3JHH = 8 Hz, m-C6H5), 7.16 (t, 2H, 3JHH = 8 Hz, p-
C6H5), 7.13− 7.09 (m, 4H, m-C6H4 and o-C6H5), 6.69 (s, 1H, C4HN), 6.58
(t, 1H, 3JHH = 8 Hz, C5H4N), 6.44 (t, 1H, 3JHH = 7 Hz, C5H4N), 3.94 (t,
4H, 3JHH = 5 Hz, NC4H8O), 3.08 (t, 4H, 3JHH = 5 Hz, NC4H8O). HRMS
(ESI): calcd. for [C24H22N2O2 + H]+ m/z 371.1754; found m/z
371.1781. Anal. Calcd. for C24H22N2O2: C, 77.81; H, 5.99; N, 7.56;
Found: C, 77.69; H, 5.48; N, 7.44 %.

4-(3-(4-chlorophenyl)indolizin-1-yl)morpholine (22) [95]
Yield: 0.228 g, 73 % (1).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 8.15 (d, 1H, 3JHH = 7 Hz,

C5H4N), 7.51− 7.43 (m, 5H, C5H4N and C6H4), 6.70 (s, 1H, C4HN),
6.62− 6.58 (m, 1H, C5H4N), 6.48− 7.44 (m, 1H, C5H4N), 3.94 (t, 4H, 3JHH
= 5 Hz, NC4H8O), 3.07 (t, 4H, 3JHH = 5 Hz, NC4H8O). HRMS (ESI): calcd.
for [C18H17ClN2O + H]+ m/z 313.1102; found m/z 313.1125. Anal.
Calcd. for C18H17ClN2O: C, 69.12; H, 5.48; N, 8.96; Found: C, 69.73; H,
6.40; N, 8.16 %.

4-(3-(4-bromophenyl)indolizin-1-yl)morpholine (23) [95]
Yield: 0.175 g, 49 % (1).
1H NMR (CDCl3, 400 MHz, 25◦C): δ ppm, 8.11 (d, 1H, 3JHH = 7 Hz,

C5H4N), 7.59− 7.57 (m, 2H, C6H4), 7.46− 7.41 (m, 3H, C5H4N and C6H4),
6.67 (s, 1H, C4HN), 6.60− 6.56 (m, 1H, C5H4N), 6.45− 7.42 (m, 1H,
C5H4N), 3.91 (t, 4H, 3JHH = 5 Hz, NC4H8O), 3.04 (t, 4H, 3JHH = 5 Hz,
NC4H8O). HRMS (ESI): calcd. for [C18H17BrN2O + H]+ m/z 357.0597;
found m/z 357.0556. Anal. Calcd. for C18H17BrN2O: C, 60.52; H, 4.80;
N, 7.84; Found: C, 60.17; H, 5.73; N, 7.84 %. (Fig. 11,Fig. 12,Fig. 13,

Fig. 11. The characterization data of (7).

Fig. 12. The characterization data of (8).

Fig. 13. The characterization data of (9).

Fig. 14. The characterization data of (10).

Fig. 15. The characterization data of (11).
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Fig. 14,Fig. 15,Fig. 16,Fig. 17,Fig. 18,Fig. 19,Fig. 20,Fig. 21,Fig. 22,
Fig. 23,Fig. 24,Fig. 25,Fig. 26,Fig. 27).

Computational Details

In this study, Gaussian 16 Revision D.01 [70] was used for

performing all DFT calculations, while Orca 4.2.1 version software [79,
80] was chosen specifically for spectroscopic calculations, including 13C
NMR analyses. Grimme’s dispersion-corrected B3LYP functional
(B3LYP-D3) was employed for geometry optimization [71,72]. The
calculations were conducted using the SDD basis set for gold metal [73]
and the 6-31G* basis set for elements such as C, H, N, O, and Cl [71,72,
74,75] (Supporting Information Table S8-S37). The coordinates of
optimised structures are given in Supporting Information Table S13-S41.
Frequency calculations were executed to pinpoint minima on the
potential-energy surface (PES) and to determine the free energy
correction energy. Furthermore, we incorporated solvation energy using
the polarizable continuum model (PCM) and acetonitrile solvent [77]
into the gas phase energy by employing a more advanced level of theory
(B3LYP-D3/def2TZVP) [96]. Furthermore, Gaussian 16 software was
utilized to conduct thorough NBO (Natural Bond Orbital) [78] calcula-
tions using DFT methods. The NBO analysis offered detailed insights into
the characteristics of bonding orbitals and provided valuable informa-
tion about the distribution of natural charges within the system (Sup-
porting Information Table S9, S10, S11).

We conducted steric map plot calculations using the SambVca 2.0

Fig. 16. The characterization data of (12).

Fig. 17. The characterization data of (13).

Fig. 18. The characterization data of (14).

Fig. 19. The characterization data of (15).

Fig. 20. The characterization data of (16).

Fig. 21. The characterization data of (17).

Fig. 22. The characterization data of (18).
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tool [89], specifically designed for Analyzing Catalytic Pockets through
Topographic Steric Maps. The SambVca 2.0 web tool establishes a cor-
relation between steric effects and the percentage of buried volume (%
VBur). Color transitions from red to blue on the steric map plot indicate a
decrease in steric influence, while the reverse trend is denoted by blue to
red shifts. For the purpose of conducting 13C NMR calculations using
ORCA 4.2.1 software [79,80], we opted for the hybrid Generalized
Gradient Approximation (GGA) B3LYP functional [71,72,75]. In our
calculations, the resolution of identity (RIJK) approximation [81] has
been employed throughout. This RI approximation has been found to be
fast for small to medium molecules. We have used basis set combination
of Sapporo-DKH3-DZP-2012 for gold(I) metal [82], IGLO-II for the
carbon atom [84,85], and for the rest of the atoms, O, N, and H, the
DKH-def2-SVP basis set has been considered [76,86,87] for 13C NMR.
Optimized coordinates of Gaussian16 software have been used for the
13C NMR calculations. AIM analyses has been done using Multiwfn
software.

Fig. 23. The characterization data of (19).

Fig. 24. The characterization data of (20).

Fig. 25. The characterization data of (21).

Fig. 26. The characterization data of (22).

Fig. 27. The characterization data of (23).
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