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ABSTRACT: The susceptibility of gold phosphito compounds to
undergo alkyne insertion into gold−phosphorus bonds has been
investigated. An electron-deficient alkyne (DMAD) underwent syn-
insertion into the gold−phosphorus bond to generate a Z-vinylgold
species, whereas electron-rich internal alkynes were unreactive. When
a P-chiral phosphinate was used as a probe, the protodeauration and
insertion steps were found to be stereospecific. In contrast to the insertion chemistry observed with DMAD, electron-deficient
terminal alkynes generated alkynylgold compounds and released secondary phosphites through a reversible protodeauration process.

■ INTRODUCTION

The insertion of alkynes into metal-element bonds remains one
of the most valuable reactions in organometallic chemistry.
The intense interest in this area stems from the vast number of
applications this fundamental reaction has in small molecule1−6

and polymer chemistry.7−10 Furthermore, alkyne insertion
chemistry provides an atom-efficient approach to the synthesis
of vinylmetal species.11−16 Historically, gold compounds were
thought to be unreactive toward this process. However, Teles’
pioneering work demonstrated that cationic gold compounds
activated alkynes toward nucleophilic attack through coordi-
nation of the π-system.17 This outer-sphere pathway generated
a vinylgold species and resulted in an overall anti-addition to
the alkyne. Following this work, a vast array of alkyne
functionalization reactions have been reported.18−27

In contrast, an inner-sphere alkyne insertion reaction
generates a formal syn-insertion product.28 The mechanism
of this process also entails initial coordination of the alkyne to
the gold; however, the next step is a migratory insertion of the
alkyne into the gold−element bond to generate the vinylgold
species. Despite the intense interest in this area, syn-insertions
are rare.28 Moreover, formal alkyne syn-insertions into well-
defined gold-heteroatom bonds are exceedingly rare.
With the hope of developing gold-catalyzed processes for the

preparation of functionalized alkenes, several research teams
investigated this process and found electron-rich internal
alkynes such as diphenyl acetylene and 4-octyne to be generally
unreactive toward syn-insertions, whereas electron-deficient
alkynes displayed a range of reactivity. Toste and Bergman
reported no reaction between amidogold compounds and
electron-rich internal alkynes, but an electron-poor alkene,
acrylonitrile, successfully inserted into the gold−nitrogen
bond.29 Nolan found that gold phenoxide compounds of the
type (NHC)Au-OAr were resistant toward the insertion of

diphenylacetylene.30 There are also examples of intramolecular
anti-insertions into gold−heteroatom bonds. Bertrand and
Hashmi reported anti-aminoauration31 and anti-phosphinoau-
ration of alkynylaniline derivatives.32

It should be noted that treating a fluorogold species with 3-
hexyne resulted in the reversible insertion of the alkyne into
the Au−F bond.33 An (E)-vinylgold compound was observed.
The proposed mechanism entailed the initial loss of the
fluoride, coordination of the hexyne to the gold center, and
anti-addition of the fluoride to the coordinated alkyne.
Reactions between electron-deficient alkynes and LAuX

species are complex and generate a range of vinylgold
compounds (Scheme 1). The regiochemistry and stereo-
chemistry of these reactions depend upon the identity of the
heteroatom and the supporting ligands. Several studies found
that phosphine ligands were not entirely innocent and
generated zwitterionic vinylgold compounds resulting from
insertion of the alkyne into the gold−ligand bond. Kuniyasu
and Kambe reported reactions between gold thiolate
complexes of the type (Ph3P)AuSAr and dimethyl acetylene-
dicarboxylate (DMAD).34 Vinylgold compounds were gen-
erated from the insertion of the alkyne into the Au−PR3 bond.
The Au−S bond was retained in these reactions. Bourissou
investigated terminal and internal alkynes’ reactivity with
silylgold compounds and discovered that DMAD underwent a
syn-insertion into the gold−silicon bond.35
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To gain insight into the susceptibility of gold phosphito
compounds to undergo alkyne insertion reactions, we have
investigated the reactivity of discrete species with a range of
internal and terminal alkynes and defined the key reaction
parameters for the design of a successful syn-insertion reaction.

■ RESULTS AND DISCUSSION
Synthesis of Model Compounds. Several gold phosphito

complexes (5−12) were generated through protodeauration
reactions between arylgold precursors (1−4) and secondary
phosphites (Scheme 2).36−40 The bulky Buchwald and carbene

ligands were selected to minimize reversible ligand redis-
tribution reactions commonly observed with gold phosphito
compounds.37,39 Both cyclic and acyclic phosphites afforded
high yields of the target gold compounds. Compounds 5−12
were isolated as powders and exhibited a resonance for the
P(O)(OR)2

− fragment in the 31P NMR spectrum between δ
111 and 121 ppm with 2JPP between 473 and 491 Hz for 5, 6,
9, and 10. While two bonding modes are known for metal

phosphito compounds, spectroscopic41−43 and computation-
al44 evidence suggests the bonding mode of [PO3R2]

− groups
in 5−12 is consistent with a κ1-P(III) O-anionic phosphito
donor.45,46

The structures of compounds 5 and 7 were determined by
single-crystal X-ray diffraction (Figures 1 and 2). The gold−

phosphorus bond distances are different in 5, with the Au−PR3
distance found to be the longer of the two (2.3065(5) vs
2.3470(4) Å). The P−Au−P angle deviates from linearity
(172.291(16)°), and the Au+−P−O− angle (118.95(6)°) is
larger than the two Au+−P−OEt angles (110.53(5)° and
108.29(5)°). The gold−carbon bond distances of the two
independent molecules of 7 are indistinguishable (2.054(4)
and 2.056(4) Å), whereas the C−Au−P angles are different
(177.76(12)° and 174.51(11)°) but do not deviate from
linearity as much as the P−Au−P angle found in 5. The Au−P
bond lengths found in 7 (2.2903(10) and 2.2929(10) Å) are
nearly identical to the corresponding bond lengths in 5,
suggesting that the trans-influence of the carbene and
phosphine ligands is comparable. Similar to 5, the Au+−P−
O− angles (122.5(1)°, 121.7(1)°) are significantly larger than
the two Au+−P−OEt angles (103.1(1)−110.5(1)°).
Compounds 5−12 are hygroscopic, and although crystals of

5 grew in an anhydrous state, three molecules of adventitious
water were found in the unit cell of 7. Two of these water
molecules link two molecules of 7 together through a
hydrogen-bonded chain, while the third hydrogen bonds to
only a single molecule of 7. No aurophilic interactions were
found in the packing of 5 or 7.

Reactivity of Model Compounds. The reactivity of the
model compounds toward alkyne insertion was investigated
using a range of alkynes (Table 1). When electron-rich alkynes
such as diphenylacetylene or 5-decyne were used, no insertion
products were observed with 5−12. Prolonged stirring (1 wk,
80 °C) or increasing the temperature (110 °C) led to
decomposition and the formation of intractable mixtures.
Increasing the amount of the alkyne to 100 equiv was also
unsuccessful at 80 or 110 °C.
Several functionalized alkynes were screened for activity

toward the insertion reaction (Table 1). Heating suspensions

Scheme 1. Syn-Insertions into Gold−Heteroatom
Bonds34,35

Scheme 2. Synthesis of Model Compounds

Figure 1. Structure of 5. Thermal ellipsoids are displayed at 50%
probability, and hydrogens are omitted for clarity. Selected bond
distances (Å) and angles (deg): Au(1)−P(2) = 2.3065(5), Au(1)−
P(1) = 2.3470(4), P(2)−O(1) = 1.4833(14), P(2)−O(3) =
1.6131(13), P(2)−Au(1)−P(1) = 172.291(16), O(1)−P(2)−Au(1)
= 118.95(6), O(2)−P(2)−Au(1) = 108.29(5).
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of bis(diphenylphosphino)acetylene dioxide (dppaOO)47 with
5−12 resulted in recovered starting materials after stirring for a
week at 80 °C, whereas heating to 110° resulted in
decomposition. Similarly, tetraethyl-acetylenedicarboxamide48

was unreactive toward the insertion reaction at lower
temperatures, and heating 5−12 with an excess of the
dicarboxamide to 110 °C resulted in the formation of
intractable mixtures.
Analogous reactions using an electron-deficient alkyne

(DMAD) afforded a range of products depending on the

ancillary ligand attached to the gold as well as the phosphite.
Substrates bearing bulky phosphine or carbene ligands (6, 8,
10, 12) were unreactive, and starting materials were recovered
after heating (80 °C, 48 h). When the temperature was
increased (110 °C), decomposition and the formation of
intractable mixtures were observed. The substrates containing
cyclic phosphites also generated mixtures, and vinylgold
compounds could not be isolated.
In contrast, substrates bearing smaller supporting ligands

and an acyclic phosphite (5, 7) afforded vinylgold compounds
(13, 14, Table 1). Monitoring the reaction of 7 with DMAD
by 31P NMR spectroscopy revealed the clean conversion of the
gold phosphito compound (7, δ 112.3 ppm) into the vinylgold
species (14, δ 18.3 ppm). The transformation of the metal
phosphite into a phosphonate was easy to follow since there
was a 94 ppm change in the chemical shift of the
−P(O)(OEt)2 fragment. In contrast with several previous
reports describing the reactivity of (R3P)AuX compounds with
activated alkynes, DMAD exclusively inserted into the Au−
phosphito bond.34,35 No insertion of DMAD into the Au−
carbene bond was observed.
Monitoring the formation of 13 from 5 yielded similar

observations. Clean insertion into the gold−phosphito bond
was observed, and no intermediates or insertion into the gold−
phosphine bond were found. Of note was the observation of a
4JPP of 14.6 Hz in the JohnPhos ligated vinylgold species (13).
Two electron-withdrawing groups were required for a

successful insertion reaction. Treating 5−12 with methyl
phenylpropiolate (Ph-CCCO2Me, 4−100 equiv) resulted in
recovered starting materials (80 °C, 48 h). Prolonged stirring
or increasing the temperature to 110 °C resulted in
decomposition. These observations are in contrast with the
syn-insertion into Au−Si bonds that Bourissou observed when
(Ph3P)AuSiPh3 was treated with methyl phenylpropiolate.49

The structures of 13 and 14 were determined by single-
crystal X-ray crystallography and revealed the syn-insertion of
DMAD into the gold phosphorus bonds of 5 and 7 (Figure 3,
Table 2), resulting in a Z-configuration. The alkene geometry
deviates from planarity in 13 and 14, as evidenced by the
torsion angles (Table 2). There were no aurophilic interactions
in the structures of 13 or 14.
The stereochemistry of the protodeauration and insertion

reactions was investigated using a P-chiral phosphinate,
(RP)(−)menthyl phenylphosphinate.50−55 Treatment of
(SIMes)AuPh or (JohnPhos)AuPh with the phosphinate
generated high yields of the metal phosphinito species through
a protodeauration reaction (eqs 1 and 2).36 The reaction was

stereospecific, as evidenced by NMR spectroscopic data. It is
worth noting that 15 and 16 are configurationally stable, and
no epimerization was observed upon heating to 110 °C.
X-ray quality crystals of 15 were obtained by simply cooling

the crude reaction mixture (Figure 4). Analysis of this structure

Figure 2. Structure of 7. Thermal ellipsoids are displayed at 50%
probability, and the hydrogens as well as water molecules are omitted
for clarity. Selected bond distances (Å) and angles (deg): Au(1)−
C(1) = 2.056(4), Au(1)−P(1) = 2.2903(10), P(1)−O(1) = 1.481(3),
P(1)−O(3) = 1.621(3), C(1)−Au(1)−P(1) = 177.76(12), O(1)−
P(1)−Au(1) = 121.74(14), N(1)−C(1)−Au(1) = 124.7(3), N(2)−
C(1)−N(1) = 109.7(4).

Table 1. Alkyne Insertion into Gold−Phosphorus Bondsa

aReaction conditions: 5−12 (0.13−0.16 mmol) in toluene (1.0 mL)
unless specified. bBased upon isolated material. cThe reaction was
heterogeneous due to the low solubility of dppaOO in toluene. d1.6
mmol of 5 was used along with 5.0 mL of toluene. e1.6 mmol of 7 was
used along with 5.0 mL of toluene.
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revealed that the protodeauration occurred with retention of
the configuration. This structure also sheds light on our recent
report regarding the stereospecific protodeauration and
transmetalation reactions between gold and palladium.36

Similar to the reactions of 5 and 7 with DMAD, treatment of
16 with DMAD afforded a vinylgold compound (17, eq 3). It

should be noted that the reactivity of 16 toward insertion was
sluggish compared to 5 or 7, and only moderate conversion
was observed. After heating for 48 h at 80 °C, 45% of 16
remained unreacted. Monitoring the reaction by 1H and 31P
NMR spectroscopy revealed the emergence of a single set of
signals for 17 (31P δ: 63.6, 29.0; 4JPP = 12.3), confirming that
the reaction was stereospecific at phosphorus.

Protodeauration between the vinylgold species and a
secondary phosphite would be the step in a catalytic cycle
that forms the vinyl phosphonate and regenerates the gold
phosphito species. Treatment of 13 with HP(O)(OEt)2 does
indeed generate 5 and the vinyl phosphonate (90 °C, 20 h).
However, the development of a catalytic process was hindered
by the observation that an uncatalyzed double-addition
reaction occurs between DMAD and HP(O)(OEt)2 (2
equiv) under the insertion conditions (80 °C, 2 days).56 A

Figure 3. Structures of alkyne insertion products (13, 14). Thermal
ellipsoids are displayed at 50% probability, and the hydrogens are
omitted for clarity.

Table 2. Selected Bond Distances (Å) and Angles (deg) for
the Syn-Insertion Products (13, 14)

13 14

distances
Au−L 2.2986(11) 2.020(2)
Au−C 2.060(4) 2.041(3)
CC 1.353(6) 1.347(4)
C−P 1.807(4) 1.808(3)
PO1 1.470(3) 1.465(2)
angles
L−Au−C1 168.74(13) 174.46(10)
Au−C1C2 127.6(3) 131.8(2)
C1C2−P 120.9(3) 124.6(2)
C2−P−O1 113.37(19) 112.17(12)
torsion angles
Au−C1C2−P 8.4(6) 2.7(4)
Au−C1C2−C4 168.3(3) 179.86(19)
C3−C1C2−C4 5.9(6) 0.8(4)
C3−C1C2−P 177.3(3) 176.31(19)

Figure 4. Structure of 15. Hydrogen atoms are omitted, and thermal
ellipsoids are displayed at 50% probability. Selected bond distances
(Å) and angles (deg): Au(1)−P(1) = 2.297(3), Au(1)−C(17) =
2.090(10), P(1)−O(1) = 1.508(7), P(1)−O(2) = 1.620(7), C(17)−
Au(1)−P(1) = 175.7(3), O(1)−P(1)−Au(1) = 121.0(3), O(1)−
P(1)−O(2) = 111.0(4), O(1)−P(1)−C(1) = 109.0(5).
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successful catalytic approach needs to circumvent this
background reaction.
To this end, we investigated the possibility of replacing the

protodeauration step with iodination in order to eliminate the
need for the secondary phosphite. This alternative approach
would convert the vinylgold intermediate into an iodovinyl
phosphonate and an iodogold species. The latter could be
transformed into a gold phosphito species through trans-
metalation with M[P(O)R2].

57 Treatment of 13 with I2
afforded (JohnPhos)AuI and a (Z)-β-iodo-vinylphosphonate
(18) under mild conditions (eq 4).58

Although the reaction using discrete species was successful,
the development of a catalytic process was prevented by the
observation that iodine reacts rapidly with 5 to generate
(JohnPhos)AuI and IP(O)(OEt)2 (eq 5).59 As a result, any
gold phosphito intermediates would be rapidly consumed by
iodine prior to alkyne insertion.

We were able to increase the scale of the iodination reaction.
Treatment of a 1.00 g sample of 13 (1.29 mmol) with iodine
afforded 18 in 89% yield. Although a process that is
stoichiometric in gold is generally not desirable, it should be
noted that the gold is not sacrificial in this reaction. The gold
was recovered as (JohnPhos)AuI (93%) and used in
subsequent reactions.
Reactivity of Terminal Alkynes. The reactivity of

terminal alkynes was also investigated. Previous reports
found that the regioselectivity of the insertion reaction was
sensitive to the supporting ligand attached to the gold.
Bourissou found that methyl propiolate regioselectively
inserted into the gold−silicon bond of (Ph3P)AuSiMe2Ph to
generate a vinylgold species with a β-carboxylate fragment.35,49

Subsequent work revealed that changing the supporting ligand
to an N-heterocyclic carbene reversed the regioselectivity of
the insertion reaction (Scheme 3).60 Ananikov reported the
acetic acid promoted insertion of methyl propiolate into the
gold−phosphorus bond of gold thiolate compounds (Scheme
3).61

To probe the reactivity of terminal alkynes toward the
insertion reaction, a model gold phosphito compound (5) was
treated with terminal alkynes. Adding 1-hexyne to 5 (80 °C for
48 h) resulted in the recovery of starting materials. No
insertion products were observed. Switching to an electron-
deficient alkyne (methyl propiolate) did not generate insertion
products; however, analysis of the reaction mixture revealed
the presence of an alkynylgold species ((JohnPhos)AuC
CCO2Me) and diethylphosphite. Instead of alkyne insertion,
protodeauration occurred to generate the alkynylgold species
along with a secondary phosphite (eq 6).
The protodeauration reaction was found to be reversible and

influenced by the nature of the terminal alkyne. For electron-

rich alkynes, the reaction highly favored the metal phosphite.40

In contrast, significant amounts of the alkynylgold species were
observed when electron-deficient alkynes were used. Although
the focus of this work was insertion chemistry, this chemistry is
noteworthy since examples of reversible protodeauration at
gold(I) are rare.62

Building on these observations, a preparative method was
devised for converting metal phosphito species into
alkynylgold compounds. The scope of this process was
investigated using the remainder of the gold phosphito
compounds (Scheme 4). When methyl propiolate was used
as a representative electron-deficient alkyne, compounds 5−8
were successfully converted into alkynylgold species (19−22)

Scheme 3. Regioselective Insertion of Terminal Alkynes
into Gold−Silicon Bonds

Scheme 4. Synthesis of Alkynylgold Species from Gold
Phosphites
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in moderate to good isolated yields. Even gold phosphito
compounds containing bulky carbene or dialkylbiaryl ligands
were successfully transformed using 5 equiv of the alkyne.
Since the alkynylation reaction proceeded under base-free
conditions, this process could be a practical approach to the
synthesis of alkynylgold compounds bearing base-sensitive
groups.63,64

The stereochemical outcome of this reversible protodeaura-
tion reaction was investigated using a P-chiral gold phosphite
(16). Treatment of 16 with methyl propiolate (eq 7) afforded

19, as well as (RP)(−)menthyl phenylphosphinate. Thus, the
protodeauration was found to be stereospecific and proceed
with retention of the configuration. No epimerization of the
phosphorus stereocenter was observed. It should be noted that
the reaction of the phenylgold precursor (1) with secondary
phosphites and (RP)(−)menthyl phenylphosphinate was not
reversible.
Inspired by Ananikov’s report on the synthesis of gem-

vinylgold thiolate complexes through the treatment of gold
thiolates with methyl propiolate in the presence of carboxylic
acids,61 the effect of benzoic acid on the protodeauration
reaction was investigated. No protodeauration was observed
between 5 and benzoic acid (80 °C, 6 days). Adding methyl
propiolate to this reaction (1:1−1:5 equiv) led to mixtures of 5
and 19 after heating (80 °C, 24 h). Using an excess of benzoic
acid (1:10) significantly suppressed the alkynylation reaction,
and unreacted 5 was the major species found in the crude
reaction mixture. No vinylgold compounds were found in these
reactions. Because of the observation that benzoic acid
hydrogen bonds to 5, it is reasonable to predict that an excess
of benzoic acid will sequester the [Au+]P-O− group and
prevent the alkynylation reaction.
Since benzoic acid was unable to promote the insertion

reaction, a stronger acid, H3PO3, was screened. The addition of
H3PO3 (1 equiv) to solutions of 5−12 along with methyl
propiolate (50 °C, 24 h) did not promote the insertion
reaction. Monitoring the reactions using 31P NMR spectros-
copy revealed broadening of the resonance for the −P(O)-
(OR)2 fragment due to hydrogen bonding between the metal
phosphite and H3PO3 (eq 8), but no insertion or
protodeauration products were observed in the 1H or 31P
NMR spectra.

To evaluate the ability of H3PO3 to cleave the gold−
phosphorus bond, separate experiments were carried out
between 5−12 and H3PO3. While the coordination of the acid
to the metal phosphite was evident in the 31P NMR spectrum,
no cleavage of the gold−phosphorus bond was observed from
these control reactions.

Cooling the reaction mixture containing 10 and H3PO3
afforded X-ray quality crystals of a H3PO3 adduct. The
phosphorous acid interacts with 10 by forming hydrogen
bonds with the phosphito oxygen (Figure 5). The oxygen−

oxygen bond distance is 2.476(3) Å, and the PO···H−O angle
is 171(7)°. Two molecules of H3PO3 are connected through
hydrogen bonds as well, which results in the linkage of two
molecules of 10 through the dimerized H3PO3. Analysis of the
extended structure reveals that the H3PO3 resides in channels
surrounded by molecules of 10. The two Au−P bond lengths
are 2.2878(7) and 2.3261(7) Å, with the phosphine−gold
bond being the longer of the two. The P−O− distance is longer
(1.504(2) Å) than similar complexes which could be due to
hydrogen bonding of the phosphorus acid.
In conclusion, electron-deficient internal alkynes insert into

the Au−P bonds of gold phosphito compounds to generate
(Z)-vinylgold species. When a P-chiral phosphinate was used
as a model system, the protodeauration and alkyne insertion
reactions were found to be stereospecific. In contrast to these
findings, terminal alkynes did not show any propensity toward

Figure 5. Structure of dimerized 10·H3PO3. Thermal ellipsoids are
displayed at 50% probability, and the hydrogens are omitted for
clarity. Selected bond distances (Å) and angles (deg). Au(1)−P(1) =
2.2878(7), Au(1)−P(2) = 2.3261(7), P(1)−O(1) = 1.504(2), P(1)−
Au(1)−P(2) = 171.53(2), O(1)−P(1)−O(2) = 112.82(12), O(1)−
P(1)−Au(1) = 115.28(9). Hydrogen bonding: O(4)−O(1) =
2.476(3), O(5)−O(6) = 2.527(4), P(1)−O(1)−O(4) = 131.7(3),
P(3)−O(6)−O(5) = 129.2(2).
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insertion. Instead, terminal alkynes participated in a reversible
protodeauration reaction with the gold phosphito species to
generate alkynylgold compounds and free phosphite.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were carried out under a

nitrogen atmosphere unless specified. Solvents were dried using CaH2
or a Grubbs-type solvent purification system and distilled prior to use.
The chlorogold precursors (JohnPhos)AuCl,65 (tBuXPhos)AuCl,66

(SIMes)AuCl,67 and (SIPr)AuCl67) as well as tetraethyl-acetylenedi-
carboxamide48 and bis(diphenylphosphino)acetylene dioxide47 were
prepared following literature procedures. The arylgold precursors
were prepared following variations of literature procedures as
described below.68−72 The remaining reagents were obtained from
commercial sources and used as received. CDCl3 was dried over CaH2
and distilled immediately prior to use while C6D6 was dried over
activated molecular sieves (3 Å) and filtered through a 5 μm filter
prior to use. 1H NMR chemical shifts were determined by reference
to residual nondeuterated solvent resonances, and 13C{1H} chemical
shifts were determined by reference to deuterated solvent resonances.
Coupling constants are given in hertz. 31P{1H} NMR spectra were
referenced to external H3PO4 (0 ppm). 1H and 13C NMR resonances
were assigned through analysis of 1D and 2D experiments. Elemental
analyses were determined by Midwest Microlabs.
Preparation of Arylgold Precursors. General Method A. A

vial (30 mL) was charged with LAuCl, PhB(OH)2 (2 equiv), Cs2CO3
(2 equiv), and a magnetic stirring bar (in air). The vial was capped,
and the atmosphere was exchanged for nitrogen using a vacuum
manifold. After injecting isopropanol by syringe, the vial was placed in
an aluminum block heater at 55 °C and stirred for 24 h. The arylgold
compounds were separated from the solid residue by column
chromatography. Chromatography details: flash (N2 pressure), 35−
40 g of SiO2 (NEt3 treated) per gram of crude arylgold compound,
hexane:EtOAc (gradient 100:0−75:25). After removal of the volatiles,
the residue was dissolved in CH2Cl2 and dried over MgSO4.
Filtration, concentration, and drying overnight afforded the (1−4)
as white solids. If desired, 1−4 can be recrystallized by cooling
saturated EtOAc solutions to −30 °C.
Preparation of (JohnPhos)AuPh (1). The title compound was

prepared following general method A using (JohnPhos)AuCl (2.00 g,
3.77 mmol), PhB(OH)2 (0.919 g, 7.54 mmol), Cs2CO3 (2.46 g, 7.55
mmol), and isopropanol (20 mL). After purification by column
chromatography (Rf = 0.52, hexane:EtOAc 70:30), the title
compound was isolated as a white solid (1.56 g, 72%).72

Preparation of (tBuXPhos)AuPh (2). The title compound was
prepared following general method A using (tBuXPhos)AuCl (2.00 g,
3.04 mmol), PhB(OH)2 (0.742 g, 6.09 mmol), Cs2CO3 (1.98 g, 6.08
mmol), and isopropanol (20 mL). After purification by column
chromatography (Rf = 0.70, hexane:EtOAc 70:30), the title
compound was isolated as a white solid (1.61 g, 76%).72

Preparation of (SIMes)AuPh (3). The title compound was prepared
following general method A using (SIMes)AuCl (2.00 g, 3.71 mmol),
PhB(OH)2 (0.905 g, 7.42 mmol), Cs2CO3 (2.42 g, 7.43 mmol), and
isopropanol (20 mL). After purification by column chromatography
(Rf = 0.26, hexane:EtOAc 70:30), the title compound was isolated as
a white solid (1.41 g, 65.4%). Anal. Calcd for C27H31AuN2: C, 55.86;
H, 5.38. Found: C, 55.97; H, 5.44. 1H (CDCl3, 25 °C): δ 7.02 (m,
4H, ArH), 6.97 (s, 4H, ArH), 6.84 (t, 1H, J = 7.0, ArH), 3.94 (s, 4H,
−CH2N−), 2.39 (s, 12H, −Me), 2.32 (s, 6H, −Me). 13C{1H}
(CDCl3, 25 °C): δ 216.2 (s, carbene C), 169.6 (s, quat), 140.6 (s,
ArCH), 138.3 (s, quat), 135.9 (s, quat), 135.5 (s, quat), 129.6 (s,
ArCH), 126.8 (s, ArCH), 124.7 (s, ArCH), 51.0 (s, −CH2N−), 21.2
(s, −Me), 18.3 (s, −Me).
Preparation of (SIPr)AuPh (4). The title compound was prepared

following general method A using (SIPr)AuCl (2.00 g, 3.21 mmol),
PhB(OH)2 (0.783 g, 6.42 mmol), Cs2CO3 (2.09 g, 6.41 mmol), and
isopropanol (20 mL). After purification by column chromatography
(Rf = 0.74, hexane:EtOAc 70:30), the title compound was isolated as
a white solid (1.45 g, 68.4%). Anal. Calcd for C33H43AuN2: C, 59.63;

H, 6.52. Found: C, 59.85; H, 6.61. 1H (CDCl3, 25 °C): δ 7.39 (t, 2H,
J = 7.7, ArH), 7.23 (d, 4H, J = 7.7, ArH), 6.99 (m, 4H, Ar-H), 6.82 (t,
1H, J = 7.0, ArH), 4.01 (s, 4H, −CH2N−), 3.17 (sept, 4H, J = 6.8,
−CH−), 1.50 (d, 12H, J = 6.8, −Me), 1.37 (d, 12H, J = 6.9, −Me).
13C{1H} (CDCl3, 25 °C): δ 216.7 (s, carbene C), 170.2 (s, quat),
146.9 (s, quat), 140.6 (s, ArCH), 134.9 (s, quat), 129.5 (s, ArCH),
126.7 (s, ArCH), 124.4 (s, ArCH), 124.3 (s, ArCH), 53.9 (s,
−CH2N−), 29.1 (s, −CH−), 25.2 (s, −Me), 24.2 (s, −Me).

Preparation of Gold Phosphites. General Method B. A 10
mL vial was charged in air with the arylgold precursor, secondary
phosphite (1 equiv, if it is a solid), and a magnetic stirring bar. The
vial was capped, and the atmosphere was exchanged for nitrogen on a
manifold. The secondary phosphite (1 equiv, if it is a liquid) was
added by syringe along with toluene (8 mL). The reaction was stirred
for 18 h at the desired temperature. The volatiles were removed under
vacuum, and the gold phosphites were separated from the solid
residue by column chromatography. Chromatography details: flash
(N2 pressure), 75 g of basic Al2O3 per gram of crude gold phosphite,
EtOAc:MeOH (gradient 100:0−90:10). After removal of the volatiles,
the residue was dissolved in CH2Cl2 and dried over MgSO4.
Filtration, concentration, and drying overnight under vacuum afforded
the (5−12) as white solids. If desired, the gold phosphites can be
recrystallized by cooling a saturated EtOAc solution to −30 °C.

Preparation of (JohnPhos)Au(P(O)(OEt)2) (5). The title compound
was prepared following general method B using (JohnPhos)AuPh
(1.000 g, 1.75 mmol) and diethylphosphite (0.225 mL, 1.75 mmol).
After heating at 70 °C for 18 h, purification by column
chromatography (Rf = 0.22, EtOAc:MeOH 90:10) afforded the title
compound as a white solid (1.02 g, 92%).40

Preparation of (tBuXPhos)Au(P(O)(OEt)2) (6). The title compound
was prepared following general method B using (tBuXPhos)AuPh
(1.00 g, 1.43 mmol) and diethylphosphite (0.184 mL, 1.43 mmol).
After heating at 70 °C for 18 h, purification by column
chromatography (Rf = 0.30, EtOAc:MeOH 90:10) afforded the title
compound as a white solid (0.99 g, 91%).40

Preparation of (SIMes)Au(P(O)(OEt)2) (7). The title compound was
prepared following general method B using (SIMes)AuPh (1.00 g,
1.72 mmol) and diethylphosphite (0.222 mL, 1.72 mmol). After
heating at 85 °C for 18 h, purification by column chromatography (Rf
= 0.34, EtOAc:MeOH 90:10) afforded the title compound as a white
solid (0.91 g, 83%).40

Preparation of (SIPr)Au(P(O)(OEt)2) (8). The title compound was
prepared following general method B using (SIPr)AuPh (1.00 g, 1.50
mmol) and diethylphosphite (0.194 mL, 1.51 mmol). After heating at
85 °C for 18 h, purification by column chromatography (Rf = 0.36,
EtOAc:MeOH 90:10) afforded the title compound as a white solid
(0.94 g, 86%). Anal. Calcd for C31H48AuN2O3P: C, 51.38; H, 6.68.
Found: C, 51.59; H, 6.57. 1H (CDCl3, 25 °C): δ 7.38 (t, 2H, J = 7.8,
ArH), 7.22 (d, 4H, J = 7.8, ArH), 4.06 (s, 4H, −NCH2−), 3.36 (m,
4H, −OCH2−), 3.03 (sept, 4H, J = 6.8, −CH−), 1.39 (d, 12H, J =
6.8, −Me), 1.33 (d, 12H, J = 6.9, −Me), 0.89 (t, 6H, J = 7.0, −Me).
13C{1H} (CDCl3, 25 °C): δ 216.6 (d, J = 168.2, carbene C), 146.8 (s,
quat), 133.7 (s, quat), 130.1 (s, ArCH), 124.7 (s, ArCH), 57.1 (s,
−OCH2−), 54.0 (d, J = 5.8, −NCH2−), 29.2 (s, −CH−), 25.3 (s,
−Me), 24.3 (s, −Me), 16.7 (d, J = 7.8, −Me). 31P{1H} (CDCl3, 25
°C): δ 111.6 (s).

Preparation of (JohnPhos)Au(P(O)Pin) (9). The title compound
was prepared following general method B using (JohnPhos)AuPh
(0.500 g, 0.873 mmol) and HP(O)Pin (0.144 g, 0.877 mmol). After
heating at 70 °C for 18 h, purification by column chromatography (Rf
= 0.30, EtOAc:MeOH 90:10) afforded the title compound as a white
solid (0.49 g, 85%).40

Preparation of (tBuXPhos)Au(P(O)Pin) (10). The title compound
was prepared following general method B using (tBuXPhos)AuPh
(0.500 g, 0.716 mmol) and HP(O)Pin (0.118 g, 0.719 mmol). After
heating at 70 °C for 18 h, purification by column chromatography (Rf
= 0.41, EtOAc:MeOH 90:10) afforded the title compound as a white
solid (0.50 g, 89%).36

Preparation of (SIMes)Au(P(O)Pin) (11). General Method B was
followed using (SIMes)AuPh (0.500 g, 0.861 mmol) and HP(O)Pin
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(0.142 g, 0.865 mmol). After heating at 85 °C for 18 h, purification by
column chromatography (Rf = 0.17, EtOAc:MeOH 95:5) afforded the
title compound as a white solid (0.38 g, 66%). Anal. Calcd for
C27H38AuN2O3P: C, 48.65; H, 5.75. Found: C, 48.68; H, 5.59.

1H
(CDCl3, 25 °C): δ 6.92 (s, 4H, ArH), 3.96 (s, 4H, −NCH2−), 2.29
(s, 18H, −Me), 1.24 (s, 6H, −Me), 0.91 (s, 6H, −Me). 13C{1H}
(CDCl3, 25 °C): δ 214.3 (d, J = 178.0, carbene C), 139.0 (s, quat),
135.6 (s, quat), 134.5 (s, quat), 129.9 (s, ArCH), 83.4 (d, J = 4.6,
quat), 51.2 (d, J = 5.8, −NCH2−), 25.3 (d, J = 2.7, −Me), 24.7 (d, J =
5.4, −Me), 21.1 (s, −Me), 18.1 (s, −Me).31P{1H} (CDCl3, 25 °C): δ
120.5 (s).
Preparation of (SIPr)Au(P(O)Pin) (12). The title compound was

prepared following general method B using (SIPr)AuPh (0.500 g,
0.752 mmol) and HP(O)Pin (0.124 g, 0.755 mmol). After heating at
85 °C for 18 h, purification by column chromatography (Rf = 0.30,
EtOAc:MeOH 95:5) afforded the title compound as a white solid
(0.39 g, 69%). Anal. Calcd for C33H50AuN2O3P: C, 52.80; H, 6.71.
Found: C, 52.65; H, 6.59. 1H (CDCl3, 25 °C): δ 7.39 (t, 2H, J = 7.7,
ArH), 7.23 (d, 4H, J = 7.7, ArH), 4.02 (s, 4H, −NCH2−), 3.03 (sept,
4H, J = 6.9, −CH−), 1.42 (d, 12H, J = 6.8, −Me), 1.33 (d, 12H, J =
6.8, −Me), 1.19 (s, 6H, −Me), 0.71 (s, 6H, −Me). 13C{1H} (CDCl3,
25 °C): δ 214.5 (d, J = 176.5, carbene C), 146.6 (s, quat), 133.9 (s,
quat), 130.2 (s, ArCH), 124.8 (s, ArCH), 83.4 (d, J = 4.8, quat), 54.1
(d, J = 6.1, −NCH2−), 29.2 (s, −CH−), 25.5 (s, −Me), 25.3 (d, J =
2.6, −Me), 24.9 (d, J = 5.3, −Me), 24.2 (s, −Me). 31P{1H} (CDCl3,
25 °C): δ 119.0 (s).
Preparation of Vinylgold Compounds: General Method C. A

vial (10 mL) was charged (in air) with a gold phosphito compound
and a magnetic stirring bar. The atmosphere was exchanged for
nitrogen on a vacuum manifold, and DMAD was injected along with
toluene. The vial was heated in an aluminum block heater at the
desired temperature until consumption of the gold precursor was
complete (31P NMR). The volatiles were removed, and the title
compound was separated by column chromatography. Chromatog-
raphy details: flash (N2 pressure), 50 g of SiO2 (NEt3 treated) per
gram of crude vinylgold compound, EtOAc:MeOH (gradient 100:0−
90:10). After removal of the volatiles, the residue was dissolved in
CH2Cl2 and dried over MgSO4. Filtration, concentration, and drying
overnight under vacuum afforded the vinylgold compounds as waxy
solids.
Preparation of (Z)-(JohnPhos)Au(MeO2CCO2Me)(P(O)(OEt)2)

(13). The title compound was prepared following general method C
using 5 (1.00 g, 1.58 mmol) and DMAD (0.778 mL, 6.33 mmol, 4
equiv). The reaction mixture was stirred at 80 °C for 48 h. Following
purification by column chromatography (Rf = 0.28, hexane:EtOAc
40:60), the title compound was isolated as a pale-yellow wax (1.03 g,
84%). Crystals of 13 that were suitable for X-ray diffraction were
grown by cooling a saturated hexane/EtOAc solution (−30 °C). Anal.
Calcd for C30H43AuO7P2: C, 46.52; H, 5.60. Found: C, 46.27; H,
5.81. 1H (CDCl3, 25 °C): δ 7.87 (t, 1H, J = 7.2, ArH), 7.44 (m 2H,
ArH), 7.39 (t, 2H, J = 7.5, ArH), 7.31 (t, 1H, J = 7.4, ArH), 7.23 (m,
1H, ArH), 7.17 (d, 2H, J = 7.5, ArH), 4.08 (m, 4H, −OCH2−), 3.68
(s, 3H, −OMe), 3.67 (s, 3H, −OMe), 1.40 (d, 18H, J = 15.0, −Me),
1.30 (t, 6H, J = 7.1, −Me). 13C{1H} (CDCl3, 25 °C): δ 201.8 (dd, J =
95.9, 25.3, quat), 175.5 (d, J = 36.3, quat), 166.4 (dd, J = 23.7, 8.7,
quat), 150.5 (d, J = 15.4, quat), 142.0 (d, J = 6.1, quat), 134.6 (s,
ArCH), 133.0 (d, J = 7.3, ArCH), 130.2 (d, J = 2.1, ArCH), 129.1 (s,
ArCH), 128.9 (s, ArCH), 127.9 (d, J = 200.9, quat), 127.6 (d, J =
36.9, quat), 127.5 (s, ArCH), 126.5 (d, J = 5.6, ArCH), 61.8 (d, J =
5.4, −OCH2−), 51.9 (s, −OMe), 51.0 (s, −OMe), 37.4 (d, J = 21.2,
−Me), 30.8 (d, J = 7.1, −Me), 16.5 (d, J = 6.7, −Me). 31P{1H}
(CDCl3, 25 °C): δ 63.0 (d, J = 14.6, −PR3), 18.8 (d, J = 14.6,
−P(O)(OEt)2).
Preparation of (Z)-(SIMes)Au(MeO2CCO2Me)(P(O)(OEt)2) (14).

The title compound was prepared following general method C using 7
(1.00 g, 1.56 mmol) and DMAD (0.768 mL, 6.25 mmol). The
reaction mixture was stirred at 80 °C for 48 h. Following purification
by column chromatography (Rf = 0.24, 100% EtOAc), the title
compound was isolated as a pale-yellow waxy solid (0.93 g, 76%).
Crystals of 14 that were suitable for X-ray diffraction were grown by

cooling the crude reaction mixture (0 °C). Anal. Calcd for
C31H42AuN2O7P: C, 47.58; H, 5.41. Found: C, 47.32; H, 5.41.

1H
(CDCl3, 25 °C): δ 6.94 (s, 4H, ArH), 3.94 (s, 4H, −NCH2−), 3.72
(m, 4H, −OCH2−), 3.59 (s, 3H, −OMe), 3.47 (s, 3H, −OMe), 2.33
(s, 12H, −Me), 2.29 (s, 6H, −Me), 1.10 (t, 6H, J = 7.0, −Me).
13C{1H} (CDCl3, 25 °C): δ 209.7 (d, J = 5.2, carbene C), 195.3 (d, J
= 23.6, quat), 176.2 (d, J = 35.6, quat), 166.5 (d, J = 24.3, quat), 138.6
(s, quat), 136.0 (s, quat), 135.0 (s, quat), 129.6 (s, ArCH), 129.2 (d, J
= 196.2, quat), 61.9 (d, J = 5.2, −OCH2−), 51.8 s, −OMe), 51.1 (s,
−CH2N−), 21.2 (s, −Me), 18.1 (s, −Me), 16.5 (d, J = 6.2, −Me).
31P{1H} (CDCl3, 25 °C): δ 18.3 (s).

Preparation of (Sp)-(SIMes)Au(P(O)Ph((−)O-Men)) (15). The title
compound was prepared following general method B using 7 (1.000
g, 1.72 mmol) and (Rp)-HP(O)Ph((−)O-Men) (0.483 g, 1.72 mmol,
dr > 90:1). After stirring at 100 °C for 24 h, the title compound was
isolated by column chromatography (Rf = 0.34, EtOAc:MeOH 95:5)
as a white solid (0.98 g, 73%, dr > 90:1). Anal. Calcd for
C37H50AuN2O2P: C, 56.77; H, 6.44. Found: C, 56.40; H, 6.06.

1H
(CDCl3, 25 °C): δ 7.26 (dd, 2H, J = 12.7, 7.5, o-C6H5), 7.20 (t, 1H, J
= 7.4, p-C6H5), 7.13 (t, 2H, J = 7.5, m-C6H5), 6.97 (s, 2H, ArH), 6.92
(s, 2H, ArH), 4.00 (s, 4H, −NCH2−), 3.74 (m, 1H, −OCH−), 2.34
(s, 6H, −Me), 2.31 (s, 6H, −Me), 2.30 (s, 6H, −Me), 2.22 (m, 1H,
−CH2−), 1.84 (septd, 1H, J = 7.0, 2.9, −CH−), 1.53 (m, 2H,
−CH2−), 1.19 (m, 1H, −CH−), 1.07 (m, 2H, −CH−, −CH2−), 0.82
(d, 3H, J = 6.0, -Me), 0.76 (m, 2H, −CH2−), 0.72 (d, 3H, J = 7.0,
−Me), 0.59 (d, 3H, J = 7.0, −Me). 13C{1H} (CDCl3, 25 °C): δ 217.5
(d, J = 143.0, carbene C), 146.4 (d, J = 73.9, quat), 139.1 (s, quat),
135.8 (s, quat), 135.7 (s, quat), 134.5 (s, quat), 129.90 (s, ArCH),
129.85 (s, ArCH), 129.76 (d, J = 16.6, ArCH), 128.9 (d, J = 1.9,
ArCH), 127.4 (d, J = 11.6, ArCH), 78.3 (s, −OCH−), 51.3 (d, J =
4.8, −NCH2−), 48.7 (d, J = 8.7, −CH−), 44.3 (s, −CH2−), 34.7 (s,
−CH2−), 31.8 (s, −CH−), 24.5 (s, −CH−), 23.4 (s, −CH2−), 22.1
(s, −Me), 21.2 (s, −Me), 21.0 (s, −Me), 18.2 (s, −Me), 18.1 (s,
−Me), 16.8 (s, −Me). 31P{1H} (CDCl3, 25 °C): δ 119.1 (s).

Preparation of (Sp)-(JohnPhos)Au(P(O)Ph((−)O-Men)) (16). The
title compound was prepared following general method B using 5
(1.00 g, 1.75 mmol) and (Rp)-HP(O)Ph((−)O-Men) (0.490 g, 1.75
mmol, dr > 90:1). After stirring at 115 °C for 18 h, the title
compound was isolated by column chromatography (Rf = 0.46,
EtOAc:MeOH 90:10) as a white solid (1.16 g, 86%, dr > 90:1).36

Preparation of (Z)-(JohnPhos)Au(MeO2CCO2Me)(P(O)Ph(O-
Men)) (17). The title compound was prepared following general
method C using 16 (0.500 g, 0.645 mmol) and DMAD (0.317 mL,
2.58 mmol, 4 equiv). After stirring at 80 °C for 48 h, the title
compound was isolated by column chromatography (Rf = 0.44,
EtOAc:hexane 70:30) as a white waxy solid (0.26 g, 44%, dr > 90:1).
Anal. Calcd for C42H57AuO6P2: C, 55.02; H, 6.27. Found: C, 54.54;
H, 6.26. 1H (CDCl3, 25 °C): δ 7.90 (m, 3H, ArH), 7.43 (m, 6H,
ArH), 7.29 (m, 1H, ArH), 7.22 (m, 1H, ArH), 7.16 (br d, 1H, J = 7.6
ArH), 7.10 (m, 2H, ArH), 4.22 (m, 1H, −CH−), 3.67 (s, 3H,
−OMe), 3.49 (s, 3H, −OMe), 2.20 (m, 1H, −CH2−), 2.12 (dsept,
1H, J = 7.0, 1.9, −CH−), 1.61 (m, 2H, −CH2−), 1.46 (d, 9H, J =
15.0, −Me), 1.39 (d, 9H, J = 14.8, −Me), 1.35 (m, 2H, −CH−), 1.14
(m, 1H, −CH2−), 0.95 (m, 1H, −CH2−), 0.86 (d, 3H, J = 7.1, −Me),
0.83 (m, 1H, −CH2−), 0.81 (d, 3H, J = 6.5, −Me), 0.74 (d, 3H, J =
6.9, −Me). 13C{1H} (CDCl3, 25 °C): δ 202.6 (dd, J = 95.7, 23.6,
quat), 176.2 (d, J = 31.2, quat), 166.4 (dd, J = 23.0, 9.0, quat), 150.6
(d, J = 15.4, quat), 141.9 (d, J = 6.3, quat), 136.1 (d, J = 141.5, quat),
134.6 (s, ArCH), 133.0 (d, J = 7.1, ArCH), 131.5 (d, J = 10.4, ArCH),
131.1 (d, J = 145.9, quat), 130.9 (d, J = 2.9, ArCH), 130.1 (d, J = 2.1,
ArCH), 129.2 (s, ArCH), 129.1 (s, ArCH), 128.9 (s, ArCH), 128.7
(s, ArCH), 127.8 (d, J = 36.2, quat), 127.7 (d, J = 13.3, ArCH), 127.4
(s, ArCH), 126.5 (d, J = 5.5, ArCH), 76.4 (d, J = 7.1, −CH−), 51.3
(s, −OMe), 50.9 (s, −OMe), 48.9 (d, J = 6.6, −CH−), 43.8 (s,
−CH2−), 37.5 (d, J = 21.3, quat), 37.4 (d, J = 20.6, quat), 34.4 (s,
−CH2−), 31.8 (s, −CH−), 30.9 (d, J = 7.1, −Me), 25.2 (s, −CH−),
22.9 (s, −CH2−), 22.1 (s, −Me), 21.4 (s, −Me), 15.8 (s, −Me).
31P{1H} (CDCl3, 25 °C): δ 63.6 (d, J = 12.3, −PR3), 29.0 (d, J = 12.3,
−P(O)−).
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Preparation of (Z)-(MeO2C)(I)CC(CO2Me)(P(O)(OEt)2) (18). A
vial (10 mL) was charged with 13 (1.00 g, 1.29 mmol), iodine (0.328
g, 1.29 mmol), and a stirring bar. The atmosphere was exchanged for
nitrogen, and toluene (5 mL) was injected by syringe. After stirring
(12 h, 25 °C), the volatiles were removed under vacuum, and the
residue was dissolved in a minimal amount of hot ethyl acetate. The
solution was filtered through Celite and allowed to cool to room
temperature. Crystals of JohnPhosAuI formed after 24 h and were
separated. The ethyl acetate was evaporated, and the title compound
was isolated by column chromatography (Rf = 0.67, EtOAc) as a light
tan oil (0.48 g, 89%). A small amount of JohnPhosAuI was also
isolated from the column, and combining the two JohPhosAuI
samples afforded 0.75 g (93%) of the iodogold compound. Anal.
Calcd for C10H16IO7P: C, 29.58; H, 3.97. Found: C, 29.58; H, 4.17.
1H (CDCl3, 25 °C): δ 4.22 (m, 4H, −CH2−), 3.83 (s, 3H, −OMe),
3.82 (s, 3H, −OMe), 1.37 (t, 6H, J = 7.1, −Me). 13C{1H} (CDCl3, 25
°C): δ 165.2 (d, J = 10.4, CO), 164.1 (d, J = 22.7, CO), 143.2
(d, J = 180.9, quat), 105.6 (s, quat), 64.0 (d, J = 5.8, −OCH2−), 54.3
(s, −OMe), 53.4 (s, −OMe), 16.4 (d, J = 6.5, −Me). 31P{1H}
(CDCl3, 25 °C): δ 7.0 (s).
Preparation of Alkynylgold Compounds. General Method

D. A vial (10 mL) was charged with a gold phosphito precursor and a
magnetic stirring bar. The vial was capped, and the atmosphere was
exchanged for nitrogen. Methyl propiolate (5 equiv) was injected by
syringe along with toluene (6 mL). After the reaction was complete,
the volatiles were removed, and the title compound was purified by
column chromatography. Chromatography details: flash (N2
pressure), 25 g of NEt3 treated SiO2 per gram of crude alkynylgold
compound, hexane:EtOAc (gradient 100:0−30:70). After removal of
the volatiles, the residue was dissolved in CH2Cl2 and dried over
MgSO4. Filtration, concentration, and drying overnight under vacuum
afforded the alkynylgold compounds as white solids. If desired, the
alkynylgold compounds can be recrystallized by cooling a saturated
hexane/EtOAc solution to −30 °C.
Preparation of (JohnPhos)Au(CCCO2Me) (19). The title

compound was prepared following general method D using (5)
(1.00 g, 1.58 mmol) and methyl propiolate (0.703 mL, 7.91 mmol, 5
equiv). After heating at 70 °C for 18 h, purification by column
chromatography (Rf = 0.37, hexane:EtOAc 70:30) afforded the title
compound as a white solid (0.66 g, 72%). Anal. Calcd for
C24H30AuO2P: C, 49.83; H, 5.23. Found: C, 49.93; H, 5.19. 1H
(CDCl3, 25 °C): δ 7.83 (t, 1H, J = 3.9, ArH), 7.48 (m, 5H, ArH),
7.27 (m, 1H, ArH), 7.11 (d, 2H, J = 7.6, ArH), 3.69 (s, 3H, −OMe),
1.37 (d, 18H, J = 15.0, −Me). 13C{1H} (CDCl3, 25 °C): δ 154.4 (d, J
= 2.9, quat), 150.3 (d, J = 15.0, quat), 142.2 (d, J = 6.2, quat), 138.2
(d, J = 129.4, quat), 134.3 (d, J = 1.0, ArCH), 133.1 (d, J = 7.1,
ArCH), 130.5 (d, J = 2.3, ArCH), 129.2 (s, ArCH), 129.1 (s, ArCH),
128.4 (s, ArCH), 127.0 (d, J = 41.3, quat), 126.8 (d, J = 6.2, ArCH),
91.9 (d, J = 22.0, quat), 51.9 (s, −OMe), 37.6 (d, J = 22.7, -quat),
31.0 (d, J = 6.9, −Me). 31P{1H} (CDCl3, 25 °C): δ 64.0 (s).
Preparation of (tBuXPhos)Au(CCCO2Me) (20). The title

compound was prepared following general method D using (6)
(0.423 g, 0.558 mmol) and methyl propiolate (0.248 mL, 2.79 mmol,
5 equiv). After heating at 70 °C for 18 h, purification by column
chromatography (Rf = 0.86, hexane:EtOAc 70:30) afforded the title
compound as a white solid (0.32 g, 81%). Anal. Calcd for
C33H48AuO2P: C, 56.25; H, 6.87. Found: C, 55.94; H, 6.81. 1H
(CDCl3, 25 °C): δ 7.85 (td, 1H, J = 7.6, 1.2, ArH), 7.46 (m, 2H,
ArH), 7.30 (ddd, 1H, J = 7.6, 4.6, 1.5, ArH), 7.12 (s, 2H, ArH), 3.67
(s, 3H, -OMe), 3.02 (sept, 1H, J = 6.9, −CH−), 2.33 (sept, 1H, J =
6.7, −CH−), 1.40 (d, 18H, J = 15.0, −Me), 1.35 (d, 6H, J = 6.9,
−Me), 1.30 (d, 6H, J = 6.8, −Me), 0.91 (d, 6H, J = 6.6, −Me).
13C{1H} (CDCl3, 25 °C): δ 154.4 (d, J = 2.9, quat), 149.9 (s, quat),
148.6 (d, J = 15.5, quat), 145.8 (s, quat), 139.1 (d, J = 129.8, quat),
135.6 (d, J = 5.2, quat), 135.3 (d, J = 1.7, ArCH), 134.8 (d, J = 7.9,
ArCH), 130.1 (d, J = 2.0, ArCH), 129.2 (d, J = 38.6, quat), 126.5 (d, J
= 6.2, ArCH), 122.2 (s, ArCH), 91.7 (d, J = 22.5, quat), 51.8 (s,
−OMe), 38.2 (d, J = 23.6, quat), 33.9 (s, −Me), 31.5 (d, J = 6.7,
−Me), 31.0 (s, −CH−), 26.4 (s, −Me), 24.0 (s, −Me), 23.2 (s,
−Me). 31P{1H} (CDCl3, 25 °C): δ 63.4 (s).

Preparation of (SIMes)Au(CCCO2Me) (21). The title compound
was prepared following general method D using (7) (0.500 g, 0.781
mmol) and methyl propiolate (0.347 mL, 3.90 mmol, 5 equiv). After
heating at 85 °C for 18 h, purification by column chromatography (Rf
= 0.28, hexane:EtOAc 70:30) afforded the title compound as a white
solid (0.32 g, 70%).40

Preparation of (SIPr)Au(CCCO2Me) (22). The title compound
was prepared following general method D using (8) (0.630 g, 0.869
mmol) and methyl propiolate (0.387 mL, 4.35 mmol, 5 equiv). After
heating at 85 °C for 18 h, purification by column chromatography (Rf
= 0.39, hexane:EtOAc 70:30) afforded the title compound as a white
solid (0.46 g, 79%). Anal. Calcd for C31H41AuN2O2: C, 55.52; H,
6.16. Found: C, 55.47; H, 6.06. 1H (CDCl3, 25 °C): δ 7.41 (t, 2H, J =
7.7, ArH), 7.23 (d, 4H, J = 7.7, ArH), 4.01 (s, 4H, −NCH2−), 3.57 (s,
3H, −OMe), 3.03 (sept, 4H, J = 6.8, −CH−), 1.40 (d, 12H, J = 6.8,
−Me), 1.33 (d, 12H, J = 6.9, −Me). 13C{1H} (CDCl3, 25 °C): δ
209.6 (s, carbene C), 154.1 (s, quat), 146.7 (s, quat), 134.02 (s, quat),
133.95 (s, quat), 130.1 (s, ArCH), 124.7 (s, ArCH), 93.3 (s, quat),
53.9 (s, −NCH2−), 51.9 (s, −OMe), 29.1 (s, −CH−), 25.4 (s, −Me),
24.2 (s, −Me).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00283.

NMR spectra of all new compounds (PDF)

Accession Codes
CCDC 2080845−2080850 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author

Robert A. Stockland, Jr. − Department of Chemistry, Bucknell
University, Lewisburg, Pennsylvania 17837, United States;
orcid.org/0000-0002-4351-6395; Email: rstockla@

bucknell.edu

Authors
Carly L. Masonheimer − Department of Chemistry, Bucknell
University, Lewisburg, Pennsylvania 17837, United States

Madeleine G. Atwood − Department of Chemistry, Bucknell
University, Lewisburg, Pennsylvania 17837, United States

Susan E. Hartzell − Department of Chemistry, Bucknell
University, Lewisburg, Pennsylvania 17837, United States

Erin A. Reph − Department of Chemistry, Bucknell University,
Lewisburg, Pennsylvania 17837, United States

Robert D. Pike − Department of Chemistry, The College of
William and Mary, Williamsburg, Virginia 23185, United
States; orcid.org/0000-0002-8712-0288

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.organomet.1c00283

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the National Science Foundation for
generous support of this work (CHE-1955190, CHE-1300088)
as well as the funds to purchase the NMR spectrometer (CHE-
0521108) and are indebted to NSF (CHE-0443345) and the

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00283
Organometallics XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.organomet.1c00283?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00283/suppl_file/om1c00283_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2080845&id=doi:10.1021/acs.organomet.1c00283
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2080850&id=doi:10.1021/acs.organomet.1c00283
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+A.+Stockland+Jr."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4351-6395
https://orcid.org/0000-0002-4351-6395
mailto:rstockla@bucknell.edu
mailto:rstockla@bucknell.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carly+L.+Masonheimer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madeleine+G.+Atwood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susan+E.+Hartzell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erin+A.+Reph"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+D.+Pike"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8712-0288
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00283?ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


College of William and Mary for the purchase of the X-ray
equipment. The authors thank the Clare Boothe Luce
Foundation for research fellowships to C.L.M. and M.G.A.
and Bucknell University for a Scholarly Development Grant to
R.A.S. The authors thank Michael Krout and Tim Strein for
helpful discussions.

■ REFERENCES
(1) Ananikov, V. P.; Beletskaya, I. P. Alkyne and Alkene Insertion
into Metal-Heteroatom and Metal-Hydrogen Bonds: The Key Stages
of Hydrofunctionalization Process. In Hydrofunctionalization;
Ananikov, V. P., Tanaka, M., Eds.; Topics in Organometallic
Chemistry, Vol. 43; Springer, 2013; pp 1−19.
(2) Huang, L.; Arndt, M.; Gooßen, K.; Heydt, H.; Gooßen, L. J. Late
Transition Metal-Catalyzed Hydroamination and Hydroamidation.
Chem. Rev. 2015, 115 (7), 2596−2697.
(3) Ai, W.; Zhong, R.; Liu, X.; Liu, Q. Hydride Transfer Reactions
Catalyzed by Cobalt Complexes. Chem. Rev. 2019, 119 (4), 2876−
2953.
(4) Gulías, M.; Mascaren as, J. L. Metal-Catalyzed Annulations
through Activation and Cleavage of C−H Bonds. Angew. Chem., Int.
Ed. 2016, 55 (37), 11000−11019.
(5) Alonso, F.; Beletskaya, I. P.; Yus, M. Transition-Metal-Catalyzed
Addition of Heteroatom−Hydrogen Bonds to Alkynes. Chem. Rev.
2004, 104 (6), 3079−3160.
(6) Boyarskiy, V. P.; Ryabukhin, D. S.; Bokach, N. A.; Vasilyev, A. V.
Alkenylation of Arenes and Heteroarenes with Alkynes. Chem. Rev.
2016, 116 (10), 5894−5986.
(7) Kishimoto, Y.; Eckerle, P.; Miyatake, T.; Ikariya, T.; Noyori, R.
Living Polymerization of Phenylacetylenes Initiated by Rh(C
CC6H5)(2,5-Norbornadiene)[P(C6H5)3]2. J. Am. Chem. Soc. 1994,
116 (26), 12131−12132.
(8) Liu, J.; Lam, J. W. Y.; Tang, B. Z. Acetylenic Polymers:
Syntheses, Structures, and Functions. Chem. Rev. 2009, 109 (11),
5799−5867.
(9) Lam, J. W. Y.; Tang, B. Z. Functional Polyacetylenes. Acc. Chem.
Res. 2005, 38 (9), 745−754.
(10) Yashima, E.; Ousaka, N.; Taura, D.; Shimomura, K.; Ikai, T.;
Maeda, K. Supramolecular Helical Systems: Helical Assemblies of
Small Molecules, Foldamers, and Polymers with Chiral Amplification
and Their Functions. Chem. Rev. 2016, 116 (22), 13752−13990.
(11) Trost, B. The Atom Economy–a Search for Synthetic
Efficiency. Science 1991, 254 (5037), 1471−1477.
(12) Chen, J.; Guo, J.; Lu, Z. Recent Advances in Hydrometallation
of Alkenes and Alkynes via the First Row Transition Metal Catalysis.
Chin. J. Chem. 2018, 36 (11), 1075−1109.
(13) Alami, M.; Hamze, A.; Provot, O. Hydrostannation of Alkynes.
ACS Catal. 2019, 9 (4), 3437−3466.
(14) Fürstner, A. Trans -Hydrogenation, Gem -Hydrogenation, and
Trans-Hydrometalation of Alkynes: An Interim Report on an
Unorthodox Reactivity Paradigm. J. Am. Chem. Soc. 2019, 141 (1),
11−24.
(15) Aubert, C.; Buisine, O.; Malacria, M. The Behavior of 1, n-
Enynes in the Presence of Transition Metals. Chem. Rev. 2002, 102
(3), 813−834.
(16) Beletskaya, I. P.; Nájera, C.; Yus, M. Stereodivergent Catalysis.
Chem. Rev. 2018, 118 (10), 5080−5200.
(17) Teles, J. H.; Brode, S.; Chabanas, M. Cationic Gold(I)
Complexes: Highly Efficient Catalysts for the Addition of Alcohols to
Alkynes. Angew. Chem., Int. Ed. 1998, 37 (10), 1415−1418.
(18) Díez-González, S.; Marion, N.; Nolan, S. P. N-Heterocyclic
Carbenes in Late Transition Metal Catalysis. Chem. Rev. 2009, 109
(8), 3612−3676.
(19) Lu, Z.; Hammond, G. B.; Xu, B. Improving Homogeneous
Cationic Gold Catalysis through a Mechanism-Based Approach. Acc.
Chem. Res. 2019, 52 (5), 1275−1288.
(20) Gorin, D. J.; Sherry, B. D.; Toste, F. D. Ligand Effects in
Homogeneous Au Catalysis. Chem. Rev. 2008, 108 (8), 3351−3378.

(21) Fürstner, A. Gold Catalysis for Heterocyclic Chemistry: A
Representative Case Study on Pyrone Natural Products. Angew.
Chem., Int. Ed. 2018, 57 (16), 4215−4233.
(22) Hashmi, A. S. K. Gold-Catalyzed Organic Reactions. Chem. Rev.
2007, 107 (7), 3180−3211.
(23) Zheng, Z.; Wang, Z.; Wang, Y.; Zhang, L. Au-Catalysed
Oxidative Cyclisation. Chem. Soc. Rev. 2016, 45 (16), 4448−4458.
(24) Dorel, R.; Echavarren, A. M. Gold(I)-Catalyzed Activation of
Alkynes for the Construction of Molecular Complexity. Chem. Rev.
2015, 115 (17), 9028−9072.
(25) Corma, A.; Leyva-Pérez, A.; Sabater, M. J. Gold-Catalyzed
Carbon−Heteroatom Bond-Forming Reactions. Chem. Rev. 2011, 111
(3), 1657−1712.
(26) Hashmi, A. S. K. Dual Gold Catalysis. Acc. Chem. Res. 2014, 47
(3), 864−876.
(27) Wang, Y.-M.; Lackner, A. D.; Toste, F. D. Development of
Catalysts and Ligands for Enantioselective Gold Catalysis. Acc. Chem.
Res. 2014, 47 (3), 889−901.
(28) Joost, M.; Amgoune, A.; Bourissou, D. Reactivity of Gold
Complexes towards Elementary Organometallic Reactions. Angew.
Chem., Int. Ed. 2015, 54 (50), 15022−15045.
(29) Johnson, M. W.; Shevick, S. L.; Toste, F. D.; Bergman, R. G.
Preparation and Reactivity of Terminal Gold(I) Amides and
Phosphides. Chem. Sci. 2013, 4 (3), 1023−1027.
(30) Oonishi, Y.; Gómez-Suárez, A.; Martin, A. R.; Nolan, S. P.
Hydrophenoxylation of Alkynes by Cooperative Gold Catalysis.
Angew. Chem., Int. Ed. 2013, 52 (37), 9767−9771.
(31) Zeng, X.; Kinjo, R.; Donnadieu, B.; Bertrand, G. Serendipitous
Discovery of the Catalytic Hydroammoniumation and Methylamina-
tion of Alkynes. Angew. Chem., Int. Ed. 2010, 49 (5), 942−945.
(32) Arndt, S.; Hansmann, M. M.; Motloch, P.; Rudolph, M.;
Rominger, F.; Hashmi, A. S. K. Intramolecular Anti -Phosphinoaura-
tion of Alkynes: An FLP-Motivated Approach to Stable Aurated
Phosphindolium Complexes. Chem. - Eur. J. 2017, 23 (11), 2542−
2547.
(33) Akana, J. A.; Bhattacharyya, K. X.; Müller, P.; Sadighi, J. P.
Reversible C-F Bond Formation and the Au-Catalyzed Hydro-
fluorination of Alkynes. J. Am. Chem. Soc. 2007, 129 (25), 7736−
7737.
(34) Kuniyasu, H.; Nakajima, T.; Tamaki, T.; Iwasaki, T.; Kambe, N.
Regioselective Cis Insertion of DMAD into Au−P Bonds: Effect of
Auxiliary Ligands on the Reaction Mechanism. Organometallics 2015,
34 (7), 1373−1376.
(35) Joost, M.; Estevez, L.; Mallet-Ladeira, S.; Miqueu, K.;
Amgoune, A.; Bourissou, D. Mechanisms of Syn -Insertion of Alkynes
and Allenes into Gold−Silicon Bonds: A Comprehensive Exper-
imental/Theoretical Study. J. Am. Chem. Soc. 2014, 136 (29), 10373−
10382.
(36) Richard, M. E.; Ciccarelli, R. M.; Garcia, K. J.; Miller, E. J.;
Casino, S. L.; Pike, R. D.; Stockland, R. A., Jr. Stereospecific
Protodeauration/Transmetalation Generating Configurationally Sta-
ble P-Metalated Nucleoside Derivatives. Eur. J. Org. Chem. 2018, 2018
(19), 2167−2170.
(37) Schafer, L. J.; Garcia, K. J.; Baggett, A. W.; Lord, T. M.; Findeis,
P. M.; Pike, R. D.; Stockland, R. A., Jr. Synthesis of Spirocyclic
Diphosphite-Supported Gold Metallomacrocycles via a Protodeaura-
tion/Cyclization Strategy: Mechanistic and Binding Studies. Inorg.
Chem. 2018, 57 (18), 11662−11672.
(38) Hollatz, C.; Schier, A.; Schmidbaur, H. Gold(I) Complexes
with PO and P−OH Functionalised Phosphorus Ligands. Inorg.
Chim. Acta 2000, 300−302, 191−199.
(39) Hollatz, C.; Schier, A.; Schmidbaur, H. Neutral Gold(I)
Complexes with Mixed Phosphorus Ligands. Chem. Ber. 1997, 130
(9), 1333−1338.
(40) Manbeck, G. F.; Kohler, M. C.; Porter, M. R.; Stockland, R. A.,
Jr. P−H Activation Using Alkynylgold Substrates: Steric and
Electronic Effects. Dalton. Trans. 2011, 40 (46), 12595.
(41) Leyva-Pérez, A.; Cabrero-Antonino, J. R.; Cantín, A.; Corma, A.
Gold(I) Catalyzes the Intermolecular Hydroamination of Alkynes

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00283
Organometallics XXXX, XXX, XXX−XXX

J

https://doi.org/10.1021/cr300389u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300389u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201511567
https://doi.org/10.1002/anie.201511567
https://doi.org/10.1021/cr0201068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0201068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00105a095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00105a095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900149d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900149d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar040012f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1962206
https://doi.org/10.1126/science.1962206
https://doi.org/10.1002/cjoc.201800314
https://doi.org/10.1002/cjoc.201800314
https://doi.org/10.1021/acscatal.9b00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr980054f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr980054f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3773(19980605)37:10<1415::AID-ANIE1415>3.0.CO;2-N
https://doi.org/10.1002/(SICI)1521-3773(19980605)37:10<1415::AID-ANIE1415>3.0.CO;2-N
https://doi.org/10.1002/(SICI)1521-3773(19980605)37:10<1415::AID-ANIE1415>3.0.CO;2-N
https://doi.org/10.1021/cr900074m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900074m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068430g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068430g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201707260
https://doi.org/10.1002/anie.201707260
https://doi.org/10.1021/cr000436x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CS00887E
https://doi.org/10.1039/C5CS00887E
https://doi.org/10.1021/cr500691k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500691k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100414u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100414u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500015k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400188g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400188g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201506271
https://doi.org/10.1002/anie.201506271
https://doi.org/10.1039/C2SC21519E
https://doi.org/10.1039/C2SC21519E
https://doi.org/10.1002/anie.201304182
https://doi.org/10.1002/anie.200905341
https://doi.org/10.1002/anie.200905341
https://doi.org/10.1002/anie.200905341
https://doi.org/10.1002/chem.201605914
https://doi.org/10.1002/chem.201605914
https://doi.org/10.1002/chem.201605914
https://doi.org/10.1021/ja0723784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0723784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja504024h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja504024h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja504024h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201800397
https://doi.org/10.1002/ejoc.201800397
https://doi.org/10.1002/ejoc.201800397
https://doi.org/10.1021/acs.inorgchem.8b01805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0020-1693(99)00459-4
https://doi.org/10.1016/S0020-1693(99)00459-4
https://doi.org/10.1002/cber.19971300925
https://doi.org/10.1002/cber.19971300925
https://doi.org/10.1039/c1dt11337b
https://doi.org/10.1039/c1dt11337b
https://doi.org/10.1021/jo101674t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with Imines and Produces α,A′, N -Triarylbisenamines: Studies on
Their Use As Intermediates in Synthesis. J. Org. Chem. 2010, 75 (22),
7769−7780.
(42) Strasser, C. E.; Cronje, S.; Schmidbaur, H.; Raubenheimer, H.
G. The Preparation, Properties and X-Ray Structures of Gold(I)
Trithiophosphite Complexes. J. Organomet. Chem. 2006, 691 (22),
4788−4796.
(43) Stockland, R. A., Jr.; Kohler, M. C.; Guzei, I. A.; Kastner, M. E.;
Bawiec, J. A.; Labaree, D. C.; Hochberg, R. B. Organometallic
Complexes Containing 17-Ethynyl-17β-Hydroxyandrost-4-En-3-One
and Related Ethynyl Steroids. Organometallics 2006, 25 (10), 2475−
2485.
(44) Lebon, E.; Sylvain, R.; Piau, R. E.; Lanthony, C.; Pilmé, J.;
Sutra, P.; Boggio-Pasqua, M.; Heully, J.-L.; Alary, F.; Juris, A.; Igau, A.
Phosphoryl Group as a Strong σ-Donor Anionic Phosphine-Type
Ligand: A Combined Experimental and Theoretical Study on Long-
Lived Room Temperature Luminescence of the [Ru(Tpy)(Bpy)(Ph2
PO)]+ Complex. Inorg. Chem. 2014, 53 (4), 1946−1948.
(45) Green, M. L. H. A New Approach to the Formal Classification
of Covalent Compounds of the Elements. J. Organomet. Chem. 1995,
500 (1−2), 127−148.
(46) Sutra, P.; Igau, A. Anionic Phosph(in)Ito (“Phosphoryl”)
Ligands: Non-Classical “Actor” Phosphane-Type Ligands in Coordi-
nation Chemistry. Coord. Chem. Rev. 2016, 308, 97−116.
(47) Kyba, E. P.; Rines, S. P.; Owens, P. W.; Chou, S.-S. P. A Novel
Synthesis of 1,2-Diphosphorylbenzenes. Tetrahedron Lett. 1981, 22
(20), 1875−1878.
(48) Heyl, D.; Fessner, W.-D. Facile Direct Synthesis of
Acetylenedicarboxamides. Synthesis 2014, 46 (11), 1463−1468.
(49) Joost, M.; Gualco, P.; Mallet-Ladeira, S.; Amgoune, A.;
Bourissou, D. Direct Syn Insertion of Alkynes and Allenes into Au-Si
Bonds. Angew. Chem., Int. Ed. 2013, 52 (28), 7160−7163.
(50) Emmick, T. L.; Letsinger, R. L. Unsymmetrical Secondary
Phosphine Oxides. Synthetic, Isotopic Exchange, and Stereochemical
Studies. J. Am. Chem. Soc. 1968, 90 (13), 3459−3465.
(51) Farnham, W. B.; Murray, R. K.; Mislow, K. Stereospecific
Alkylation of Menthyl Phenylphosphinate. J. Am. Chem. Soc. 1970, 92
(19), 5809−5810.
(52) Wang, W.-M.; Liu, L.-J.; Zhao, C.-Q.; Han, L.-B. Diaster-
eoselective Hydrolysis of Asymmetric P-Cl Species and Synthesis of
Optically Pure (RP)-(−)-Menthyl H-Phenylphosphinate. Eur. J. Org.
Chem. 2015, 2015 (11), 2342−2345.
(53) Bigler, R.; Mezzetti, A. Highly Enantioselective Transfer
Hydrogenation of Polar Double Bonds by Macrocyclic Iron(II)/
(NH)2 P2 Catalysts. Org. Process Res. Dev. 2016, 20 (2), 253−261.
(54) Berger, O.; Montchamp, J.-L. General Synthesis of P-
Stereogenic Compounds: The Menthyl Phosphinate Approach. Org.
Biomol. Chem. 2016, 14 (31), 7552−7562.
(55) Gatineau, D.; Giordano, L.; Buono, G. Bulky, Optically Active
P-Stereogenic Phosphine−Boranes from Pure H-Menthylphosphi-
nates. J. Am. Chem. Soc. 2011, 133 (28), 10728−10731.
(56) Keglevich, G.; Bálint, E.; Takács, J.; Drahos, L.; Huben, K.;
Jankowski, S. The addition of Dialkyl Phosphites and Diphenylphos-
phine Oxide on the Triple Bond of Dimethyl Acetylenedicarboxylate
under Solvent-Free and Microwave Conditions. Curr. Org. Synth.
2014, 11, 161−166.
(57) Kohler, M. C.; Grimes, T. V.; Wang, X.; Cundari, T. R.;
Stockland, R. A., Jr. Arylpalladium Phosphonate Complexes as
Reactive Intermediates in Phosphorus-Carbon Bond Forming
Reactions. Organometallics 2009, 28, 1193−1201.
(58) Liu, L.-P.; Xu, B.; Mashuta, M. S.; Hammond, G. B. Synthesis
and Structural Characterization of Stable Organogold(I) Compounds.
Evidence for the Mechanism of Gold-Catalyzed Cyclizations. J. Am.
Chem. Soc. 2008, 130 (52), 17642−17643.
(59) Gołębiewska, J.; Rachwalak, M.; Jakubowski, T.; Romanowska,
J.; Stawinski, J. Reaction of Boranephosphonate Diesters with Amines
in the Presence of Iodine: The Case for the Intermediacy of H-
Phosphonate Derivatives. J. Org. Chem. 2018, 83 (10), 5496−5505.

(60) Joost, M.; Saffon-Merceron, N.; Amgoune, A.; Bourissou, D.
Synthesis, Structure, and Reactivity of an NHC Silyl Gold(I)
Complex. Organometallics 2019, 38 (19), 3494−3497.
(61) Zalesskiy, S. S.; Khrustalev, V. N.; Kostukovich, A. Y.;
Ananikov, V. P. Carboxylic Group-Assisted Proton Transfer in
Gold-Mediated Thiolation of Alkynes. Organometallics 2015, 34
(21), 5214−5224.
(62) Rocchigiani, L.; Fernandez-Cestau, J.; Budzelaar, P. H. M.;
Bochmann, M. Arene C−H Activation by Gold(III): Solvent-Enabled
Proton Shuttling, and Observation of a Pre-Metallation Au−Arene
Intermediate. Chem. Commun. 2017, 53 (31), 4358−4361.
(63) Gaillard, S.; Slawin, A. M. Z.; Nolan, S. P. A N-Heterocyclic
Carbene Gold Hydroxide Complex: A Golden Synthon. Chem.
Commun. 2010, 46 (16), 2742−2744.
(64) Fortman, G. C.; Poater, A.; Levell, J. W.; Gaillard, S.; Slawin, A.
M. Z.; Samuel, I. D. W.; Cavallo, L.; Nolan, S. P. A Versatile Gold
Synthon for Acetylene C−H Bond Activation. Dalt. Trans. 2010, 39
(43), 10382−10390.
(65) Nieto-Oberhuber, C.; López, S.; Echavarren, A. M. Intra-
molecular [4 + 2] Cycloadditions of 1,3-Enynes or Arylalkynes with
Alkenes with Highly Reactive Cationic Phosphine Au(I) Complexes.
J. Am. Chem. Soc. 2005, 127 (17), 6178−6179.
(66) Fehr, C.; Vuagnoux, M.; Buzas, A.; Arpagaus, J.; Sommer, H.
Gold- and Copper-Catalyzed Cycloisomerizations towards the
Synthesis of Thujopsanone-Like Compounds. Chem. - Eur. J. 2011,
17 (22), 6214−6220.
(67) de Frémont, P.; Scott, N. M.; Stevens, E. D.; Nolan, S. P.
Synthesis and Structural Characterization of N -Heterocyclic Carbene
Gold(I) Complexes. Organometallics 2005, 24 (10), 2411−2418.
(68) Partyka, D. V.; Updegraff, J. B.; Zeller, M.; Hunter, A. D.; Gray,
T. G. Probing the Steric Limits of Carbon−Gold Bond Formation:
(Dialkylbiarylphosphine)Gold(I) Aryls. Organometallics 2009, 28 (6),
1666−1674.
(69) Partyka, D. V.; Zeller, M.; Hunter, A. D.; Gray, T. G.
Relativistic Functional Groups: Aryl Carbon−Gold Bond Formation
by Selective Transmetalation of Boronic Acids. Angew. Chem., Int. Ed.
2006, 45 (48), 8188−8191.
(70) Gao, L.; Peay, M. A.; Partyka, D. V.; Updegraff, J. B.; Teets, T.
S.; Esswein, A. J.; Zeller, M.; Hunter, A. D.; Gray, T. G. Mono- and
Di-Gold(I) Naphthalenes and Pyrenes: Syntheses, Crystal Structures,
and Photophysics. Organometallics 2009, 28 (19), 5669−5681.
(71) Richard, M. E.; Fraccica, D. V.; Garcia, K. J.; Miller, E. J.;
Ciccarelli, R. M.; Holahan, E. C.; Resh, V. L.; Shah, A.; Findeis, P. M.;
Stockland, R. A., Jr. Acid, Silver, and Solvent-Free Gold-Catalyzed
Hydrophenoxylation of Internal Alkynes. Beilstein J. Org. Chem. 2013,
9, 2002−2008.
(72) Lenker, H. K.; Gray, T. G.; Stockland, R. A., Jr. Rapid Synthesis
of Arylgold Compounds Using Dielectric Heating. Dalton. Trans.
2012, 41 (43), 13274−13276.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00283
Organometallics XXXX, XXX, XXX−XXX

K

https://doi.org/10.1021/jo101674t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101674t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2006.07.034
https://doi.org/10.1016/j.jorganchem.2006.07.034
https://doi.org/10.1021/om051064r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om051064r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om051064r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4028496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4028496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4028496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4028496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-328X(95)00508-N
https://doi.org/10.1016/0022-328X(95)00508-N
https://doi.org/10.1016/j.ccr.2015.07.002
https://doi.org/10.1016/j.ccr.2015.07.002
https://doi.org/10.1016/j.ccr.2015.07.002
https://doi.org/10.1016/S0040-4039(01)90465-4
https://doi.org/10.1016/S0040-4039(01)90465-4
https://doi.org/10.1055/s-0033-1341101
https://doi.org/10.1055/s-0033-1341101
https://doi.org/10.1002/anie.201303450
https://doi.org/10.1002/anie.201303450
https://doi.org/10.1021/ja01015a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01015a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01015a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00722a083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00722a083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201500126
https://doi.org/10.1002/ejoc.201500126
https://doi.org/10.1002/ejoc.201500126
https://doi.org/10.1021/acs.oprd.5b00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.5b00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.5b00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6OB01413E
https://doi.org/10.1039/C6OB01413E
https://doi.org/10.1021/ja2034816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2034816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2034816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/1570179411999140304142747
https://doi.org/10.2174/1570179411999140304142747
https://doi.org/10.2174/1570179411999140304142747
https://doi.org/10.1021/om800906m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800906m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800906m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja806685j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja806685j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja806685j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.5b00210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CC01628J
https://doi.org/10.1039/C7CC01628J
https://doi.org/10.1039/C7CC01628J
https://doi.org/10.1039/c0cc00018c
https://doi.org/10.1039/c0cc00018c
https://doi.org/10.1039/c0dt00276c
https://doi.org/10.1039/c0dt00276c
https://doi.org/10.1021/ja042257t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja042257t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja042257t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201002797
https://doi.org/10.1002/chem.201002797
https://doi.org/10.1021/om050111c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050111c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800746u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800746u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200603350
https://doi.org/10.1002/anie.200603350
https://doi.org/10.1021/om9005214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om9005214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om9005214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3762/bjoc.9.235
https://doi.org/10.3762/bjoc.9.235
https://doi.org/10.1039/c2dt32129g
https://doi.org/10.1039/c2dt32129g
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

