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ABSTRACT: Hydrohydrazination of terminal alkynes with hydrazides
yielding hydrazones 5−14 were successfully catalyzed by a series of
gold(I) acyclic aminooxy carbene complexes of the type [{(4-R2-2,6-t-
Bu2-C6H2O)(N(R1)2)}methylidene]AuCl, where R2 = H, R1 = Me (1b);
R2 = H, R1 = Cy (2b); R2 = t-Bu, R1 = Me (3b); R2 = t-Bu, R1 = Cy (4b).
The mass spectrometric evidence corroborated the existence of the
catalytically active solvent-coordinated [(AAOC)Au(CH3CN)]SbF6 (1−
4)A species and the acetylene-bound [(AAOC)Au(HC�CPhMe)]SbF6
(3B) species of the proposed catalysis cycle. The hydrohydrazination
reaction was successfully employed in synthesizing several bioactive
hydrazone compounds (15−18) with anticonvulsant properties using a
representative precatalyst (2b). The DFT studies favored the 4-
ethynyltoluene (HC�CPhMe) coordination pathway over the p-
toluenesulfonyl hydrazide (NH2NHSO2C6H4CH3) coordination path-
way, and that proceeded by a crucial intermolecular hydrazide-assisted proton transfer step. The gold(I) complexes (1−4)b were
synthesized from the {[(4-R2-2,6-t-Bu2-C6H2O)(N(R1)2)]CH}+OTf− (1−4)a by treatment with (Me2S)AuCl in the presence of
NaH as a base. The reactivity studies of (1−4)b yielded the gold(III) [{(4-R2-2,6-t-Bu2-C6H2O)(N(R1)2)}methylidene]AuBr3 (1−
4)c complexes upon reaction with molecular bromine and the gold(I) perfluorophenylthiolato derivatives, [{(4-R2-2,6-t-Bu2-
C6H2O)(N(R1)2)}methylidene]AuSC6F5 (1−4)d, upon treatment with C6F5SH.

■ HIGHLIGHTS

• The acyclic aminooxy carbene (AAOC) ligand stabilizes a
variety of (AAOC)AuCl-, (AAOC)AuBr3-, and (AAOC)-
Au(SC6F5)-type complexes.

• (AAOC)AuBr3 and (AAOC)Au(SC6F5) represent the
first structurally characterized examples of an acyclic
aminooxy carbene ligand.

• The gold(I) (AAOC)AuCl-type complexes efficiently
catalyzed hydrohydrazination of the terminal alkynes with
hydrazides giving hydrazones.

• Several bioactive acetohydrazide compounds important
for their anticonvulsant properties were synthesized by
the hydrohydrazination reaction catalyzed by a gold(I)
(AAOC)AuCl-type complex.

• Various mechanistic pathways were explored using DFT,
suggesting that hydrohydrazination catalysis proceeds via
alkyne-coordination followed by a crucial intermolecular
hydrazide-assisted proton relay step.

■ INTRODUCTION
Hydrohydrazination reactions are receiving increasing attention
as part of the recent interest in utilizing the industrially
important hydrazine and hydrazide reagents.1−3 Hydrazine has
significant footprints in important industrial applications like in
the production of polymerization initiators, blowing agents for
foamed plastics, fine chemicals, pesticides, and pharmaceuticals,
and as rocket fuel and propellant for satellites and aircraft in its
anhydrous form.4 It is currently manufactured in large-scale
industrial processes.5 In addition, various hydrazine derivatives,
including alkyl hydrazines and hydrazides, constitute many an
important chemical blowing agents, pesticides, fungicides, and
pharmaceuticals.6,7 The challenges associated with using
hydrazine stem from its various hazardous properties like its
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high energy content, wide flammability range, the potential to
support combustion in the absence of air, and high toxicity.6 In
the chemical reactivity space, the highly reducing nature of
hydrazine often reduces catalytically active but easily reducible
noble metals to their inactive metal(0) state or reduces organic
substrates and even deactivates the metal catalysts by complex-
ation reactions.5,8 The allure of accessing structurally diverse
nitrogen-containing compounds, playing pivotal roles as
pharmaceuticals, agrochemicals, organic materials, and catalysts,
calls for employing effective strategies offering direct access to
these targets molecules via cheap, atom economical, and
environmentally friendly approaches like the hydroamination,
diamination, aziridination, or oxidative amination reactions.1,7

The organometallic homogeneous catalysis approach, involving
transition-metal-mediated catalysis, provides an alternative
solution to overcoming the challenges associated with the
inherently high activation energy barriers for the reactions
involving electron-rich π-bonds of unsaturated substrates with
nitrogen-based reagents.1

It is noteworthy that the hydrohydrazination reactions,
primarily because of the challenges mentioned above, are
comparatively less explored compared to the related hydro-
amination reactions.3,9 Quite significantly, the 2008 reports on
the hydrohydrazination of terminal alkynes with hydrazine
derivatives under metal-free10 and zinc-mediated catalysis
conditions paved the way for the gold-catalyzed one.11,12,13

The 2008 reports10,11 further triggered a flurry of activities on
other variants of the hydrohydrazination reaction like that of the
hydrazide derivatives with alkenes,14 the hydrohydrazination
reaction with hydrazines,5,15−17 etc.2 Computational studies
indicated that both alkyl hydrazines and hydrazides react via a
concerted (Cope-type) hydroamination pathway.1,10

Since the advent of N-heterocyclic carbenes in 1991,18 the
families of the stable singlet carbene ligands have continued to
grow and expand in scope and diversity by extending the
boundaries of the homogeneous catalysis.19 Several emerging
variants of the heteroatom stabilized singlet carbenes like acyclic
diamino carbene (ADC),20 anti-Bredt N-heterocyclic carbene
(NHC),16,21 cyclic alkyl amino carbene (CAAC),15,22,23 acyclic
aminooxy carbene (AAOC),24 and abnormal-NHCs like the
aza-CAACs25 have been receiving attention lately among their
other contemporaries mainly for the promises they hold. The
ease of tunability and the flexibility in the disposition of the
heteroatom substituents around the carbene center make these
ligands attractive for catalysis.

Because of our dual interests in exploring the potential of
transition metal complexes of stable singlet carbenes in
homogeneous catalysis26 and biomedical applications27 and
also in unraveling gold catalysis,28,29 we chose to employ acyclic
aminooxy carbene (AAOC) complexes of gold in the hydro-
hydrazination reaction of hydrazides with terminal alkynes.
Activation of N−H bonds by earth-abundant transition metals
has always been very challenging.30 As theoretical investigations
are required to understand the nature of N−H bond activation
reactions, we decided to obtain mechanistic insights computa-
tionally for the hydrohydrazination catalysis between 4-
ethynyltoluene (HC�CPhMe) and p-toluenesulfonyl hydra-
zide (NH2NHSO2C6H4CH3) by cationic gold(I) acyclic
aminooxy carbene species of the type [(AAOC)Au(CH3CN)]+.
A detailed theoretical study of the catalytic pathway was
performed with the aid of DFT and ORCA calculations.
Here in this manuscript, we report the hydrohydrazination

reaction of hydrazides with terminal alkynes giving hydrazones
(5−14) as catalyzed by gold(I) complexes (1−4)b of a new
variant of acyclic aminooxy carbene (AAOC) ligands (Figure 1).
We further demonstrate the hydrohydrazination reaction’s
utility in preparing the bioactive hydrazone derivatives (15−
18) with anticonvulsant properties. We also report the first
examples of the gold(I) perfluorophenylthiolato derivatives (1−
4)d supported over any class of acyclic heteroatom-stabilized
singlet carbene ligands and the gold(III) tribromo complexes
(1−4)c obtained from the gold(I) complexes (1−4)b.

■ RESULTS AND DISCUSSION
Four new acyclic aminooxy carbene ligands, namely, {(4-R2-2,6-
t-Bu2-C6H2O)(N(R1)2)}methylidene (where R2 = H, R1 = Me;
R2 = H, R1 = Cy; R2 = t-Bu, R1 = Me; R2 = t-Bu, R1 = Cy), were
synthesized with the intent of stabilizing its gold(I/III)
complexes for catalytic application studies. In particular, the
ligand precursors, {[(4-R2-2,6-t-Bu2-C6H2O)(N(R1)2)]-
CH}+OTf− [where R2 = H, R1 = Me (1a); R2 = H, R1 = Cy
(2a); R2 = t-Bu, R1 = Me (3a); R2 = t-Bu, R1 = Cy (4a)], were
directly synthesized from the corresponding reaction of
secondary formamide, namely, N,N-dimethylformamide
(Me2NCHO) and N,N-dicyclohexylformamide (Cy2NCHO),
with a phenol derivative, namely, 2,6-t-Bu2-C6H3OH and 2,4,6-
t-Bu3-C6H2OH, in the presence of the Hünig base and triflic
anhydride similar to that reported for a related analog.31 The
diagnostic NCHO peak appeared at δ ca. 8.93−9.25 ppm in 1H
NMR (Supporting Information, Figures S1, S2, S35, S36, S68,
S69, S99, and S100) and at δ ca. 168.1−169.0 ppm in 13C{1H}

Figure 1. Acyclic aminooxy carbene (AAOC)-stabilized gold(I) chloro derivatives (1−4)b, gold(III) tribromo derivatives (1−4)c, and gold(I)
perfluorophenylthiolato derivatives (1−4)d.
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NMR (Supporting Information, Figures S3, S4, S37, S38, S70,
S71, S101, and S102). The triflate anion displayed a quartet at δ
ca. 120.4−120.5 ppm, exhibiting 1JCF coupling of ca. 318−319
Hz in the 13C{1H} NMR and at δ ca. −78.38 to −78.70 ppm in
the 19F{1H} NMR (Supporting Information, Figures S5, S39,
S72, and S103).
The molecular structure of the acyclic aminooxy carbene

precursors, 1a and 3a, as determined by X-ray diffraction studies,
revealed the C(1)−O(1) bond length of 1.311(3) Å (1a) and
1.325(6) Å (3a) and the C(1)−N(1) bond length of 1.277(3) Å
(1a) and 1.282(6) Å (3a) are comparable to the only other
structurally characterized example, {[(2,6-t-Bu2-C6H3O)(N-i-
Pr2)]CH}+OTf−, displaying a C(1)−O(1) bond length of
1.321(4) Å and C(1)−N(2) bond length of 1.283(5) Å,
respectively31 (Supporting Information, Figures S9 and S76 and
Table S5). Comparison of the C(1)−O(1) and C(1)−N(1)
bond distances of 1a and 3a with the respective sum of the
individual covalent radii [d/Csp

2−O = 1.39 Å and d/Csp
2−N =

1.44 Å]32 showed significant shortening of the C(1)−N(1)
bond arising from a greater π-bond character. In agreement with
the delocalized π-character of the Ccarbene−N [C(1)−N(1)]
bond in 1a and 3a, the angle at the carbene carbon [∠N(1)−
C(1)−O(1)] was indeed ca. 120° as observed for 1a
[120.97(19)°] and 3a [119.9(5)°] and also closely matched
that of {[(2 ,6- t -Bu2-C6H3O)(N- i -Pr2)]CH}+OTf−
[118.8(3)°]31 (Supporting Information, Figures S9 and S76).
The gold(I) acyclic aminooxy carbene complexes of the type

(AAOC)AuCl are primarily prepared by (i) in situ deprotona-
tion of the corresponding methanaminium salt with LiHMDS
followed by the treatment with (Me2S)AuCl

33 and (ii) by the
direct reaction of ionic gold(I) isocyanide complexes with
alcohols derivatives.34,35 In this regard, all of the gold(I)
(AAOC)AuCl-type complexes, (1−4)b, were conveniently
obtained by the in situ deprotonation method from {[(4-R2-

2,6-t-Bu2-C6H2O)(N(R1)2)]CH}+OTf− (1−4)a in ca. 26−62%
yield. Specifically, the deprotonation of (1−4)a by NaH in dry
THF at ca. −78 °C with gradual warming to room temperature
gave the air and moisture-stable (AAOC)AuCl-type (1−4)b
complexes (Scheme 1).
The methanaminium (NCHO) resonance, seen in the

respective carbene precursor (1−4)a, was conspicuously absent
in the 1HNMR spectrum of the (1−4)b complexes, (Supporting
Information, Figures S10, S11, S43, S44, S77, S78, S107, and
S108), thereby indicating their formation. Consequently, the
distinct gold(I) bound carbene (Au-NCO) resonance at δ ca.
210.3 ppm (1b), 211.6 ppm (2b), 210.5 ppm (3b), and 211.8
ppm (4b) are in concurrence with related [{(O-1-Ad)(N-1-
Ad)(N-C6H5)}methylidene]AuCl (207.8 ppm),33 [{(O-1-
Ad)(N-2,6-i-Pr2C6H3)(N-i-Pr)}methylidene]AuCl (207.3
ppm),33 and [{(O-Et)(N-4-MeC6H4)(NH)}methylidene]-
AuCl (205.8 ppm)34 complexes (Table 1). The neutral
monomeric nature of the (1−4)b complexes was established
by the determination of their molecular structure (Figure 2 and
Supporting Information, Figures S17, S50, and S114 and Table
S2), which showed that themethylidene and the chloride ligands
are bound opposite to each other in a linear geometry at the
metal center.
The Au−Ccarbene bond distances of 1.984(6) Å (1b), 1.993(3)

Å (2b), 1.977(6) Å (3b), and 1.996(4) Å (4b) are slightly
shorter than the sum of their individual covalent radii [d(Csp

2-
Au) = 2.09 Å]32 and agree well with structurally characterized
analogues, [{(O-1-Ad)(N-1-Ad)(N-C6H5)}methylidene]AuCl
[1.996(2) Å],33 [{(O-1-Ad)(N-2,6-i-Pr2C6H3)(N-i-Pr)}-
methylidene]AuCl [2.005(4) Å],33 and [{(O-Et)(N-4-
MeC6H4)(NH)}methylidene]AuCl [1.98 (3), 2.04 (4) Å]34

(Figure 2 and Table 1 and Supporting Information, Figures S17,
S50, and S114). The Au−Ccarbene bond distances in (1−4)b also
agree will with the related imidazole-derived NHC carbene

Scheme 1. Synthesis Route to the Acyclic Aminooxy Carbene (AAOC)Stabilized Gold(I) Chloro Derivatives (1−4)b, Gold(III)
Tribromo Derivatives (1−4)c, and Gold(I) Perfluorophenylthiolato Derivatives (1−4)d
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Table 1. Comparison of the 13C{1H} NMR and the Metrical Data Showing the Ccarbene−Au and Au−Cl Bond Distances for the
Chloro Derivative of Au(I) Acyclic Aminooxy Carbene (AAOC) (1−4)b Complexes with That Known in the Literature.
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complexes, namely, [1-(i-propyl)-3-(benzyl)imidazol-2-

ylidene]AuCl [1.974(4) Å] and [1-(i-propyl)-3-(3,3-dimethyl-

2-oxobutyl)imidazol-2-ylidene]AuCl [1.975(4) Å].29

More lengthening of the Ccarbene−N bond in 1b [1.311(6) Å],
2b [1.321(4) Å], 3b [1.319(8) Å], and 4b [1.311(6) Å] than the
Ccarbene−O bond in 1b [1.356(7) Å], 2b [1.352(4) Å], 3b
[1.343(7) Å], and 4b [1.356(5) Å] (Figure 2 and Supporting

Figure 2.ORTEP of 3b with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å)
and angles (°): Au(1)−Cl(1) 2.2787(18), Au(1)−C(1) 1.977(6), O(1)−C(1) 1.343(7), N(1)−C(1) 1.319(8), O(1)−C(1)−Au(1) 123.7(4),
N(1)−C(1)−Au(1) 125.2(5), C(1)−Au(1)−Cl(1) 179.15(18), N(1)−C(1)−O(1) 111.1(5).

Figure 3.ORTEP of 3c with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms and solvent (CH3CN) molecules are omitted for
clarity. Selected bond lengths (Å) and angles (°): O(1)−C(1) 1.351(15), N(1)−C(1) 1.261(18), Au(1)−C(1) 1.986(13), Au(1)−Br(1) 2.383(2),
Au(1)−Br(2) 2.369(3), Au(1)−Br(3) 2.347(2), N(1)−C(1)−O(1) 111.3(12), C(1)−Au(1)−Br(1) 90.8(4), C(1)−Au(1)−Br(3) 86.8(4), C(1)−
Au(1)−Br(2) 176.2(4).
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Table 2. Comparison of the 13C{1H} NMR and the Metrical Data Showing the Ccarbene−Au and Au−S Bond Distances for the
Arylthiolato Derivatives of Au(I) Complexes Supported Over Various Heteroatom-Stabilized Singlet Carbene Ligands Known in
the Literature with the (1−4)d Complexes

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01925
ACS Omega 2023, 8, 21042−21073

21047

https://pubs.acs.org/doi/10.1021/acsomega.3c01925?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01925?fig=tbl2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Information, Figures S17, S50, and S114 and Table S2) was
observed with respect to the methanaminium salts, (1a)
{d[C(1)−N(1)] = 1.277(3) Å; d[C(1)−O(1)] = 1.311(3)
Å}, (3a) {d[C(1)−N(1)] = 1.282(6) Å; d[C(1)−O(1)] =
1.325(6) Å}, and {[(2,6-t-Bu2-C6H3O)(N-i-Pr2)]CH}+OTf−
{d[C(1)−N(2)] = 1.283(5) Å; d[C(1)−O(1)] = 1.321(4)
Å}31 (Supporting Information, Figures S9 and S76 and Tables
S1 and S5).
Quite interestingly, a comparison of the ∠N−Ccarbene−O

angle in 1b [111.1(5)°] and 3b [111.1(5)°] (Figure 2 and
Supporting Information S17) with the structurally characterized
methanaminium salts, 1a [120.97(19)°], 3a [119.9(5)°], and
{[(2,6-t-Bu2-C6H3O)(N-i-Pr2)]CH}+OTf− [118.8(3)°]31
(Supporting Information, Figures S9 and S76 and Table S5),
revealed significant shortening of the ∠N−Ccarbene−O angle by
ca. 9° in the (AAOC)AuCl-type (1−4)b complexes arising from
incorporation of bulky gold(I) atoms [rcov = 1.36(6) Å]

32 at the
carbene center due to the metalation reaction. Several reported
examples, [{(O-1-Ad)(N-1-Ad)(N-C6H5)}methylidene]AuCl
[112.5(2)°],33 [{(O-1-Ad)(N-2,6-i-Pr2C6H3)(N-i-Pr)}-
methylidene]AuCl [110.7(3)°],33 and [{(O-Et)(N-4-
MeC6H4)(NH)}methylidene]AuCl [113 (3)°, 114 (4)°],34
too exhibit a ∠N−Ccarbene−O bond angle of around ca. 112°
similar to the (1−4)b complexes.
The oxidation of the (AAOC)AuCl-type (1−4)b complexes

with excess bromine yielded the corresponding gold(III) [{(4-
R2-2,6-t-Bu2-C6H2O)(N(R1)2)}methylidene]AuBr3 (1−4)c,
complexes in ca. 35−95% yield. The diagnostic Au(III)−Ccarbene
resonance appeared significantly upfield shifted by (Δδ) ca. 27.9
ppm, in the 13C{1H} (100 MHz) NMR spectrum, appearing at
182.8 ppm (1c), 182.9 ppm (2c), 183.2 ppm (3c), and 183.9
ppm (4c) (Supporting Information, Figures S20, S21, S53, S54,
S86, S87, S117, and S118) when compared to their starting
gold(I) complexes at 210.3 ppm (1b), 211.6 ppm (2b), 210.5
ppm (3b), and 211.8 ppm (4b) (Supporting Information,
Figures S12, S13, S45, S46, S79, S80, S109, and S110). To the
best of our knowledge, no gold(III) (AAOC)AuBr3-type
complexes have been reported for acyclic aminooxy carbene
complexes. In the absence of any related examples bearing
AAOC ligands, a comparison is made with respect to their N-
heterocyclic carbene (NHC) counterpart. The Au(III)−Ccarbene
resonance for (1−4)c was in contrast significantly downfield
shifted by (Δδ) ca. 69.3 ppm with respect to the reported
gold(III) N-heterocyclic carbene complexes, namely, [1-(i-
propyl)-3-(benzyl)imidazol-2-ylidene]AuBr3 (139.0),29 [1-
(benzyl)-3-(2,4,6-trimethylphenyl)imidazol-2-ylidene]AuBr3
(140.9 ppm),29 [1-(i-propyl)-3-(3,3-dimethyl-2-oxobutyl)-
imidazol-2-ylidene]AuBr3 (136.6 ppm),29 [1-(tert-butyl)-3-
(3,3-dimethyl-2-oxobutyl)imidazol-2-ylidene]AuBr3 (138.3
ppm),29 [1-(diphenylmethyl)-3-(methyl)imidazol-2-ylidene]-
AuBr3 (141.3 ppm),

36 and [1-(tert-butyl)-3-(2-(2-acetamido)-
3-phenylalanine methylester)imidazol-2-ylidene)]AuBr3 (135.8
ppm).36

Structural characterization of (1−4)c revealed them to be
monomeric square planar complexes in accordance with a d8
configuration of the Au(III) center. It is surrounded by one
acyclic aminooxy carbene (AAOC) ligand and three bromide
ligands in concurrence with the four coordination geometry at
the metal center (Figure 3 and Supporting Information Figures
S24, S57 and S121). The Au(III)−Ccarbene bond distances of
2.047(12) Å (1c), 2.019(11) Å (2c), 1.986(13) Å (3c), and
2.043(8) Å (4c) are comparable to the sum of their individual
covalent radii [d(Csp

2−Au) = 2.09 Å]32 and are slightly longer

than the Au(I)−Ccarbene bond distances of 1.984(6) Å (1b),
1.993(3) Å (2b), 1.977(6) Å (3b), and 1.996(4) Å (4b) (Figure
2 and Supporting Information, Figures S17, S50, and S114).
Several related structurally characterized gold(III) N-hetero-
cyclic carbene complexes, namely, [1-(i-propyl)-3-(benzyl)-
imidazol-2-ylidene]AuBr3 [2.002(15) Å],29 [1-(benzyl)-3-
(2,4,6-trimethylphenyl)imidazol-2-ylidene]AuBr3 [2.047(11)
Å],29 [1-(i-propyl)-3-(3,3-dimethyl-2-oxobutyl)imidazol-2-
ylidene]AuBr3 [2.028(6) Å],

29 [1-(tert-butyl)-3-(3,3-dimethyl-
2-oxobutyl)imidazol-2-ylidene]AuBr3 [2.042(9) Å],

29 [1-(di-
phenylmethyl)-3-(methyl)imidazol-2-ylidene]AuBr3 [2.016(8)
Å],36 and [1-(tert-butyl)-3-(2-(2-acetamido)-3-phenylalanine
methylester)imidazol-2-ylidene)]AuBr3 [2.02(2) Å],36 also
exhibited comparable Au(III)−Ccarbene bond distances to that
of (1−4)c complexes. The ∠N−Ccarbene−O angle in 1c
[113.7(10)°], 2c [112.8(10)°], 3c [111.3(12)°], and 4c
[116.1(7)°] (Figure 3 and Supporting Information, Figures
S24, S57, and S121) are similar to that of 1b [111.1(5)°], 2b
[111.6(3)°], 3b [111.1(5)°], and 4b [112.4(3)°] (Figure 2 and
Supporting Information, Figures S17, S50, and S114).
The perfluorinated aryl thiolato gold(I) complexes [{(4-R2-

2,6-t-Bu2-C6H2O)(N(R1)2)}methylidene]Au(SC6F5) (1−4)d
were prepared by treating the (AAOC)AuCl-type (1−4)b
complexes with excess C6F5SH in ca. 61−85% yield. The
perfluorinated aryl thiolato gold(I) complexes and related
phenolate complexes are known to be very sensitive.37 Unlike
the significant upfield shift by (Δδ) ca. 27.9 ppm in 13C{1H}
NMR in the case of the gold(III) (1−4)c complexes
(Supporting Information, Figure S20, S21, S53, S54, S86, S87,
S117, and S118), the perfluorinated aryl thiolato gold(I)
complexes appeared further downfield shifted by (Δδ) ca. 7.3
ppm with regard to their chloro analogs (1−4)b (Supporting
Information, Figures S12, S13, S45, S46, S79, S80, S109, and
S110). Specifically, the diagnostic Au(I)−Ccarbene resonance
appeared at 217.0 ppm (1d), 218.7 ppm (2d), 218.0 ppm (3d),
and 219.6 ppm (4d) (Supporting Information Figure S27, S28,
S60, S61, S92, S93, S124, and S125) than the chloro derivatives
at 210.3 ppm (1b), 211.6 ppm (2b), 210.5 ppm (3b), and 211.8
ppm (4b) (Supporting Information, Figures S12, S13, S45, S46,
S79, S80, S109, and S110).
Quite significantly, (1−4)d represent the only examples of

gold(I) (AAOC)Au(SC6F5)-type complexes known in the
literature, and in the absence of which, a comparison is made
with regard to their imidazole based analogues, i.e., a gold(I)
(NHC)Au(SC6F5)-type complex38 and gold(I) (NHC)Au-
(SC6H5)-type complexes39−44 (Table 2). Specifically, the
Au(I)−Ccarbene resonances at ca. 217.0−219.6 ppm for (1−4)
d appeared significantly downfield shifted by (Δδ) ca. 36.5 ppm
with respect to their imidazole-based NHC counterparts,
namely, [1,3-(Mes)2-imidazol-2-ylidene]Au(SC6H4COOH)
(184.6 ppm),39 [1-(2-hydroxycyclohexyl)-3-(benzyl)imidazol-
2-ylidene)]Au(SC10H7) (181.0 ppm),43 and [1,3-(Mes)2-
imidazol-2-ylidene]Au(SC6F5) (182.0 ppm)

38 (Table 2).
The molecular structures of (1−4)d were isostructural with

their chloro analogues (1−4)b exhibiting a linear geometry at
the gold(I) center with the two sides flanked by an acyclic
aminooxy carbene (AAOC) ligand and the perfluorophenyl
thiolate (C6F5S) moiety (Figure 4 and Supporting Information,
Figures S34, S67, and S131 and Table S4). The Au(I)−Ccarbene
bond distances of 2.002(3) Å (1d), 2.028(2) Å (2d), 2.015(4) Å
(3d), and 2.027(4) Å (4d) (Figure 4 and Supporting
Information Figures S34, S67, and S131) are slightly shorter
than the sum of their individual covalent radii [d(Csp

2−Au) =
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2.09 Å]32 but marginally longer than that in the chloro
derivative, 1b [1.984(6) Å], 2b [1.993(3) Å], 3b [1.977(6)
Å], and 4b [1.996(4) Å] (Figure 2 and Supporting Information,
Figures S17, S50, and S114). For reference, the corresponding
distance in the structurally characterized gold(I) N-heterocyclic
carbene complexes are as follows: 1.995(6) Å in [1,3-(Mes)2-
imidazol-2-ylidene]Au(SC6H4COOH),

39 2.013(4) Å in [1-(2-
hydroxycyclohexyl)-3-(benzyl)imidazol-2-ylidene)]Au-
(SC10H7),

43 and 2.001(2) Å in [1,3-(Mes)2-imidazol-2-
ylidene]Au(SC6F5)

38 (Table 2).
The Au−S bond distances of 2.2874(8) Å (1d), 2.2920(7) Å

(2d), 2.2927(12) Å (3d), and 2.2785(11) Å (4d) (Figure 4 and
Table 2 and Supporting Information, Figures S34, S67, and
S131) are significantly shorter than the sum of their individual
covalent radii [d(Au−S) = 2.41 Å].32 In the absence of any
known structurally characterized example of (AAOC)Au-
(SC6F5)-type complexes (AAOC = acyclic aminooxy carbene)
and (ADC)Au(SC6F5)-type complexes (ADC = acyclic diamino
carbene), a comparison is made with the reported imidazole-
based (NHC)Au(SC6F5)

38 and (NHC)Au(SC6H5)-type com-
plexes39−44 (Table 2).
The ∠Au−S−Caryl angle in 1d [99.20(10)°], 2d

[110.49(8)°], 3d [104.88(16)°], and 4d [109.28(15)°] (Figure
4 and Supporting Information, Figures S34, S67, and S131)
compares well with structurally characterized gold(I) N-
heterocyclic carbene complex analogues, namely, [1,3-(Mes)2-
imidazol-2-ylidene]Au(SC6H4COOH) [105.92(19)°],39 [1-(2-
hydroxycyclohexyl)-3-(benzyl)imidazol-2-ylidene)]Au-
(SC10H7) [101.18(14)°],43 and [1,3-(Mes)2-imidazol-2-
ylidene]Au(SC6F5) [106.43(7)°].38
Significantly enough, (1−4)b successfully catalyzed hydro-

hydrazination of terminal aryl acetylenes with p-toluenesulfonyl

hydrazide at 1 mol % of the catalyst loading in the presence of an
equimolar amount of an additive at 95 °C (Table 3 and
Supporting Information, Tables S6 and S7). In this regard, it is
worth noting that significant interest has appeared on gold
catalysis45 lately and also on the nucleophilic additions to
alkynes.46 A series of catalyst optimization studies including
blank runs performed on two representative substrates,
phenylacetylene and p-toluenesulfonyl hydrazide (Supporting
Information, Table S7), and control runs performed with (i) the
representative ligand precursor, {[(2,4,6-t-Bu3-C6H2O)-
(NCy2)]CH}+OTf− (4a) (entry 2 and Supporting Information,
Table S7), (ii) 4a and AgSbF6 (entry 3 and Supporting
Information, Table S7), (iii) (Me2S)AuCl (entry 4 and
Supporting Information, Table S7), (iv) (Me2S)AuCl and
AgSbF6 (entry 5 and Supporting Information, Table S7), (v)
AgSbF6 (entry 6 and Supporting Information, Table S7), (vi)
representative catalyst [{(2,4,6-t-Bu3-C6H2O)(NCy2)}-
methylidene]AuCl (4b) (entry 7 and Supporting Information,
Table S7), and (vii) [{(2,4,6-t-Bu3-C6H2O)(NCy2)}-
methylidene]AuBr3 (4c) and AgSbF6 (entry 10 and Supporting
Information, Table S7) produced little or no product in all of the
cases. In light of these results, the hydrohydrazination reaction
between phenylacetylene and p-toluenesulfonyl hydrazide,
when performed at 1 mol % 4b in the presence of AgSbF6
exhibited a significantly high product (5) yield of ca. 71% (entry
8 and Supporting Information, Table S7), thereby highlighting
the influence of the acyclic aminooxy carbene-stabilized gold(I)
complex (4b) in the catalysis. Interestingly, the perfluorophe-
nylthiolato derivative (AAOC)Au(SC6F5) (4d) in the presence
of AgSbF6 produced ca. 38% of the product (5) (entry 11 and
Supporting Information, Table S7). It is important to note that
AgSbF6 was chosen over other additives after performing a
detailed additive variation study (Supporting Information,
Tables S6 and S7).
The substrate scope was elaborated with several terminal

alkynes by modulating the sterics and electronics with the aid of
different substituents for all of the gold(I) chloro (1−4)b
complexes. The sterically hindered 2b and 4b bearing cyclohexyl
substituents performed better than 1b and 3b bearing sterically
less demanding methyl substituents for a wide spectrum of
electron-rich and electron-poor terminal alkynes substrates
(Table 3).
In the absence of any hydrohydrazination of terminal alkynes

reported for the acyclic aminooxy carbene based (AAOC)AuCl-
type complexes, a comparison of the catalytic activity is made
with that of the structurally characterized N-heterocyclic
carbene-based (NHC)AuCl analogues.5,15,16,47 However, an
exact comparison of the catalysis performance of (1−4)b
complexes cannot be made with the (NHC)AuCl complexes in
the absence of a common substrate reported for these catalysts
with the one used for the catalysis study of the (1−4)b
complexes. Hence, for an exact comparison of the catalysis
performance, the comparison of the activity of (1−4)b with the
(NHC)AuOTf-type complex, [1,3-bis(2,6-diisopropylphenyl)-
hexahydro-2H-1,3-diazepine-2-ylidene]AuOTf12 (Table 4), is
made for the common pair of the substrates, phenylacetylene
and p-toluenesulfonyl hydrazide, used in these two studies. In
particular, at 1 mol % catalyst loading, the (NHC)AuOTf-type
complex, [1,3-bis(2,6-diisopropylphenyl)hexahydro-2H-1,3-di-
azepine-2-ylidene]AuOTf12 (Table 4), produced 5 in 95% yield
at 110 °C in 12 h of reaction time in the absence of any additive
in solvent-free conditions, while mixed yields of 5 were obtained
for 1b (8%), 2b (40%), 3b (18%), and 4b (71%) at 1 mol %

Figure 4. ORTEP of 3d with thermal ellipsoids drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (°): O(1)−C(1) 1.346(5), N(1)−C(1)
1.307(6), C(1)−Au(1) 2.015(4), Au(1)−S(1) 2.2927(12), S(1)−
C(22) 1.770(5), N(1)−C(1)−O(1) 111.3(4), C(1)−Au(1)−S(1)
175.69(12), Au(1)−S(1)−C(22) 104.88(16).
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catalyst loading in 6 h of reaction time in CH3CN at 95 °C and in
the presence of AgSbF6 as an additive. Hence, the (NHC)-
AuOTf-type complex, [1,3-bis(2,6-diisopropylphenyl)-

hexahydro-2H-1,3-diazepine-2-ylidene]AuOTf12 (Table 4),
exhibited superior activity to the (1−4)b complexes. Addition-
ally, at 1 mol % catalyst loading in the presence of 1 mol %

Table 3. Selected Results for the Chloro Derivative of Au(I) Acyclic Aminooxy Carbene (AAOC) (1−4)b Complex-Catalyzed
Hydrohydrazination of Terminal Alkynesa

aReaction conditions: 1:1 ratio of terminal alkynes:hydrazide derivatives; 1 mol % of catalyst (1−4)b; 1 mol % AgSbF6; 5 mL of CH3CN at 95 °C
for 6 h. bIsolated yields (%).
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AgSbF6, the following two benchmark catalysts, [1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene]AuCl48 and [1,3-bis-
(mesityl)imidazol-2-ylidene]AuCl,48 exhibited 63% (entry 2 in
Table 4) and 55% (Entry 3 in Table 4) yields, respectively, under
analogous catalysis conditions. Nonetheless, (1−4)b represent
the first catalytic utility of the acyclic aminooxy carbene-based
(AAOC)AuCl-type complexes in the hydrohydrazination of
terminal alkynes, thereby opening new avenues for exploration
in this newly developed carbene platform.
Based on the mass spectrometry studies, a mechanistic

pathway has been proposed for the hydrohydrazination of
terminal alkynes by the (1−4)b complexes (Scheme 2).
A proposed catalytic cycle49 for the hydrohydrazination

reaction initiates with the formation of the CH3CN bound

gold(I) species of the type [(AAOC)Au(CH3CN)]SbF6 (1−4)
A, upon the treatment of the (AAOC)AuCl-type complexes
with AgSbF6 in CH3CN along with the formation of AgCl
precipitates (Scheme 2). Quite significantly, all of the
[(AAOC)Au(CH3CN)]SbF6-type (1−4)A species have been
characterized by mass spectrometry (Figure 5 and Supporting
Information, Figures S188−S192, S194, and S195). Subsequent
addition of 4-ethynyltoluene to (1−4)A yields the π-complexes
of gold(I) species coordinated to alkyne of the type [(AAOC)-
Au(HC�CPhMe)]SbF6 (1−4)B, which too have been
characterized by mass spectrometry for the representative 3B
species (Figure 6 and Supporting Information, Figure S193).50

The activation of p-toluenesulfonyl hydrazide by coordination
to the metal center in (1−4)B yields the hydrazide-coordinated

Table 4. Comparison of the Reaction Yield of the Product p-CH3C6H4SO2NHNC(CH3)C6H5 (5) Formed in the
Hydrohydrazination Reaction of the Representative Phenylacetylene and p-Toluenesulfonyl Hydrazide Substrates as Catalyzed
by (1−4)b Complexes with the Other Well-Defined Gold−Heteroatom-Stabilized Singlet Carbene Complexes in the Literature

aIsolated yield.
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[(AAOC)Au(HC�CPhMe)(NH2NHSO2C6H4CH3)]SbF6
(1−4)C, which undergo intramolecular hydroamination to give
(1−4)D (Scheme 2). Finally, the hydrogen transfer in (1−4)D
that proceeds via a two-step sequence as corroborated by DFT
studies gives the alkene-coordinated (1−4)E, which in the
presence of 4-ethynyltoluene results in the regeneration of (1−
4)B along with the release of the hydrohydrazinated product (6)
(Scheme 2).51

The isotopic labeling study performed with deuterated
phenylacetylene-d (PhC�CD), synthesized using a modified
procedure,52 showed Markovnikov’s type of hydroamination
reaction resulting in formation of a deuterated analogue
(CH3C6H4SO2NHN=C(CH2D)Ph) (5-d1) along with the
protonated analogue (5) in a ca. 1:2 ratio (Figure 7). The
characteristic resonance for the CH2D moiety in (5-d1)
appeared as a triplet at 2.18 ppm53 in the 1H NMR (Figure 7
and Supporting Information, Figures S196−S199). Similarly, in
the 13C{1H}NMR spectrum, the CH2Dmoiety in 5-d1 appeared

at 13.5 ppm (Figure 7 and Supporting Information, Figures
S196−S199).53
The hydrohydrazination reaction is attracting interest mainly

for their utility in accessing a large variety of organic compound
having anticonvulsant properties.54 These compounds are
primarily used for treating neurological disorders including
epilepsy.54−56 In this backdrop, it is but significant that the
representative gold(I) 2b complex successfully carry out the
hydrohydrazination reaction between a series of terminal
alkynes, namely, phenylacetylene, 4-ethynyltoluene, 1-ethynyl-
4-chlorobenzene, and 1-ethynyl-4-bromobenzene, and acetohy-
drazide giving access to several anticonvulsant compounds (15−
18) (Table 5 and Supporting Information, Figures S172−
S187).55 The two benchmark catalysts 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene]AuCl48 and [1,3-bis-
(mesityl)imidazol-2-ylidene]AuCl48 exhibited comparable
yields for the substrates, phenylacetylene, 4-ethynyltoluene,
and 1-ethynyl-4-bromobenzene, but showed no product with 1-

Scheme 2. Proposed Mechanism for the Chloro Derivative of Au(I) Acyclic Aminooxy Carbene (AAOC) (1−4)b-Catalyzed
Hydrohydrazination of the Representative Substrates, Namely, 4-Ethynyltoluene and p-Toluenesulfonyl Hydrazide
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ethynyl-4-chlorobenzene in the reaction with acetohydrazide
(Table 5).
Density Functional Theory Studies. All DFT calculations

have been performed in the Gaussian suite of program g09.57

The methodology that has been used is the B3LYP-D3
functional along with the basis set SDD for Au atom58 and 6-
31G*59 for other atoms.60,61 Functional choice has been made
on the basis of our previous work62 and some similar work in this
area.63 The single point energies were computed on optimized
geometries with the combination of the B3LYP-D3 functional
and def2-TZVP basis set for all atoms.64 For refining the gas-
phase electronic energies, the Gibbs free energy correction has
been added to the single-point energies obtained from the higher
basis set. The solvation has been modeled in the polarizable
continuum model (PCM),65 and acetonitrile has been taken as
the solvent. The natural bond orbital (NBO) analysis66 and
Wiberg bond order (WBI) analysis67 have been performed with
the same methodology. The optimization of the structures of all
of the (1−4)b precatalysts and two benchmarks (NHC)AuCl
analogues, namely, [1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene]AuCl48 and [1,3-bis(mesityl)imidazol-2-ylidene]-
AuCl,48 showed good agreement with the single-crystal X-ray

diffraction data of these complexes (Supporting Information,
Figures S202 and S203 and Tables S31−S37), thereby
strengthening our confidence in our computational methods
and also leading us to search all possible pathways of the
hydrohydrazination reaction.

13C NMR Chemical Shift Analysis. The 13C NMR
spectroscopic calculations have been performed in ORCA
4.268 version software (Supporting Information, Table S42).
The starting coordinates for the 13C NMR calculations have
been obtained by DFT calculations in the Gaussian09 suite of
programs as stated earlier.57 The B3LYP hybrid functional60,61

has been used along with the RIJK approximation.69 The
Sapporo-DKH3-DZP-2012 basis set has been used for gold
transition metal,70 DKH-def2-TZVP(-f) was used for Cl,70

IGLO-II was used for C,71 and DKH-def2-SVP was used for the
rest of the atoms (O, N, and H).64,72 The same method is also
employed for 13C NMR calculations in the case of TMS.
The computed 13C NMR chemical shifts for (1−4)b and two

benchmarks (NHC)AuCl analogues, namely, [1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene]AuCl48 and [1,3-bis-
(mesityl)imidazol-2-ylidene]AuCl,48 agree well with the ex-
perimentally reported values (Supporting Information, Table

Figure 5. HRMS data of the {[{(2,4,6-t-Bu3-C6H2O)(NMe2)}methylidene]Au(CH3CN)}SbF6 species (3A), detected in the reaction mixture of 1
mol % catalyst (3b) and 1 mol % AgSbF6, 2.5 mL of CH3CN at room temperature. (a) Experimental and (b) simulated pattern of ESI-MS data.

Figure 6. HRMS data of the {[{(2,4,6-t-Bu3-C6H2O)(NMe2)}methylidene]Au(HC�CPhMe)}SbF6 species (3B), detected in the reaction mixture
of 4-ethynyltoluene (0.156 mmol), 1 mol % catalyst (3b), and 1 mol % AgSbF6, 2.5 mL of CH3CN at room temperature. (a) Experimental and (b)
simulated pattern of ESI-MS data.
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S42). For example, for the 2b and 4b complexes that showed
higher yields for the hydrohydrazination reaction, the
experimentally observed (Au−Ccarbene) resonance appeared at
δ ca. 211.6 and 211.8 ppm, respectively, while the computed
values were at δ. 220.5 and 220.6 ppm, respectively, and were in
line with the similar difference between the observed and
computed chemical shifts reported earlier.73 The computed
deshielding observed suggested that the dominant contribution
to the Au−Ccarbene bond arise from the σ character of the
corresponding occupied MO bond as expected. The large
deshielding contributions to our complexes compared to the
benchmark system were found to arise from the paramagnetic
spin-orbit termwhile other contributions are nearly equal.74 The
difference in chemical shift has been attributed to the predictive
power of the generalized gradient approximation (GGA)
functionals in the case of π-donating carbenic carbon atoms.
Another interesting observation is that for the (1−4)b
complexes, this difference in chemical shift between the
observed and the computed values decreases gradually on
moving from deshielding to the shielding region.
Steric Parameter (% Buried Volume) Analysis. The

steric map plot and buried volume (% VBur) of the precatalyst
(1−4)b have been computed using SambVca 2.0 (a web tool for
analyzing catalytic pockets with topographic steric maps).75 The
steric map plot gives the calculated % VBur, which correlates to
the steric factor. Generally, in the steric map plots, an area with a

greater red color indicates a greater steric factor of the catalyst,
while an area with a greater blue color indicates a less steric
factor of the catalyst. Hence, the steric effect of the catalytic
pocket is reduced by moving from the red to blue region. The
calculated steric map plot was generated by entering the default
values of the SambVca 2.0 web tool. The Cartesian coordinate
representation of the steric map plot is given in Figure S200.
The steric map and percent buried volume (% VBur)

calculations for (1−4)b and the two benchmark (NHC)AuCl
analogues, namely, [1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene]AuCl48 and [1,3-bis(mesityl)imidazol-2-ylidene]AuCl-
type complexes,48 were computed, and a comparison was made
as shown in Table 6. A careful scrutiny of the results showed that
sterically demanding precatalysts (4b) having large buried
volumes (% VBur) of 90.0% exhibited a higher yield of 71%.
However, another sterically demanding precatalyst (2b), having
a large-buried volume (% VBur) of 91.3%, showed a modest yield
of 40%, thereby suggesting that apart from the sterics, the
electronics and other factors too play a pivotal role in the
hydrohydrazination catalysis.
Catalytic Pathway. The DFT calculation of a simplified

model species (4b′) and its catalytically relevant CH3CN
coordinated species (A) of the most active (4b) precatalyst was
undertaken in order to reduce the computational cost28a

(Supporting Information, Figures S203 and S204 and Table
S38). The computed structural parameters of these models

Figure 7. 1H NMR (400 MHz) and 13C{1H} NMR (100 MHz) spectra of 5-d1 containing deuterium in its methyl group.
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generally agreed with the X-ray structure reported. . The DFT
result showed that the formation of CH3CN-coordinated
species (A) [(AAOC)Au(NCMe)] formed from the species
4b′ is more favorable than its acetylene coordinated species (A′)
[(AAOC)Au(HC�CPhMe)] with an energy difference of 5.8
kJ/mol with respect to species 4b′ (Supporting Information,
Figure S213). Therefore, for the catalytic process CH3CN-
coordinated species, A has been considered as the starting
precursor28a (see Figure S201 for bond parameters, WBI, and
NBO analysis).
The natural bond order (NBO) analysis of A shows that the

N(1)−C(19) bond has px−px and pz−pz characters having
63.7% and 73.9% occupancy of N(1) orbitals and 36.3% and

26.1% occupancy of C(19) orbitals (Supporting Information,
Figure S206), in concurrence with the double bonded nature of
the N(1)−C(19) bond. In contrast, the other O(1)−C(19)
bond exhibited an overlap between the py−py orbitals with an
occupancy of 68.7% and 31.3% for the O(1) and C(19) orbitals,
respectively, implying a single bond character. The gold(I)metal
center bound to the carbenic C(19) atom showed the 6s orbital
of Au(1) with 26.7% occupancy interacting with the py orbital of
C(19) with 73.3% occupancy. NBO analysis results are further
validated by Wiberg bond index (WBI) analysis that showed a
1.48 bond index for the N(1)−C(19) bond, consistent with a
double bond character, and a single bond value of 1.10 for the
O(1)−C(19) bond, similar to the NBO results. A single bond

Table 5. Synthesis of a Variety of Anticonvulsant Active Compounds by Using Hydrohydrazination of Terminal Alkynes
Catalyzed by the Representative 2b, [1,3-bis(2,6-Diisopropylphenyl)imidazol-2-ylidene]AuCl and [1,3-bis(Mesityl)imidazol-2-
ylidene]AuCl Complexesa

aReaction conditions: 1:1 ratio of terminal alkynes:acetohydrazide; 1 mol % of catalyst 2b or [1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene]AuCl or [1,3-bis(mesityl)imidazol-2-ylidene]AuCl; 1 mol % AgSbF6; 5 mL of CH3CN at 95 °C for 6 h. bIsolated yields (%).
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Table 6. Comparison between Computationally Calculated % VBur and Experimentally Observed % Yield of Product p-
CH3C6H4SO2NHNC(CH3)C6H5 (5) Formed in the Hydrohydrazination Reaction of the Representative Phenylacetylene and p-
Toluenesulfonyl Hydrazide Substrates as Catalyzed by (1−4)b Precatalyst and (NHC)AuCl Analogues [1,3-bis(2,6-
Diisopropylphenyl)imidazol-2-ylidene]AuCl and [1,3-bis(Mesityl)imidazol-2-ylidene]AuCl
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character with a 0.71 Wiberg bond index was observed for the
Au(1)−C(19) bond (Supporting Information, Table S39).
The catalytic cycle is proposed to proceed through any of the

following two pathways: (i) acetylene (HC�CPhMe) coordi-
nation to the gold(I) center in the first step and (ii) the
hydrazide (NH2NHSO2C6H4CH3) coordination to the gold(I)
center in the first step (Scheme 3).
Acetylene Coordination Pathway. In this route, the first

step involves the attack of 4-ethynyltoluene (HC�CPhMe) on
the solvent-coordinated gold(I) metal center of A, resulting in
the transition state TS1 with the release of the coordinated
CH3CN. In this transition state (TS1), gold(I) was three-
coordinated, being bound to the amino alkoxycarbene ligand, 4-
ethynyltoluene (HC�CPhMe), and CH3CN, with an energy
barrier of 62.6 kJ/mol, and produced cationic acetylene bound
gold(I) [(AAOC)Au(HC�CPhMe)]+-type species (B). In
TS1, the detachment of theCH3CNmoiety occurs, as evidenced
by a longer Au(1)−N(2) bond length of 2.424 Å with respect to
that of 2.065 Å in the starting reactant species (A).
Simultaneously, the approach of acetylene to the gold(I) center
is observed from a Au(1)−C(a) bond length of 2.481 Å. The
transition state (TS1) leads to a cationic intermediate species
(B) of the type [(AAOC)Au(HC�CPhMe)]+ that display a
weak interaction with the outgoing CH3CN molecule as

observed from a distance of 3.245 Å (Supporting Information,
Figure S204). Intermediate B has an energy barrier of 30.6 kJ/
mol with regard to the starting reactant species (A). The
acetylene (HC�CPhMe) moiety is bound more tightly to the
gold(I) center in intermediate B as seen from a shorter Au(1)−
C(a) bond distance of 2.190 Å as opposed to that of 2.481 Å in
the TS1 transition state. Subsequent attack of the hydrazide
(NH2NHSO2C6H4CH3) moiety results in transition state TS2
having an energy margin of 53.5 kJ/mol with respect to the
reactant species (A). The∠C(a)−Au(1)−N(3) bond angle that
the acetylene and hydrazide moieties make with the gold(I)
center is 78.5°. The Au(1)−C(a) bond 2.384 Å is extended in
(TS2) as compared to the intermediate species (B) (2.190 Å).
Similarly, an interaction of the approaching hydrazide
(NH2NHSO2C6H4CH3) moiety and the gold(I) center is
observed from an extended Au(1)−N(3) distance of 2.492 Å.
The Au(1)−C(19) distance increases by 0.009 Å in transition
state TS2, as compared to TS1, indicating a greater trans-effect
of the hydrazide (NH2NHSO2C6H4CH3) moiety than that of
the CH3CN moiety. The transition state TS2 leads to the
formation of the intermediate C species, containing a strongly
bound acetylene (HC�CPhMe) moiety, and a weakly bound
hydrazide (NH2NHSO2C6H4CH3) moiety. However, another
possibility exists for the proposedmechanism, in whichTS2may

Scheme 3. ProposedMechanism for Hydrohydrazination of 4-Ethynyltoluene (HC�CPhMe) and p-Toluenesulfonyl Hydrazide
(NH2NHSO2C6H4CH3) by Solvent-Coordinated Starting Species A, Exhibiting an Acetylene and Hydrazide Coordination
Pathway and Proton Transfer Occurring via Another Hydrazide Group Assistance

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01925
ACS Omega 2023, 8, 21042−21073

21057

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01925/suppl_file/ao3c01925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01925/suppl_file/ao3c01925_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01925?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01925?fig=sch3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lead directly to the formation of intermediateD. Such a possible
mechanism has also been reported in the previous literature.23 In
this study, intermediate C formation was found to be more
exothermic by ca. 7.6 kJ/mol than intermediate D formation.
Thus, it can be concluded that intermediate C is more likely to
be formed as it is more stable owing to the energy margin of 23.3
kJ/mol. In particular, the acetylene (HC�CPhMe)-bound
gold(I) center inC exhibits a Au(1)−C(a) bond length of 2.186
Å, while the hydrazide (NH2NHSO2C6H4CH3) moiety can be
seen weakly interacting with the metal center at a Au(1)···N(3)
distance of 3.754 Å. The Wiberg bond index analysis gives a
value of 2.51 for the C(a)−C(b) bond consistent with the triple
bond character for the C(a)−C(b) bond of acetylene (HC�
CPhMe) moiety andWiberg index value of 0.02 for the Au(1)···
N(3) distance, thus indicating a fragile interaction, or a no bond
character, of the hydrazide (NH2NHSO2C6H4CH3) moiety
with the gold(I) center. From intermediateC, the catalytic cycle
further proceeds by a common mechanism for both the
acetylene and hydrazide coordination pathways.
Hydrazide Coordination Pathway. This pathway pro-

ceeds by hydrazide (NH2NHSO2C6H4CH3) coordination to
the gold(I) metal center along with the cleavage of the gold(I)
coordinated CH3CN solvent, giving rise to the transition state
TS1′ with an energy barrier of 64.3 kJ/mol. Here too, the bond
distance between Au(1) and the leaving CH3CNmoiety, i.e., the
Au(1)−N(2) bond is extended as observed from the distance of
2.411 Å as compared to that of 2.065 Å in reactant A. The
approaching hydrazide (NH2NHSO2C6H4CH3) moiety inter-
acts with the gold(I) center at a distance of 2.403 Å. Compared
to the transition stateTS1, where the acetylene (HC�CPhMe)
moiety coordinates first instead of the hydrazide
(NH2NHSO2C6H4CH3) moiety, the bond length between the
gold(I) metal and the solvent CH3CN and between the Au(1)−
C(19) bond is comparatively shorter in the transition stateTS1′
(Supporting Information, Figure S205). Therefore, it can be
seen that the hydrazide (NH2NHSO2C6H4CH3) moiety
coordination makes the Au(1)−C(19) bond order stronger in
the transition state TS1′ than the acetylene (HC�CPhMe)
moiety coordination in the transition stateTS1. It is noteworthy
that the transition state (TS1) is found to be more stable than
the transition state TS1′ by 1.7 kJ/mol, favoring path a
(acetylene coordination pathway). The transition state TS1′
converts to the intermediate species (B′), displaying an energy
barrier of 13.2 kJ/mol with respect to the reactant species (A). In
this cationic [(AAOC)Au(NH2NHSO2C6H4CH3)]+-type spe-
cies (B′), the hydrazide (NH2NHSO2C6H4CH3) moiety is
closely associated with the gold(I) center at a distance of 2.155 Å
and the outgoing CH3CN moiety is disposed far away at a
distance of 3.362 Å. The WBI analysis showed a single bond
character for the Au(1)−N(3) bond due to the bound hydrazide
(NH2NHSO2C6H4CH3) moiety with a WBI value of 0.31 and
the absence of a bond for the outgoing CH3CN moiety having a
WBI value of 0.05 for the Au(1)···N(2) interaction. The
intermediate B′ is thermodynamically more stable by 17.4 kJ/
mol than the intermediate B.
The intermediate B′ undergoes an attack by the acetylene

(HC�CPhMe) moiety to yield the transition state TS2′ with
an energy barrier of 41.5 kJ/mol. In this three-coordinated
hydrazide−acetylene−gold [(AAOC)Au(HC�CPhMe)-
(NH2NHSO2C6H4CH3)]+-type transition state (TS2′), the
gold-hydrazide bond is 2.437 Å as compared to 2.155 Å in the
intermediate B′, and the acetylene (HC�CPhMe) moiety is
attached to the gold(I) center at a distance of 2.511 Å. The

transition state TS2′ is more stable by 12.0 kJ/mol than the
transition state TS2. The bond lengths of both the Au(1)−C(a)
bond and the Au(1)−N(3) bond are observed to be different in
both transition states, and this may be the reason for the energy
difference between the two transition states. The TS2′ leads to
the intermediate C, after which the catalytic cycle proceeds with
a common pathway.
In the next step, the transition state TS3 is formed from the

intermediate species C. In this transition state (TS3), the
hydrazide moiety attacks the acetylene moiety’s second carbon
center C(b) in anti-fashion and forms an acetylene-bonded
hydrazine species as the transition state (TS3) having an energy
penalty of 62.1 kJ/mol with respect to the reactant species (A).
In 1998, Teles et al. observed that the syn addition of alcohols to
the alkyls via nucleophilic attack of the oxygen is more favorable
in the proposed mechanism.76 However, in 2004, Hashmi et al.
found that anti-addition is more favorable in the stereospecific
reaction of the intramolecular carbonyl-oxygen nucleophile
attacks toward the π-coordinated alkyne.77 This contrast from
Teles’s work can be explained by the absence of solvation free-
energy in the earlier study. Our calculations favor the anti-
addition of the hydrazide group with acetylene which is also
supported by the experiments. The barrier computed for the
TS3 is nearly equal to the one computed for the rate-
determining transition (TS1). . Hence, it can be said that the
formation of intermediate speciesD is an important step toward
the intermolecular hydroamination reaction. During the
formation of the transition state, the hydrazide group
approaches the acetylene group at a distance of 2.430 Å, and
simultaneously the C(a)−C(b) distance elongates by 0.030 Å
with respect to C. The addition of the hydrazide proceeds in a
Markovnikov fashion via anti-addition with the C(a)−N(3)
bond formation in the transition state (TS3) that eventually
leads to the intermediate species D. To further investigate, the
outer sphere mechanism also has been attempted by modeling
the TS3′OS. As our attempt to obtain the corresponding
transition state is unsuccessful, we perform a relaxed scan along
the reaction coordinate to estimate the corresponding barrier.
During this transition state, hydrazide group nitrogen N(3)
attacks the C(a) center instead of the C(b) center of the
acetylene group. The calculated energy barrier from the scan
suggests that the outer sphere attack on C(a) center is found to
be higher in energy by 20.3 kJ/mol from the transition stateTS3.
While this is the maximum barrier one can obtain, this and
experiments suggested that this mechanistic route is unfavorable
(Supporting Information, Figure S216). The formation of
intermediate speciesD is observed with an energy barrier of 30.9
kJ/mol with respect to the reactant species (A). The bond
distance between the N(3) atom of the hydrazide moiety and
the C(b) atom of the acetylene moiety is 1.549 Å and is
consistent with the formation of the C−N bond. Also, the
elongation of the C(a)−C(b) distance bond distance 1.269 Å in
TS3 to 1.332 Å in D is in agreement with the reduction in the
bond order of the acetylene group in the intermediate speciesD,
which too has been validated with WBI and NBO analyses
(Supporting Information, Figure S210 and Table S39).
This intermediate species D undergoes a proton transfer that

may proceed by (a) water-assisted proton transfer (Supporting
Information, Scheme S1 and Figure S214) (b) assistance by
another hydrazide molecule (Scheme 3), and (c) a direct proton
transfer from the N(3)-atom of hydrazide moiety to the C(a)-
atom of the acetylene moiety (Supporting Information, Scheme
S2 and Figure S215).
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Water-Assisted Proton Transfer. The water-assisted
proton-transfer proceeds via the five-membered transition
state TS4, in which a water molecule takes up the hydrogen
atom from the N(3) center of the hydrazide moiety and
simultaneously transfers it to the C(a)-atom of the acetylene
moiety to form the alkene product, which has an energy penalty
of 82.8 kJ/mol. This step is found to be the rate-determining

step for the proposed pathway. In this 5-membered ring
transition state, the O(w)−H(a) bond of water is elongated to
1.125 Å, and the C(a)−H(a) bond is formed at 1.625 Å. Also,
the C(a)−C(b) bond distance increases to 1.360 Å from 1.332 Å
in intermediate(D, in line with the formation of the alkene
product. In the next step, the transition stateTS4 converts to the
highly stable intermediate E.

Figure 8. Energy profile diagram of the computed solvent phase free energies (ΔG), at the B3LYP-D3/def2-TZVP level of theory, exhibiting acetylene
coordination pathway (in light blue color) and hydrazide coordination pathway (in orange color) proceeding via another hydrazide group assisted
proton transfer pathway for the hydrohydrazination reaction of 4-ethynyltoluene (HC�CPhMe) and p-toluenesulfonyl hydrazide
(NH2NHSO2C6H4CH3) by a gold(I) catalyst (A) (energy in kJ/mol).
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Hydrazide-Assisted Proton Transfer. In this course of
proton transfer after the formation of intermediate D, another
hydrazide molecule assists in transferring the proton from the
N(3)-atom of the hydrazide moiety to the C(a)-atom of the
acetylene group in a two-step process (Figure 8). In this
hydrogen transfer process, the first step is the formation of a
transition state (TS4′) with an energy barrier of 36.0 kJ/mol.
The energy difference between the intermediate D and the
transition stateTS4′ is 5.1 kJ/mol. The very small energy barrier
value indicates the ease of the hydrazide-assisted proton transfer
process as compared to H2O-assisted hydrogen transfer
pathway. In this hydrogen atom transfer, the N(3)−H bond is
elongated to 1.295 Å, and the second nitrogen center N(5) of a
second hydrazide molecule abstracts the hydrogen atom as seen
from the bond distance of 1.310 Å. The transition state TS4′
culminates in the intermediate (E′). The formation of the
intermediate species E′ is exhibited with an energy barrier of
16.8 kJ/mol with respect to the reactant species (A). The
optimized geometry of the intermediate E′ shows a bond length
of 1.080 Å for the N(5)−H bond, and the bond distance
between acetylene carbon-C(a) atom and hydrogen H-atom
attached from the other hydrazide moiety is 1.845 Å. The
intermediate E′, with the closest distance of the C(a)−H bond
and activated N(5)−H bond, triggers the formation of TS4″,
where a hydrogen transfer from the second hydrazide species to
the carbon center of acetylene occurs. As a result, the
intermediate E′ quickly leads to the transition state TS4″ with
a very low energy barrier of 5.3 kJ/mol with respect to the
intermediate E′. The transition state TS4″ exhibits an extended
N(5)−H bond of 1.338 Å, and hydrogen transfer occurs on the
carbon atom of the acetylene moiety at a distance of 1.387 Å.
Thus, the pre-activation of the N(5)−H bond in the
intermediate E′ facilitates hydrogen atom transfer in the
hydrazide-assisted route than in the H2O-assisted pathway.
Direct Proton Transfer. Furthermore, a possibility exists

that after the formation of intermediate D, the proton directly
transfers from the nitrogen atom of the hydrazide moiety to the
carbon of the acetylene moiety and leads to the formation of the
transition state TS4‴. The calculated output for the transition
state TS4‴ reveals an extremely high energy barrier of 207.6 kJ/
mol as compared to the water-assisted and the other hydrazide
group-assisted pathways, thereby making this possibility highly
unlikely to occur. The high barrier is due to the formation of a
constrained four-membered ring transition state with a ∠C(a)−
H(d)−N(3) bond angle of 102.5°, in which the proton migrates
from the N(3) atom of the hydrazide moiety at a distance of
1.426 Å to the C(a)-atom of the acetylenemoiety at a distance of
1.496 Å. Hence, the direct proton transfer via this transition state
TS4‴ is not a favorable pathway for the hydrohydrazination
reaction.
Thus, the intermolecular hydrogen transfer by all the above-

discussed three pathways leads to the intermediate E. The
formation of alkene species from acetylene leads to an increase
in the σ-interaction as observed by NBO analysis (Supporting
Information, Figure S211). Additionally, the formation of this
more saturated alkene species makes the intermediate E more
stable, as observed from its highly exothermic energy value of
−83.8 kJ/mol. The WBI value of 1.37 clearly points toward the
double bonded character of the C(a)−C(b) bond and also is in
agreement with the observed distance of 1.418 Å for the C(a)−
C(b) bond in tune with the alkene formation. In the next step,
the CH3CN solvent coordinates with the gold(I) center,
resulting in the transition state TS5 having an energy barrier

of −19.1 kJ/mol. The coordination of the solvent CH3CN
concurrently occurs with the bond breaking of the hydro-
hydrazinated species with the gold(I) center in the transition
state (TS5). In particular, the CH3CN initiates bonding with the
Au(I) metal center at 2.328 Å bond length, and the alkene
product begins to cleave at 2.569 Å bond length. In the final step
of the mechanism, the alkene product is completely dissociated
from the Au(I) metal center and again regenerates the reactive
species (A). This regeneration step is found to be very
exothermic by an energy margin of −76.7 kJ/mol. This
exothermicity explains the feasibility of the alkene product
formation of compound 6.

■ CONCLUSIONS
In summary, a series four acyclic aminooxy carbene (AAOC)
ligand precursors, namely, {(4-R2−2,6-t-Bu2-C6H2O)(N(R1)2)-
CH}+OTf− (where R2 = H, R1 =Me; R2 = H, R1 = Cy; R2 = t-Bu,
R1 = Me; R2 = t-Bu, R1 = Cy) (1−4)a, were synthesized and
successfully employed as a platform for developing the gold(I)
and gold(III) chemistry through a series reactivity studies.
Specifically, the gold(I) (AAOC)AuCl-type (1−4)b complexes
were synthesized from the AAOC ligand precursors (1−4)a by
direct metalation with (Me2S)AuCl and NaH as a base. Further
treatment of (1−4)b with molecular bromine yielded the
gold(III) (AAOC)AuBr3-type (1−4)c complexes while the
gold(I) (AAOC)Au(SC6F5)-type (1−4)d complexes were
synthesized by the treatment of (1−4)b with C6F5SH. Quite
significantly, the gold(III) (AAOC)AuBr3-type (1−4)c com-
plexes and the gold(I) (AAOC)Au(SC6F5)-type (1−4)d
complexes represent the only reported structurally characterized
examples supported over any acyclic aminooxy carbene
(AAOC) ligand. Significantly enough, the gold(I) (AAOC)-
AuCl-type (1−4)b complexes successfully catalyzed the hydro-
hydrazination of terminal alkynes with p-toluenesulfonyl
hydrazide yielding several substituted hydrazone derivatives
(5−14). Several important catalytic intermediates, like
[(AAOC)Au(CH3CN)]SbF6 species (1−4)A and alkyne
coordinated intermediate {[{(2,4,6-t-Bu3-C6H2O)(NMe2)}-
methylidene]Au(HC�CPhMe)}SbF6 species (3B) have been
detected by mass spectrometry.
Additionally, two mechanistic pathways have been explored

by employing DFT methods. The first step, which is the
acetylene coordination pathway or hydrazide coordination
pathway, leads to two mechanistic pathways named the
acetylene coordination pathway and hydrazide coordination
pathway, respectively. It is mainly concluded from the computed
results of these two pathways that the acetylene coordination
pathway was more favorable than the hydrazide coordination
pathway by a 1.7 kJ/mol energy difference. Both the acetylene
and hydrazide coordination pathways end with the formation of
the common intermediate C. After which, the reaction proceeds
with a common transition state TS3, and intermediate D. After
intermediateD formation, intermolecular proton transfer occurs
through three pathways, including the water-assisted pathway,
another hydrazide group-assisted pathway, and the direct proton
transfer pathway. The DFT calculations showed the hydrazide
coordination pathway to be the most favorable pathway. The
total energy passage through the hydrazide-assisted pathway is
found to be exothermic by −76.7 kJ/mol. The major factor that
plays an important role in the fast reactivity of the hydrazide-
assisted pathway case is the pre-activation of the N−H bond in
the intermediate E′. Finally, it should be mentioned that steric
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effects have played a role along with the electronic effects in the
whole mechanistic pathway.
Furthermore, gold(I) (AAOC)AuCl-type (2b) complexes

were successfully employed in synthesizing a series of bioactive
acetylhydrazone derivatives (15−18) with anticonvulsant
properties. The results obtained in the current study would
push forward the cause of gold catalysis with acyclic aminooxy
carbene ligands.

■ EXPERIMENTAL SECTION
General Procedures. All manipulations were carried out

using standard Schlenk techniques. Solvents were purified and
degassed by standard procedures. Phenylacetylene-d was
synthesized with the help of a procedure reported in the
literature.52 Dicyclohexyl amine,N,N-dimethylformamide,N,N-
di-i-propylethylamine, trifluoromethanesulfonic anhydride, 2,6-
di-t-butylphenol, and NaH were purchased from Spectrochem
Chemicals (India), and 2,4,6-tri-t-butylphenol was purchased
from Sigma Aldrich Chemicals (India) and used without any
further purification. 1H, 13C{1H}, and 19F{1H} NMR spectra
were recorded on Bruker 400 MHz and Bruker 500 MHz NMR
spectrometers. 1H NMR peaks are labeled as singlet (s), doublet
(d), triplet (t), and multiplet (m). N,N-dicyclohexylformamide
was synthesized with the help of procedures reported in the
literature.78 Gold precursor (Me2S)AuCl was synthesized with
the help of a procedure reported in the literature.79 [1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene]AuCl and [1,3-bis-
(mesityl)imidazol-2-ylidene]AuCl were synthesized with the
help of a procedure reported in the literature.48 High-resolution
mass spectrometry measurements were done on aMicromass Q-
Tof spectrometer and a Bruker maxis impact spectrometer.
Infrared spectra were recorded on a Perkin Elmer SpectrumOne
FT-IR spectrometer. Elemental analysis was carried out on a
Thermo Quest FLASH 1112 SERIES (CHNS) Elemental
Analyser. X-ray diffraction data were collected for compounds
1a, 1b, 2b, 2c, 3a, 4b, and 4c on a Rigaku Saturn 724+ CCD
single crystal X-ray diffractometer with Mo Kα (0.71073)
radiation, whereas for compounds 1c, 1d, 2d, 3b, 3c, 3d, and 4d,
the X-ray data were collected on a Bruker D8 QUEST single
crystal X-ray diffractometer with Mo Kα (0.71073) radiation.
Both the Bruker D8 QUEST and Rigaku Saturn 724+ CCD
single crystal X-ray diffractometer were equipped with an
Oxford liquid nitrogen cryostream. Crystals were mounted on a
nylon loop with paraffin oil. The structures were solved via the
direct method using SHELXT and refined via the full matrix
least-squares method with SHELXL-2018/3, refining on F2.80

Crystal data collection and refinement parameters are
summarized in Tables S1−S4, and CCDC for the AAOC ligand
precursor CCDC-1936844 (for 1a), CCDC-1949239 (for 3a),
and for the gold complexes CCDC-1949238 (for 1b), CCDC-
2071056 (for 1c), CCDC-2152819 (for 1d), CCDC-1974061
(for 2b), CCDC-1989852 (for 2c), CCDC-2102959 (for 2d),
CCDC-1980626 (for 3b), CCDC-2071055 (for 3c), CCDC-
2156345 (for 3d), CCDC-1974062 (for 4b), CCDC-1989853
(for 4c), CCDC-2099515 (for 4d) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
Synthesis of {[(2,6-t-Bu2-C6H3O)(NMe2)]CH}+OTf− (1a).

(CH3)2NCHO (10.1 g, 136 mmol) was dissolved in dry CH2Cl2
(ca. 15 mL) and cooled to ca.−78 °C. Tf2O (14.8 g, 52.6 mmol)
was added dropwise and then stirred at the same temperature for
15 min. The reaction mixture was then allowed to warm to room

temperature and further stirred for 1 h until a colorless solid
precipitated. The precipitation was completed by the addition of
Et2O (ca. 10 mL). After the removal of the solvent by cannula
filtration, the residue was further washed with Et2O (ca. 2 × 10
mL). After addition of CH2Cl2 (10 mL), the resultant
suspension was cooled to ca. −78 °C and then a solution of
2,6-di-tert-butylphenol (14.2 g, 68.8 mmol) and iPr2NEt (8.82 g,
68.2 mmol) in CH2Cl2 (ca. 5 mL) was added dropwise. The
reaction mixture was further stirred for 30 min at the same
temperature and then allowed to stir for 2 h at room
temperature, during which a red solid was obtained. The
volatiles were removed in vacuo, and the residue was redissolved
in CH2Cl2 (ca. 150 mL) and washed with water (ca. 2× 50 mL).
The collected organic layer was dried over anhydrous Na2SO4
and evaporated in vacuo. The pure product (1a) was obtained by
the trituration in CHCl3/Et2O as a colorless solid (4.26 g, 20%).
1H NMR (CDCl3, 400 MHZ, 25 °C): δ ppm, 9.01 (s, 1H,
NCHO), 7.36 (d, 2H, 3JHH = 8 Hz, C6H3), 7.26 (t, 1H, 3JHH = 6
Hz, C6H3), 3.73 (s, 3H, NCH3), 3.60 (s, 3H, NCH3), 1.33 (s,
18H, 2C(CH3)3). 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ
ppm, 168.1 (NCHO), 152.3 (ipso-C6H3), 141.6 (o-C6H3), 128.4
(p-C6H3), 127.4 (m-C6H3), 120.3, (q, 1JCF = 318 Hz, CF3SO3),
42.1 (NCH3), 37.6 (NCH3), 35.1 (2C(CH3)3), 31.7 (2C-
(CH3)3). 19F{1H} NMR (CDCl3, 470 MHZ, 25 °C): δ ppm,
−78.69 (s, 3F, CF3SO3). IR data (cm−1) KBr pellet: 3421 (br),
2973 (m), 1705 (s), 1410 (m), 1277 (s), 1254 (s), 1156 (m),
1096 (w), 1032 (w), 750 (w), 639 (w). HRMS (ESI): m/z
262.2159 [C17H28NO]+, Calcd. 262.2165. Anal. Calcd. for
C18H28F3NO4S: C, 52.54; H, 6.86; N, 3.40; S, 7.79. Found: C,
52.80; H, 6.82; N, 2.94; S, 7.55%.
Synthesis of [{(2,6-t-Bu2-C6H3O)(NMe2)}methylidene]-

AuCl (1b). {[(2,6-t-Bu2-C6H3O)(NMe2)]CH}+OTf− (1a)
(0.150 g, 0.364 mmol), NaH (0.087 g, 3.64 mmol), and
(Me2S)AuCl (0.107 g, 0.364 mmol) were taken in a round-
bottom flask under a nitrogen atmosphere, and dry THF (ca. 30
mL) was added to it at ca. −78 °C. The reaction mixture was
stirred for 30 min at the same temperature and further stirred for
the 2 h at room temperature. The volatiles were removed in
vacuo, and the residue was purified by column chromatography
using neutral alumina as the stationary phase and CH2Cl2 as the
mobile phase to give the pure product (1b) as a colorless solid
(0.076 g, 43%). 1H NMR (CDCl3, 400 MHZ, 25 °C): δ ppm,
7.34 (d, 2H, 3JHH = 8Hz, C6H3), 7.21 (t, 1H, 3JHH = 8Hz, C6H3),
3.71 (s, 3H, NCH3), 3.36 (s, 3H, NCH3), 1.37 (s, 18H,
2C(CH3)3). 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ ppm,
210.3 (Au-Ccarbene), 153.6 (ipso-C6H3), 142.1 (o-C6H3), 127.2
(m-C6H3), 126.5 (p-C6H3), 44.7 (NCH3), 37.1 (NCH3), 35.5
(2C(CH3)3), 32.6 (2C(CH3)3). IR data (cm−1) KBr pellet: 3446
(w), 2967 (s), 2873 (w), 1582 (s), 1571 (w), 1482 (w), 1407
(s), 1361 (w), 1278 (s), 1262 (w), 1212 (s), 1140 (w), 1111
(m), 1047 (w), 926 (w), 883 (w), 801 (w), 760 (w), 592 (w).
HRMS (ESI): m/z 516.1330 [C17H27AuClNO + Na]+ Calcd.
516.1339. Anal. Calcd. for C17H27AuClNO: C, 41.35; H, 5.51;
N, 2.84. Found: C, 41.35; H, 5.34; N, 2.76%.
Synthesis of [{(2,6-t-Bu2-C6H3O)(NMe2)}methylidene]-

AuBr3 (1c). A mixture of [{(2,6-t-Bu2-C6H3O)(NMe2)}-
methylidene]AuCl (1b) (0.030 g, 0.061 mmol) and Br2
(0.031 g, 0.194 mmol) in CH2Cl2 (ca. 10 mL) was stirred for
the 1 h at room temperature, after which the volatiles were
removed in vacuo. The residue was washed with pentane (ca. 3×
5 mL) and dried under vacuum to give the product 1c as an
orange solid (0.041 g, 95%). 1H NMR (CDCl3, 400 MHZ, 25
°C): δ ppm, 7.38−7.30 (m, 3H, C6H3), 3.81 (s, 3H, NCH3),
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3.63 (s, 3H, NCH3), 1.56 (s, 9H, C(CH3)3), 1.45 (s, 9H,
C(CH3)3). 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ ppm,
182.8 (Au-Ccarbene), 149.5 (ipso-C6H3), 142.6 (p-C6H3), 128.1
(o-C6H3), 127.7 (m-C6H3), 45.7 (NCH3), 41.7 (NCH3), 32.9
(2C(CH3)3), 32.7 (2C(CH3)3). IR data (cm−1) KBr pellet: 3328
(m), 2965 (s), 2872 (w), 2186 (w), 1715 (s), 1582 (s), 1481
(m), 1408 (m), 1362 (m), 1262 (s), 1211 (s), 1111 (w), 1022
(w), 941 (w), 883 (w), 842 (w), 801 (w), 771 (w), 760 (w).
Anal. Calcd. for C17H27AuBr3NO: C, 29.25; H, 3.90; N, 2.01.
Found: C, 29.63; H, 4.23; N, 2.55%.
Synthesis of [{(2,6-t-Bu2-C6H3O)(NMe2)}methylidene]-

Au(SC6F5) (1d). The [{(2,6-t-Bu2-C6H3O)(NMe2)}-
methylidene]AuCl (1b) (0.075 g, 0.151 mmol) and C6F5SH
(0.091 g, 0.453 mmol) was stirred in the presence of K2CO3
(0.208 g, 1.51 mmol) in CH2Cl2 (ca. 20 mL) at room
temperature for 4 h. The reaction mixture was filtered through
Celite, and the solvent was evaporated. The residue was dried
under vacuum to give the product (1d) as a colorless solid
(0.065 g, 65%). 1H NMR (CDCl3, 500 MHZ, 25 °C): δ ppm,
7.14 (d, 2H, 3JHH = 8Hz, C6H3), 6.95 (t, 1H, 3JHH = 8Hz, C6H3),
3.69 (s, 3H, NCH3), 3.33 (s, 3H, NCH3), 1.34 (s, 18H,
2C(CH3)3). 13C{1H} NMR (CDCl3, 125 MHz, 25 °C): δ ppm,
217.0 (Au-Ccarbene), 153.3 (ipso-C6H3), 142.1 (o-C6H3), 126.6
(m-C6H3), 125.6 (p-C6H3), 44.2 (NCH3), 36.9 (NCH3), 35.5
(2C(CH3)3), 32.5 (2C(CH3)3). 19F{1H} NMR (CDCl3, 376
MHZ, 25 °C): δ ppm,−132.09 (dd, 2F, 3JFF = 26Hz, 4JFF = 8Hz,
o-C6F5), −163.22 (t, 1F, 3JFF = 23 Hz, p-C6F5), −164.87 (t, 2F,
3JFF = 20Hz,m-C6F5). IR data (cm−1) KBr pellet: 2963 (s), 1580
(s), 1504 (s), 1477 (s), 1407 (m), 1363 (w), 1278 (m), 1203
(s), 1140 (w), 1109 (w), 1080 (m), 1013 (m), 970 (s), 854 (m),
803 (w), 762 (w). HRMS (ESI): m/z 680.1294
[C23H27AuF5NOS + Na]+ Calcd. 680.1291. Anal. Calcd. for
C23H27AuF5NOS: C, 42.02; H, 4.14; N, 2.13; S, 4.88. Found: C,
41.71; H, 4.16; N, 1.91; S,4.70%.
Synthesis of {[(2,6-t-Bu2-C6H3O)(NCy2)]CH}+OTf− (2a).

Cy2NCHO (4.05 g, 19.3 mmol) was dissolved in dry CH2Cl2
(ca. 10 mL) and cooled to ca.−78 °C. Tf2O (2.72 g, 9.65 mmol)
was added dropwise and then stirred at the same temperature for
20 min. The reaction mixture was then allowed to warm to room
temperature and further stirred for 2 h until a colorless solid
precipitated. The precipitation was completed by the addition of
Et2O (ca. 10 mL). After the removal of the solvent by cannula
filtration, the residue was further washed with Et2O (ca. 2 × 10
mL). After addition of CH2Cl2 (15 mL), the resultant
suspension was cooled to ca. −78 °C and then a solution of
2,6-di-tert-butylphenol (1.98 g, 9.65 mmol) and iPr2NEt (1.24 g,
9.65 mmol) in CH2Cl2 (ca. 5 mL) was added dropwise. The
reaction mixture was further stirred for the 30 min at the same
temperature and then allowed to stir for 2 h at room
temperature, during which a red solid was obtained. The
volatiles were removed in vacuo, and the residue was redissolved
in CH2Cl2 (ca. 100 mL) and washed with water (ca. 2× 30 mL).
The collected organic layer was dried over anhydrous Na2SO4
and evaporated in vacuo. The pure product (2a) was obtained by
trituration in CHCl3/Et2O as a colorless solid (2.68 g, 51%). 1H
NMR (CDCl3, 400 MHZ, 25 °C): δ ppm, 9.25 (s, 1H, NCHO),
7.37 (d, 2H, 3JHH = 8Hz, C6H3), 7.28 (t, 1H, 3JHH = 7Hz, C6H3),
4.64−4.60 (m, 1H, NC6H11), 3.75−3.69 (m, 1H, NC6H11),
2.05−1.79 (m, 16H, 2C6H11), 1.61−1.41 (m, 4H, 2C6H11), 1.34
(s, 18H, 2C(CH3)3). 13C{1H}NMR (CDCl3, 100MHz, 25 °C):
δ ppm, 169.0 (NCHO), 152.5 (ipso-C6H3), 141.1 (o-C6H3),
128.3 (p-C6H3), 127.3 (m-C6H3), 120.4, (q, 1JCF = 319 Hz,
CF3SO3), 60.0 (NC6H11), 59.4 (NC6H11), 35.0 (2C(CH3)3),

33.3 (C6H11), 31.6 (2C(CH3)3), 29.0 (C6H11), 25.8 (C6H11),
24.9 (C6H11), 24.3 (C6H11), 23.4 (C6H11). 19F{1H} NMR
(CDCl3, 470 MHZ, 25 °C): δ ppm, −78.38 (s, 3F, CF3SO3). IR
data (cm−1) KBr pellet: 2939 (s), 2868 (w), 1651 (s), 1452 (w),
1409 (w), 1322 (w), 1257 (s), 1157 (s), 1110 (w), 1033 (w),
638 (m). HRMS (ESI): m/z 398.3421 [C27H44NO]+ Calcd.
398.3417. Anal. Calcd. for C28H44F3NO4S: C, 61.40; H, 8.10; N,
2.56; S, 5.85. Found: C, 61.40; H, 7.83; N, 2.10; S, 5.80%.
Synthesis of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]-

AuCl (2b). {[(2,6-t-Bu2-C6H3O)(NCy2)]CH}+OTf− (2a)
(0.150 g, 0.273 mmol), NaH (0.065 g, 2.73 mmol), and
(Me2S)AuCl (0.079 g, 0.273 mmol) were taken in a round-
bottom flask under a nitrogen atmosphere, and dry THF (ca. 30
mL) was added to it at ca. −78 °C. The reaction mixture was
stirred for 30 min at same temperature and further stirred for 2 h
at room temperature. After that, the reaction mixture was
evaporated. The volatiles were removed in vacuo, and the residue
was purified by column chromatography using neutral alumina
as the stationary phase and CH2Cl2 as the mobile phase to give
the pure product (2b) as a colorless solid (0.107 g, 62%). 1H
NMR (CDCl3, 400 MHZ, 25 °C): δ ppm, 7.33 (d, 2H, 3JHH = 8
Hz, C6H3), 7.21 (t, 1H, 3JHH = 8 Hz, C6H3), 4.93−4.87 (m, 1H,
NC6H11), 3.21 (br, 1H, NC6H11), 1.95−1.64 (m, 13H, 2C6H11),
1.61−1.42 (m, 7H, 2C6H11), 1.37 (s, 18H, 2C(CH3)3). 13C{1H}
NMR (CDCl3, 100 MHz, 25 °C): δ ppm, 211.6 (Au-Ccarbene),
155.4 (ipso-C6H3), 141.8 (o-C6H3), 127.1 (m-C6H3), 126.3 (p-
C6H3), 59.3 (NC6H11), 58.4 (NC6H11), 35.4 (2C(CH3)3), 34.3
(C6H11), 32.3 (2C(CH3)3), 29.7 (C6H11), 26.5 (C6H11), 25.3
(C6H11), 25.0 (C6H11), 24.8 (C6H11). IR data (cm−1) KBr pellet:
3444 (m), 2934 (s), 2854 (w), 1628 (w), 1524 (s), 1449 (w),
1414 (w), 1378 (w), 1319 (w), 1270 (w), 1218 (m), 1191 (m),
1144 (w), 1118 (w), 1033 (w), 898 (w), 753 (w), 622 (w).
HRMS (ESI): m/z 652.2597 [C27H43AuClNO + Na]+ Calcd.
652.2591. Anal. Calcd. for C27H43AuClNO: C, 51.47; H, 6.88;
N, 2.22. Found: C, 52.08; H, 7.34; N, 1.84%.
Synthesis of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]-

AuBr3 (2c). A mixture of [{(2,6-t-Bu2-C6H3O)(NCy2)}-
methylidene]AuCl (2b) (0.050 g, 0.079 mmol) and Br2
(0.037 g, 0.237 mmol) in CH2Cl2 (ca. 15 mL) was stirred for
1.5 h at room temperature, after which the volatiles were
removed in vacuo. The residue was washed with pentane and
dried under vacuum to give the product 2c as an orange solid
(0.049 g, 75%). 1H NMR (CDCl3, 400 MHZ, 25 °C): δ ppm,
7.39 (d, 2H, 3JHH = 8Hz, C6H3), 7.33 (t, 1H, 3JHH = 8Hz, C6H3),
5.14 (br, 1H, NC6H11), 4.97 (br, 1H, NC6H11), 2.28−1.95 (m,
12H, 2C6H11), 1.91−1.70 (m, 8H, 2C6H11), 1.45 (s, 9H,
C(CH3)3), 1.43 (s, 9H, C(CH3)3). 13C{1H} NMR (CDCl3, 100
MHz, 25 °C): δ ppm, 182.9 (Au-Ccarbene), 150.1 (ipso-C6H3),
142.9 (p-C6H3), 128.6 (o-C6H3), 127.7 (m-C6H3), 70.4
(NC6H11), 64.3 (NC6H11), 37.7 (C6H11), 37.1 (C6H11), 33.0
(C(CH3)3), 32.7 (C(CH3)3), 26.4 (C6H11), 26.3 (C6H11), 25.1
(C6H11), 25.0 (C6H11). IR data (cm−1) KBr pellet: 3853 (w),
3444 (w), 2933 (s), 2855 (w), 2355 (w), 1525 (w), 1449 (w),
1412 (w), 1319 (w), 1269 (w), 1206 (m) 989 (w), 897 (w), 782
(w). Anal. Calcd. for C27H43AuBr3NO: C, 38.87; H, 5.20; N,
1.68. Found: C, 38.10; H, 4.73; N, 1.69%.
Synthesis of [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]-

Au(SC6F5) (2d). [{(2,6-t-Bu2-C6H3O)(NCy2)}methylidene]-
AuCl (2b) (0.040 g, 0.072 mmol) and C6F5SH (0.043 g, 0.219
mmol) were stirred in the presence of K2CO3 (0.101 g, 0.727
mmol) in CH2Cl2 (ca. 30 mL) at room temperature for 3.5 h.
The reactionmixture was filtered through Celite, and the solvent
was evaporated. The residue was dried under vacuum to give the
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product 2d as a colorless solid (0.031 g, 61%). 1H NMR
(CDCl3, 400 MHZ, 25 °C): δ ppm, 7.11 (d, 2H, 3JHH = 8 Hz,
C6H3), 6.87 (t, 1H, 3JHH = 8 Hz, C6H3), 4.88−4.82 (m, 1H,
NC6H11), 3.12−3.10 (m, 1H, NC6H11), 1.95−1.74 (m, 11H,
2C6H11), 1.64−1.38 (m, 9H, 2C6H11), 1.35 (s, 18H, 2C-
(CH3)3). 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ ppm,
218.7 (Au-Ccarbene), 154.9 (ipso-C6H3), 142.0 (o-C6H3), 126.4
(m-C6H3), 125.1 (p-C6H3), 59.1 (NC6H11), 58.1 (NC6H11),
35.4 (2C(CH3)3), 34.4 (C6H11), 32.3 (2C(CH3)3), 29.7
(C6H11), 26.5 (C6H11), 25.3 (C6H11), 25.0 (C6H11), 24.8
(C6H11). 19F{1H} NMR (CDCl3, 376 MHZ, 25 °C): δ ppm,
−132.15 (dd, 2F, 3JFF = 26 Hz, 4JFF = 8 Hz, o-C6F5), −163.55 (t,
1F, 3JFF = 22 Hz, p-C6F5),−165.14 (t, 2F, 3JFF = 26 Hz,m-C6F5).
IR data (cm−1) KBr pellet: 2938 (s), 2854 (w), 1532 (w), 1507
(m), 1475 (s), 1415 (w), 1264 (m), 1196 (s), 1076 (w), 1033
(w), 971 (w), 859 (w), 644 (w). HRMS (ESI): m/z 816.2541
[C33H43AuF5NOS + Na]+ Calcd. 816.2543. Anal. Calcd. for
C33H43AuF5NOS: C, 49.94; H, 5.46; N, 1.75, S, 4.04. Found: C,
50.01; H, 5.15; N, 1.37, S, 4.25%.
Synthesis of {[(2,4,6-t-Bu3-C6H2O)(NMe2)]CH}+OTf−

(3a). (CH3)2NCHO (5.01 g, 68.4 mmol) was dissolved in dry
CH2Cl2 (ca. 10 mL) and cooled to ca. −78 °C. Tf2O (9.64 g,
34.2 mmol) was added dropwise and then stirred at the same
temperature for 20 min. The reaction mixture was then allowed
to warm to room temperature and further stirred for 1 h until a
colorless solid precipitated. The precipitation was completed by
the addition of Et2O (ca. 10 mL). After the removal of the
solvent by cannula filtration, the residue was further washed with
Et2O (ca. 2 × 10 mL). After addition of CH2Cl2 (10 mL), the
resultant suspension was cooled to ca. −78 °C and then a
solution of 2,4,6-tri-tert-butylphenol (8.97 g, 34.2 mmol) and
iPr2NEt (4.42 g, 34.2 mmol) in CH2Cl2 (ca. 10 mL) was added
dropwise. The reaction mixture was further stirred for 30 min at
the same temperature and then allowed to stir for 2 h at room
temperature, during which a red solid was obtained. The
volatiles were removed in vacuo, and the residue was redissolved
in CH2Cl2 (ca. 100 mL) and washed with water (ca. 2× 30 mL).
The collected organic layer was dried over anhydrous Na2SO4
and evaporated in vacuo. The pure product (3a) was obtained by
trituration in CHCl3/Et2O as a light-yellow solid (2.34 g, 14%).
1H NMR (CDCl3, 400 MHZ, 25 °C): δ ppm, 8.93 (s, 1H,
NCHO), 7.36 (s, 2H, C6H2), 3.75 (s, 3H, NCH3), 3.60 (s, 3H,
NCH3), 1.34 (s, 18H, 2C(CH3)3), 1.31 (s, 9H, C(CH3)3).
13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ ppm, 68.2
(NCHO), 150.6 (ipso-C6H2), 150.1 (p-C6H2), 140.6 (o-C6H2),
124.3 (m-C6H2), 120.3 (q, 1JCF = 318 Hz, CF3SO3), 42.2
(NCH3), 37.5 (NCH3), 35.3 (2C(CH3)3), 35.1 (2C(CH3)3),
31.8 (2C(CH3)3), 31.2 (C(CH3)3). 19F{1H} NMR (CDCl3, 470
MHZ, 25 °C): δ ppm, −78.70 (s, 3F, CF3SO3). IR data (cm−1)
KBr pellet: 3585 (m), 3514 (w), 2965 (s), 1703 (s), 1426 (w),
1364 (w), 1276 (s), 1247 (m), 1165 (m), 1094 (w), 1031 (w),
808 (w), 645 (w), 518 (w). HRMS (ESI): m/z 318.2794
[C21H36NO]+ Calcd 318.2791. Anal. Calcd. for C22H36F3NO4S:
C, 56.51; H, 7.76; N, 3.00; S, 6.86. Found: C, 55.69; H, 6.90; N,
2.42; S, 7.38%.
Synthes is of [ { (2 ,4 ,6- t -Bu3-C6H2O)(NMe2) } -

methylidene]AuCl (3b). {[(2,4,6-t-Bu3-C6H2O)(NMe2)]-
CH}+OTf− (3a) (0.150 g, 0.321 mmol), NaH (0.077 g, 3.21
mmol), and (Me2S)AuCl (0.094 g, 0.321 mmol) were taken in a
round-bottom flask under a nitrogen atmosphere, and dry THF
(ca. 30 mL) was added to it at ca. −78 °C. The reaction mixture
was stirred for 30 min at the same temperature and further

stirred for 2 h at room temperature. The volatiles were removed
in vacuo, and the residue was purified by column chromatog-
raphy using neutral alumina as the stationary phase and CH2Cl2
as the mobile phase to give the pure product 3b as a colorless
solid (0.059 g, 33%). 1H NMR (CDCl3, 400 MHZ, 25 °C): δ
ppm, 7.33 (s, 2H, C6H2), 3.70 (s, 3H, NCH3), 3.34 (s, 3H,
NCH3), 1.37 (s, 18H, 2C(CH3)3), 1.32 (s, 9H, C(CH3)3).
13C{1H} NMR (CDCl3, 125 MHz, 25 °C): δ ppm, 210.5 (Au-
Ccarbene), 151.4 (ipso-C6H2), 148.5 (p-C6H2), 140.9 (o-C6H2),
124.1 (m-C6H2), 44.7 (NCH3), 37.1 (NCH3), 35.7 (2C-
(CH3)3), 34.9 (C(CH3)3), 32.7 (2C(CH3)3), 31.4 (C(CH3)3).
IR data (cm−1) KBr pellet: 3853 (w), 3735 (w), 3444 (w), 3005
(w), 2963 (s), 2907 (w), 2872 (w), 1596 (m), 1578 (s), 1477
(m), 1450 (m), 1428 (m), 1409 (m), 1395 (w), 1362 (w), 1282
(m), 1220 (s), 1138 (w), 1107 (w), 1051 (w), 926 (w), 882 (w),
816 (w), 768 (w), 588 (w). HRMS (ESI): m/z 572.1958
[C21H35AuClNO + Na]+ Calcd. 572.1965. Anal. Calcd. for
C21H35AuClNO:C, 45.87; H, 6.42; N, 2.55. Found: C, 45.87; H,
6.25; N, 2.41%.
Synthes is of [ { (2 ,4 ,6- t -Bu3-C6H2O)(NMe2) } -

methylidene]AuBr3 (3c). A mixture of [{(2,4,6-t-Bu3-
C6H2O)(NMe2)}methylidene]AuCl (3b) (0.060 g, 0.109
mmol) and Br2 (0.052 g, 0.327 mmol) in CH2Cl2 (ca. 15 mL)
was stirred for 1.5 h at room temperature, after which the
volatiles were removed in vacuo. The residue was washed with
pentane and dried under vacuum to give the product 3c as an
orange solid (0.028 g, 35%). 1H NMR (CDCl3, 400 MHZ, 25
°C): δ ppm, 7.32 (s, 2H, C6H2), 3.74 (s, 3H, NCH3), 3.62 (s,
3H, NCH3), 1.46 (s, 18H, 2C(CH3)3), 1.32 (s, 9H, C(CH3)3).
13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ ppm, 183.2 (Au-
Ccarbene), 148.4 (ipso-C6H2), 147.7 (p-C6H2), 140.9 (o-C6H2),
124.1 (m-C6H2), 45.9 (NCH3), 41.7 (NCH3), 37.7 (C(CH3)3),
34.8 (C(CH3)3), 32.9 (2C(CH3)3), 31.4 (2C(CH3)3). IR data
(cm−1) KBr pellet: 3855 (w), 3747 (w), 3444 (w), 2962 (s),
2907 (w), 2872 (w), 2370 (w), 1612 (s), 1463 (w), 1424 (w),
1412 (w), 1396 (w), 1363 (w), 1283 (s), 1237 (s), 1137 (w),
1093 (w), 1048 (w), 924 (w), 879 (w), 813 (w), 757 (w), 650
(w), 605 (w), 540 (w). Anal. Calcd. for C21H35AuBr3NO: C,
33.44; H, 4.68; N, 1.86. Found: C, 33.40; H, 4.73; N, 1.86%.
Synthes is of [ { (2 ,4 ,6- t -Bu3-C6H2O)(NMe2) } -

methylidene]Au(SC6F5) (3d). [{(2,4,6-t-Bu3-C6H2O)-
(NMe2)}methylidene]AuCl (3b) (0.045 g, 0.082 mmol) and
C6F5SH (0.049 g, 0.246 mmol) was stirred in the presence of
K2CO3 (0.113 g, 0.821 mmol) in CH2Cl2 (ca. 20 mL) at room
temperature for 4 h. The reaction mixture was filtered through
Celite, and the solvent was evaporated. The residue was dried
under vacuum to give the product (3d) as a colorless solid
(0.039 g, 68%). 1H NMR (CDCl3, 400 MHZ, 25 °C): δ ppm,
7.31 (s, 2H, C6H2), 3.71 (s, 3H, NCH3), 3.35 (s, 3H, NCH3),
1.37 (s, 18H, 2C(CH3)3), 1.29 (s, 9H, C(CH3)3). 13C{1H}
NMR (CDCl3, 100 MHz, 25 °C): δ ppm, 218.0 (Au-Ccarbene),
151.1 (ipso-C6H2), 148.4 (o-C6H2), 140.9 (p-C6H2), 123.9 (m-
C6H2), 44.1 (NCH3), 37.0 (NCH3), 35.7 (2C(CH3)3), 34.8
(C(CH3)3), 32.6 (2C(CH3)3), 31.3 (C(CH3)3. 19F{1H} NMR
(CDCl3, 376 MHZ, 25 °C): δ ppm, −132.48 (dd, 2F, 3JFF = 26
Hz, 4JFF = 8 Hz, o-C6F5), −163.76 (t, 1F, 3JFF = 22 Hz, p-C6F5),
−164.91 (t, 2F, 3JFF = 26 Hz, m-C6F5). IR data (cm−1) KBr
pellet: 3443 (w), 2966 (s), 1570 (m), 1508 (m), 1476 (s), 1363
(w), 1280 (m), 1223 (s), 1080 (w), 972 (m), 856 (m). HRMS
(ESI):m/z 752.1656 [C27H35AuF5NOS + K]+ Calcd. 752.1657.
Anal. Calcd. for C27H35AuF5NOS: C, 45.45; H, 4.94; N, 1.96; S,
4.49. Found: C, 45.39; H, 4.45; N, 1.57; S. 4.74%.
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Synthesis of {[(2,4,6-t-Bu3-C6H2O)(NCy2)]CH}+OTf−
(4a). Cy2NCHO (6.09 g, 29.1 mmol) was dissolved in dry
CH2Cl2 (ca.10mL) and cooled to ca.−78 °C. Tf2O (4.10 g, 14.5
mmol) was added dropwise and then stirred at the same
temperature for 15 min. The reaction mixture was then allowed
to warm to room temperature and further stirred for 1 h until a
colorless solid precipitated. The precipitation was completed by
the addition of Et2O (ca. 10 mL). After the removal of the
solvent by cannula filtration, the residue was further washed with
Et2O (ca. 2 × 10 mL). After addition of CH2Cl2 (10 mL), the
resultant suspension was cooled to ca. −78 °C and then a
solution of 2,4,6-tri-tert-butylphenol (3.82 g, 14.5 mmol) and
iPr2NEt (1.88 g, 14.5 mmol) in CH2Cl2 (ca. 5 mL) was added
dropwise. The reaction mixture was further stirred for 30 min at
the same temperature and then allowed to stir for 2 h at room
temperature, during which a yellow-colored solid was obtained.
The volatiles were removed in vacuo, and the residue was
redissolved in CH2Cl2 (ca. 100 mL) and washed with water (ca.
2 × 30 mL). The collected organic layer was dried over
anhydrous Na2SO4 and evaporated in vacuo. The pure product
(4a) was obtained by trituration in CHCl3/Et2O as a colorless
solid (2.88 g, 32%). 1HNMR (CDCl3, 400MHZ, 25 °C): δ ppm,
9.11 (s, 1H, NCHO), 7.38 (s, 2H, C6H2), 4.66−4.59 (m, 1H,
NC6H11), 3.80−3.74 (m, 1H, NC6H11), 2.06−1.79 (m, 13H,
2C6H11), 1.62−1.38 (m, 7H, 2C6H11), 1.36 (s, 18H, 2C-
(CH3)3), 1.33 (s, 9H, C(CH3)3). 13C{1H} NMR (CDCl3, 100
MHz, 25 °C): δ ppm, 168.8 (NCHO), 150.5 (ipso-C6H2), 150.3
(o-C6H2), 140.1 (p-C6H2), 124.3 (m-C6H2), 120.5, (q, 1JCF =
319 Hz, CF3SO3), 60.1 (NC6H11), 59.5 (NC6H11), 35.2
(2C(CH3)3), 35.1 (C(CH3)3), 33.3 (C6H11), 31.7 (2C(CH3)3),
31.3 (C(CH3)3), 29.1 (C6H11), 25.8 (C6H11), 24.9 (C6H11),
24.3 (C6H11), 23.5 (C6H11). 19F{1H} NMR (CDCl3, 376 MHZ,
25 °C): δ ppm, −78.45 (s, 3F, CF3SO3). IR data (cm−1) KBr
pellet: 2952 (s), 2869 (w), 1654 (s), 1452 (m), 1365 (w), 1323
(w), 1255 (s), 1154 (s), 1108 (w), 1032 (m), 637 (m). HRMS
(ESI): m/z 454.4046 [C31H52NO]+ Calcd. 454.4043. Anal.
Calcd. for C32H52F3NO4S: C, 63.65; H, 8.68; N, 2.32; S, 5.31.
Found: C, 62.80; H, 8.41; N, 2.08; S, 5.28%.
Synthes is of [ { (2 ,4 ,6 - t -Bu3-C6H2O) (NCy2 ) } -

methylidene]AuCl (4b). {[(2,4,6-t-Bu3-C6H2O)(NCy2)]-
CH}+OTf− (4a) (0.150 g, 0.248 mmol), NaH (0.059 g, 2.48
mmol), and (Me2S)AuCl (0.073 g, 0.248 mmol) were taken in a
round-bottom flask under a nitrogen atmosphere, and dry THF
(ca. 30 mL) was added to it at ca. −78 °C. The reaction mixture
was stirred for 30 min at the same temperature and further
stirred for 2 h at room temperature. The volatiles were removed
in vacuo, and the residue was purified by column chromatog-
raphy using neutral alumina as the stationary phase and CH2Cl2
as the mobile phase to give the pure product (4b) as a colorless
solid (0.045 g, 26%). 1H NMR (CDCl3, 400 MHZ, 25 °C): δ
ppm, 7.33 (s, 2H, C6H2), 4.89 (br, 1H, NC6H11), 3.21 (br, 1H,
NC6H11), 1.90−1.73 (m, 10H, 2C6H11), 1.63−1.41 (m, 10H,
2C6H11), 1.37 (s, 18H, 2C(CH3)3), 1.33 (s, 9H, C(CH3)3).
13C{1H} NMR (CDCl3, 125 MHz, 25 °C): δ ppm, 211.8 (Au-
Ccarbene), 153.1 (ipso-C6H2), 148.2 (p-C6H2), 140.7 (o-C6H2),
123.9 (m-C6H2), 59.3 (NC6H11), 58.4 (NC6H11), 35.6 (2C-
(CH3)3), 34.9 (C(CH3)3), 34.3 (C6H11), 32.4 (2C(CH3)3) 31.5
(C(CH3)3), 29.7 (C6H11), 26.6 (C6H11), 25.4 (C6H11), 25.1
(C6H11), 24.8 (C6H11). IR data (cm−1) KBr pellet: 3446 (w),
2961 (w), 2931 (s), 2858 (m), 1594 (w), 1531 (s), 1479 (w),
1449 (m), 1429 (w), 1378 (w), 1362 (w), 1319 (w), 1265 (w),
1247 (w), 1205 (s), 1135 (m), 1115 (m), 1085 (w), 1032 (w),
1017 (w), 986 (w), 897 (w), 830 (w), 787 (w), 752 (w), 620

(w). HRMS (ESI): m/z 724.2958 [C31H51AuClNO + K]+
Calcd. 724.2956. Anal. Calcd. for C31H51AuClNO: C, 54.26;
H, 7.49; N, 2.04. Found: C, 53.70; H, 7.32; N, 1.96%.
Synthes is of [ { (2 ,4 ,6 - t -Bu3 -C6H2O) (NCy2) } -

methylidene]AuBr3 (4c). A mixture of [{(2,4,6-t-Bu3-
C6H2O)(NCy2)}methylidene]AuCl (4b) (0.050 g, 0.072
mmol) and Br2 (0.034 g, 0.216 mmol) in CH2Cl2 (ca. 15 mL)
was stirred for 1.5 h at room temperature, after which the
volatiles were removed in vacuo. The residue was washed with
pentane and dried under vacuum to give the product 4cas an
orange solid (0.045 g, 70%). 1H NMR (CDCl3, 400 MHZ, 25
°C): δ ppm, 7.31 (s, 2H, C6H2), 5.05 (br, 1H, NC6H11), 4.94
(br, 1H, NC6H11), 2.25−1.85 (m, 14H, 2C6H11), 1.74−1.43 (m,
6H, 2C6H11), 1.44 (s, 18H, C(CH3)3), 1.31 (s, 9H, C(CH3)3).
13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ ppm, 183.9 (Au-
Ccarbene), 149.7 (ipso-C6H2), 148.1 (p-C6H2), 141.7 (o-C6H2),
124.8 (m-C6H2), 70.2 (NC6H11), 64.0 (NC6H11), 37.4 (2C-
(CH3)3), 34.7 (C(CH3)3), 33.0 (2C(CH3)3), 32.6 (C6H11), 32.3
(C6H11), 31.4 (C(CH3)3), 27.0 (C6H11), 26.3 (C6H11), 25.3
(C6H11), 25.1 (C6H11). IR data (cm−1) KBr pellet: 3851 (w),
3444 (m), 2933 (s), 2859 (m), 2361 (w), 1637 (w), 1527 (w),
1449 (w), 1206 (m), 1136 (w), 1114 (w), 1013 (w), 642 (w).
Anal. Calcd. for C31H51AuBr3NO: C, 41.82; H, 5.77; N, 1.57.
Found: C, 41.12; H, 5.61; N, 1.46%.
Synthes is of [ { (2 ,4 ,6 - t -Bu3 -C6H2O) (NCy2) } -

methylidene]Au(SC6F5) (4d). [{(2,4,6-t-Bu3-C6H2O)-
(NCy2)}methylidene]AuCl (4b) (0.040 g, 0.058 mmol) and
C6F5SH (0.075 g, 0.374 mmol) was stirred in the presence of
K2CO3 (0.801 g, 0.582 mmol) in CH2Cl2 (ca. 25 mL) at room
temperature for 3.5 h. The reaction mixture was filtered through
Celite, and the solvent was evaporated. The residue was dried
under vacuum to give the product 4d as a colorless solid (0.042
g, 85%). 1H NMR (CDCl3, 500 MHZ, 25 °C): δ ppm, 7.31 (s,
2H, C6H2), 4.89 (br, 1H, NC6H11), 3.05 (br, 1H, NC6H11),
1.96−1.80 (m, 12H, 2C6H11), 1.75−1.66 (m, 8H, 2C6H11), 1.39
(s, 18H, 2C(CH3)3), 1.31 (s, 9H, C(CH3)3). 13C{1H} NMR
(CDCl3, 100 MHz, 25 °C): δ ppm, 219.6 (Au-Ccarbene), 153.0
(ipso-C6H2), 148.2 (p-C6H2), 140.8 (o-C6H2), 123.8 (m-C6H2),
60.0 (NC6H11), 58.1 (NC6H11), 35.6 (2C(CH3)3), 34.8
(C6H11), 34.2 (C(CH3)3), 32.3 (2C(CH3)3), 31.33 (C(CH3)3),
29.7 (C6H11), 26.5 (C6H11), 25.4 (C6H11), 25.1 (C6H11), 24.6
(C6H11). 19F{1H} NMR (CDCl3, 376 MHZ, 25 °C): δ ppm,
−132.22 (dd, 2F, 3JFF = 26 Hz, 4JFF = 8 Hz, o-C6F5), −163.88 (t,
1F, 3JFF = 22 Hz, p-C6F5), −165.23(t, 2F, 3JFF = 26 Hz,m-C6F5).
IR data (cm−1) KBr pellet: 2948 (s), 2857 (w), 1524 (w), 1508
(m), 1476 (s), 1363 (w), 1314 (w), 1248 (w), 1204 (s), 1134
(w), 1115 (m), 1076 (w), 1033 (w), 972 (w), 859 (w). HRMS
(ESI):m/z 888.2906 [C37H51AuF5NOS + K]+ Calcd. 888.2909.
Anal. Calcd. for C37H51AuF5NOS: C, 52.29; H, 6.05; N, 1.65, S,
3.77. Found: C, 51.98; H, 5.83; N, 1.21, S, 3.85%.
General Procedure for the Blank Experiment. In a

typical blank run, a mixture of the phenylacetylene (1.00 mmol)
and p-toluenesulfonyl hydrazide (1.00 mmol) in ca. 5 mL of
CH3CN was refluxed at 95 °C for 6 h. The reaction mixture was
cooled to room temperature. The volatiles were removed in
vacuo and the residue was analyzed by 1H NMR and mass
spectrometry (entry 1 in Table S7).
General Procedure for the Control Experiment. The

following control experiments were performed.

(i) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
and ligand precursor (4a) (0.01 mmol, 1 mol %) in ca. 5
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mL of CH3CN at 95 °C for the 6 h was prepared. The
reaction mixture was cooled to room temperature. The
volatiles were removed in vacuo, and the residue was
analyzed by 1H NMR and mass spectrometry (entry 2 in
Table S7).

(ii) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
AgSbF6 (0.01 mmol, 1 mol %), and ligand precursor (4a)
(0.01 mmol, 1 mol %) in ca. 5 mL of CH3CN at 95 °C for
the 6 h was prepared. The reaction mixture was cooled to
room temperature. The volatiles were removed in vacuo,
and the residue was analyzed by 1H NMR and mass
spectrometry (entry 3 in Table S7).

(iii) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
and (Me2S)AuCl (0.01 mmol, 1 mol %) in ca. 5 mL of
CH3CN at 95 °C for 6 h was prepared. The reaction
mixture was cooled to room temperature. The volatiles
were removed in vacuo, and the residue was analyzed by
1H NMR and mass spectrometry (entry 4 in Table S7).

(iv) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
AgSbF6 (0.01 mmol, 1 mol %), and (Me2S)AuCl (0.01
mmol, 1 mol %) in ca. 5 mL of CH3CN was refluxed at 95
°C for 6 h. The reaction mixture was cooled to room
temperature. The volatiles were removed in vacuo, and the
residue was purified by column chromatography using
neutral alumina as the stationary phase and a mixed
medium of petroleum ether and EtOAc as the mobile
phase to give pure product (5) that was confirmed by 1H
NMR, mass spectrometry, and elemental analysis (entry 5
in Table S7 and Figures S132−S135).

(v) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
and AgSbF6 (0.01 mmol, 1 mol %) in ca. 5 mL of CH3CN
was refluxed at 95 °C for 6 h. The reaction mixture was
cooled to room temperature. The volatiles were removed
in vacuo and the residue was analyzed by 1H NMR and
mass spectrometry (entry 6 in Table S7).

(vi) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
and (AAOC)AuCl (4b) (0.01mmol, 1mol %) in ca. 5 mL
of CH3CN was refluxed at 95 °C for 6 h. The reaction
mixture was cooled to room temperature. The volatiles
were removed in vacuo, and the residue was analyzed by
1H NMR and mass spectrometry (entry 7 in Table S7).

(vii) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
AgSbF6 (0.01 mmol, 1 mol %), and (AAOC)AuCl (4b)
(0.01 mmol, 1 mol %) in ca. 5 mL of CH3CNwas refluxed
at 95 °C for 6 h. The reaction mixture was cooled to room
temperature. The volatiles were removed in vacuo, and the
residue was purified by column chromatography using
neutral alumina as the stationary phase and a mixed
medium of petroleum ether and EtOAc as the mobile
phase to give pure product (5) that was confirmed by 1H
NMR, mass spectrometry, and elemental analysis (entry 8
in Table S7 and Figures S132−S135).

(viii) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol)
AgSbF6 (0.01 mmol, 1 mol %) and (AAOC)AuBr3 (4c)
(0.01 mmol, 1 mol %) in ca. 5 mL of CH3CNwas refluxed
at 95 °C for 6 h. The reaction mixture was cooled to room

temperature. The volatiles were removed in vacuo, and the
residue was purified by column chromatography using
neutral alumina as the stationary phase and a mixed
medium of petroleum ether and EtOAc and analyzed by
1H NMR, mass spectrometry, and elemental analysis
(entry 10 in Table S7).

(ix) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
AgSbF6 (0.01 mmol, 1 mol %), and (AAOC)Au(SC6F5)
(4d) (0.01 mmol, 1 mol %) in ca. 5 mL of CH3CN was
refluxed at 95 °C for 6 h. The reaction mixture was cooled
to room temperature. The volatiles were removed in vacuo
and the residue was purified by column chromatography
using neutral alumina as the stationary phase and a mixed
medium of petroleum ether and EtOAc as the mobile
phase to give pure product (5) that was confirmed by 1H
NMR, mass spectrometry, and elemental analysis (entry
11 in Table S7 and Figures S131−S134).

(x) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
AgSbF6 (0.01 mmol, 1 mol %), and [1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene]AuCl (0.01
mmol, 1 mol %) in ca. 5 mL of CH3CN was refluxed at
95 °C for 6 h. The reaction mixture was cooled to room
temperature. The volatiles were removed in vacuo, and the
residue was purified by column chromatography using
neutral alumina as the stationary phase and a mixed
medium of petroleum ether and EtOAc as the mobile
phase to give pure product (5) that was confirmed by 1H
NMR, mass spectrometry, and elemental analysis (entry 2
in Table 8 and Figures S132−S135).

(xi) In a typical control run, a mixture of phenylacetylene
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
AgSbF6 (0.01 mmol, 1 mol %), and [1,3-bis(mesityl)-
imidazol-2-ylidene]AuCl (0.01 mmol, 1 mol %) in ca. 5
mL of CH3CN was refluxed at 95 °C for 6 h. The reaction
mixture was cooled to room temperature. The volatiles
were removed in vacuo, and the residue was purified by
column chromatography using neutral alumina as the
stationary phase and a mixed medium of petroleum ether
and EtOAc as themobile phase to give pure product 5 that
was confirmed by 1H NMR, mass spectrometry, and
elemental analysis (entry 3 in Table 8 and Figures S132−
S135).

General Procedure for the Hg Drop Experiment. In a
typical Hg-drop experiment, a mixture of the terminal alkyne
(1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol), AgSbF6
(0.01 mmol, 1 mol %), and [(AAOC)AuCl] (4b) (0.01 mmol, 1
mol %) in ca. 5 mL of CH3CN was taken along with one drop of
Hg. The reaction mixture was refluxed for 6 h at 95 °C and then
cooled to room temperature. The volatiles were removed in
vacuo, and the residue was purified by column chromatography
using neutral alumina as the stationary phase and a mixed
medium of petroleum ether and EtOAc as the mobile phase to
give pure product 5 that was confirmed by 1H NMR, mass
spectrometry, and elemental analysis (entry 9 in Table S7 and
Figures S132−S135).
General Procedure of the Additive Variation Experi-

ment. In catalysis run, a mixture of phenylacetylene (1.00
mmol), p-toluenesulfonyl hydrazide (1.00 mmol) taken with
different additives (AgSbF6/AgOTf/AgBF4/AgClO4/AgO-
COCF3/AgOCOCH3) (0.01 mmol, 1 mol %), and [(AAOC)-
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AuCl] (4b) (0.01 mmol, 1 mol %) in ca. 5 mL of CH3CN was
refluxed at 95 °C for 6 h. The reaction mixture was cooled to
room temperature. The volatiles were removed in vacuo, and the
residue was purified by column chromatography using neutral
alumina as the stationary phase and a mixed medium of
petroleum ether and EtOAc as the mobile phase to give the pure
product 5 that was confirmed by 1H NMR, mass spectrometry,
and elemental analysis (Table S6 and Figures S131−S134).
General Procedure for the Mass Experiment for the

Detection of the Catalytic Intermediates. In the typical
mass experiment for (1−4)A, a mixture of catalyst AAOC-Au(I)
chloride (1−4)b (0.01 mmol, 1 mol %) and AgSbF6 (0.01
mmol, 1 mol %) was taken in ca. 2.5 mL of CH3CN and
immediately subjected to mass analysis. ESI-MS data of CH3CN
bound Au(I)(AAOC) species (1−4)A were recorded (Figure 5
and Figures S188−S192, S194, and S195).
In the typical mass experiment for 3B, an excess of 4-

ethynyltoluene (0.018 g, 0.156 mmol), AAOC-Au(I) chloride
(3b) (1 mol %), and AgSbF6 (1 mol %) was taken in ca. 2.5 mL
of CH3CN and immediately subjected to mass analysis. ESI-MS
data of 4-ethynyltoluene bound Au(I)(AAOC) species (3B)
were recorded (Figure 6 and Figure S193).
General Procedure of Hydrohydrazination of the

Terminal Alkynes Catalyzed by the Chloro Derivative
of Au(I) Acyclic Aminooxy Carbene (AAOC) (1−4)b
Complexes. In typical catalysis run, a mixture of the terminal
alkyne (1.00 mmol), p-toluenesulfonyl hydrazide (1.00 mmol),
AgSbF6 (0.01 mmol, 1 mol %), and [(AAOC)AuCl] (1−4)b
(0.01 mmol, 1 mol %) in ca. 5 mL of CH3CN was refluxed at 95
°C for 6 h. The reaction mixture was cooled to room
temperature. The volatiles were removed in vacuo, and the
residue was purified by column chromatography using neutral
alumina as the stationary phase and a mixed medium of
petroleum ether and EtOAc as the mobile phase to give the pure
products (5−14) (Table 7) that was confirmed by 1H NMR,
mass spectrometry, and elemental analysis (Figures S132−
S171). The characterization data of compounds 5−14 is shown
in Figures 9−19.

Deuteration Experiment. In typical catalysis run, a mixture
of phenylacetylene-d (1.00 mmol), p-toluenesulfonyl hydrazide
(1.00 mmol), AgSbF6 (0.01 mmol, 1 mol %), and [(AAOC)-
AuCl] (2b) (0.01 mmol, 1 mol %) in ca. 5 mL of CH3CN was
refluxed at 95 °C for 6 h. The reaction mixture was cooled to
room temperature. The volatiles were removed in vacuo, and the

residue was purified by column chromatography using neutral
alumina as the stationary phase and a mixed medium of
petroleum ether and EtOAc as the mobile phase to give the
products 5 and 5-d in a 2:1 ratio as confirmed by 1H NMR and

Figure 9. Characterization data of 5.

Figure 10. Characterization data of 5-d1.

Figure 11. Characterization data of 6.

Figure 12. Characterization data of 7.

Figure 13. Characterization data of 8.

Figure 14. Characterization data of 9.

Figure 15. Characterization data of 10.

Figure 16. Characterization data of 11

Figure 17. Characterization data of 12.
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13C{1H}NMR (Figures S196−S199). The characterization data
of compound 5-d1 is showed in Figure 10.

( E ) - 4 - M e t h y l - N ′ - ( 1 - p h e n y l e t h y l i d e n e ) -
benzenesulfonohydrazide (5).12 Yields: 0.021 g, 8% (1b),
0.113 g, 40% (2b), 0.051 g, 18% (3b), 0.201 g, 71% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.94 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.73 (s, 1H, NH), 7.68−7.66 (m, 2H,
m-CH3C6H4SO2), 7.38−7.33 (m, 5H, C6H5), 2.44 (s, 3H,
CH3C6H4SO2), 2.17 (s, 3H, N�C(CH3)). HRMS (ESI): m/z
289.1009 [C15H16N2O2S + H]+ Calcd. 289.1005. Anal. Calcd.
for C15H16N2O2S: C, 62.48; H, 5.59; N, 9.71; S, 11.12. Found:
C, 62.08; H, 5.30; N, 9.62; S, 10.60%.

( E ) - 4 - M e t h y l - N ′ - ( 1 - p h e n y l e t h y l i d e n e - 2 - d ) -
benzenesulfonohydrazide (5-d1). 1HNMR (CDCl3, 400MHz,
25 °C): δ ppm, 7.97 (d, 2H, 3JHH = 8 Hz, o-CH3C6H4SO2),
7.66−7.64 (m, 2H, m-CH3C6H4SO2), 7.36−7.33 (m, 5H,
C6H5), 2.42 (s, 3H, CH3C6H4SO2), 2.18 (t, 3H, 2JHD = 2.4
Hz, N=C(CH2D)). 13C{1H} NMR (CDCl3, 100 MHz, 25 °C):
δ ppm, 153.5 (ipso-C6H4CH3), 144.2 (p-C6H4CH3), 137.4 (ipso-
C6H5), 135.4 (p-C6H4CH3), 129.7 (o-C6H4CH3), 129.6 (N�
CCH2DPh), 128.4 (o-C6H5), 128.2 (m-C6H4CH3), 126.3 (m-
C6H5), 21.6 (C6H4CH3), 13.5 (t, 1JCD = 20 Hz, N=CCH2DPh).

( E ) - 4 - M e t h y l - N ′ - ( 1 - p - t o l y l e t h y l i d e n e ) -
benzenesulfonohydrazide (6).12 Yields: 0.152 g, 58% (1b),
0.171 g, 66% (2b), 0.183 g, 70% (3b), 0.135 g, 51% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.91 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.54 (d, 2H, 3JHH = 8 Hz, m-
CH3C6H4SO2), 7.31 (d, 2H, 3JHH = 8 Hz, o-C6H4CH3), 7.14 (d,
2H, 3JHH = 8 Hz, m-C6H4CH3), 2.41 (s, 3H, CH3C6H4SO2),
2.35 (s, 3H, C6H4CH3), 2.12 (s, 3H, N�C(CH3)). HRMS
(ESI): m/z 303.1168 [C16H18N2O2S + H]+ Calcd. 303.1162.
Anal. Calcd. for C16H18N2O2S: C, 63.55; H, 6.00; N, 9.26; S,
10.60. Found: C, 62.56; H, 5.48; N, 9.09; S, 11.20%.

(E)-N′-(1-(4-(Dimethylamino)phenyl)ethylidene)-4-meth-
ylbenzenesulfonohydrazide (7)12. Yields: 0.090 g, 39% (1b),
0.067 g, 29% (2b), 0.111 g, 48% (3b), 0.058 g, 25% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.93 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.58 (d, 2H, 3JHH = 9 Hz, m-
CH3C6H4SO2), 7.32 (d, 2H, 3JHH = 8 Hz, o-C6H4N(CH3)2),
6.65 (d, 2H, 3JHH = 9 Hz, m-C6H4N(CH3)2), 3.00 (s, 6H,
N(CH3)2), 2.43 (s, 3H, CH3C6H4SO2), 2.12 (s, 3H, N�
C(CH3)). HRMS (ESI): m/z 332.1427 [C17H21N3O2S + H]+
Calcd. 332.1427. Anal. Calcd. for C17H21N3O2S: C, 61.61; H,
6.39; N, 12.68; S, 9.67. Found: C, 60.77; H, 5.63; N, 12.23; S,
10.02%.

(E)-N′-(1-(4-Methoxyphenyl)ethylidene)-4-methylbenze-
nesulfonohydrazide (8)12. Yields: 0.044 g, 18% (1b), 0.186 g,
77% (2b), 0.040 g, 16% (3b), 0.169 g, 70% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.93 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.63 (d, 2H, 3JHH = 7 Hz, m-
CH3C6H4SO2), 7.34 (d, 2H, 3JHH = 8Hz, o-C6H4(OCH3)), 6.87
(d, 2H, 3JHH = 9 Hz, m-C6H4(OCH3)), 3.84 (s, 3H, OCH3),
2.44 (s, 3H, CH3C6H4SO2), 2.15 (s, 3H, N�C(CH3)). HRMS
(ESI): m/z 319.1113 [C16H18N2O3S + H]+ Calcd. 319.1111.
Anal. Calcd. for C16H18N2O3S: C, 60.36; H, 5.70; N, 8.80; S,
10.07. Found: C, 59.98; H, 6.00; N, 8.43; S, 9.51%.

(E)-4-Methyl-N′-(1-(4-phenoxyphenyl)ethylidene)-
benzenesulfonohydrazide (9)12. Yields: 0.000 g, 0% (1b),
0.132 g, 66% (2b), 0.009 g, 5% (3b), 0.112 g, 57% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.93 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.64 (d, 2H, 3JHH = 9 Hz, m-
CH3C6H4SO2), 7.40−7.33 (m, 4H, o-C6H4(OC6H5) and m-
C6H4(OC6H5)), 7.17 (t, 1H, 3JHH = 7 Hz, p-(OC6H5)), 7.04 (d,
2H, 3JHH = 8 Hz, o-C6H4(OC6H5)), 6.97 (d, 2H, 3JHH = 9 Hz,m-
C6H4(OC6H5)), 2.44 (s, 3H, CH3C6H4SO2), 2.17 (s, 3H, N�
C(CH3)). HRMS (ESI): m/z 381.1263 [C21H20N2O3S + H]+
Calcd. 381.1267. Anal. Calcd. for C21H20N2O3S: C, 66.30; H,
5.30; N, 7.36; S, 8.43. Found: C, 65.55; H, 4.98; N, 6.89; S,
9.21%.

(E)-N′-(1-(4-Fluorophenyl)ethylidene)-4-methylbenzene-
sulfonohydrazide (10).12 Yields: 0.000 g, 0% (1b), 0.063 g, 25%
(2b), 0.039 g, 15% (3b), 0.159 g, 62% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.93 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.68−7.64 (m, 2H,m-CH3C6H4SO2),
7.35 (d, 2H, 3JHH = 8 Hz, o-C6H4F), 7.07−7.03 (m, 2H, m-
C6H4F), 2.44 (s, 3H, CH3C6H4SO2), 2.16 (s, 3H, N�
C(CH3)). HRMS (ESI): m/z 307.0915 [C15H15N2FO2S +
H]+ Calcd. 307.0911. Anal. Calcd. for C15H15N2FO2S: C, 58.81;
H, 4.94; N, 9.14; S, 10.46. Found: C, 58.70; H, 5.30; N, 8.46; S,
11.04%.

(E)-Methyl 4-(1-(2-tosylhydrazono)ethyl)benzoate (11)12.
Yields: 0.000 g, 0% (1b), 0.089 g, 41% (2b), 0.040 g, 19% (3b),
0.143 g, 65% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 8.03 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.94 (d, 2H, 3JHH = 8 Hz, o-
C6H4(CO2CH3)), 7.73 (d, 2H, 3JHH = 8 Hz, m-CH3C6H4SO2),
7.35 (d, 2H, 3JHH = 8 Hz, m-C6H4(CO2CH3)), 3.94 (s, 3H,
CO2CH3), 2.44 (s, 3H, CH3C6H4SO2)), 2.19 (s, 3H, N�
C(CH3)). HRMS (ESI): m/z 347.1069 [C17H18N2O4S + H]+
Calcd. 347.1060. Anal. Calcd. for C17H18N2O4S: C, 58.95; H,
5.24; N, 8.09; S, 9.26. Found: C, 58.73; H, 5.45; N, 9.04; S,
9.89%.

(E)-N′-(1-(4-Bromophenyl)ethylidene)-4-methylbenzene-
sulfonohydrazide (12)12. Yields: 0.000 g, 0% (1b), 0.110 g, 54%
(2b), 0.025 g, 12% (3b), 0.122 g, 60% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.92 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.75 (s, 1H, NH), 7.54 (d, 2H, 3JHH =
9 Hz, o-C6H4Br), 7.49 (d, 2H, 3JHH = 9 Hz, m-C6H4Br), 7.34 (d,
2H, 3JHH = 8 Hz,m-CH3C6H4SO2), 2.44 (s, 3H, CH3C6H4SO2),
2.15 (s, 3H, N=C(CH3)). HRMS (ESI): m/z 367.0114
[C15H15BrN2O2S + H]+ Calcd. 367.0110. Anal. Calcd. for
C15H15N2BrO2S: C, 49.06; H, 4.12; N, 7.63; S, 8.73. Found: C,
48.83; H, 3.42; N, 7.41; S, 8.78%.

(E)-N′-(1-(4-Chlorophenyl)ethylidene)-4-methylbenzene-
sulfonohydrazide (13)12. Yields: 0.000 g, 0% (1b), 0.1451 g,
61% (2b), 0.022 g, 10% (3b), 0.125 g, 53% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.90 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.81 (s, 1H, NH), 7.58 (d, 2H, 3JHH =

Figure 18. Characterization data of 13

Figure 19. Characterization data of 14.
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8 Hz, o-C6H4Cl), 7.33 (d, 2H, 3JHH = 8 Hz,m-C6H4Cl), 7.31 (d,
2H, 3JHH = 8 Hz,m-CH3C6H4SO2), 2.42 (s, 3H, CH3C6H4SO2),
2.13 (s, 3H, N�C(CH3)). HRMS (ESI): m/z 323.0611
[C15H15ClN2O2S + H]+ Calcd. 323.0616. Anal. Calcd. for
C15H15ClN2O2S: C, 55.81; H, 4.68; N, 8.68; S, 9.93. Found: C,
55.30; H, 4.40; N, 8.23; S, 10.52%.

(E)-N′-(1-(2-Methoxyphenyl)ethylidene)-4-methylbenze-
nesulfonohydrazide (14)12. Yields: 0.000 g, 0% (1b), 0.049 g,
20% (2b), 0.020 g, 9% (3b), 0.061 g, 25% (4b).

1HNMR (CDCl3, 400MHz, 25 °C): δ ppm, 7.83 (d, 2H, 3JHH
= 8 Hz, o-CH3C6H4SO2), 7.41 (t, 1H, 3JHH = 8 Hz, p-
C6H4(OCH3)), 7.35 (d, 2H, 3JHH = 8 Hz, m-CH3C6H4SO2),
7.04 (t, 1H, 3JHH = 8Hz,m-C6H4(OCH3)), 6.99 (d, 1H, 3JHH = 8
Hz, o-C6H4(OCH3)), 6.96 (d, 1H, 3JHH = 8 Hz, o-
C6H4(OCH3)), 3.70 (s, 3H, OCH3), 2.47 (s, 3H,
CH3C6H4SO2), 2.19 (s, 3H, N�C(CH3)). HRMS (ESI): m/
z 319.1115 [C16H18N2O3S + H]+ Calcd. 319.1111. Anal. Calcd.
for C16H18N2O3S: C, 60.36; H, 5.70; N, 8.80; S, 10.07. Found:
C, 59.76; H, 5.18; N, 8.47; S, 9.10%.
General Procedure for the Synthesis Acetylhydra-

zones Anticonvulsant Active Compounds. A reaction
mixture of the terminal alkyne (1.00 mmol), acetohydrazide
(1.00 mmol), AgSbF6 (0.01 mmol, 1 mol %), and 2b (0.01
mmol, 1 mol %) in ca. 5 mL of CH3CNwas refluxed at 95 °C for
6 h, after which it was cooled to room temperature. The volatiles
were then removed in vacuo, and the residue was purified by
column chromatography using neutral alumina as the stationary
phase and amixed medium of petroleum ether and EtOAc as the
mobile phase to give the pure products 15−18 (Table 4) that
was confirmed by 1H NMR, mass spectrometry, and elemental
analysis (Figures S172−S187).
(i) A reaction mixture of the terminal alkyne (1.00 mmol),

acetohydrazide (1.00 mmol), AgSbF6 (0.01 mmol, 1 mol
%), and [1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene]AuCl (0.01 mmol, 1 mol %) in ca. 5 mL of
CH3CN was refluxed at 95 °C for 6 h, after which it was
cooled to room temperature. The volatiles were then
removed in vacuo, and the residue was purified by column
chromatography using neutral alumina as the stationary
phase and amixedmedium of petroleum ether and EtOAc
as the mobile phase to give the pure products 15−18
(Table 4) that was confirmed by 1H NMR, mass
spectrometry, and elemental analysis (Figures S172−
S187).

(ii) A reaction mixture of the terminal alkyne (1.00 mmol),
acetohydrazide (1.00 mmol), AgSbF6 (0.01 mmol, 1 mol
%), and [1,3-bis(mesityl)imidazol-2-ylidene]AuCl (0.01
mmol, 1 mol %) in ca. 5 mL of CH3CN was refluxed at 95
°C for 6 h, after which it was cooled to room temperature.
The volatiles were then removed in vacuo, and the residue
was purified by column chromatography using neutral
alumina as the stationary phase and a mixed medium of
petroleum ether and EtOAc as the mobile phase to give
the pure products 15−18 (Table 4) that was confirmed by
1H NMR, mass spectrometry, and elemental analysis
(Figures S172−S187). The characterization data of
compounds 15−18 are shown in Figures 20−23.

(E)-N′-(1-Phenylethylidene)acetohydrazide (15)55. Yields:
0.024 g, 16% (2b).

1H NMR (CDCl3, 400 MHz, 25 °C): δ ppm, 8.71 (s, 1H,
NH), 7.78−7.76 (m, 2H, o-C6H5), 7.43−7.41 (m, 3H, C6H5),
2.42 (s, 3H, CH3CO), 2.24 (s, 3H, NCH3). HRMS (ESI): m/z

199.0848 [C10H12N2O +Na]+ Calcd. 199.0842. Anal. Calcd. for
C10H12N2O: C, 68.16; H, 6.86; N, 15.90. Found: C, 67.74; H,
5.90; N, 15.33%.

(E)-N′-(1-(p-Tolyl)ethylidene)acetohydrazide (16).55

Yields: 0.039 g, 24% (2b).
1H NMR (CDCl3, 400 MHz, 25 °C): δ ppm, 8.67 (s, 1H,

NH), 7.66 (d, 2H, 3JHH = 8Hz, o-C6H4CH3), 7.22 (d, 2H, 3JHH =
8 Hz,m-C6H4CH3), 2.41 (s, 3H, CH3CO), 2.21 (s, 3H, NCH3).
HRMS (ESI): m/z 213.0994 [C11H14N2O + Na]+ Calcd.
213.0998. Anal. Calcd. for C11H14N2O: C, 69.45; H, 7.42; N,
14.73. Found: C, 68.98; H, 7.41; N, 14.38%.

(E)-N′-(1-(4-Chlorophenyl)ethylidene)acetohydrazide
(17)55. Yields: 0.013 g, 9% (2b).

1H NMR (CDCl3, 400 MHz, 25 °C): δ ppm, 8.61 (s, 1H,
NH), 7.70 (d, 2H, 3JHH = 9 Hz, o-C6H4Cl), 7.38 (d, 2H, 3JHH = 9
Hz, m-C6H4Cl), 2.41 (s, 3H, CH3CO), 2.21 (s, 3H, NCH3).
HRMS (ESI): m/z 233.0452 [C10H11ClN2O + Na]+ Calcd.
233.0452. Anal. Calcd. for C10H11ClN2O: C, 57.02; H, 5.26; N,
13.30. Found: C, 57.18; H, 5.29; N, 12.78%.

(E)-N′-(1-(4-Bromophenyl)ethylidene)acetohydrazide
(18).55 Yields: 0.021 g, 15% (2b).

Figure 20. Characterization data of 15

Figure 21. Characterization data of 16

Figure 22. Characterization data of 17.

Figure 23. Characterization data of 18.
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1H NMR (CDCl3, 400 MHz, 25 °C): δ ppm, 8.57 (s, 1H,
NH), 7.63 (d, 2H, 3JHH = 9 Hz, o-C6H4Br), 7.54 (d, 2H, 3JHH = 9
Hz, m-C6H4Br), 2.41 (s, 3H, CH3CO), 2.21 (s, 3H, NCH3).
HRMS (ESI): m/z 276.9944 [C10H11BrN2O + Na]+ Calcd.
276.9947. Anal. Calcd. for C10H11BrN2O: C, 47.08; H, 4.35; N,
10.98. Found: C, 46.43; H, 4.39; N, 10.68%.

■ METHODOLOGY
In the present study, all DFT calculations are performed with the
Gaussian 09 Revision D.01,57 while for spectroscopic calcu-
lations (13C NMR), Orca 4.2 version software68 is used. For the
optimization of the geometries, Grimme’s dispersion-corrected
B3LYP functional (B3LYP-D3) has been taken into consid-
eration.60 The optimization calculations and imaginary
frequency calculations of all species such as precatalyst (1−4)
b, 4b′, reactant, intermediates, and transition states have been
carried out with the basis set SDD58 for gold(I) metal and 6-
31G* for C, H, N, O, Cl, and S atoms (Supporting Information
Table S8−S37).59−61 We have carried out frequency calcu-
lations to obtain the minima on the potential-energy surface
(PES) and to get the free energy correction energy. The gas
phase energy has been amended by taking the solvation energy
with a higher level of theory (B3LYP-D3/def2-TZVP).64 All the
spin density values have been reported with a higher level of
theory (B3LYP-D3/def2-TZVP) (Table S41). For getting the
solvation energy, we have taken the polarizable continuum
model (PCM) model into account,65 along with the solvent
acetonitrile (CH3CN). PCM model solvation-free energy is
computed by calculating the electrostatic term, dispersion-
repulsion term, and cavitation term. Here, solvent acetonitrile
(CH3CN) has been used according to the reported experimental
condition (Table 7). Two types of software have been used for
visualization of optimized geometry, namely, Chemcraft 1.681

and Gaussview 6.0.82 Natural bonding analysis (NBO)69 and
Wiberg bond index (WBI)70 analysis also has been done in
Gaussian 09 software by performing DFT methods. NBO
analysis explains the details of the bonding orbitals present in the
bond and also provides the natural charges (Figures S206−S212
and Table S40). WBI analysis gives the bond index value, which
tells about the bond character, whether it is a single bond, double
bond, or triple bond.
The steric map plot calculations have been carried out from

the SambVca 2.0 (a web tool for analyzing catalytic pockets with
topographic steric maps).75 The XYZ coordinates in this online
tool for computing steric map plots are taken from optimized
geometries obtained using Gaussian 09.57 In this SambaVca 2.0
web tool, it gives the relationship between the steric effect and
the percentage of burried volume (% VBur). Going from redder
to bluer color in the steric map plot shows a decrease in steric
effect and vice versa. For plotting the steric map, we can
manually change the default values such as atomic radii, sphere
radius, andmesh spacing for numerical integration, based on our
needs. For our study we have taken default values into the
accounts. In our calculations, we have also included the
hydrogen atoms in our input.
For the 13C NMR calculations in ORCA 4.2 software,68 we

have taken the hybrid generalized gradient approximation
(GGA) B3LYP functional.60,61 In our calculations, the
resolution of identity (RIJK) approximation has been employed
throughout.69 This RI approximation has been found to be fast
for small to medium molecules. The basis set combination used
for 13C NMR is Sapporo-DKH3-DZP-2012 for gold(I) metal,70

DKH-def2-TZVP(−f) for the Cl atom,83 and IGLO-II for the

carbon atom,71 and for the rest of the atoms, Si, O, N, and H, the
DKH-def2-SVP64,72 basis set has been taken into account.
Optimized coordinates of Gaussian 09 software have been used
for the 13C NMR calculations.
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