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Abstract
Cationic gold carbene complexes have attracted significant attention, being
postulated as intermediates in a range of gold-catalyzed transformations. Regardless of
the remarkable progress in the gold (I) catalysis, our fundamental understanding on the
key intermediate species and the subsequent reactivity, and mechanistic insight is
deficient. This is mainly due to the lack of proper model system with sufficient
reactivity, as the majority of known gold carbene complexes are heteroatom stabilized or
sterically hindered, and because of a dearth of direct intermediate observations in
catalytic systems. Lewis acid mediated leaving group abstraction from a neutral gold
precursor provides a convenient method for the generation of rare examples of reactive
gold carbene species in high yield and purity, addressing the issue with isolation of such
transient species as well as allowing in situ spectroscopic analysis. Subsequent trapping
experiment with nucleophiles provides kinetic information about relevant catalytic
transformations, and the g-ionization strategy is further extended toward generation of
transient g -cationic propyl gold species for studying gold to alkene carbene transfer
reaction.
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1. Introduction
1.1 Gold(I) catalysis
Gold(I) catalysis has been an actively growing topic in the field of synthetic
chemistry over the recent two decades. The emergence of cationic, two coordinate
phosphine gold(I) as homogeneous catalyst in 1998 has paved the way for the
development of enormous variety of catalysis. Much of the fundamental behavior of
gold can be explained in the context of the innate large relativistic effect.1, 2 Due to the
maximized relativistic effect among transition metals, gold displays distinctive
electronic structure and a subsequent reactivity difference.3, 4 Large 6s-orbital contraction
(direct relativistic effect) and 5d-orbital expansion (indirect relativistic effect) result in
greatly enhanced Au-L bond strength, preferential linear, bicoordinate geometry.
superior Lewis acidity, low oxophilicity and high aurophilicity. In addition, the cationic ,
12 electron [LAu]+ fragment is a soft Lewis acid with high electrophilicity, but is
relatively reluctant toward oxidative addition5 and reductive elimination,6, 7 with only
rare examples of gold(I) reactions proceeding through these elementary organometallic
reactions.8 Considered together, help explain the distinct reactivity of gold(I) catalysts
compared to other transition metals.9
In particular, owing to the superior Lewis acidity of gold toward C–C multiple
bonds, the advancement in gold(I) catalysis has mainly been focused on achieving
molecular complexity through C–C p-bond activation and subsequent nucleophilic
1

attack by carbon or heteroatom nucleophiles, known as hydrofunctionalization. In
addition to simple p-activation, a number of gold(I) catalyzed reactions are believed to
invoked cationic, two-coordinate gold(I) carbene species as reactive intermediate, most
notably in cyclopropanation and 1,n-enyne cycloisomerization. The representative type
of transformations engaging such activation process are listed in Figure 1.10
LAu+
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Z

LAu+

Z
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R
H
N2
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R

c)

AuL+

LAu+
–N2

CO2Et
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[O]
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Me
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C 6H 6

AuL+
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Figure 1. Representative methods for the generation of gold carbenes.
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1.2 Gold(I) carbene complexes
1.2.1 Bonding structure
Despite the prevalence of gold(I) carbene complexes postulated as reactive
intermediate in various gold(I) catalyzed transformations, our understanding on
fundamental features of those complexes are highly limited due to the absence of proper
model system for spectroscopic analysis and reactivity studies, but instead, heavily
relying on indirect experimental evidence, such as by trapping experiments, and
computational studies. A major point of discussion has been the electronic nature of the
Au–C bond, especially the extend of p-back donation from the gold to the empty porbital of the carbene, leading to a debate between carbene and metal stabilized
carbenium ion. This debate may seem merely semantic terminological argument, but the
comprehension of the extend of stabilization provided by the gold to the a-carbon is
paramount to the understanding of the reactivity of gold carbene species.
In conventional viewpoint of interpretation where transition metals are divided
into Fischer and Schrock carbenes,11 cationic gold(I) carbene complexescan be
categorized as one extreme case of Fischer carbene carrying very weak p-backdonation.
As the electronegativity of the metal complex partially governs the back-donation ability
of the metal to carbene, it is merely surprising for the most electronegative atom of all
transition metals to exhibit such properties. According to the bonding model developed
by Toste and Goddard (Figure 2), L–Au–C bonding network of cationic gold(I) carbene
3

complexes is comprised of a three sets of orbital interactions: three-centered, fourelectron sigma-hyperbond that account for the interaction from both ligand to gold
electron donation, and two orthogonal p-interaction where gold donates its electron
density from its 5d orbital to the empty p-orbitals of the ligands. Owing to the competing
nature of electron density between ligand and carbene from and to the gold, both s- and
p-component of the electronic interaction between gold and carbene is influenced by the
electronic nature of the supporting ligand. Therefore, terminological debate of carbene
versus carbenium ion is valid only in the context of measuring the contribution of
backdonation, but not actually concerning the bond order.

Figure 2. Toste and Goddard’s bonding model of cationic gold(I) carbene
complexes.

1.2.2 Recent advances in cationic gold(I) carbene structural studies
The interest in experimental evaluation of the fundamental bonding feature of
these species has gain considerable attention, in order to better understand the unique
properties, and ultimately to improve the performance of the catalytic system. Recent
4

achievement in the synthesis and characterization of well-defined gold carbene complex
has provided new insight into the electronic structure of the gold-carbene bond.
Nevertheless, early reported gold(I) carbene complexes are overly stabilized by electrondonating heteroatom substituent,12-15 thus biasing the electronic structure toward
carbenium ion. Indeed, the bond length of those compounds are rather comparable to
that of a C(sp2)–Au single bond,16 and significantly shorten C-heteroatom bond length
demonstrates considerable stabilization at the carbene center from heteroatom.
In 2014, a first example of gold carbene complex lacking direct heteroatom
substitution at carbene carbon center was isolated in solid state by Fürstner (A),12
followed by Straub (B),16 Widenhoefer (C),17 and Bourissou (D),18 all in the same year
(Figure 3). Still, each complex is relying their stability on factors such as resonance
contribution from methoxy substituent at the para position, exceedingly hindered steric
effect, aromatic stabilization, and ligand-induced distortion. Indeed, a crystal structure
of A indicated Au-C1 bond distance of 2.039(5) Å, which is merely perturbed from
C(sp2)–Au single bond length of 2.045(6) Å,16 but significant resonance contribution from
4-methoxy substituent was evidenced by appreciably shortened C1-CAr bond. In the case
of C, the most deviated C–C–C bond angle (123.3(6)°) at the carbene center was observed
but carbene contribution factor could not be unambiguously evaluated by Au–C bond
distance due to large standard deviation. On the other hand, complexes B and D
displayed Au–C bond length of 2.014(6) and 1.984(4) Å respectively, but the reactivity of
5

those complexes could possibly be altered from carbene intermediates appearing in a
catalytic system, as B is overly hindered by steric bulkiness around the carbene center by
both the octa-tert-butyl NHC ligand and the bis(mesityl) groups, and even inert toward
nucleophiles such as water, and a reactivity study for D was not conducted.

OMe

(L)Au

(L)Au

(L)Au

(DPCb)Au

OMe
A

B

C

D

Figure 3. Cationic, two-coordinate gold(I) carbenes without direct heteroatom
stabilization.

1.2.3 Cumulated and conjugated gold carbene complexes
Complexes possessing extended unsaturated carbon chain has been an active
topic in organometallic chemistry for various transition metals, for their potential
applications in molecular wires and for their multifaceted reactivity at more than one
reactive carbon centers.19 Cumulenic carbene complexes, where more than two carbons
are connected by consecutive double bonds, as well as vinylic and longer conjugated
carbene systems fall into this category. In the case of gold, few examples of vinylidene,20
allenylidenes,21-23 and vinyl carbene complexes14, 22, 24 have been reported. Of particular
6

interest among cationic gold(I) carbene species are those possessing b,g-unsaturation,
owing to the likely accumulation of positive charge at either C1 and/or C3 position and
subsequent potential reactivity at both positions. In addition, gold vinyl carbene
complexes have been postulated as a key intermediates in range of gold-catalyzed
transformations employing cyclopropenes,25-32 propargyl carboxylates,33-44 propargyl
ethers,45, 46 enynes,47-49 ene-allenes,50, 51 vinyl diazo compounds,52-62 and norcaradienes as
vinyl carbene precursors.63, 64 In Chapter 2, cationic, two-coordinate, gold(I) allenylidenes
and vinyl carbene complexes without direct heteroatom stabilization are introduced,
with their synthesis, characterization, and reactivity in detail.

1.3 Reactivity of cationic gold(I) carbene complexes
One important experimental aspect of gold carbenes to be evaluated is their
stability and reactivity toward nucleophiles. Often, they are reacted with alkenes to form
cyclopropanes upon carbene transfer, which is one of the most common reactivities
observed with cationic gold(I) carbene complexes. It is commonly accepted that weak
metal–carbene bonds results cyclopropanation while metathesis takes place for strong
metal–carbene bonds. However, there has been only three examples of well-defined
cationic, two-coordinate gold(I) carbenes displaying cyclopropanation reactivity (Figure
4),12, 65 including gold(I) vinyl carbene, which is addressed in detail in chapter 2.66 Beside
cyclopropanation reactions, various heteroatom nucleophiles possessing lone-pair
7

electrons (sulfide, pyridine derivatives, phosphines), hydride donors (silanes), and
oxygen transfer reagents (N-oxides) are commonly used for testing electrophilic
reactivity at carbene carbon center. For example, gold tropylium/carbene complex C
reacted with Et3SiH, Hantzsch ester to give the corresponding reduced product, and
pyridine N-oxide to yield tropone. In situ generated carbene E was trapped with
triphenylphosphine to form the phosphonium-ylide complex, and also reacted with
pyridine N-oxide to give mesityl aldehyde (Figure 5). However, many of well-defined
cationic, gold(I) carbene complexes were inert toward such reagents listed above,
possibly due to superfluous stabilization from heteroatom substituents or steric
bulkiness. Alternatively, attempts were made to generate gold carbene species form gold
carbenoid precursors where labile leaving group is attached at C1 in both solution67 and
gas phase.68-70
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Figure 4. Gold carbene complexes shows cyclopropanation reactivity.
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Et3SiH
CD2Cl2, 25 °C
4.5 h
Hantzsch ester

(JP)Au

+

CD2Cl2, 25 °C
9h

C

pyridine N-oxide
CD2Cl2, 25 °C
9h

O

PPh3
CD2Cl2, –90 °C

(JP)Au

H
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(JP)Au
H

pyridine N-oxide

E

CD2Cl2, 25 °C
9h

O

JP = P(tBu)2(o-biphenyl)

Figure 5. Reaction of gold carbenes with nucleophiles.

1.3.1 Mechanism of gold-catalyzed cyclopropanation
Gold(I) catalyzed cyclopropanation has emerged as powerful tool in organic
chemistry, for its ability to perform reactions in mild conditions, with high efficiency
and selectivity.71 However, our understanding of the mechanism of gold(I)-catalyzed
carbene transfer is largely restricted to information gleaned from indirect experimental
observations, such as product ratios, stereoselectivity, and computational analysis.71-75
Although carbene transfer to alkenes is certainly not unique to gold,76-87, the particular
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properties of gold, namely poor d → p back bonding and the formation of stable πcomplexes88 likely renders the mechanisms of gold to alkene carbene transfer distinct
from other transition metals. For the carbene transfer and ring closure, both concerted,
and stepwise mechanism are suggested, depending on the substrate and the gold(I)
carbene species generated.71-74
In 2005, Toste reported a gold(I)-catalyzed stereoselective cyclopropanation of
propargylic ester with olefins.36 In their studies, the enantioselectivity and
diastereoselectivity could be modulated by altering the choice of ligand, and the
substituents on the olefin and they adopted a stereochemical model developed for
transition metal carbene transformations by Doyle to explain the observed
stereoselectivity.77, 78 Based on their experimental results with cis- and trans-b-methyl
styrene of retention of alkene stereochemistry, Toste suggested concerted carbene
transfer mechanism for this process (Figure 6). However, potential pathways other than
concerted mechanism resulting the net retention of alkene stereochemistry could not be
unambiguously precluded. In 2011, Echavarren conducted a comprehensive
experimental and computational mechanistic investigation of cyclopropanation of
alkenes with 1,6-enynes,73 and proposed that both concerted and stepwise mechanism
are feasible, depending on substrate. For example, cyclopropanation with propene or
ethylene occurs in concerted manner through moderately asynchronous transition state,
while styrene undergoes formation of open intermediate followed by ring closure in
11

stepwise manner. Still the net stereochemistry remained retention, due to much lower
barrier for ring closure (1.2 kcal mol-1) than for rotation to erode stereochemistry (7.3 kcal
mol-1).
Ph

Ph

H
Ph

H OAc

L–Au

Ph

OAc

H Au
L

Ph

OAc

Ph

OAc

Ph

Au

Ph

H

L

H

H OAc

Ph

OAc

Ph Au
L

Figure 6. Mechanistic hypothesis accounts for Toste’s work.

1.4 Summary and outlook
Computational and experimental studies have been extensively conducted for
understanding of the mechanism of a wide range of different gold(I) catalyzed
transformations, and therefore to improve the efficiency and selectivity of the
transformations. Recently, effort has been driven toward understanding of the
fundamental structure, and inherent reactivity of cationic, two-coordinate gold(I)
carbene species, which is frequently invoked as a key, reactive intermediate in gold(I)catalyzed reactions. Although recent advances on this subject has provided appreciable
progress, we still have not achieved comprehensive understanding of the nature of
cationic gold(I) carbene complexes and their behavior, in comparison to other wellstudied conventional transition metal carbene complexes.
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2. Synthesis, Characterization, and Reactivity of Gold(I)
b,g-unsaturated Carbene Complexes
Portions of this chapter have been published:
Kim. N.; Widenhoefer, R. A. Angew. Chem. Int. Ed. 2018, 57, 4722–4726;
Kim. N.; Widenhoefer, R. A. Chem. Sci. 2019, 10, 6149–6156.

2.1 Background
Cationic two-coordinate gold carbene complexes have been postulated as
intermediates in a range of gold-catalyzed transformations, most notably enyne
cycloaddition89-94 and alkene cyclopropanation,71 and reactive gold carbene complexes
have been detected and analyzed in the gas phase.10, 68-70, 74, 75, 95, 96 Nevertheless, there
remains considerable debate regarding the electronic structure of the Au–C bond of gold
carbene complexes,12, 17, 20, 97-103 and little is known regarding the fundamental reactivity of
these complexes. These deficiencies can be traced in large part to the lack of suitable
model complexes for spectroscopic analysis and reactivity studies. Despite the efforts
driven for synthesizing two-coordinate gold(I),12, 17, 18, 20, 102, 103 only the bis(mesityl)carbene
complex A possesses no remote heteroatom or aromatic stabilization (Figure 7).
However, complex A is unreactive towards nucleophiles such as water owing to the
extreme steric shielding of the carbene center by both the octa-tert-butyl NHC ligand
and the mesityl groups.102 Indeed, well defined, two-coordinate gold carbene complexes
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that display reactivity analogous to their catalytic counterparts, gold to alkene carbene
transfer in particular, are exceedingly rare.19-21
OMe
Me Me
Si

(L)Au

(L)Au

(L)Au

(L)Au
Si
Me

A

B

C

OMe

Me

D

Figure 7: Recent examples of gold carbene complexes (L=N-heterocyclic
carbene or tertiary phosphine) lacking a stabilizing C1 p-donor substituent.

Of particular interest among the cationic gold carbene complexes are those
possessing b,g-unsaturation owing to the likely accumulation of positive charge at both
the C1 and C3 positions of the unsaturated carbene ligand and the potential for reactivity
at both of these positions. Typical examples under this class are cumulenic and conjugated
compounds, such as allenylidene and vinyl carbenes. Although a number of cationic gold
vinyl carbene14, 21, 24 and allenylidene complexes 21-23, 104 have been reported, the electronic
structure of these complexes is dominated by the presence of one or more C1/C3
heteroatom p-donor substituent(s) (Figure 8, 9). 105-117 This is in contrast to the significant
number of other transition-metal allenylidene116,
lacking p-conjugated heteroatoms.
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117

and vinyl carbene105-115 complexes

Et
OMe
(L)Au

C

C

Et

N
Au

C

(L)Au

C

C

C

C
N

N

N

Dipp

2

Figure 8: Examples of gold(I) allenylidene complexes possessing one or more
C1/C3 heteroatom π-donor substituent(s) (red).

Me

(Me3P)Au

OEt

OMe
(IPr)Au

O

[P(o-tol)3]Au

O

Ph

O

n-C6H13

Figure 9: Examples of gold(I) vinylcarbene complexes possessing one or more
C1/C3 heteroatom π-donor substituent(s) (red).

Since the first transition metal allenylidene complexes reported by Fischer and
Berke in 1976,118, 119 allenylidene complexes have been extensively studied with various
different mid- to late- transition metals, such as W(II), Ru(II), and Pd(II).117,

120, 121

Allenylidene complexes also have been proposed as key intermediate in metal catalyzed
transformations,19 and are considered interesting molecules to be potentially used as
molecular wire and electronic materials owing to the extended p-interactions between
metal and the ligand through the linear framework.122 Nevertheless, studies on this type
of complexes with coinage metals, such as silver and gold, have long been absent. In 2009,
Bertrand and co-workers reported the first example of a Ag(I) allenylidene complex, and
there have been only three examples of Au(I) allenylidene complexes (Figure 8), reported
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by Hashmi (2013), Bertrand (2016), and Che (2016).21,22,123 In these studies, direct electron
donating heteroatom substitution at C3 position provided thermal stability as well as
indolence toward nucleophiles, thus allowing ease of characterization and potential
applications in supramolecular soft matter. Indeed, all three precedence are stable at
ambient temperature, under air, or insensitive toward water, or even prepared in water.
However, the overly stabilized nature of the isolated complexes resulted in electronically
biased structures, which prevents them from serving as proper model systems for
studying the electronic structure of transient intermediate carbene structure.
Transition metal vinyl carbene/carbenoid complexes have been widely invoked in
the field of synthetic chemistry, represented by the famous Grubb’s catalyst catalyzed
enyne cross-metathesis.124 Since the first vinyl carbene metal complex reported in 1976 by
Mitsudo,125 chemistry involving such complexes has been intensively studied over the last
three decades, contributing tremendous advances to synthesis.126, 127 Gold vinyl carbene
complexes have been postulated as key intermediates in range of gold-catalyzed
transformations employing cyclopropenes,25-32 propargyl carboxylates,33-44 propargyl
ethers,45, 46 enynes,47-49 ene-allenes,50, 51 vinyl diazo compounds,52-62 and norcaradienes as
vinyl carbene precursors.63,

64

Notwithstanding the insight provided through the

computational analysis of Toste and Goddard,100 information regarding the structure and
reactivity of cationic gold vinyl carbene complexes is scarce, owing in large part to the
absence of suitable model complexes for interrogation.4 Only three cationic gold vinyl
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carbene/allylic cation complexes have been characterized, each of which contains either a
C1 or multiple C3 oxygen atoms (Figure 9).17,18 As such, neither the electronic structure
nor reactivity of complexes is likely to mimic that of the reactive carbenes generated under
gold(I) catalysis.1-3,5-15 Although weakly-stabilized vinyl carbene complexes are known for
a range of transition metals,22 the properties of cationic gold(I), including high d-electron
count, electronegativity23 and poor d ® p back bonding,4 likely render the electronic
structure and reactivity of cationic gold vinyl carbene complexes distinct from these
related complexes.
Considering the absence of unstabilized gold(I) allenylidenes, in addition to a
general shortage in gold(I) carbene complexes lacking heteroatom stabilization, it is
highly desirable to develop an efficient method for generating such metal complexes.
Our approach to the synthesis of unstabilized gold b,g-unsaturated carbene complexes
involved the Lewis acid mediated abstraction of a g-methoxy group from a neutral gold
precursor. This method was inspired by Brookhart’s synthesis of unstabilized iron
carbene complexes through ionization of (a-methoxyalkyl)iron complexes,128, 129 aiming
direct spectroscopic observation at cryogenic condition and circumventing isolation and
purification upon clean generation of the desired compounds.
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2.2 Gold(I) diarylallenylidene complexes
2.2.1 Synthesis and characterization
Towards this objective, we initially targeted gold allenylidene complexes for
synthesis owing to the ready availability of the g-functionalized gold acetylide
precursors.130-134 Gold(I) acetylide precursors with a methoxy group on the g-position
was prepared from the corresponding benzophenone derivatives in three steps to give
2.4a–e in white solid (Scheme 1), and the following treatment of the gold
g,g-diphenylacetylide complex (IPr)AuC≡CC(OMe)Ph2 (2.4a) with trimethylsilyl
trifluoromethanesulfonate (TMSOTf) in CD2Cl2 at −78 °C led to immediate (<1 min)
formation of the bright red, cationic gold diphenylallenylidene complex
[(IPr)Au=C=C=CPh2]+OTf– (2.5a) in (85 ± 5)% yield along with trimethylsilyl methyl ether
(TMSOMe) as the sole byproduct in (92 ± 5)% yield (determined by 1H NMR
spectroscopy; Scheme 1). In a similar manner, the diarylallenylidene complexes 2.5b-f,
ranging from most electron donating p-anisyl to inductively withdrawing p-chloro
derivative, were synthesized in >90% yield by methoxide abstraction from gold acetylide
complexes 2.4b-f. Compounds 2.5a-f were sufficiently stable for the full spectroscopic
characterization at or below –80 °C, and were characterized by NMR, IR, and if possible,
with single crystal X-ray diffraction. Selected 13C NMR and IR spectral data for a series
of complexes are summarized in Table 1.
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OH

O
2) H2O
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R2

1) NaH, MeI

H C C

THF

THF

R1

2.1

R2

2.2

1) nBuLi, THF
2) (L)AuCl, CH2Cl2

OMe
(L)Au C C
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H C C

R1
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2.4

2.3
R1

R1
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CD2Cl2, −78ºC
− TMSOMe

(L)Au C C C

(L)Au C C C

R2

R2

L= IPr
R1 = R2 = H (a)
R1 = R2 = Cl (b)
R1 = R2 = Me (c)
R1 =H, R2 = OMe (d)
R1 = R2 = OMe (e)
L = P(tBu)2o-biphenyl
R1 = R2 = OMe (f)

2.5

Scheme 1: Synthesis of acetylide precursors 2.4, and subsequent generation of
gold(I) allenylidene complexes 2.5 (Triflate counter ion is omitted for 2.5 for clarity).
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Table 1. Selected absolute and relative 13C NMR and IR spectral data for gold
allenylidene complexes 2.5.
Compound
2.5a
2.5b
2.5c
2.5d
2.5e
2.5f

δ (C1)
[ppm]

Δδ (C1)[a]
[ppm]

δ (C3)
[ppm]

Δδ (C3)[a]
[ppm]

νC1C2
[cm–1]

ΔνC1C2[a]
[cm–1]

248.4
247.7
231.9
219.8
209.2
218.1[b]

+119.7
+117.9
+103.7
+91.0
+81.1
+90.5

191.3
186.6
186.3
180.3
176.2
176.7

+109.6
+105.9
+104.9
+98.8
+95.2
+95.7

2051
2051
2056
2060
2066
2062

–69
–77
–56
–59
–47
–69

[a] Δδ and Δν correspond to the chemical shift and stretching frequency, respectively,
of 2.5 minus the corresponding value for 2.4. [b] Jcp= 122 Hz.

In situ generation of allenylidenes were followed by IR at low temperature. The
IR spectrum of 2.5a displayed a sharp absorbance at 2051 cm-1 assigned to the C1–C2
stretch, which was red-shifted by 69 cm-1 relative to the C≡C absorbance of 2.4a, in
consensus with formal triple bond to resonance contribution from double bond
character, although not a strong trend in Dn was discovered. Most notably, the 13C NMR
spectrum of 2.5a displayed resonances at d = 248.4 and 191.3 ppm, which were assigned
to the allenylidene C1 and C3 carbon atoms, respectively, and were deshielded by ≥ 110
ppm relative to the corresponding atoms of the neutral acetylide precursor 2.4a (Table
1). The significant downfield chemical shift of both C1 and C3 carbon, where the positive
charge is accumulating, were well reflecting the stabilizing ability of para substituents on
aryl groups, showing good correlation with Mayr’s electrofugality parameter (Ef) for
substituted benzhydrylium cations, although the bis(4-chlorophenyl)-allenylidene
complex 2.5b deviated from these correlations (Figure 10). The clear trend of aryl
substitution dependence on stabilization is indicated by their thermal stability as well,
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which is discussed later in section 2.2.2. For a sharp comparison, C1 and C3 carbon shift
of diphenyl derivative 2.5a is about 40 ppm and 25 ppm higher respectively, in
comparison to dianisyl derivative 2.5e. Also worth noting, the gold
bis(anisyl)allenylidene complex 2.5f containing the P(tBu)2(o-biphenyl) ligand was
thermally significantly less stable than IPr complex 2.5e, and 2.5f likewise displayed a 9
ppm deshielded C1 allenylidene resonance than did 2.5e (Table 1), indicating the role of
the supporting ligand in modulating the electronic structure of these complexes is quite
significant.
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2a
2b

δ 13C

230

2d

2c

2e
210

2a
190

2d
2b

2e

2c

170
-8

-7

-6

-5

-4

-3

-2

-1

0

1

Ef

! (C1) = (–6.8 ±0.4)Ef + (208.0±1.5), R=0.99,
and ! (C3) = (2.7±0.3)Ef + (175.8 ±0.9), R
=0.99. Complex 2.5b was not included in
these correlations.

Figure 10: Plot of Ef versus ! (C1) (○) and ! (C3) (□) for gold allenylidene
complexes 2.5a and 2.5c-e.
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The enhanced thermal stability of the bis(anisyl)allenylidene complex 2.5e
allowed for analysis by single-crystal XRD (Figure 11). In the solid state, 2.5e adopts a
rod-like configuration with < 3° deviation from linearity along the CIPr-Au-C1-C2-C3
axis. Within the allenylidene fragment, the C1–C2 (1.210 Å) and C2–C3 (1.412 Å) bond
lengths are not significantly perturbed relative to neutral (IPr)Au acetylide complexes.134
The allenylidene anisyl groups are twisted approximately 24° out of the C2–C3–C4/C5
plane, with relatively short C3–C4/C5 bonds (1.436 Å), which point to significant electron
donation from the anisyl groups to the electron-deficient C3 atom.103, 135 Taken together,
the spectroscopic, structural, and thermal stability data for allenylidene complexes 2.5
point to the delocalization of positive charge on both the C1 and C3 allenylidene carbon
atoms and the dominant role of the C3 aryl groups in the stabilization of this charge. At
the same time, comparison of bis(anisyl)allenylidene complexes 2.5e and 2.5f revealed
that the (L)Au fragment also participates in the stabilization of the positive charge.
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Figure 11: ORTEP diagram of 2.5eᐧ2CH2Cl2. Ellipsoid set at 50% probability.
Solvent molecules, counterion, and hydrogen atoms omitted for clarity. Key
bond lengths (Å) and bond angles (deg): C1-C2 = 1.210(9), C2-C3 = 1.412(9), C3-C4/C5 =
1.436(9), Au-C1 = 1.979(6), Au-CIPr = 2.030(6), CIPr-Au-C1 = 177.6(3), Au-C1-C2 = 178.1(6),
C1-C2-C3 = 179.5(8), C4-C3-C5 = 123.2(6).

2.2.2 Reactivity
Gold(I) diarylallenylidene complexes were decomposing rapidly upon warming,
and the first-order decomposition rates were measured by following the disappearance
of 2.5 by 1H NMR. The solution-phase thermal stability of the gold allenylidene
complexes 2.5 increased significantly with increasing electron-donor ability of the
allenylidene aryl groups, and a good correlation was observed between Mayr’s
electrofugality parameter (Ef) for substituted benzhydrylium cations and DG‡ for the
decomposition of complexes 2.5a–f (Table 2, Figure 12).
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Table 2. First-order rate constants and energy barriers for the decomposition of
gold allenylidene complexes 2.5 in CD2Cl2 (ca. 24 mM)
Compound

(104)k (s–1)[a]

temp (°C)
1
22
11
1
–63
–63

2.5a
2.5b
2.5c
2.5d
2.5e
2.5f

ΔG‡ (kcal/mol)

6.2 ± 0.4
0.70 ± 0.02
3.41 ± 0.07
3.2 ± 0.1
4.3 ± 0.2
1.30 ± 0.03

19.9
22.7
21.0
20.3
15.6
16.1

[a] The first-order rate constatns were determined from the
linear slopes of plots of ln[2.5] versus time to more than two
half-lives.
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ΔG‡ (kcal/mol)

23

2e

22
21

2c

20

2d

19
18
17
16
15

2b
2a
-8 -7 -6 -5 -4 -3 -2 -1

0

1

Ef
ΔG‡ = (1.1 ±0.1) Ef + (23.1 ±0.6), R = 0.97.

Figure 12: Plot of Ef versus the energy barrier for decomposition of gold
allenylidene complexes 2.5a-e in CD2Cl2 (ca. 24 mM).

Diphenylallenylidene complex 2.5a reacted rapidly at −78 °C with a number of
heteroatom nucleophiles to form products resulting from addition to the allenylidene C1
and/or C3 carbon atom (Scheme 2). For example, treatment of 2.5a with methanol at
−78 °C led to rapid (< 1 min) disappearance of the deep red color of 2.5a with formation
24

of propargylic ether 2.6 in (85 ± 5)% yield (1H NMR), which was presumably generated
by attack of methanol at the C3 allenylidene carbon atom of 2.5a followed by
protodeauration,136 without evidence for forming π-complex of 2.6 with (IPr)Au+
fragment. In comparison, treatment of 2.5a with tetrahydrothiophene (THT; 1.5 equiv.)
at −78 °C in CD2Cl2 led to an immediate color change to form the a-sulfonium gold
allenyl complex 2.7 in (100 ± 5)%yield (1H NMR).137 Selective attack of THT at the C1
allenylidene carbon atom of 2.5a was established by the resonance at ! = 207.4 ppm in
the 13C NMR spectrum of 2.7, which was assigned to the allenyl C(sp) carbon atom.
OMe
H C C
2.6
MeOH
–78 °C
S
(IPr)Au

S

C C C

C C C

–78 °C
2.5a

(IPr)Au

pyridine
0 °C, 20 min

pyridine
–78 °C
N
(IPr)Au

2.7

–30 °C

C C

15 min

2.8

N
C C C
(IPr)Au
2.9

Scheme 2. Reactions of heteroatom nucleophiles with 2.5a in CD2Cl2.
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Figure 13: ORTEP diagram of 2.9. Ellipsoids set at 50% probability.
Counterion and hydrogen atoms omitted for clarity. Key bond lengths (Å) and
bond angles (deg): C1-C2 = 1.308(4), C2-C3 = 1.320(3), C3-C4 = 1.479(3), C3-C5 = 1.492(3),
Au-C1 = 2.028(2), Au-CIPr = 2.005(2), CIPr-AuC1 = 178.19(11), N1-C1-Au = 121.48(19), C1C2-C3 = 169.9(3), C4-C3-C5 = 120.1(2).

Additional insight into the mechanism of the conversion of 2.5a into 2.6 was
provided by the reactions of pyridine with both 2.5a and 4. For example, treatment of
2.5a with pyridine (1.4 equiv.) at −78 °C led to an immediate color change with
formation of the g-pyridinium gold acetylide complex 2.8 in (94 ± 5)% yield (1H NMR;
Scheme 2). Attack of pyridine at the allenylidene C3 atom of 2.5a was established by the
presence of a nitrogen-coupled doublet at ! = 80.8 ppm (1JCN = 5.5 Hz) in the 13C NMR
spectrum of the doubly labeled isotopomer [3-13C,15N]-2.8, assigned to the propargylic
carbon atom. When a solution of 2.8 was warmed at −30 °C for 15 min, the initially
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colorless solution turned yellow with formation of the thermally stable a-pyridinium
gold allenyl complex 2.9 in (99 ± 5)% yield (1H NMR), which was characterized by X-ray
crystallography (Figure 13). When the conversion of 2.8 into 2.9 was performed in the
presence of excess [D5]pyridine (40 equiv.), complete scrambling of [D5]pyridine into the
g-position of 2.8 was observed before the onset of the conversion of 2.8 into 2.9. Allenyl
pyridinium complex 2.9 was likewise generated quantitatively by treatment of the asulfonium gold allenyl complex 2.7 with pyridine (1.5 equiv.) at 0 °C for 20 min. Taken
together, the reactions of 2.5a with THT and pyridine point to rapid and reversible
addition of the nucleophile to the allenylidene C3 position followed by slower, exergonic
addition to the allenylidene C1 position. In comparison, 2.5a failed to react with anisole,
THF, or acetone below the threshold for thermal decomposition of 2.5a.

2.3 Gold(I) vinyl carbene/allylic cation complexes
2.3.1 Synthesis and characterization
The efficiency and facility of the g-ionization process suggested that a similar
approach might provide access to particularly reactive gold vinyl carbene/allylic cation
complexes. Guided by our investigation of cationic gold allenylidene complexes,24 we
targeted the gold g,g-(diphenyl)vinylcarbene/ allylic cation complex (E)[(IPr)AuC(H)C(H)CPh2]+ OTf– [(E)-2.10a] for initial investigation (Scheme 3). The
requisite gold (g,g-diphenyl)vinyl complex (E)-(IPr)AuC(H)=C(H)C(OMe)Ph2 [(E)-2.11a]
27

was synthesized in two steps from propargylic ether 2.12a via zirconium-catalyzed
hydroboration27 followed by transmetallation of the resulting boronic ester (E)-2.13a
with (IPr)AuCl (Scheme 3).28 Treatment of (E)-2.11a with trimethylsilyl
trifluoromethanesulfonate (TMSOTf) in CD2Cl2 at –95 °C led to immediate (<1 min)
formation of a bright orange/red solution that became colorless over the course of ~10 s,
suggesting the significantly diminished thermal stability of vinyl carbene complexes in
comparison to allenylidenes. 1H NMR analysis of the resulting solution at –95 °C
revealed formation of trimethylsilyl methyl ether (TMSOMe) in 92 ± 5% yield, which
established that efficient ionization of (E)-2.11a had occurred, but no resonances were
observed that could be attributed to (E)-2.10a. Rather GC/MS analysis revealed a ~5:1
mixture of compounds with molecular weight consistent with the products of carbene
dimerization (m/z = 384.8), which accounted for 64% of the reaction mixture (Scheme 3).
In an effort to directly observe vinyl carbene (E)-2.10a, a solution of (E)-2.11a was treated
with TMSOTf at –110 °C in CDFCl2/CD2Cl2 and analyzed immediately by 1H NMR
spectroscopy. The resulting spectrum was broadened and largely uninterpretable, but
displayed a pair of mutually coupled doublets at ! 10.83 and 8.18 (J = 17.5 Hz), assigned
to the C1 and C2 vinylic protons, respectively, of (E)-2.10a (Table 3).
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Scheme 3. Synthesis and thermal decomposition of gold vinyl carbene/allylic
cation complex (E)-2.10a.

In an effort to enhance the stability of the gold vinyl carbene/allylic cation
complex to allow more rigorous spectroscopic interrogation and reactivity analysis, we
turned our attention to the gold g,g-bis(anisyl)vinyl carbene/allylic cation complex (E)[(IPr)AuC(H)C(H)C(4-C6H4OMe)2]+ OTf– [(E)-2.10b]. To this end, ionization of gold
vinyl complex (E)-2.11b in CD2Cl2 at –95 °C led to immediate (< 1 min) formation of the
bright red-orange solution of (E)-2.10b in 96 ± 5% yield (1H NMR), which persisted
indefinitely at this temperature (Scheme 4). In a similar manner, ionization of the
phosphine-supported gold vinyl complex (E)-2.11c at –95 °C led to formation of (E)-2.10c
in 95% yield (1H NMR; Scheme 4), which decomposed over the course of several hours
at –95 °C.
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Table 3. Selected NMR data for gold vinyl carbene complexes (E)-2.10. d values
reported in ppm; J values reported in Hz.
(E)-2.10a[a] (E)-2.10b[b] (E)-2.10c[c]
δH1
δH2
δC1
δC2
δC3
JH1,H2
JP,C1
JP,C2

10.83
8.17
––
––
––
17.5
––
––

9.52
7.71
243.7
146.9
185.7
17.8
––
––

8.97
7.83
252.3
148.2
185.6
17.4
93.7
16.1

[a] –110 °C in CDFCl2/CD2Cl2. [b] –95 °C in
CD2Cl2. [c] –90 °C in CD2Cl2.

Complexes (E)-2.10b and (E)-2.10c were fully characterized by NMR
spectroscopy at or below –85 °C. The 13C NMR spectrum of (E)- 2.10b displayed
downfield resonances at d 243.7, 146.9, and 185.7 assigned to the C1, C2, and C3 carbon
atoms, respectively, of the vinyl carbene/allylic cation moiety. These resonances, as well
as 1JC1C2 and 1JC2C3, were unambiguously assigned via 13C NMR analysis of the
corresponding 13C labelled isotopomer (E)-[(IPr)Au13C(H)13C(H)C(4-C6H4OMe)2]+ OTf–
[(E)-2.10b-13C2]. The 13C NMR spectrum of (E)-2.10b also displayed a pair of downfield
resonances at d 168.3 and 167.6 assigned to the chemically inequivalent methoxy-bound
aromatic carbon atoms. These resonances were shifted significantly downfield relative to
those of neutral (E)-2.10b (d 140), which points to the accumulation of considerable
positive charge at the benzylic C3 atom of (E)-2.10b.65, 138
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(L)Au
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CD2Cl2, –95 °C
– TMSOMe

(L)Au

3
2

Ar = 4-C6H4OMe
(E)-2.11b (L = IPr)
(E)-2.11c [L = P(t-Bu)2o-biphenyl]

Ar

1

Ar

(E)-2.10b (L = IPr)
(E)-2.10c [L = P(t-Bu)2o-biphenyl]

Scheme 4. Syntheses of gold vinyl carbene/allylic cation complexes (E)-2.10b
and (E)-2.10c.
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Figure 14. Fluxional behavior of (E)-2.10b.
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Figure 15. Resonance structures D representing delocalization of positive
charge onto the g-anisyl rings of (E)-2.10b.

The 1H NMR spectrum of (E)-2.10b at –95 °C displayed two mutually-coupled
doublets at d 9.51 and 7.71 (J = 17.8 Hz) assigned to the C1 and C2 protons, respectively,
and a pair of singlets at d 3.89 and 3.96 assigned to the chemically inequivalent aryl
methoxy protons. As the temperature was raised, the methoxy resonances broadened
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and coalesced at –42 °C, albeit with significant decomposition, which provided an
energy barrier of DG‡231K = 10.5 kcal/mol for interconversion of the anisyl groups of (E)2.10b (Figure 14). Both the facile rotation about the C2–C3 bond of (E)-2.10b and the
significant accumulation of positive charge at the C3 atom point to the predominant
contribution of the aurated allylic cation resonance structure D to the electronic structure
of 2.10b (Figure 15).
Warming a solution of (E)-2.10b at –42 °C (t1/2 = 35 min) or (E)-2.10c at –60 °C (t1/2 ≈
10 min) led to decomposition to form unidentified mixtures of products that included
neither the products of intramolecular Friedel–Crafts alkylation nor carbene
dimerization as determined by GCMS and LCMS analysis. We were somewhat
surprised by the absence of Friedel–Crafts/Nazarov reactivity for complexes (E)-2.10,
which is well documented for 1-aryl allylic cations139-145 and which is directly implicated
in the gold(I)-catalyzed ring-opening of aryl cyclopropenes.25-28 We reasoned that the less
stable gold Z-vinyl carbene complexes, which are generated as the kinetic product of
cyclopropene ring opening,146, 147 might be more susceptible toward intramolecular
cyclization processes than are the E-vinyl carbene complexes. To evaluate this
hypothesis, we sought the independent synthesis of vinyl carbene complex (Z)-2.10b. To
this end, the gold vinyl complex (Z)-2.10b was synthesized in two steps from propargyl
ether 2.11b via rhodium-catalyzed, anti-selective hydroboration followed by
transmetallation of boronic ester (Z)-2.12b (Scheme 5).
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Ar

HBpin (1.05 equiv)
Bpin
[Rh(cod)Cl]2/4PCy3 (cat)

2.12b (Ar = p-anisyl)

–30 °C
Ar
2.14 (58%)

Ar
(Z)-2.10b

iPrOH,

60 °C

TMSOTf (1.3 equiv)
CD2Cl2, –95 °C (IPr)Au

Ar

(IPr)Au

(IPr)AuCl (1 equiv)
Cs2CO3 (1 equiv)

Ar
Ar
(Z)-2.13b

CH2Cl2, 60 °C

MeO

OMe

– TMSOMe

OMe

Ar
Ar
(Z)-2.11b

Scheme 5. Generation and decomposition of gold vinyl carbene/ allylic cation
complex (Z)-2.10a.

Ionization of (Z)-2.11b with TMSOTf at –95 °C formed a pale orange solution that
displayed no resonances in the 1H NMR spectrum that could be attributed to vinyl
carbene complex (Z)-2.10b. As two discrete intermediates were detected by 1H NMR
spectroscopy over the temperature range –95 to –30 °C, however, broadening,
overlapping resonances, and the dearth of potentially diagnostic resonances precluded
extraction of any meaningful information from this data. Rather, warming this solution
above –50 °C led to formation of the 1-aryl-5-methoxy indene 2.14 in 58% yield (1H
NMR; Scheme 4). Because 1-aryl indenes are less stable than are the isomeric 3-aryl
indenes,148 2.14 must be formed kinetically, which points to a mechanism for the
conversion of (Z)-2.10b to 2.14 involving intramolecular Friedel–Crafts alkylation or
electrocyclic Nazarov-type cyclization followed by selective protonation of the g-position
of gold allyl intermediate II through an SE’ pathway (Scheme 6). Interestingly, (3-phenyl1H-inden-1-yl) gold(I) complexes very similar to intermediate II have been recently
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isolated via thermal rearrangement of neutral 3,3-diphenylcycloprop-1-en-1-yl) gold(I)
complexes and were shown to undergo protodeauration with HCl predominantly
through an SE’ pathway.149-152 The facility of the intramolecular Friedel–Crafts/Nazarov
reaction of (Z)-2.10b and the failure to form 2.14 in the decomposition of (E)-2.10b
therefore suggests that the energy barrier for E/Z isomerization of (E)-2.10b exceeds that
of the lowest energy decomposition pathway available to (E)-2.10b (DG‡ ≈ 16 kcal mol-1)

OMe

MeO

MeO

MeO

H
(IPr)Au

(IPr)Au

(IPr)Au
Ar

Ar
(Z)-2.10b

Ar
II

I

Ar

H+
2.14

Scheme 6. Proposed mechanism of the conversion of (Z)-2.10b to 2.14.

2.3.2 Reactivity
Nucleophilic trapping of a cationic gold vinyl carbene complex represents one of
the most common terminating steps of catalytic transformations involving these
intermediates. 25-29, 153 In a similar manner, treatment of (E)-2.10b with either
tetrahydrothiophene (THT) or pyridine at –95 °C in CD2Cl2 led to immediate (< 1 min)
disappearance of the distinctive red color (Scheme 7). These complexes were
characterized in solution, and in the case of 2.16, by X-ray crystallography (Figure 16).
For example, selective attack of THT at the C1 vinyl carbene carbon atom of (E)-2.10b
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was established by a pair of mutually-coupled doublets at ! 3.22 and 5.60 (J = 11.5 Hz)
assigned to the aliphatic C1 and vinylic C2 protons, respectively of 2.15. In the solid
state, 2.16 adopts a slightly distorted linear conformation (C1–Au–C28 = 177°) with the
C1 allylic carbon atom adopting a distorted sp3 geometry with a larger Au–C28–C29
angle (115°) and smaller Au–C28–N3 and N3–C28–C29 angles (108°) (Figure 16).
Treatment of 2.15 (15 mM) with pyridine (1 equiv.) at 0 °C for 2 h led to formation of an
equilibrium 1.25:1 mixture of 11:10 (Keq = 1.8 ± 0.1; Scheme 7). Kinetic analysis of the
conversion of 2.15 to 2.16 established first-order approach to equilibrium through 2.5
half-lives with forward and reverse rate constants kf = 4.1 ± 0.9 ´ 10–4 s–1 and kr = 2.3 ± 0.5
´ 10–4 s–1. The first-order kinetic behavior points to a dissociative mechanism for the
interconversion of 2.15 and 2.16 involving free (E)-2.10b.

S

S
–95 °C

Ar
Ar

(IPr)Au

Ar

2.15 (92%)
Ar

(IPr)Au

S

(E)-2.10b
N

N

N
0 °C, 2h

Ar

–95 °C
Ar

(IPr)Au
2.16 (94%)

Scheme 7. Reactions of (E)-2.10b with THT and pyridine and interconversion
of 2.15 and 2.16. Yields determined by 1H NMR spectroscopy versus internal standard,
and counter ion is omitted.
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Figure 16. ORTEP diagram of 2.16.
One of two crystallographically independent molecules is depicted with
ellipsoids shown at the 50% probability level with counterion and hydrogen atoms
omitted for clarity. Selected bond distances (Å) and bond angles (deg) for 11: Au–C1 =
2.005(4), Au–C28 = 2.067(5), C28–C29 = 1.495(5), C29–C30 = 1.343(7), C28–N3 = 1.515(6),
C30–C36 = 1.501(8), C30–C43 = 1.55(1), C1–Au–C28 = 177.4(2), Au–C28–C29 =115.6(3),
Au–C28–N3 = 107.8(3), N3–C28–C29 = 108.3(4), C28–C29–C30 = 125.5(5), C29–C30–C43 =
126.1(9), C29–C30–C36 = 121.6(5), C36–C30–C43 = 112.0(9).

Oxygen atom transfer to the C1 position of a gold vinyl carbene intermediate has
been invoked in the gold-catalyzed reactions of cyclopropenes with diphenylsulfoxide,
as analogous oxidations of gold carbene moieties have been observed under catalytic
conditions and from well-defined gold carbene complexes.17, 29, 65, 153, 154 In a similar
manner, treatment of (E)-2.10b with 4-picoline N-oxide (4-PNO) (1.9 equiv.) in CD2Cl2 at
–95 °C for ~1 min led to formation of 3-arylcinnamaldehyde 2.17 in 88% yield and the 4picoline gold complex [(IPr)Au(4-pic)]+ OTf– in quantitative yield (Scheme 8). This
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outcome is consistent with selective oxygen atom transfer to the C1 carbon atom of the
vinyl carbene moiety of (E)-2.10b followed by elimination from the unobserved aoxopyridinium intermediate III. Related to this, treatment of (E)-2.10b with
triethylsilane at –95 °C led to immediate (< 1 min) and selective formation of the cationic
gold p-allyl silane complex 2.18, presumably via hydride addition to the C1 position of
(E)-2.10b followed by silyldeauration of the resulting gold allyl intermediate through an
SE pathway.155 Warming this solution above –40 °C led to decomplexation and
formation of allylic silane 2.19 in quantitative yield. Both the reaction of (E)-2.10b with
DSiEt3 and the reaction of the deuterated isotopomer (E)-2.10b-d1 with HSiEt3 at –95 °C
led selective incorporation of deuterium into the allylic position to form 2.18-d1 as a ~1:1
mixture of diastereomeric isotopomers, pointing to a stepwise deauration/complexation
process (Scheme 9).
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Scheme 8. Reactions of (E)-2.10b with 4-picoline-N-oxide and HSiEt3. Yields
determined by 1H NMR spectroscopy versus internal standard.
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Scheme 9. Reaction of (E)-2.10b with DSiEt3 and reaction of (E)-2.10b-d1 with
HSiEt3.

Despite dearth of stoichiometric examples of gold to alkene carbene transfer,12, 65,
103

perhaps no process is more closely associated with the reactive gold carbene

complexes, including vinyl carbenes, generated as catalytic intermediates.71, 156, 157 It is
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therefore significant that vinyl carbene complex (E)-2.10b underwent facile gold to
alkene carbene transfer with p-methoxystyrene. For example, treatment of (E)-2.10b with
p-methoxystyrene (3 equiv.) at –95 °C led to immediate (<3 min) consumption of (E)2.10b to form the gold π-vinyl cyclopropane complex 2.20 (Scheme 10). Although 1H
NMR analysis of this solution at –95 °C was complicated by the presence of free pmethoxystyrene and byproducts, a doublet was observed at ! 4.99 (J = 10.2 Hz), assigned
to the vinyl proton of 2.20, which corresponded to a 75% yield of 2.20 from (E)-2.10b
(Scheme 10). Assignment of the ! 4.99 resonance to 2.20, was confirmed by independent
synthesis of 2.20 from reaction of 2.21 (cis/trans = 3:1) with a mixture of (IPr)AuCl and
AgSbF6 in CD2Cl2 at –80 °C. Reaction of 2.21 (cis/trans = 3:1, 3 equiv.) with a 1:1 mixture
of (IPr)AuCl and AgSbF6 in CD2Cl2 at –80 °C generated a single resonance [! 4.99 (br d, J
= 10.2 Hz)] that could be attributed to 2.20 and which constituted ~25% of the reaction
mixture, the remainder being free 2.21. This suggests that either (1) the vinylic 1H
resonances for the various diastereomers of 2.20 are coincidental or (2) only a single
diastereomer of 2.20 is formed in detectable concentrations from this reaction. Therefore,
the 75% yield determined for the conversion of (E)-2.10b to 2.20 (determined by
integrating the ! 4.99 resonance relative to internal standard) represents a lower limit for
the yield of 2.20 formed from (E)-2.10b and the 67% yield determined for 2.21
(determined by integrating the vinylic resonances of cis- and trans-2.21 relative to
internal standard after warming to room temperature and filtering through silica gel)
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points to decomposition of 2.21 under reaction conditions, which was confirmed
experimentally. Treatment of (E)-2.10b with 1-(p-methoxyphenyl)-1,3-butadiene at –95
°C led to immediate consumption of (E)-2.10b but produced no products that could be
attributed to either cyclopropanation or [4+3] cycloaddition
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Ar

Ar
Ar

(IPr)Au
(E)-2.10

–95 °C

Ar

Ar
Au(IPr)
2.20 (quant)

(IPr)AuCl
AgSbF6
–80 °C

> –40 °C
Ar
Ar

Ar

2.21 [67% from (E)-2.10b;
cis/trans = 3:1]

Scheme 10. Reaction of (E)-2.10b with p-methoxystyrene and independent
synthesis of π-(vinyl cyclopropane) complex 2.20.

2.4 Summary
In summary, cationic two-coordinate diphenylallenylidene complex 2.5a and the
related diarylallenylidene complexes 2.5b–f were synthesized by low-temperature
methoxide abstraction from the corresponding g-methoxide gold acetylide complexes.
Complex 2.5a and the bis-(tolyl)allenylidene complex 2.5c represent both the first
examples of two-coordinate, b,g-unsaturated gold carbene complexes lacking πconjugated heteroatoms, and rare examples of two-coordinate gold carbene complexes
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lacking such stabilizing groups.102 Spectroscopic analysis of complexes 2.5 established
the arene- and (L)Au-dependent delocalization of positive charge on both the C1 and C3
allenylidene carbon atoms. Allenylidene complex 2a reacted rapidly at –78 °C with
methanol, THT, and pyridine by addition to the C1 and/ or C3 allenylidene carbon atom.
Secondly, highly reactive gold vinyl carbene/allylic cation complexes were
synthesized via low-temperature ionization of gold g-methoxy-(g,g-diaryl)vinyl
complexes. Spectroscopic analysis of vinyl carbene/allylic cation complex (E)-2.10b
established the predominant contribution of the aurated allylic cation canonical form to
the electronic structure of the vinyl carbene complex (D; Figure 15) with significant
delocalization of positive charge into the p-anisyl groups. Indeed, the significantly
greater stability of the g,g-bis(anisyl) vinyl carbene complex (E)-2.10b relative to the g,gdiphenyl vinyl carbene complex (E)-2.5a points to the importance of the p-methoxy
groups in the stabilization of (E)-2.10b. Complex (E)-2.10b reacted rapidly at –95 °C with
neutral two-electron, hydride, and oxygen atom donors exclusively at the C1 position of
the vinyl carbene/allylic cation moiety and with p-methoxystyrene to form vinyl
cyclopropane. These transformations are close or direct analogues to processes
attributed to gold vinyl carbene intermediates generated under catalytic conditions. Two
distinct pathways for decomposition of these gold vinyl carbene complexes in the
absence of nucleophile were identified; complex (E)-2.10b decomposed predominantly
via intermolecular carbene homocoupling whereas formation of indene 2.14 upon
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ionization of (Z)-2.11b directly implicated an intramolecular Friedel-Crafts or
electrocyclic Nazarov pathway for the decomposition of the unobserved vinyl carbene
complex (Z)-2.11b.

2.5 Experimental details
2.5.1 general methods
Reactions were performed under a nitrogen atmosphere in flame dried
glassware. NMR spectra were obtained on a Varian spectrometer operating at 400 and
500 MHz for 1H, 125 MHz for 13C, and 202 MHz for 31P at 25 °C unless noted otherwise.
13

C NMR spectra were referenced relative to CD2Cl2 (d 53.8) or CDCl3 (d 77.2), 1H NMR

spectra were referenced relative to residual CHCl3 (d 7.26) or CHDCl2 (d 5.32). 31P NMR
spectra was referenced to an external solution of triphenylphosphine oxide in CD2Cl2 (d
26.9). NMR probe temperatures were measured from a single scan of neat methanol.158
Infrared (IR) spectra were obtained on either a Nicolet 380 FT-IR system or Mettler
Toledo ReactIR 15.
Flash column chromatography was performed employing 200-400 mesh silica gel
60 (EM). Thin layer chromatography (TLC) was performed on silica gel 60 F254. CD2Cl2
was dried over CaH2 and degassed prior to use. Ether, methylene chloride, and THF
were purified by passage through columns of activated alumina under nitrogen.
Reagents and other materials were obtained through major chemical suppliers and were
used as received unless noted otherwise. Room temperature is 25 °C. Glassware used for
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NMR experiments for generation of allenylidenes and vinyl carbenes was silanized
before use.159 di-p-tolylmethanone160 and (4-methoxyphenyl)(phenyl)methanone161 were
synthesized employing known procedures. [Et3Si(C6H6)][B(C6F5)4] was prepared as a
white solid employing the procedure published by Heinekey.162 [IPr-1-13C]AuCl was
prepared employing published method starting from paraformaldehyde-13C. 163
Acetylene-13C2 was prepared from amorphous carbon-13C (99% 13C) employing a
published procedure and condensed at –78 °C.20 Elemental Analyses were performed by
Atlantic Microlab, Inc. Errors reported for rate constants represent one standard
deviation of the linear regression and do not reflect systematic errors.

2.5.2 allenylidene
2.5.2.1 Propargylic ethers
4,4'-(1-Methoxyprop-2-yne-1,1-diyl)bis(methoxybenzene) (2.3e).164
Ethynylmagnesium bromide (0.5 M solution in THF; 20 mL, 10 mmol) was added
dropwise to a solution of bis(4-methoxyphenyl)methanone (2.42 g, 10 mmol) in THF (10
mL, 1.0 M) at room temperature. The resulting solution was stirred for 14 h at 40 ºC and
treated with aqueous NH4Cl. The layers were separated, the aqueous phase was
extracted with diethyl ether, and the combined organic extracts were dried (MgSO4),
filtered, and concentrated under vacuum. The resulting orange oil was
chromatographed (SiO2; hexanes–EtOAc = 3:1) to give 2.2e (2.46 g, 92%).164 A solution of
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2.2e (2.46 g, 9.2 mmol) in THF (5 mL) was added to a suspension of NaH (290 mg, 7.4
mmol) in THF (5 mL) at 0 ºC, and the resulting suspension was warmed to room
temperature and stirred for 4 h. Iodomethane (0.64 mL, 10.1 mmol) was added to the
resulting solution at 0 ºC, which was then warmed to room temperature and stirred for
18 h. The reaction mixture was treated with water (10 mL), the layers were separated,
and the organic layer was extracted with diethyl ether, dried (MgSO4) and concentrated
under vacuum. The resulting oily residue was chromatographed (SiO2: hexanes–EtOAc
= 9:1) to give 2.3e (1.6 g, 62 %) as a colorless oil, which solidified upon cooling at –20 ºC.
The spectroscopy of S1 matched the published data.164 Propargylic ethers 2.3a-d were
synthesized employing procedures similar to that used to synthesize 2.3e (Scheme 1).
The spectroscopy of compounds 2.3a-c matched the published data,165 the spectroscopy
of 2.3d is provided below. Compound 2.3a-1-13C was synthesized from benzophenone-113

C, which was prepared employing a known procedure.166
For 1-methoxy-4-(1-methoxy-1-phenylprop-2-yn-1-yl)benzene (2.3d): White

solid, 79 % from propargylic alcohol 2.2d.167 1H NMR (400 MHz; CDCl3) ! 7.55 (d, J = 8.4
Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.34 (t, J = 7.3 Hz, 2H), 7.28 (d, J = 7.9 Hz, 1H), 6.86 (d, J =
8.4 Hz, 2H), 3.80 (s, 3H), 3.35 (s, 3H), 2.89 (s, 1H). 13C{1H} NMR (125 MHz; CDCl3): !
159.25, 143.35, 135.18, 128.31, 128.22, 127.82, 126.76, 113.63, 83.38, 80.58, 55.42, 52.56.
HRMS (ESI) calcd. (found) for C16H13O (M – OMe)+: 221.0961 (221.0962).
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2.5.2.2 Gold acetylide complexes
(IPr)Au[η1-C≡C-C(OMe)Ph2] (2.4a). A solution of 2.3a (56.9 mg, 0.26 mmol) in
THF (0.5 mL) was added dropwise to a solution of n-BuLi (0.10 mL, 2.5 M in hexanes,
0.25 mmol) at –78 °C in THF (in 0.3 mL) and stirred for 30 min. A solution of (IPr)AuCl
(159.0 mg, 0.26 mmol) in CH2Cl2 (1 mL) was added to the resulting mixture at –78 ºC and
stirred for 30 min. The resulting mixture was warmed to room temperature slowly, and
then concentrated under vacuum to give white solid. The crude solid was dissolved in
diethyl ether and the resulting mixture was filtered through basic alumina. The filtrate
was concentrated, triturated with pentanes, and dried under vacuum to give 2.4a (145.7
mg, 71 %) as a white solid. 1H NMR (400 MHz, CDCl3): ! 7.54 (d, J = 7.2 Hz, 4 H), 7.50 (d,
J = 7.8 Hz, 2 H), 7.29 (d, J = 7.8 Hz, 4 H), 7.19–7.07 (m, 8 H), 3.21 (s, 3H), 2.62 (sept, J = 6.9
Hz, 4 H), 1.37 (d, J = 6.9 Hz, 12 H), 1.22 (d, J = 6.9 Hz, 12 H). 13C{1H} NMR (125 MHz,
CD2Cl2): ! 191.02, 146.15, 145.97, 134.63, 130.88, 128.74 (C1), 127.96, 127.08, 126.93, 124.56,
123.79, 100.92 (C2), 81.68 (C3), 51.72, 29.18, 24.56, 24.09. IR (neat): 2120 cm–1 ($%≡% ).
HRMS (ESI) calcd. (found) for C43H50AuN2O (MH+): 807.3583 (807.3572). All remaining
gold acetylide complexes were synthesized employing a procedure similar to that used
to synthesize 2.4a.
(IPr-1-13C1)Au[η1-C≡C-C(OMe)Ph2] (2.4a-IPr-1-13C1). Gold acetylide 2.4a-IPr-1-13C1
was isolated as a white solid in 81% yield from the reaction of 2.3a with (IPr-1-13C1)AuCl
employing a procedure similar to that used to synthesize 2.4a. 13C{1H} NMR (125 MHz;
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CDCl3; selected peaks): d 191.45 (s, IPr-1-C), 134.80 (d, J = 4.6 Hz; IPr), 128.26 (d, 2JCC =
59.4 Hz; C1), 100.89 (d, 3JCC = 9.5 Hz; C2). HRMS (ESI) calc (found) for C42[13C]H50AuN2O+
(MH+): 808.3617 (808.3616).
(IPr)Au[η1-C≡C-13C(OMe)Ph2] (2.4a-3-13C1). Gold acetylide 2.4a-3-13C1 was
isolated as a white solid in 54% yield from the reaction of 2.3a-3-13C1 with (IPr)AuCl
employing a procedure similar to that used to synthesize 2.4a. 13C{1H} NMR (125 MHz;
CD2Cl2, selected resonances): ! 128.71 (d, 2JCC = 7.1 Hz, C1), 127.95 (d, J = 3.7; Ph), 127.06
(d, J = 2.6 Hz; Ph), 100.90 (d, 1JCC = 73.9 Hz, C2), 81.65 (s, C3). HRMS (ESI) calcd. (found)
for C42[13C]H50AuN2O+ (MH+):808.3617 (808.3611).
(IPr)Au[η1-C≡C-C(OMe)(4-C6H4Cl)2] (2.4b). White solid, 64%. 1H NMR (500 MHz,
CD2Cl2): ! 7.58 (t, J = 7.8 Hz, 2H), 7.40 (d, J = 8.3 Hz, 4H), 7.37 (d, J = 7.7 Hz, 4H), 7.21 (s,
2H), 7.16 (d, J = 8.3 Hz, 4H), 3.12 (s, 3H), 2.60 (sept, J = 6.9 Hz, 4H), 1.36 (d, J = 6.8 Hz,
12H), 1.23 (d, J = 6.9 Hz, 12H). 13C{1H} NMR (125 MHz, CD2Cl2): ! 190.65, 146.15, 144.26,
134.57, 132.82, 130.89, 129.83 (C1), 128.64, 128.10, 124.56, 123.84, 100.07 (C2), 80.73 (C3),
51.81, 29.16, 24.57, 24.06. IR (neat): 2128 cm–1 ($%≡% ). HRMS (ESI) calcd. (found) for
C43H48AuCl2N2O (MH+): 875.2904 (875.2796).
(IPr)Au[η1-C≡C-C(OMe)(4-C6H4CH3)2] (2.4c). White solid, 68%. 1H NMR (500
MHz; CD2Cl2): ! 7.57 (t, J = 7.8 Hz, 2H), 7.37 (d, J = 7.8 Hz, 4H), 7.31 (d, J = 7.8 Hz, 4H),
7.19 (s, 2H), 6.98 (d, J = 7.8 Hz, 4H), 3.10 (s, 3H), 2.62 (sept, J = 6.8 Hz, 4H), 2.25 (s, 6H),
1.37 (d, J = 6.8 Hz, 12H), 1.23 (d, J = 6.8 Hz, 12H). 13C{1H} NMR (125 MHz, CD2Cl2): !
46

191.11, 146.15, 143.20, 136.53, 134.65,130.88,128.59, 128.22 (C1), 126.97, 124.56, 123.77,
101.21 (C2), 81.40 (C3), 51,60, 28.18, 24.56, 24.09, 21.01. IR (neat): 2112 cm–1 ($%≡% ). HRMS
(ESI) calcd. (found) for C45H54AuN2O+ (MH+): 835.3896 (835.3896).
(IPr)Au[η1-C≡C-C(OMe)(4-C6H4OMe)(C6H5)] (2.4d). White solid, 69%. 1H NMR
(400 MHz; CDCl3): ! 7.53–7.43 (m, 6 H), 7.29 (d, J = 7.8 Hz, 4H), 7.20–7.07 (m, 5H), 6.70 (d,
J = 8.3 Hz, 2H), 3.73 (s, 3H), 3.19 (s, 3H), 2.62 (sept, J = 7.0 Hz, 4H), 1.37 (d, J = 6.9 Hz,
12H), 1.22 (d, J = 6.9 Hz, 12H). 13C{1H} NMR (125 MHz, CD2Cl2): ! 191.53, 158.41, 145.85,
137.96, 134.50, 130.56, 128.82 (C1), 128.51, 127.69, 127.10, 126.59, 124.45, 124.28, 123.23,
113,01, 101.72 (C2), 81.48 (C3), 55.34, 51.78, 29.00, 24.55, 24.29. IR (neat): 2119 cm–1 ($%≡% ).
HRMS (ESI) calcd. (found) for C44H52AuN2O2+ (MH+): 837.3689 (837.3689).
(IPr)Au[η1-C≡C-C(OMe)(4-C6H4OMe)2] (2.4e). White solid, 73%. %. 1H NMR (400
MHz; CDCl3): ! 7.49 (t, J = 7.8 Hz, 2H), 7.42 (d, J = 8.8 Hz, 4H), 7.29 (d, J = 7.8 Hz, 4H),
7.13 (s, 2H), 6.70 (d, J = 8.8 Hz, 4H), 3.73 (s, 6H), 3.17 (s, 3H), 2.61 (sept, J = 6.9 Hz, 4H),
1.36 (d, J = 6.8 Hz, 12H), 1.21 (d, J = 6.9 Hz, 12H). 13C{1H} NMR (125 MHz, CD2Cl2): !
191.08, 158.73, 146.15, 138.41, 134.63, 130.88, 128.30, 128.14 (C1), 124.56, 123.78, 113.19,
101.37 (C2), 80.96 (C3), 55.48, 51.54, 29.17, 24.57, 24.09. IR (neat): 2113 cm–1 ($%≡% ). HRMS
(ESI) calcd. (found) for C45H54AuN2O3+ (MH+): 867.3795 (867.3796).
[P(tBu)2o-biphenyl]Au[η1-C≡C-C(OMe)(4-C6H4OMe)2] (2.4f). White solid, 60%. 1H
NMR (400 MHz; CDCl3): ! 7.86 (td, J = 7.1, 1.7 Hz, 1H), 7.56 (d, J = 8.8 Hz, 4H), 7.52–7.39
(m, 3H), 7.38 (t, J = 7.7Hz, 2H), 7.28–7.23 (m, 1 H), 7.18–7.12 (m, 2H), 6.84 (d, J = 8.8 Hz,
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4H), 3.80 (s, 6H), 3.34 (s, 3H), 1.41 (d, J = 14.8 Hz, 18H). 13C{1H} NMR (125 MHz, CD2Cl2):
! 158.94, 150.48 (d, J = 15.1 Hz), 142.90 (d, J = 6.0 Hz), 138.50, 134.94, 134.11, 133.31 (d, J =
7.2 Hz), 133.06, 130.53, 129.68, 128.99, 128.60, 128.52, 127.76, 127.60 (d, J = 39.6 Hz; C1)
113.19, 98.85 (d, J = 23.0 Hz; C2), 80.97 (C3), 55.38, 51,74, 37.77 (d, J = 22.5 Hz), 31.17 (d, J =
6.9 Hz). 31P{1H} NMR (202 MHz; CD2Cl2) d 64.09. IR (neat): 2125 cm–1 ($%≡% ) HRMS (ESI)
calcd. (found) for C38H45AuO3P+ (MH+): 777.2766 (777.2770).
2.5.2.3 Gold Allenylidene Complexes
{(IPr)Au[η1-C=C=CPh2]}+ OTf– (2.5a). A solution of 2.4a (10.6 mg, 1.3 ´ 10–2 mmol)
in CD2Cl2 (0.25 mL) was added dropwise with constant agitation to a silanized NMR
tube containing a solution of TMSOTf (3.5 mg, 1.6 ´ 10–2 mmol) and CH2Br2 (1.5 mg, 8.6
µmol; internal standard) in CD2Cl2 (0.3 mL) at –78 °C to give a bright red solution of 2.5a
that was analyzed without isolation by NMR spectroscopy at –85 °C. A yield of 85% for
the conversion of 2.4a to 2.5a was determine by integrating the H7 resonance of 2a at !
8.04 relative to the resonance of CH2Br2 at ! 4.96 in the 1H NMR spectrum. 1H NMR: d
8.04 (t, J = 7.5 Hz, 2H; H7), 7.95 (dd, J = 8.0, 3.8 Hz, 4H; H5), 7.63 (t, J = 7.7 Hz, 4H; H6), 7.57
(t, J = 7.8 Hz, 2H; H11), 7.40 (s, 2H; H12), 7.36 (d, J = 7.8 Hz, 4H; H10), 2.45 (sept, J = 6.9 Hz,
4H), 1.28 (d, J = 6.9 Hz, 12H), 1.22 (d, J = 6.9 Hz, 12H).

13

C{1H} NMR: d 248.37 (C1), 191.27

(C3), 183.28 (CIPr), 145.08 (C9), 141.24 (C4), 140.92 (C7), 138.17 (C5), 132.59 (C8), 130.29
(C11), 130.62 (C2) 129.91 (C6), 124.17 (C12), 123.88 (C10), 28.22, 24.64, 22.90. IR (CH2Cl2; –
78 °C): 2061 cm-1 ($%≡% ). Allenylidene 2.5a was further analyzed by 2D NMR HMBC
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(Figures 17 and 18) and HMQC (Figures 17 and 19) in order to unambiguously assign
aromatic carbons. All remaining gold allenylidene complexes were synthesized
employing procedures similar to that used to synthesize 2.5a.
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Figure 17. Atom numbering system and HMBC and HMQC correlations for
2.5a.
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Figure 18. 2D 1H{13C} HMBC NMR spectrum of 2.5a.
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Figure 19. 2D 1H{13C} HMQC NMR spectrum of 2.5a.

{(IPr-1-13C1)Au[η1-C=C=CPh2]}+ OTf– (2.5a-IPr-1-13C1). Labeled allenylidene 2.5aIPr-1-13C1 was generated from reaction of 2.4a-IPr-1-13C1 (13.6 mg, 0.0168 mmol) with
TMSOTf (6.25 mg, 0.0281 mmol) in CD2Cl2 (0.7 mL) employing a procedure similar to
that used to synthesize 2.5a and was analyzed without isolation at –85 °C.

13

C{1H} NMR

(125 MHz; CD2Cl2, –85 °C, selected resonances): d 248.16 (d, 2JCC = 5.2 Hz; C1), 132.60 (d, J
= 4.1 Hz; C8), 130.63 (d, J = 6.6 Hz; C2).
{(IPr)Au[η1-C=C=13CPh2]}+ OTf– (2.5a-3-13C1). Labeled allenylidene 2.5a-3-13C1 was
generated from reaction of 2.4a-1-13C1 (13.6 mg, 1.68 ´ 10–2 mmol) with TMSOTf (6.25 mg,
2.81 ´ 10–2 mmol) in CD2Cl2 (0.7 mL) employing a procedure similar to that used to
synthesize 2a and was analyzed without isolation at –85 °C. 13C{1H} NMR (125 MHz;
CD2Cl2, –85 °C, selected resonances): d 248.40 (d, 2JCC = 7.7 Hz; C1), 191.27 (C3), 141.23 (d,
J

1 CC

= 54.5 Hz; C4), 130.75 (d, J = 59.3 Hz; C2).
{(IPr)Au[η1-C=C=C(4-C6H4Cl)2]}+ OTf– (2.5b). Bright red-orange solution, 92%

NMR yield. 1H NMR (500 MHz; CD2Cl2; –85 °C): d 7.89 (d, J = 8.4 Hz, 4H), 7.61 (d, J = 8.3
Hz, 4H), 7.56 (t, J = 7.8 Hz, 2H), 7.39 (s, 2H), 7.35 (d, J = 7.8 Hz, 4H), 2.43 (sept, J = 6.8 Hz,
4H), 1.26 (d, J = 6.8 Hz, 12H), 1.21 (d, J = 6.4 Hz, 12H). 13C{1H} NMR (125 MHz; CD2Cl2; –
85 °C) 247.72 (C1), 186.55 (C3), 182.76, 148.68, 144.93, 144.56, 139.26, 138.56, 132.41,
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130.46, 130.15, 127.86, 127.02, 124.10, 123.76, 28.07, 24.62, 22.72. IR (CH2Cl2; –78 °C): 2051
cm–1 (!"≡" ).
{(IPr)Au[η1-C=C=C(4-C6H4CH3)2]}+ OTf– (2.5c). Bright red-orange solution, 95%
yield by 1H NMR. 1H NMR (500 MHz; CD2Cl2; –85 °C): d 7.82 (d, J = 8.0 Hz, 4H), 7.57 (t, J
= 7.8 Hz, 2H), 7.41 (d, J = 8.2 Hz, 4H), 7.38 (s, 2H), 7.35 (d, J = 7.8 Hz, 4H), 2.55 – 2.23 (m,
11H), 1.27 (d, J = 7.0 Hz, 12H), 1.21 (d, J = 6.9 Hz, 12H). 13C{1H} NMR: d 231.88 (C1), 186.34
(C3), 183.75, 154.91, 145.07, 138.61, 138.14, 132.64, 130.80, 130.24, 124.66, 124.01, 123.86,
28.20, 24.60, 22.97, 22.74. IR (CH2Cl2, –78 °C): 2056 cm-1 (!"≡" ).
{(IPr)Au[η1-C=C=C(4-C6H4OMe)Ph]}+ OTf– (2.5d). Bright red-orange solution,
≥95% by 1H NMR. 1H NMR: d 8.40 (d, J = 9.4 Hz, H), 7.88 (d, J = 9.0 Hz, 1H), 7.81 (t, J = 7.5
Hz, 1H), 7.71 (d, J = 7.6 Hz, 2H), 7.60–7.52 (m, 4H), 7.38–7.33 (m, 6H), 7.15 (d, J = 9.0 Hz,
1H), 7.09 (d, J = 9.3 Hz, 1H), 4.07 (s, 3H), 2.43 (sept, J = 6.9 Hz, 4H), 1.27 (d, J = 6.9 Hz,
12H), 1.21 (d, J = 6.9 Hz, 12H). 13C{1H} NMR: d 219.78 (C1), 184.02, 180.31 (C3), 173.41,
145.05, 143.73, 143.46, 139.26, 136.69, 135.52, 135.02, 132.94, 132.67, 130.20, 129.05, 123.83,
120.60, 57.86, 28.16, 24.58, 22.83. IR (CH2Cl2, –78 °C): 2060 cm-1 (!"≡" ).
{(IPr)Au[η1-C=C=C(4-C6H4OMe)2]}+ OTf– (2.5e). Bright red-orange solution (≥95%
NMR yield). 1H NMR (CD2Cl2; –21 °C): d 7.95 (d, J = 8.9 Hz, 4H), 7.57 (t, J = 7.8 Hz, 2H),
7.37 (d, J = 7.8 Hz, 4H), 7.35 (s, 2H), 7.08 (d, J = 8.9 Hz, 4H), 4.01 (s, 6H), 2.53 (sept, J = 6.7
Hz, 4H), 1.33 (d, J = 6.9 Hz, 12H), 1.24 (d, J = 6.9 Hz, 12H).
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13

C{1H} NMR: d 209.22 (C1),

184.46, 176.20 (C3), 169.68, 145.09, 140.78, 133.57, 132.77, 130.22, 123.85, 116.87, 115.84,
56.97, 28.20, 24.57, 22.88. IR (CH2Cl2; –78 °C): 2066 cm–1 (!"≡" ).
{(IPr)Au[η1-C=C=C(4-C6H4OMe)2]}+ [B(C6F5)4]– (2.5e•BArF). A solution of 2.4e
(14.1 mg, 1.63 ´ 10–2 mmol) in CD2Cl2 (0.25 mL) was added dropwise to an NMR tube
containing a solution of [Et3Si(C6H6)][B(C6F5)4]162 (14.2 mg, 1.63 ´ 10–2 mmol) in CD2Cl2
(0.35 mL) at –78 °C and the resulting red solution was analyzed by NMR at –85 °C
without isolation. 1H and 13C NMR of 2.5e•BArF was indistinguishable from that of 2.5e.
{[P(t-Bu)2o-biphenyl]Au[η1-C=C=C(4-C6H4OMe)2]}+ OTf− (2.5f). Bright red-orange
solution (≥92% NMR yield). 1H NMR: d 8.09 (d, J = 8.7 Hz, 4H), 7.87 (td, J = 6.9, 3.1 Hz,
1H), 7.54 (d, J = 3.2 Hz, 2H), 7.44 (t, J = 7.6 Hz, 2H), 7.27–7.14 (m, 8H), 4.06 (s, 6H), 1.38 (d,
J = 15.4 Hz, 18H).

13

C{1H} NMR: d 218.14 (d, J = 122.4 Hz; C1), 176.65 (C3), 169.76, 148.33

(d, J = 14.5 Hz), 142.24 (d, J = 6.4 Hz), 140.69, 133.88, 133.53, 132.16 (d, J = 7.1 Hz), 130.18,
128.96, 128.38, 127.15, 125.09 (d, J = 43.7; PCaryl), 115.68 (br s), 57.04, 36.32 (d, J = 24.0 Hz),
30.04.
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P{1H) NMR: d 55.57. IR (CH2Cl2, –78 °C): 2062 cm–1 (!"≡" ).

2.5.2.4 Kinetics of Decomposition of Gold Allenylidene Complexes
A freshly prepared solution of 2.5a (1.3 ´ 10–2 mmol, 26 mM) and CH2Br2 (8.6
µmol; internal standard) in CD2Cl2 (0.70 mL) at –78 °C was placed in the probe of an
NMR spectrometer precooled at –63 °C and monitored periodically by 1H NMR
spectroscopy. The concentration of 2.5a was determined by integrating the H7 resonance
of 2a at d 8.04 relative to the resonance for CH2Br2 at d 4.96. A plot of ln[2.5a] versus
54

time was linear to >3 half-lives with a first-order rate constant of 4.3 ± 0.2 ´ 10–4 s–1 (DG‡ =
15.4 kcal/mol) (Figure 20, Table 2). The kinetics of the thermal decomposition of gold
allenylidene complexes 2.5b-f were determined employing similar procedures at the
temperatures indicated in Table 2 (Figures 21–25).
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Figure 20. First-order plot for the decomposition of 2.5a (26 mM) in CD2Cl2 at –
63 °C.
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Figure 21. First-order plot for the decomposition of 2.5b (26 mM) in CD2Cl2 at –
63 °C.
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Figure 22. First-order plot for the decomposition of 2.5c (26 mM) in CD2Cl2 at 1
°C.
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Figure 23. First-order plot for the decomposition of 2.5d (26 mM) in CD2Cl2 at
11 °C.
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Figure 24. First-order plot for the decomposition of 2.5e (26 mM) in CD2Cl2 at
22 °C.
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Figure 25. First-order plot for the decomposition of 2.5f (26 mM) in CD2Cl2 at 1
°C.

2.5.2.5 Reactions of [(IPr)Au=C=C=CPh2]+ OTf– (2.5a) with nucleophiles
Reaction of 2.5a with methanol. A solution of MeOH (2.8 mg, 8.74 ´ 10–2 mmol)
in CD2Cl2 (0.1 mL) was added to a freshly prepared solution of 2.5a (1.7 ´ 10–2 mmol) in
CD2Cl2 (0.6 mL) at –78 °C and mixed on Voltex agitator give a colorless solution of 2.6
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that was analyzed at –85 °C without isolation. The yield of 2.6 was determined to be 85%
yield by integrating the alkylnyl proton of 3.6 at d 3.03 relative to the resonance of excess
MeOH at d 3.44 in the 1H NMR spectrum. The 1H and 13C NMR spectra of 2.6 generated
from 2.5a matched that of an authentic sample. 1H NMR (500 MHz; CD2Cl2; –85 °C): d
3.26 (s, 3H), 3.03 (s, 1H).

13

C{1H} NMR (125 MHz; CD2Cl2; –85 °C): d 142.27, 127.94,

127.36, 125.48, 81.56, 79.55, 77.73, 51.87.

{(IPr)Au[η1-C(THT)=C=CPh2]}+ OTf– (2.7). A solution of tetrahydrothiophene
(THT; 2.1 mg, 2.4 ´ 10–2 mmol) in CD2Cl2 (0.13 mL) was added to a freshly prepared
solution of 2.5a (1.6 ´ 10–2 mmol) in CD2Cl2 (0.60 mL) at –78 °C and mixed thoroughly
using a Voltex agitator to give 2.7 as a pale green solution that contained a small amount
of free THT and which was characterized in solution without isolation. The yield of 2.7
was determined to be 100 ± 5% yield by integrating the one of the bound THT
resonances of 2.7 at $ 3.19 relative to the resonance of free THT at d 2.73 in the 1H NMR
spectrum. 1H NMR (500 MHz; CD2Cl2; –85 °C): d 7.52 – 7.41 (m, 2H), 7.34 (s, 2H), 7.32 –
7.19 (m, 10H), 6.97 (dd, J = 6.3, 2.9 Hz, 4H), 3.19 (dt, J = 12.6, 6.1 Hz, 2H), 2.63 (dt, J = 11.7,
5.8 Hz, 2H), 1.80 – 1.72 (m, 2H), 1.57 – 1.44 (m, 2H), 1.17 (overlap of two doublets, J = 6.1
Hz, 24H). 13C{1H} NMR (125 MHz; CD2Cl2; –85 °C): d 207.35, 184.90, 145.15, 134.18,
132.88, 130.23, 127.97, 127.91, 127.39, 123.70, 123.18, 116.29, 107.89, 46.63, 28.13, 27.98,
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24.33, 22.97. Resonances for free THT were observed at d 2.73 and 1.83 (1H NMR) and $
31.32 and 30.68 (13C NMR).
{(IPr)Au[η1-CºC-C(NC5H5)Ph2]}+ OTf– (2.8). A solution of pyridine (2.3 mg, 2.9 ´
10–2 mmol) in CD2Cl2 (0.10 mL) was added to a freshly prepared solution of 2.5a (2.1 ´
10–2 mmol) in CD2Cl2 (0.60 mL) at –78 °C and mixed thoroughly using a Voltex agitator
to form 5 as a colorless solution that contained a small amount of free pyridine and
which was characterized in solution without isolation. The yield of 2.8 was determined
to be 94 ± 5% yield by integrating the IPr isopropyl resonance of 5 at d 2.42 relative to
residual CDHCl2 resonance at d 5.32 in the 1H NMR spectrum. 1H NMR (500 MHz;
CD2Cl2; –85 °C): d 8.77 (d, J = 6.2 Hz, 2H), 8.52 (t, J = 7.7 Hz, 1H), 7.94 (td, J = 6.8, 4.0 Hz,
2H), 7.57 (t, J = 7.8 Hz, 2H), 7.42 – 7.30 (m, 10H), 7.26 (s, 2H), 7.05 (d, J = 7.7 Hz, 4H), 2.42
(sept, J = 6.5 Hz, 4H), 1.25 (d, J = 7.0 Hz, 14H), 1.18 (d, J = 6.9 Hz, 14H). 13C{1H} NMR (125
MHz; CD2Cl2; –85 °C): d 185.96, 146.37, 145.04, 142.18, 137.65, 133.54 (C1), 133.06, 130.06,
129.43, 128.74, 127.78, 127.53, 123.85, 123.41, 98.93 (C2), 80.81 (C3), 28.13, 24.39, 22.76.
{(IPr-1-13C)Au[η1-CºC-C(pyridine)(C6H5)2]}+ OTf– (2.8-IPr-1-13C; Figure 26).
Complex 2.8-IPr-1-13C was synthesized from reaction of 2.5a-IPr-1-13C and pyridine
employing a procedure similar to that used to synthesize 2.8 and was characterized in
solution without isolation. 13C{1H} NMR (125 MHz; CD2Cl2; –85 °C): d 133.52 (2JCC = 47.7
Hz; C1), 133.06 (2JCC = 4.1 Hz; IPr ipso), 98.94 (3JCC = 8.5 Hz; C2).
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{(IPr)Au[η1-CºC-C(15N-pyridine)(C6H5)2]}+ OTf– (2.8-15N; Figure 26). Complex 2.815

N was synthesized from reaction of 2.5e and 15N-pyridine employing a procedure

similar to that used to synthesize 2.8 and was characterized in solution without isolation.
13

C{1H} NMR (125 MHz; CD2Cl2; –85 °C): d 142.18 (d, J = 14.2 Hz, Py), 80.80 (d, 1JCN = 5.5

Hz; C3).
{(IPr-1-13C)Au[η1-CºC-C(15N-pyridine)(C6H5)2]}+ OTf– (2.8-IPr-1-13C-15N; Figure
26). Complex 2.8-IPr-1-13C-15N was synthesized from reaction of 2.5e-IPr-1-13C and 15Npyridine employing a procedure similar to that used to synthesize 2.8 and was
characterized in solution without isolation. 13C{1H} NMR (125 MHz; CD2Cl2; –85 °C): d
142.17 (d, 1JCN = 14.1 Hz; Py), 133.04 (d, 2JCC = 3.9 Hz; IPr ipso), 98.92 (d, 3JCC = 9.9 Hz; C2),
80.79 (d, 1JCN = 5.3 Hz; C3), C1 not observed.
{(IPr)Au[η1-CºC-13C(15N-pyridine)Ph2]}+ OTf– (2.8-3-13C-15N; Figure 26). Complex
2.8-3-13C-15N was synthesized from reaction of 2.5e-3-13C and 15N-pyridine employing a
procedure similar to that used to synthesize 2.8 and was characterized in solution
without isolation. 13C{1H} NMR (125 MHz; CD2Cl2; –85 °C): d 142.16 (d, 1JCN = 13.7 Hz;
Py), 137.65 (d, 1JCC = 47.1 Hz; Cipso), 133.45 (d, 2JCC = 5.7 Hz; C1), 128.72 (d, J = 4.0 Hz), 98.94
(d, 2JCC = 76.1 Hz; C2), 80.76 (d, 1JCN = 5.1 Hz; C3).
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Figure 26. Isotopomers of 2.8 along with selected chemical shifts and carboncarbon and carbon-nitrogen coupling constants.

{(IPr)Au[η1-C(NC5H5)=C=CPh2]}+ OTf– (2.9). An NMR tube containing a colorless,
freshly prepared solution of 2.8 (2.1 ´ 10–2 mmol) in CD2Cl2 (0.70 mL) was warmed at –
30 °C for 15 min to form 2.9 as a yellow solution. The yield of 2.9 was determined to be
94 ± 5% yield by integrating the IPr isopropyl resonance of 5 at d 2.54 relative to the
residual CDHCl2 resonance at d 5.32 in the 1H NMR spectrum. The resulting solution
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was concentrated under vacuum to give d as an analytically pure yellow powder. 1H
NMR (500 MHz; CD2Cl2; 0 °C): d 8.47 (d, J = 6.2 Hz, 2H; pyridine), 8.31 (t, J = 7.7 Hz, 1H;
pyridine), 7.74 (td, J = 7.0, 4.3 Hz, 2H; pyridine), 7.54 (t, J = 7.8 Hz, 2H; IPrpara), 7.36 (s, 2H;
imidazole), 7.32 (d, J = 7.8 Hz, 4H; IPrmeta), 7.30–7.27 (m, 4H), 7.12 – 7.07 (m, 4H), 2.54
(sept, J = 6.8 Hz, 4H), 1.21 (overlap of two d, J = 6.8 Hz, 24H).

13

C{1H} NMR (125 MHz;

CD2Cl2; 0 °C): d 202.43 (C2, 1JCC = 100.7 Hz), 188.28, 147.33, 146.34, 144.99, 142.74, 141.89,
140.48, 135.84, 134.26, 131.05, 128.74, 128.35, 128.01, 124.54, 124.15, 113.5 (C3, 3JCN = 3.7
Hz) 29.18, 24.61, 24.08. HRMS (ESI) calcd. (found) for C47H51AuN3 (M+): 854.3743
(854.3745).
{IPrAu[η1-C(15N-pyridine)=C=CPh2]}+ OTf– (2.9-15N; Figure 27). Complex 2.9-15N
was generated from 5-15N employing a procedure similar to that used to generate 2.9
and was characterized in solution without isolation. 13C{1H} NMR (125 MHz; CD2Cl2; –
21 °C): d 144.69 (d, 1JCN = 4.6 Hz; C1), 142.36 (d, 1JCN = 14.6 Hz; pyridine), 113.25 (d, 3JCN =
3.5; C3).
{(IPr-1-13C)Au[η1-C(15N-pyridine)=C=CPh2]}+ OTf– (2.9-IPr-1-13C-15N;
Figure 27). Complex 2.9-IPr-1-13C-15N was generated from 2.8-IPr-1-13C-15N employing a
procedure similar to that used to generate 6 and was characterized in solution without
isolation.13C{1H} NMR (125 MHz; CD2Cl2; –21 °C): d 202.03 (d, J = 1.2 Hz, C2), 187.37,
145.88, 144.57 (dd, 2JCC = 17.0, 1JCN = 4.0 Hz; C1), 142.37 (d, 1JCN = 14.5 Hz; pyridine), 133.76
(d, 2JCC = 4.3 Hz; IPr ipso), C3 not observed.
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{IPrAu[η1-C(15N-pyridine)=C=13CPh2]}+ OTf– (2.9-3-13C-15N; Figure 27).
Complex 2.9-3-13C-15N was generated from 2.8-3-13C-15N employing a procedure similar
to that used to generate 2.9 and was characterized in solution without isolation.13C{1H}
NMR (125 MHz; CD2Cl2; 0°C): d 202.18 (d, 1JCC = 101.5 Hz; C2), 144.88 (d, 1JCN = 4.5 Hz;
C1), 142.53 (d, 1JCN = 14.6 Hz; pyridine), 135.60 (d, 1JCC = 57.1 Hz; Cipso), 127.84 (d, J = 1.3
Hz), 113.46 (d, 3JCN = 3.7 Hz; C3).
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Figure 27. Isotopomers of 2.9 along with selected chemical shifts and carboncarbon and carbon-nitrogen coupling constants.

Conversion of 2.8 to 2.9 in presence of pyridine-d5. Pyridine-d5 (0.05 mL, 40
equiv.) was added to a solution of 2.8 (1.6 ´ 10–2 mmol) at –78 °C and maintained at this
temperature for 30 min. 1H NMR analysis of the resulting solution revealed complete
scrambling of pyridine-d5 into the g-position of 2.8 with formation of {(IPr)Au[η1-CºC63

C(NC5D5)Ph2]}+ OTf– (2.8-Py-d5). Formation of 2.9-Py-d5 was established by complete
disappearance of pyridine peaks of 2.8 [d 8.77 (d, J = 6.2 Hz, 2H), 8.52 (t, J = 7.7 Hz, 1H),
7.94 (td, J = 6.8, 4.0 Hz, 2H)] and appearance of quantitative amount of free pyridine [d
8.53 (3H), 7.63 (2H)].
2.5.2.6 Crystallographic data
Molecular structure of 2.5e•2CH2Cl2 (Figure 11). A concentrated solution (0.11
M) of 2.5e was layered with ten volumes of ether at room temperature and then
maintained at –20 °C to give dark red crystals of 2.5e•2CH2Cl2 suitable for X-ray
analysis. A red-orange block-like crystal of molecular formula C47H54AuCl4F3N2O5S with
the approximate dimensions 0.084 ´ 0.132 ´ 0.166 mm was used for the X-ray
crystallographic analysis. The X-ray intensity data were measured with a total exposure
time of 21.03 hours. The frames were integrated with the Bruker SAINT software
package using a narrow-frame algorithm. The integration of the data using
a triclinic unit cell yielded a total of 56976 reflections to a maximum θ angle of 26.48°
(0.80 Å resolution), of which 10057 were independent (average redundancy 5.665,
completeness = 99.5%, Rint = 6.08%, Rsig = 5.53 %) and 8256 (82.09 %) were greater than
2s(F2). The final cell constants of a = 12.1997(5) Å, b = 12.7879(6) Å, c = 17.8302(8) Å, a =
108.3030(10)°, b = 100.3940(10)°, g= 105.1390(10)°, volume = 2442.53(19) Å3, are based
upon the refinement of the XYZ-centroids of 9880 reflections above 20 σ(I) with 4.656° <
2θ < 44.16°. Data were corrected for absorption effects using the Multi-Scan method
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(SADABS). The ratio of minimum to maximum apparent transmission was 0.872. The
calculated minimum and maximum transmission coefficients (based on crystal size) are
0.6080 and 0.7670. The structure was solved and refined using the Bruker SHELXTL
Software Package, using the space group P –1, with Z = 2 for the formula unit,
C47H54AuCl4F3N2O5S. The final anisotropic full-matrix least-squares refinement on F2
with 736 variables converged at R1 = 4.81%, for the observed data and wR2 = 11.90% for
all data. The goodness-of-fit was 1.072. The largest peak in the final difference electron
density synthesis was 2.068 e–/Å3 and the largest hole was –1.355 e–/Å3 with an RMS
deviation of 0.143 e–/Å3. On the basis of the final model, the calculated density was
1.570g/cm3 and F(000), 1160 e–.
Molecular structure of 2.9 (Figure 13). A concentrated CH2Cl2 solution of 2.9
(0.35 M) was layered with ether at –20 °C and then maintained at –20 °C to give yellow
crystals of 2.9 suitably for X-ray analysis. A yellow block-like crystal of 2.9 of molecular
formula C48H51AuF3N3O3S with approximate dimensions 0.180 ´ 0.228 ´ 0.238 mm was
used for X-ray crystallographic analysis. The X-ray intensity data were measured with
total exposure time of 4.12 hours. The frames were integrated with the Bruker SAINT
software package using a narrow-frame algorithm. The integration of the data using
a tetragonal unit cell yielded a total of 111887 reflections to a maximum θ angle of 35.76°
(0.61 Å resolution), of which 20619 were independent (average redundancy 5.426,
completeness = 100.0%, Rint = 3.51%, Rsig = 4.26%) and 19021 (92.25%) were greater than
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2σ(F2). The final cell constants of a = 11.9607(7) Å, b = 11.9607(7) Å, c = 31.0807(18) Å,
volume = 4446.4(6) Å3, are based upon the refinement of the XYZ-centroids
of 934 reflections above 20 σ(I) with 1.061° < 2θ < 58.08°. Data were corrected for
absorption effects using the Numerical Mu From Formula method (SADABS). The ratio
of minimum to maximum apparent transmission was 0.805. The calculated minimum
and maximum transmission coefficients (based on crystal size) are 0.4970 and
0.5790. The structure was solved and refined using the Bruker SHELXTL Software
Package, using the space group P 41, with Z = 4 for the formula unit, C48H51AuF3N3O3S.
The final anisotropic full-matrix least-squares refinement on F2 with 540 variables
converged at R1 = 2.15%, for the observed data and wR2 = 4.51% for all data. The
goodness-of-fit was 1.038. The largest peak in the final difference electron density
synthesis was 1.302 e–/Å3 and the largest hole was –0.999 e–/Å3 with an RMS deviation
of 0.079 e–/Å3. On the basis of the final model, the calculated density was 1.500g/cm3 and
F(000), 2024 e–.
CCDC-1825631 and CCDC-1825633 contain the supplementary crystallographic
data for 2.9 and 2.5e•2CH2Cl2, respectively. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via
www.ccddc.cam.ac.uk/data_request/cif.
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2.5.3. Vinyl carbene
2.5.3.1 Synthesis of vinyl boronic esters
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Scheme 11. Propargylic alcohols and ethers and vinyl boronic esters and their
isotopomers.
(E)-Vinyl boronic esters were prepared employing a modification of the
procedure published by Frost.168
(E)-BpinC(H)=C(H)-C(OMe)(C6H4OMe)2 [(E)-2.13b]. A yellow solution of 2.12b
(1.10 g, 3.90 mmol), Cp2ZrHCl (100 mg, 0.39 mmol), HBPin (0.60 mL, 4.1 mmol) and Et3N
(55 µL, 0.39 mmol) in CH2Cl2 (5 mL) was stirred in a sealed tube at 60 °C for 2 days in the
dark. The reaction mixture was diluted with hexanes, filtered through silica gel, and
concentrated under vacuum. The resulting residue was chromatographed (SiO2;
hexanes–EtOAc = 85:15) to give a yellow oil, which was chromatographed a second time
(SiO2: hexanes–EtOAc = 9:1) to give yellow solid, which was then crystalized from iPrOH
at –20 °C to give (E)-2.13b as white solid (0.35 g, 22%). 1H NMR (400 MHz; CDCl3): d
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7.22 (d, J = 8.8 Hz, 4 H), 7.08 (d, J = 18.2 Hz, 1H), 6.83 (d, J = 8.8 Hz, 4H), 5.63 (d, J = 18.1
Hz, 1H), 3.79 (s, 6H), 3.08 (s, 3H), 1.26 (s, 12H). 13C{1H} NMR (125 MHz; CDCl3): d 158.74,
153.91, 135.82, 129.58, 113.37, 84.80, 83.42, 55.39, 52.07, 25.03. HRMS (ESI) calcd. (found)
for C23H28BO4 [M-OMe]+: 379.2770 (379.2083).
(E)-BpinC(D)=C(H)-C(OMe)(C6H4OMe)2 [(E)-2.13b-d1]. A solution of 2.12b (0.80
g, 2.8 mmol) in methanol-O-d (5 mL) was added into a solution of NaOMe (46 mg, 0.85
mmol) in methanol-O-d (2 mL) at room temperature and stirred for 2 h and the resulting
mixture was concentrated under reduced pressure and diluted with fresh methanol-O-d
(4 mL). This procedure was repeated three times and the resulting suspension was
treated with D2O (4 mL) and extracted with CH2Cl2. The combined organic extracts were
dried (MgSO4) and concentrated to give 4,4'-(1-methoxyprop-2-yne-1,1-diyl-3d)bis(methoxybenzene) (2.12b-d1) as white solid (0.61 g, 76%) with >95% deuterium
incorporation at terminal alkynyl position. 2.12b-d1 was converted into (E)-2.13b-d1
employing a procedure analogous to that used to synthesize (E)-2.13b. 1H NMR analysis
of (E)-8b-d1 established >95% deuterium incorporation at C1 position, with d 7.08 (s, 1H)
at C2 position.
(E)-Bpin13C(H)=13C(H)-C(OMe)(C6H4OMe)2 [(E)-8b-1,2-13C2]. THF (10 mL) was
added to condensed H13Cº13CH [generated from reaction of carbon-13C (0.47 g) with
Ca(0) (2.1 g)]20 at –116 °C and the resulting solution was treated sequentially with n-BuLi
(2.1 mL, 2.5 M in hexanes, 5.3 mmol) at –78 °C and a solution of 4,4’68

bismethoxybenzophenone (1.3 g, 5.4 mmol) in THF (20 mL). The resulting solution was
stirred at –78 °C for 20 min, during which time the initially pale yellow solution became
colorless. The solution was warmed gradually to room temperature, stirred for 12 h,
and then treated with water (25 mL). The layers were separated, the aqueous phase was
extracted with diethyl ether, and the combined organic extracts were dried (MgSO4),
filtered, and concentrated under vacuum. The resulting colorless oil was
chromatographed (SiO2: hexanes–EtOAc = 9:1) to give 1,1-bis(4-methoxyphenyl)prop-2yn-1-ol (2.2e-1,2-13C2) (197 mg, 0.73 mmol). Bisanisyl ethynyl alcohol 2.2e-1,2-13C2 was
methylated with NaH/MeI employing a procedure analogous to that used to synthesize
2.12b to give 2.12b-1,2-13C2 in 59% yield. Zirconium-catalyzed hydroboration of 2.12b1,2-13C2 with HBpin employing a procedure analogous to that used to synthesize (E)2.13b gave (E)-2.13b-1,2-13C2 as colorless oil (79%).
For S1-1,2-13C2: 1H NMR (400 MHz; CDCl3; selected resonances): d 2.85 (dd, 1JHC
= 250.5, 2JHC = 49.8 Hz, 1H). 13C{1H} NMR (100 MHz; CDCl3): d 86.97 (d, 1JCC = 171.3 Hz),
75.18 (d, 1JCC = 171.3 Hz).
For (E)-2.13b-1,2-13C2: 1H NMR (400 MHz; CDCl3): d 5.62 (ddd, 1JHC = 142.5, 3JHH =
18.3, 2JHC = 7.3 Hz, 1H). 13C{1H} NMR (100 MHz; CDCl3): d 153.86 (d, 1JCC = 62.3 Hz),
117.96 (m). 13C NMR (100 MHz; CDCl3): d 153.86 (ddd, 1JHC = 156.6, 1JCC = 62.4, 2JHC = 7.1
Hz).
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(Z)-BpinC(H)=C(H)-C(OMe)(C6H4OMe)2 [(Z)-2.13b]. Compound (Z)-2.13b was
prepared employing a modification of the procedure published by Miyaura.34 A mixture
of 2.12b (195 mg, 0.69 mmol), HBpin (0.11 mL, 0.79mmol), Et3N (0.1 mL, 0.69 mmol),
[Rh(COD)Cl]2 (10.2 mg, 2.1 ´ 10–2 mmol), and PCy3 (23.5 mg, 8.4 ´ 10–2 mmol) in
cyclohexane (2.1 mL) was stirred at room temperature for 3.5 h. The resulting mixture
was concentrated under vacuum and the resulting residue was chromatographed (SiO2;
hexanes–EtOAc = 90:10) to give (Z)-2.13b (110 mg, 39%) as a yellow oil. 1H NMR (500
MHz; CDCl3): d 7.31 (d, J = 8.8 Hz, 4H), 6.85 (d, J = 8.8 Hz, 4H), 6.44 (d, J = 13.9 Hz, 1H),
5.40 (d, J = 13.9 Hz, 1H), 3.81 (s, 6H), 2.95 (s, 3H), 1.31 (s, 12H). 13C{1H} NMR (125 MHz;
CDCl3): d 158.80, 148.74, 134.57, 130.05, 113.42, 84.95, 83.16, 55.4, 52.26, 25.33. HRMS
(ESI) calcd. (found) for C24H31BO5 [M+H]+: 411.2337 (411.2327). [M+Na]+: 433.2157
(433.2152) [M+K]+: 499.1896 (499.1895).
(E)-BpinC(H)=C(H)C(OMe)Ph2 [(E)-2.13a]. Zirconium-catalyzed hydroboration
of 2.12a (1.0 g, 4.5 mmol) with HBpin employing a procedure similar to that used to
synthesize (E)-2.13b led to isolation of (E)-2.13a (1.0 g, 64 %) as colorless oil, which
solidified upon cooling at –20 °C. 1H NMR (400 MHz; CDCl3): d 7.30 – 7.16 (m, 10H),
7.09 (d, J = 18.1 Hz, 1H), 5.62 (d, J = 18.1 Hz, 1H), 3.06 (s, 3H), 1.21 (s, 12H). 13C{1H} NMR
(125 MHz; CDCl3): d 153.24, 143.61, 128.32, 128.10, 127.29, 119.02 (br), 85.30, 83.47, 52.26,
25.03. HRMS (ESI) calcd. (found) for C22H27BO3 [M-OMe]+: 319.1864 (319.1871).
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2.5.3.2 Synthesis of gold vinyl complexes
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Scheme 12. Gold vinyl complexes and their isotopomers.

(E)-(IPr)Au[η1-C(H)=C(H)-C(OMe)(C6H5)2 [(E)-2.11a]. A suspension of 2.12a (45
mg, 0.13 mmol), IPrAuCl (80 mg, 0.13 mmol) and Cs2CO3 (42 mg, 0.13 mmol) in iPrOH
(1.3 mL) was stirred for one day at 60 °C. The reaction mixture was cooled to room
temperature and concentrated under vacuum. The resulting white solid was dissolved
in Et2O and filtered through thin pad of basic alumina, concentrated, and the procedure
was repeated with hexanes/EtOAc (v/v = 9/1). The resulting solid was recrystallized by
layering a concentrated CH2Cl2 solution with pentane at –20 °C to give (E)-2.11a as
colorless crystals (62 mg, 59%). 1H NMR (400 MHz; CDCl3): d 7.47 (t, J = 7.8 Hz, 2H), 7.30
– 7.24 (m, 10H), 7.19 – 7.05 (m, 8H), 6.26 (d, J = 19.1 Hz, 1H), 5.76 (d, J = 19.2 Hz, 1H), 3.08
(s, 3H), 2.63 (h, J = 7.1 Hz, 4H), 1.35 (d, J = 6.9 Hz, 12H), 1.21 (d, J = 7.0 Hz, 12H).

13

C{1H}

NMR (125 MHz; CDCl3): d 198.19, 161.01, 146.22, 145.93, 143.08, 134.88, 130.25, 128.22,
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127.44, 126.00, 124.07, 122.87, 86.62, 51.22, 28.94, 24.56, 24.17. HRMS (ESI) calcd. (found)
for C43H52AuN2O (M)+: 809.3740 (809.3748).
(E)-(IPr)Au[η1-C(H)=C(H)-C(OMe)(C6H4OMe)2 [(E)-2.11b]. A suspension of (E)2.13b (93 mg, 0.23 mmol), IPrAuCl (141 mg, 0.23 mmol) and Cs2CO3 (74 mg, 0.23 mmol)
in iPrOH (2.3 mL) was stirred for one day at 60 °C. The reaction mixture was cooled to
room temperature and concentrated under vacuum. The resulting white solid was
dissolved in Et2O and filtered through thin pad of basic alumina, concentrated, and the
procedure was repeated. The resulting solid was recrystallized by layering a
concentrated CH2Cl2 solution with pentane at –20 °C to give (E)-2.11b as colorless
crystals (117 mg, 59%). 1H NMR (400 MHz; CDCl3): d 7.46 (t, J = 7.8 Hz, 2H), 7.27 (d, J =
8.3 Hz, 4H), 7.15 (d, J = 8.7 Hz, 4H), 7.09 (s, 2H), 6.71 (d, J = 8.8 Hz, 4H), 6.22 (d, J = 19.1
Hz, 1H), 5.75 (d, J = 19.1 Hz, 1H), 3.73 (s, 6H), 3.05 (s, 3H), 2.63 (hept, J = 6.8 Hz, 4H), 1.35
(d, J = 6.8 Hz, 12H), 1.21 (d, J = 6.9 Hz, 12H). 13C{1H} NMR (125 MHz; CDCl3): d 198.3,
160.2, 157.9, 145.9, 143.6, 138.6, 134.9, 130.2, 129.4, 124.1, 122.9, 112.8, 86.1, 55.3, 51.0, 24.6,
24.2. Anal. calcd. (found) for C45H56AuN2O3: C, 62.13 (62.20); H, 6.49 (6.25); N, 3.22 (3.21).
(E)-(IPr)Au[η1-C(D)=C(H)-C(OMe)(C6H4OMe)2] [(E)-2.11b-d1]. Gold vinyl
complex (E)-6b-d1 was isolated as a white solid in 100 % yield from reaction of (E)-2.13bd1 (31 mg, 7.3 ´ 10–2 mmol) and (IPr)AuCl (45 mg, 7.3 ´ 10–2 mmol) employing a
procedure analogous to that used to synthesize (E)-2.11b. 1H NMR analysis of (E)-2.11bd1 established >95% deuterium incorporation at C1 position.
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(E)-(IPr)Au[η1-13C(H)=13C(H)-C(OMe)(C6H4OMe)2] [(E)-2.11b-1,2-13C2]. Complex
(E)-6b-1,2-13C2 was isolated as a white solid in 62% yield from reaction of (E)-2.13b-1,213

C2 (67 mg, 1.6 ´ 10–1 mmol) and (IPr)AuCl (101 mg, 1.6 ´ 10–1 mmol) employing a

procedure analogous to that used to synthesize (E)-2.11b. 1H NMR (400 MHz; CDCl3,
selected resonances): d 6.14 (ddd, 1JHC = 171.7, 3JHH = 19.1, 2JHC = 5.8 Hz, 1H), 5.78 (ddd, 1JHC
= 155.1, 3JHH = 19.1, 2JHC = 4.7 Hz, 1H). 13C{1H} NMR (100 MHz; CDCl3): d 160.2 (d, J = 59.1
Hz), 143.5 (d, J = 58.7 Hz).
(Z)-(IPr)Au[η1-C(H)=C(H)-C(OMe)(C6H4OMe)2] [(Z)-2.11b]. Complex (Z)-2.11b
was isolated as a white solid in 25% yield from reaction of (Z)-2.13b with (IPr)AuCl
employing a procedure analogous to that used to synthesize (E)-2.11b after three
successive recrystallizations from diethyl ether. 1H NMR (500 MHz; CDCl3): d 7.44 (t, J
= 7.8 Hz, 2H), 7.26 (d, J = 7.8 Hz, 4H), 7.14 (d, J = 8.7 Hz, 4H), 7.10 (s, 2H), 6.78 (d, J = 14.1
Hz, 1H), 6.62 (d, J = 13.4 Hz, 1H), 6.62 (d, J = 8.9 Hz, 4H), 3.73 (s, 6H), 2.32 (s, 3H), 1.38 (d,
J = 6.9 Hz, 12H), 1.21 (d, J = 6.8 Hz, 12H). 13C{1H} NMR (125 MHz; CDCl3): d 198.01,
157.61, 156.12, 146.02, 143.54, 140.44, 135.19, 130.20, 129.41, 124.47, 124.08, 122.95, 112.72,
84.09, 55.25, 50.71, 28.96, 24.54, 24.17.
(E)-(P1)Au[η1-C(H)=C(H)-C(OMe)(C6H4OMe)2] [(E)-2.11c]. Gold vinyl complex
(E)-2.11c was isolated as a white solid in 71% yield from reaction of (E)-2.13b (67 mg, 1.6
´ 10–1 mmol) and (P1)AuCl (86 mg, 1.6 ´ 10–1 mmol) employing a procedure analogous
to that used to synthesize (E)-2.11b. 1H NMR (400 MHz; CDCl3): d 7.86 (td, J = 7.0, 1.8
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Hz, 1H), 7.45 - 7.40 (m, 2H), 7.30 (d, J = 8.8 Hz, 4H), 7.25 – 7.21 (m, 3H), 7.13 (d, J = 6.9 Hz,
2H), 7.05 (t, J = 7.5 Hz, 1H), 6.84 (d, J = 8.7 Hz, 4H), 5.93 (dd, J = 19.0, 3JPH = 6.6 Hz, 1H),
5.83 (dd, J = 18.9, 4JPH = 4.1 Hz, 1H), 3.81 (s, 6H), 3.18 (s, 3H), 1.39 (d, J = 14.3 Hz, 18H).
13

C{1H} NMR (125 MHz; CDCl3): d 158.09, 150.56 (d, J = 18.4 Hz), 143.96, 142.66, 138.55,

135.20, 132.99 (d, J = 7.6 Hz), 129.91, 129.75, 129.59, 128.26, 127.51, 126.50 (d, J = 5.2 Hz),
112.81, 86.46 (d, J = 8.6 Hz), 55.40, 51.35, 37.38 (d, J = 18.4 Hz), 31.22 (d, J = 7.2 Hz). 31P{1H}
(162 Hz; CDCl3) d 64.58. Anal. calcd. (found) for C38H46AuO3P: C, 58.61 (58.76); H, 5.95
(5.88).

2.5.3.3 Synthesis of vinyl carbene complexes
Ar
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(E)-2.10a (L = IPr, Ar = Ph)
(E)-2.10b (L = IPr, Ar = 4-C6H4OMe)
(E)-2.10c [L = P(t-Bu)2o-biphenyl,
Ar = 4-C6H4OMe]

Ar

Ar
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13C
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2

Ar

(Ar = 4-C6H4OMe)

Scheme 13. Gold vinyl complexes and their isotopomers.

[(E)-(IPr)Au[η1-C(H)=C(H)-C(4-C6H4OMe)2]+ OTf– [(E)-5b]. A solution of (E)2.11b (14.5 mg, 1.7 ´ 10–2 mmol) in CD2Cl2 (0.35 mL) was added dropwise with constant
agitation to an NMR tube containing a solution of TMSOTf (4.4 mg, 2.0 ´ 10–2 mmol) and
CH2Br2 (0.77 mg, 4.4 µmol; internal standard) in CD2Cl2 (0.35 mL) at –95 °C to give a
bright orange solution of (E)-2.10b that was analyzed without isolation by NMR
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spectroscopy at or below –85 °C. A yield of 96% for the conversion of (E)-2.11b to (E)2.10b was determined by integrating the H1 resonance of (E)-2.10b at d 9.52 relative to
the resonance of CH2Br2 at d 4.96 in the 1H NMR spectrum. 1H NMR (500 MHz; CD2Cl2;
–95 °C): d 9.51 (d, J = 17.8 Hz, 1H), 7.88 (dd, J = 9.2, 2.4 Hz, 1H), 7.71 (d, J = 17.8 Hz, 1H),
7.52 (t, J = 7.7 Hz, 2H), 7.33 (s, 2H), 7.31 (d, J = 3.0 Hz, 4H), 7.29 (d, J = 8.9 Hz, 4H), 7.13
(dd, J = 8.9, 2.8 Hz, 1H), 6.99 (d, J = 8.7 Hz, 4H), 3.96 (s, 3H), 3.89 (s, 3H), 2.44 (sept, J = 6.9
Hz, 4H), 1.28 (d, J = 6.8 Hz, 12H), 1.20 (d, J = 6.9 Hz, 12H). 13C{1H} NMR (125 MHz;
CD2Cl2; –95 °C): d 243.7, 188.7, 185.7, 168.3, 167.6, 146.9, 145.0, 142.4, 139.8, 136.4, 132.9,
129.8, 129.6, 123.5, 123.3, 116.0, 114.4, 56.6, 56.3, 28.0, 24.5, 22.6.
Fluxional behavior of (E)-2.10b. When a solution of (E)-2.10b was warmed above
–95 °C, the aryl methoxy resonances at d 3.96 and 3.89 broadened and coalesced at –42
°C (Figure 28). An energy barrier of DG‡231K = 10.5 kcal/mol was determined for
interconversion of the anisyl groups of (E)-5b from the slow-exchange peak separation
(Dn = 32 Hz) and coalescence temperature (Tc = –42 °C) according to the relationship [k =
p(Dn)/√2].
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Figure 28. Temperature dependence of the methoxy 1H NMR resonances of (E)2.10b in CD2Cl2 from – 80 °C to –37 °C in CD2Cl2.

[(E)-(IPr)Au[η1-13C(H)=13C(H)-C(C6H4OMe)2]+ OTf– [(E)-5b-1,2-13C2]. Complex (E)2.10b-1,2-13C2 was generated in situ from (E)-2.11b-1,2-13C2 employing a procedure
analogous to that used to synthesize (E)-2.10b. 1H NMR (–95 °C, CD2Cl2, 500 MHz,
selected resonances): d 9.50 (dd, J = 135.8, 17.7 Hz, 1H; H1), H2 was obscured by aromatic
protons.

13

C{1H} NMR (–80 °C, CD2Cl2, 125 MHz, selected resonances): d 243.9 (d, J = 47.9

Hz, C1), 188.8 (d, J = 38.3 Hz, CIpr), 185.8 (d, J = 48.0 Hz, C3), 146.9 (d, J = 47.9 Hz, C2).

13

C

NMR (–80 °C, CD2Cl2, 125 MHz, selected resonances): d 244.4 (dd, JCH = 135.4, JCC = 48.5
Hz), 147.04 (dd, JCH = 163.0, JCC = 47.7 Hz).
[(E)-(P1)Au[η1-C(H)=C(H)-C(4-C6H4OMe)2]+ OTf– [(E)-2.10c]. Complex (E)-2.10c
was synthesized in 95% yield from (E)-2.11c (1H NMR) as a red solution employing a
procedure analogous to that used to synthesize (E)-2.10b. 1H NMR (500 MHz; CD2Cl2; –
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90 °C): d 8.89 (d, J = 17.5 Hz, 1H), 8.16 (d, J = 9.1 Hz, 1H), 7.90 – 7.86 (m, 2H), 7.83 (dd, J =
17.5, 4.4 Hz, 1H), 7.62 – 7.48 (m, 3H), 7.37 (t, J = 7.6 Hz, 4H), 7.26 – 7.01 (m, 7H), 4.03 (s,
3H), 4.00 (s, 3H), 1.36 (d, J = 14.8 Hz, 18H).

13

C{1H} NMR (125 MHz; CD2Cl2; –90 °C): d

252.33 (d, J = 93.7 Hz), 185.58, 168.29, 167.92, 148.15 (d, J = 16.1 Hz), 145.86, 142.70, 142.35,
140.03, 136.85 (br), 134.24, 131.71, 129.95 -124.95 (br), 115.97, 114.42, 56.53, 56.45, 36.32 (d,
J = 21.8 Hz), 29.83 (br). 31P{1H} (202 Hz; CD2Cl2; –95 °C): d 61.8.
[(E)-(IPr)Au[η1-C(H)=C(H)-C(C6H5)2]+ OTf– [(E)-2.10a]. A solution of (E)-2.11a
(11.2 mg, 1.4 ´ 10–2 mmol) in CD2Cl2 (0.2 mL) was added via syringe to an NMR tube
containing a solution of TMSOTf (3.7 mg, 1.7 ´ 10–2 mmol) in ~1:1 mixture of
CDFCl2/CD2Cl2 at –116 °C to form a biphasic mixture consisting of a liquid phase of
CDFCl2/CD2Cl2 (bottom) and a solid phase of CD2Cl2 (top). As the top phase melted and
dissolved into the bottom layer, the bright orange color of (E)-2.10a was observed at the
interface, ultimately forming a bright orange solution upon complete dissolution that
was analyzed without isolation by NMR spectroscopy at –110 °C. 1H NMR (500 MHz;
CDFCl2/CD2Cl2; –110 °C; selected resonances): d 10.83 (d, J = 17.4 Hz, 1H), 8.18 (d, J =
17.5 Hz, 1H).
A solution of (E)-6a (11.8 mg, 1.5 ´ 10–2 mmol) in CD2Cl2 (0.3 mL) was added via
syringe to a solution of TMSOTf (4.2 mg, 1.8 ´ 10–2 mmol) and CH2Br2 (0.75 mg, 4.3
µmol; internal standard) in CD2Cl2 (0.3 mL) at –95 °C to form a bright red solution that
faded within 30 s. 1H NMR analysis of the resulting solution revealed the formation of
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TMSOMe in 92 ± 5% yield, determined by integrating methoxy resonance of TMSOMe at
d 3.29 relative to the resonance of CH2Br2 at d 4.96.
In a separate experiment, a solution of (E)-2.11a (23.1 mg, 2.8 ´ 10–2 mmol) in
CH2Cl2 (0.8 mL) was added via syringe to a solution of TMSOTf (7.6 mg, 3.4 ´ 10–2 mmol)
in CH2Cl2 (1.2 mL) at –95 °C and warmed to room temperature. The resulting light green
solution was concentrated under vacuum, extracted with hexanes/EtOAc (v/v = 9/1) and
filtered through thin pad of silica gel to give yellow oil (5.2 mg). The resulting filtrate
was dissolved in EtOAc and analyzed by GCMS on a standard non-polar column over
temperature gradient 70 °C - 320 °C, with a hold at the high end. The GCMS trace
displayed peaks at 16.49 min (10% mass yield) and 17.52 min (54% mass yield) with
molecular weights (m/z = 384.8) consistent with the products of carbene dimerization
(Figure 29). No other resonances accounted for ≥5% of the reaction mixture. Mass yields
were calculated from the total mass of isolated filtrate assuming that mass amount
correlates to peak areas in the GC.
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Figure 29. GCMS trace of the filtrated isolated from the reaction of (E)-2.11a with
TMSOTf at –95 °C in CD2Cl2 with mass-selected (m/z = 384.8) GC trace (insert).

Ionization of (Z)-2.11b. A solution of (Z)-2.11a (10.0 mg, 1.2 ´ 10–2 mmol) in
CD2Cl2 (0.3 mL) was added via syringe to a solution of TMSOTf (3.0 mg, 1.3 ´ 10–2 mmol)
and CH2Br2 (0.62 mg, 3.5 µmol; internal standard) in CD2Cl2 (0.3 mL) at –95 °C to form
an orange solution. 1H NMR analysis of the resulting solution displayed no resonances
that could be attributed to the C1 or C2 vinyl protons of (Z)-2.11b, but displayed singlets
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at d 4.63 and d 4.59, ad a small peak at d 4.53 corresponding to the benzylic resonance of
2.14. As the temperature was raised in 20 °C increments, the singlets at d 4.63 and d 4.59
disappeared and the benzylic resonance of 2.14 at d 4.53 increased in intensity,
ultimately accounting for a 58 ± 5% yield, as determined by integrating the d 4.53
resonance relative to the resonance of CH2Br2 at d 4.96. The crude reaction mixture was
filtered through silica gel with hexanes–EtOAc = 9:1, concentrated, and the resulting
residue was chromatographed (SiO2; hexanes–EtOAc = 9:1) to give 2.14 (0.8 mg, 28%) as
colorless oil, which solidified upon cooling at –20 °C.
For 2.14: 1H NMR (500 MHz; CDCl3):

7.11 (d, J = 8.1 Hz, 1H), 7.01 (d, J = 8.6

Hz, 1H), 6.95 (d, J = 2.4 Hz, 1H), 6.82 (dd, J = 5.3, 2.2 Hz, 1H), 6.80 (d, J = 8.8 Hz, 2H), 6.70
(dd, J = 8.2, 2.4 Hz, 1H), 6.58 (dd, J = 5.5, 1.9 Hz, 1H), 4.52 (t, J = 2.1 Hz, 1H), 3.83 (s, 3H),
3.77 (s, 3H). 13C{1H} NMR (125 MHz; CDCl3): 159.1, 158.5, 145.5, 141.5, 140.8, 131.4, 131.0,
128.7, 124.2, 114.1, 111.0, 106.8, 55.5, 55.3, 55.0. HRMS (ESI) calcd. (found) for C17H16O2
[M+H]+: 253.1223 (253.1222).
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2.5.3.5 Reactions of nucleophiles with (E)-2.10b
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Scheme 14. Products and isotopomers generated from reaction of (E)-2.10b
with nucleophiles (Ar = 4-C6H4OMe).

Reaction of (E)-2.10b with tetrahydrothiophene (THT). A solution of
tetrahydrothiophene (1.9 mg, 2.21 ´ 10–2 mmol) in CD2Cl2 (0.10 mL) was added dropwise
to a freshly prepared solution of (E)-2.10b (1.44 ´ 10–2 mmol) in CD2Cl2 (0.60 mL) at –95
°C and the resulting solution mixed thoroughly for < 1 min to give a yellow solution of
(IPr)Au[η1-C(H)(SCH2CH2CH2CH2)=C(H)=C(4-C6H4OMe)2]+ OTf– (2.15) in 92 ± 5 yield (1H

NMR). The yield of 2.15 was determined by integrating the vinylic H1 resonance of 2.15
at d 5.61 relative to the resonance of CH2Br2 at d 4.96 in the 1H NMR spectrum. 1H NMR
(500 MHz; CD2Cl2; 0 °C): d 7.56 (t, J = 7.9 Hz, 2H), 7.38 (d, J = 7.0 Hz, 2H), 7.37 (d, J = 7.8
Hz, 2H), 7.33 (s, 2H), 6.89 (d, J = 8.8 Hz, 2H), 6.77 (d, J = 8.8 Hz, 2H), 6.70 (d, J = 8.6 Hz,
2H), 6.56 (d, J = 8.6 Hz, 2H), 5.60 (d, J = 11.5 Hz, 1H), 3.79 (s, 3H), 3.77 (s, 3H), 3.22 (d, J =
11.5 Hz, 1H), 2.79 – 2.72 (m, 1H), 2.72 – 2.61 (m, 1H), 2.49 (h, J = 7.3 Hz, 4H), 2.08 - 1.95
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(m, 1H), 1.81 - 1.72 (m, 1H), 1.35 - 1.20 (m, 24H).

13

C{1H} NMR (125 MHz; CD2Cl2; –80

°C): d 185.8, 174.9, 157.7, 157.4, 145.3, 145.0, 137.3, 133.6, 133.0, 132.3, 130.6, 130.1, 128.7,
127.4, 123.9, 123.7, 123.5, 122.9, 120.6, 118.3, 112.9, 112.5, 54.9, 54.9, 49.7, 49.0, 43.9, 43.0,
31.3, 30.7, 28.6, 28.1, 24.7, 24.2, 23.1, 22.9, 22.8.
Reaction of (E)-2.10b with pyridine. A solution of pyridine (3.3 mg; 4.21 ´ 10–2
mmol) in CD2Cl2 (0.10 mL) was added dropwise with agitation to a freshly prepared
solution of (E)-2.10b (1.30 ´ 10–2 mmol) in CD2Cl2 (0.60 mL) at –95 °C for <1 min to give a
bright yellow solution of (IPr)Au[η1-C(H)(NC5H5)=C(H)=C(4-C6H4OMe)2]+ OTf– (2.16) in
94 ± 5% NMR yield. The yield of 2.16 was determined by integrating the vinylic proton
resonance of 2.16 at d 5.80 relative to the resonance of CH2Br2 at d 4.96 in the 1H NMR
spectrum. 1H NMR (500 MHz; CD2Cl2; –20 °C): d 8.23 (t, J = 7.8 Hz, 1H; py), 8.08 (d, J = 6.0
Hz, 2H; py), 7.68 – 7.53 (m, 4H), 7.46 – 7.38 (m, 2H), 7.38 – 7.30 (m, 4H), 6.87 (d, J = 8.8
Hz, 2H), 6.72 (d, J = 8.3 Hz, 2H), 6.63 (d, J = 5.7 Hz, 4H), 5.80 (d, J = 10.8 Hz, 1H), 4.90 (d, J
= 10.7 Hz, 1H), 3.77 (s, 3H), 3.73 (s, 3H), 2.49 (h, J = 7.1 Hz, 4H), 1.36 – 1.15 (m, 24H).
13

C{1H} NMR (125 MHz; CD2Cl2; –80 °C): d 13C{1H} NMR (125 MHz; CD2Cl2; –80 °C): d

187.5, 157.5, 157.3, 150.4, 145.5, 145.0, 143.1, 133.8, 133.2, 131.7, 130.5, 130.3, 130. 1, 128.9,
127.7, 126.7, 126.5, 123.9, 123.7, 123.5, 122.8, 121.1, 118.6, 112.7, 112.4, 81.41, 54.8, 28.2,
28.1, 24.7, 24.6, 24.0, 23.2, 22.9, 22.8, 22.8, 21.1.
A concentrated solution (0.13 M) of 2.16 was layered with ten volumes of diethyl
ether at room temperature and then maintained at –20 °C to give yellow crystals of 2.16
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suitable for X-ray analysis. A yellow block-like crystal was used for the X-ray
crystallographic analysis.
Reaction of (E)-2.10b with 4-picoline N-oxide (4-PNO). A solution of 4methylpyridine N-oxide (3.1 mg, 2.8 ´ 10–2 mmol) in CD2Cl2 (0.10 mL) was added
dropwise with constant agitation to a freshly prepared solution of (E)-2.10b (1.5 ´ 10–2
mmol) in CD2Cl2 (0.60 mL) at –95 °C and mixed thoroughly to give transparent, pale
green solution within 1 min. 1H NMR analysis of the resulting solution revealed a
mixture of the known 3,3-bis(4-methoxyphenyl)acrylaldehyde (2.17)S7 in 88 ± 5% yield
and [(IPr)Au(4-pic)]+ OTf– in quantitative yield, both of which were characterized in
solution without isolation. The yield of 2.17 was determined by integrating the
aldehyde resonance of 2.17 at d 9.37 relative to the resonance of CH2Br2 at d 4.96 in the 1H
NMR spectrum.
For [(IPr)Au(4-pic)]+ OTf–: 1H NMR (500 MHz; CD2Cl2; 25 °C): d 7.73 (d, J = 5.6
Hz, 2H), 7.59 (t, J = 7.8 Hz, 2H), 7.41 (s, 2H), 7.38 (d, J = 7.8 Hz, 4H), 7.30 (d, J = 5.8 Hz,
2H), 2.56 (h, J = 7.0 Hz, 4H), 2.39 (s, 3H), 1.34 (d, J = 6.8 Hz, 12H), 1.28 (d, J = 6.9 Hz, 12H).
13

C{1H} NMR (125 MHz; CD2Cl2; 25 °C): d 168.1, 155.0, 150.2, 146.09, 133.7, 131.5, 127.9,

125.0, 124.9, 29.3, 24.8, 24.1 21.7.
Reaction of (E)-2.10b with triethylsilane. A solution of triethylsilane (3.0 mg, 2.6
´ 10–2 mmol) in CD2Cl2 (0.10 mL) was added to a freshly prepared solution of (E)-2.10b
(1.4 ´ 10–2 mmol) and CH2Br2 (0.83 mg, 4.8 µmol; internal standard) in CD2Cl2 (0.60 mL)
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at –95 °C to give transparent, pale orange solution immediately upon mixing. 1H NMR
analysis of the resulting solution revealed formation of (IPr)Au(η2-Et3SiCH2C(H)=C(4C6H4OMe)2]+ OTf– (2.18) as the exclusive product in 97% yield as determined by
integrating vinyl resonance of 2.18 at d 5.99 relative to the resonance of CH2Br2 at d 4.96.
Complex 2.18 was thermally unstable and was therefore characterized by NMR
spectroscopy in solution without isolation and through isotopic labelling and
independent synthesis (see below).
When the solution was warmed to –40 °C, conversion of 2.18 to (3,3-bis(4methoxyphenyl)allyl)triethylsilane (2.19) was observed and further warming the
solution at 0 °C for 5 min. led to formation of 2.19 in 100% yield as determined by
integrating the vinylic resonance of 2.19 at d 6.00 relative to the resonance for CH2Br2 at d
4.96 in the 1H NMR spectrum. The resulting solution was concentrated and
chromatographed (SiO2; hexanes–EtOAc = 95: 5) to give 2.19 as colorless oil (3.5 mg,
67%).
Independent synthesis of 2.18. A solution of 2.19 (5.0 mg, 1.4 ´ 10–2 mmol) in
CD2Cl2 (0.4 mL) was added to a suspension of IPrAuCl (8.4 mg, 1.4 ´ 10–2 mmol) and
AgSbF6 (5.0 mg, 1.5 ´ 10–2 mmol) in CD2Cl2 (0.3 mL) at –78 °C. 1H NMR analysis of the
resulting solution revealed formation of 2.19 in ~65% yield, determined by integrating
the vinylic proton resonance of 2.18 at d 5.98 relative to the resonance of CH2Br2 at d 4.96
in the 1H NMR spectrum, along with free 2.19. Complex 2.18 synthesized in this manner
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was indistinguishable from 2.18 generated from the reaction of (E)-2.10b with HSiEt3. 1H
NMR spectrum of 2.18 displayed a doublet at $ 5.97 (J = 13 Hz) assigned to the vinylic
proton and a triplet at $ 1.40 (J = 13 Hz) assigned to one of the diastereotopic allylic
protons, with the second diastereotopic allylic proton presumably obscured by IPr
resonances. This coupling pattern is consistent with strong and coincidentally
equiv.alent (J = 13 Hz) coupling between the vinylic proton and the allylic proton at $
1.40 and between the two allylic protons and weak (J ≤ 2 Hz) coupling between the
vinylic proton and the obscured allylic resonance (Figure 30).

J = 13 Hz
H H

J = 13 Hz
Et3Si

H

Ar
Ar
Au(IPr)

J ≤ 2 Hz

Figure 30. Assignment of allylic and vinylic couplings in 2.18.

For 2.18: 1H NMR (500 MHz; CD2Cl2; –80 °C): d 7.59 (t, J = 7.7 Hz, 2H), 7.49 (t, J =
8.0 Hz, 0.5 H), 7.43 (s, 2H), 7.29 (d, J = 8.6 Hz, 4H), 7.27 (d, J = 8.3 Hz, 4H), 7.20 (d, J = 7.9
Hz, 0.5 H), 5.98 (d, J = 12.9 Hz, 1H), 3.73 (s, 3H), 3.73 (s, 3H), 2.23 (sept, J = 13.6 Hz, 4H),
1.40 (t, J = 13.0 Hz, 1H), 0.52 (t, J = 7.8 Hz, 9H), 0.33 – 0.12 (m, 6H).

13

C{1H} NMR (125

MHz; CD2Cl2; –80 °C): d 174.0, 159.9, 158.8, 144.8, 144.7, 132.1, 131.2, 131.0, 130.9, 130.6,
128.8, 127.1, 124.0, 123.8, 113.4, 112.9, 103.4, 55.2, 55.1, 49.7, 28.1, 24.0, 23.4, 22.9.
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For 2.19: 1H NMR (500 MHz; CD2Cl2; 25 °C): d 7.10 (dd, J = 8.7, 1.9 Hz,
4H), 6.90 (d, J = 8.6 Hz, 2H), 6.78 (d, J = 8.8 Hz, 2H), 6.00 (t, J = 8.7 Hz, 1H), 3.84 (s, 3H),
3.78 (s, 3H), 1.65 (d, J = 8.7 Hz, 2H), 0.87 (t, J = 7.9 Hz, 9H), 0.52 (q, J = 7.9 Hz, 6H). 13C{1H}
NMR (125 MHz; CD2Cl2; 25 °C): d 158.43, 158.36, 138.50, 136.91, 133.20, 131.51, 128.14,
124.80, 113.75, 113.60, 55.46, 55.40, 15.92, 7.54, 3.59. HRMS (ESI) calcd. (found) for
C23H32O2Si (M)+: 369.2244 (369.2243).
Reactions of (E)-2.10b with DSiEt3 and (E)-2.10b-d1 with HSiEt3. A solution of
DSiEt3 (3.4 mg, 2.9 ´ 10–2 mmol) in CD2Cl2 (0.10 mL) was added to a freshly prepared
solution of (E)-2.10b (1.4 ´ 10–2 mmol) in CD2Cl2 (0.60 mL) containing CH2Br2 (4.7 ´ 10–3
mmol) at –95 °C to give transparent, pale orange mixture of (IPr)Au(η2Et3SiCHDC(H)=C(4-C6H4OMe)2]+ OTf– (2.18-d1) in quantitative yield. In a separate
experiment, a solution of HSiEt3 (2.8 µL) in CD2Cl2 was added via syringe to a solution
of (E)-2.10b-d1 (11.9 mg, 1.4 ´ 10–2 mmol) in CD2Cl2 containing CH2Br2 (4.3 ´ 10–3 mmol)
to form 2.18-d1 in 95% yield, which was indistinguishable from 2.18-d1 generated in the
reaction of (E)-2.18b with DSiEt3. The 1H NMR spectrum of 2.18-d1 displayed a broad
singlet at $ 5.97 assigned to the vinylic proton and a doublet at $ 1.40 (J = 13 Hz)
assigned to one of the diastereotopic allylic protons, which integrated to 0.5 H relative to
the vinylic resonance at $ 5.97. This observation is consistent with exclusive
incorporation of deuterium into the allylic position of 2.18-d1 with the deuterium atom
distributed equally between the diastereomeric positions.
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Warming a solution of 2.18-d1 to 0 °C led to quantitative formation of 2.19-d1 with
≥95% deuterium incorporation at the allylic position as determined by integrating the
allylic resonance at $ 1.63 relative to the vinylic resonance at $ 5.99.
For 2.18-d1: 1H NMR (CD2Cl2, –80 °C, selected resonances): d 5.97 (br s, 1H), 1.38
(d, J = 13.0 Hz, 0.5H).
For 2.19-d1: 1H NMR (CD2Cl2, 25 °C, selected resonances): d 5.99 (d, J = 8.7 Hz,
1H), 1.63 (d, J = 8.6 Hz, 1H).
Reaction of (E)-2.10b with 4-methoxystyrene. A solution of 4-methoxystyrene
(6.5 mg, 4.8 ´ 10–2 mmol) in CD2Cl2 (0.10 mL) was added dropwise via syringe with
constant agitation to a freshly prepared solution of (E)-2.10b (1.6 ´ 10–2 mmol) in CD2Cl2
(0.60 mL) at –95 °C to generate a transparent red solution. 1H NMR analysis of the crude
reaction mixture at –90 °C showed a distinct resonance at d 4.99 (J = 10.2 Hz, 1H)
assigned to the vinyl proton of 2.20, which corresponded to a 75% yield from (E)-2.10b
as determined by integrating vinylic resonance of 2.20 at d 4.99 relative to the resonance
of CH2Br2 at d 4.96. Upon warming the solution above –40 °C, decomplexation of cis-2.20
was observed with the concomitant appearance of 2.21, as indicated by the appearance
of a resonance at 5.44 (d, J = 9.6 Hz, 1H) assigned to the vinylic resonance of 2.21.
However, direct integration of this resonance was precluded by the presence of both
excess 4-methoxystyrene and byproducts, presumably resulting from polymerization of
4-methoxystyrene. Therefore, the reaction mixture was filtered through a thin pad of
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silica gel, eluted with hexanes–EtOAc, and concentrated under vacuum. 1H NMR
analysis of the resulting residue established the presence of 2.21 along with minor
impurities. In a separate experiment, 4-methoxystyrene (9.2 mg, 6.8 ´ 10–2 mmol) was
added dropwise with stirring to a freshly prepared solution of (E)-2.10b (1.6 ´ 10–2
mmol) and anthracene (2.3 mg, 1.3 ´ 10–2 mmol; internal standard) in CH2Cl2 (3.0 mL) at
–95 °C and the resulting mixture was warmed slowly to room temperature. The crude
reaction mixture was filtered through silica gel with hexanes–EtOAc and analyzed by 1H
NMR spectroscopy, which revealed formation of 2.21 in 67% yield as a ~3:1 mixture of
cis/trans isomers as determined by integrating the vinylic proton resonance of cis-2.21 at
d 5.44 and trans-2.21 at d 5.17 relative to the H9/H10 proton resonance of anthracene at d
8.44. The solvent was evaporated and the resulting residue was chromatographed (SiO2;
hexanes–EtOAc = 9:1) to give 2.21 (8.4 mg, 51%, 3:1 cis/trans) as a colorless oil.
The cis and trans isomers of 2.21 (cis-2.21 and trans-2.21, respectively) were
unambiguously assigned by 1H-1H NOESY analysis. In particular, cis-2.21 displayed a
strong cross peak correlating the benzylic proton resonance at d 2.03 (ddd, J = 8.7, 5.8, 4.3
Hz, 1H) with the allylic proton resonance at d 1.75 (dddd, J = 9.8, 8.4, 5.6, 4.3 Hz, 1H),
which was absent for trans-2.21 (Figure 31).
Spectroscopic analysis was performed on a 3:1 mixture of cis-2.21 and trans-2.21
without further purification.
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For cis-2.21: 1H NMR (500 MHz; CDCl3; 25 °C): d 7.19 (d, J = 8.6 Hz, 2H), 7.15 (d,
J = 8.8 Hz, 2H), 6.96 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.81 (d, J = 7.5 Hz, 2H),
6.79 (d, J = 7.4 Hz, 2H), 5.44 (d, J = 9.6 Hz, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.78 (s, 3H), 2.03
(ddd, J = 8.7, 5.8, 4.3 Hz, 1H), 1.75 (dddd, J = 9.8, 8.4, 5.6, 4.3 Hz, 1H), 1.19 - 1.10 (m, 2H).
13

C{1H} NMR (125 MHz; CDCl3; 25 °C): d 158.82 (p), 158.64 (p), 157.88 (p), 139.73 (ipso),

136.04 (ipso), 134.14 (ipso), 132.80 (vinyl), 131.64 (o), 128.59 (o), 128.46 (vinyl), 127.10 (o),
113.96 (m), 113.65 (m), 113.61 (m), 55.44 (CH3O–), 25.72 (benzylic), 24.85 (allylic), 18.00.
For trans-2.21: d 7.24 (d, J = 8.7 Hz, 2H), 6.92 (dd, J = 8.6, 6.2 Hz, 2H), 6.70 (d, J =
8.8 Hz, 2H), 5.17 (d, J = 9.9 Hz, 1H), 3.81 (s, 11H), 3.85 (s, 3H), 3.74 (s, 3H), 2.28 (td, J = 8.5,
6.3 Hz, 1H), 1.89 (dtd, J = 10.0, 8.5, 5.5 Hz, 1H), 1.31 – 1.24 (m, 2H). Remaining aromatic
resonances were obscured by those of cis-2.21. 13C{1H} NMR (125 MHz; CDCl3; 25 °C,
distinct resonances only): d 158.07, 140.52, 136.15, 133.24, 131.17, 130.93, 130.39, 128.46,
127.98, 23.90, 20.33, 13.86.
For cis-2.21/trans-2.21: HRMS (ESI) calcd. (found) for C26H26O3(M)+: 387.1955
(387.1952).
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Figure 31. Partial 1H-1H NOESY spectrum of a 3:1 mixture of cis-2.21 and trans2.21.

Independent synthesis of 2.20. A solution of 2.21 (3.0 mg, 7.8 ´ 10–3 mmol;
cis:trans = 3:1) in CD2Cl2 (0.35 mL) was added to a suspension of IPrAuCl (4.8 mg, 7.8 ´
10–3 mmol) and AgSbF6 (3.0 mg, 8.7 ´ 10–3 mmol) in CD2Cl2 (0.3 mL) at –80 °C to give
dark purple solution. Although the 1H NMR spectrum of the resulting was broadened,
distinct resonances were observed for the vinylic protons of 2.20 and cis-2.21 at d 5.54 (J =
9.6 Hz) and d 4.99 (J = 10.2 Hz), respectively, in ~4:1 ratio. Upon gradual warming of
solution above –40 °C to room temperature over 5 h, the vinylic resonances for both 2.20
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and cis-2.21 were significantly reduced in intensity and eventually disappeared to give
deep blue solution.
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3. Synthesis of Gold Allyloxysulfonium Complexes And
Mechanistic Studies on the Gold-Catalyzed Oxidative
Transformations
Portion of the chapter have been published:
N. Kim and R. A. Widenhoefer, Chem. Commun. 2019 (DOI: 10.1039/C9CC06589J).

3.1 Background
Sulfoxides, heterocyclic N-oxides, and related nucleophilic oxidants containing
an oxygen atom bound to a leaving group (O–LG) have been widely employed as
oxygen transfer agents in a variety of gold(I)-catalyzed transformations.29, 153, 154, 169-181
Notable examples include the intramolecular oxidation/rearrangement of sulfinyl
alkynes to form b-dicarbonyl compounds (eq 1) and the oxidative cycloaddition of
enynes to form cyclopropyl carboxaldehydes (eq 2).154, 174 Two general mechanisms have
been invoked for oxygen atom transfer in these transformations involving attack of the
nucleophilic oxidant at either the C1 position of a gold carbene complex to generate a
gold alkoxysulfonium/pyridinium intermediate (A) or at the alkyne carbon atom of a
gold p-alkyne complex to generate a gold alkenyloxysulfonium/pyridinium
intermediate (B) (Scheme 15). Heterolytic cleavage of the O–LG bond of A or B then
completes oxygen atom transfer to the substrate, in the latter case to generate a reactive
a-oxo carbene complex.169-173, 182 However, despite the widespread employment of these
oxygen atom transfer reagents in gold(I) catalysis, the key gold
oxysulfonium/pyridinium intermediates have never been directly observed. As such,
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significant gaps remain in our understanding of the structure and reactivity of these
intermediates and in the mechanisms of oxygen atom transfer in gold(I)-catalysis.
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Scheme 15. Proposed mechanisms for oxygen atom transfer from nucleophilic
oxidants (O–LG) to cationic gold carbene (top equation) and p-alkyne complexes
(bottom equation).

We have recently reported the synthesis of cationic, two coordinate gold(I) allylic
cation/vinyl carbene complex 3.1, generated via the Lewis acid-mediated ionization of a
gold (g-methoxy) vinyl complex (Scheme 16).66 Complex 3.1 reacted rapidly at –95 °C
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with a range of nucleophiles, preferentially at the C1 carbon atom. Included in this
family of transformations was the reaction of 3.1 with 4-picoline-N-oxide to form 3,3bis(4-methoxyphenyl)acrylaldehyde (3.2), presumably via the unobserved gold
allyloxypyridinium intermediate I (Scheme 16).65, 66, 183-185 Despite the instability of
intermediate I, we reasoned that reaction of vinyl carbene complex 3.1 with sulfoxides
might lead to formation of detectable gold allyloxysulfonium complexes owing to the
stronger S–O bond relative to an N–O bond. 186, 187 Indeed, here we report the direct
observation and thermal elimination of gold allyloxysulfonium complexes.
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Scheme 16. Synthesis of gold vinyl carbene/allylic cation complex 3.1 [IPr = 1,3bis(2,6-bis-(diisopropylphenyl)imidazol-2-ylidene] and reaction with 4-picoline-Noxide to form aldehyde 3.2.
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3.2 Synthesis of allyloxysulfonium complexes and elimination to
aldehydes
3.2.1 Synthesis of gold(I) allyloxysulfonium complexes
Treatment of a freshly prepared solution of 3.1 in CD2Cl2 with dimethylsulfoxide
(DMSO; 1.3 equiv.) at –95 °C led to immediate disappearance of the bright red/orange
color of 3.1 with formation of the gold allyloxydimethylsulfonium complex 3.3a in 96 ±
5% yield by 1H NMR spectroscopy (Scheme 17). In a similar manner, treatment of 3.1
with tetrahydrothiophene sulfoxide (THTSO), diphenylsulfoxide (DPSO), or psubstituted diarylsulfoxides (4-C6H4R)2S=O (R = Me, Cl, OMe) at –95 °C formed the
corresponding gold allyloxysulfonium complexes 3.3b-f in ≥95 ± 5 % yield (Scheme 17).
Complexes 3.3 were thermally unstable and were characterized in solution by NMR
spectroscopy at or below 0 °C. For example, selective attack of DMSO at the C1 vinyl
carbene carbon atom of 3.1 was established by a pair of mutually coupled doublets at d
3.60 and 5.65 (J = 11.3 Hz) in the 1H NMR spectrum of 3.3a assigned to the aliphatic C1
and vinylic C2 protons, respectively. The large H1-H2 vicinal coupling constants
observed for complexes 3.3 was likewise observed for the analogous a-ammonium
carbenoid complex [(IPr)AuC(H)(py)C(H)=C(4- C6H4OMe)2]+ OTf– and was attributed to
the large H1–C1–C2–H2 dihedral angle of 160° estimated from X-ray analysis. Similarly,
the 13C NMR spectrum of the 13C-labelled isotopomer [(IPr)Au13C(H)(OSMe2)13C(H)=C(4C6H4OMe)2]+ OTf– (3.3a-13C2) displayed a pair of mutually-coupled multiplets at d 61.6
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(dd, 1JCH = 139.8, 1JCC = 41.3 Hz) and 113.6 (dd, 1JCH = 158.0, 1JCC = 42.3 Hz) assigned to the
aliphatic C1 and vinylic C2 carbon atoms, respectively.
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Ar

CD2Cl2
≤ 20 °C

3.2

Scheme 17. Synthesis of gold allyloxysulfonium complex 3.3 and thermal
elimination to form 3.2.
Table 4. Yield of the formation of 3.3 from 3.1 and thermal decomposition to
3.2.
R

compound

Me
–(CH2)4–
Ph
4-C6H4Me
4-C6H4Cl
4-C6H4OMe

3.3a
3.3b
3.3c
3.3d
3.3e
3.3f

yield 3.3 temp/time (3.3
96%
95%
99%
95%
98%
91%

20 °C/5 h
0 °C/30 min
0 °C/≤10 min
–27 °C/1 h
–27 °C/40 min
–27 °C/1 h

3.2)

yield 3.2
72%
95%
85%
88%
76%
67%

Other commonly used oxygen transfer reagents, such as phosphine oxide and Noxides were tested for the formation of analoguous a-allyloxyphosphonium/
allyloxyammonium complexes, respectively. Despite of the failure to observe and
intermediate in the reaction of 4-picoline N-oxide with 3.1, we considered that that a
more electron rich trialkyl amine N-oxide might react with 3.1 to form a detectable
ammonium alkoxy intermediate akin to complexes 3.3. To this end, treatment of 3.1
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with trimethylamine N-oxide at –95 °C for 5 min led to complete consumption of 3.1 to
form a ~1:1 mixture of the allyoxytrimethyl ammonium complex (3.4) and aldehyde 3.2
in 96% combined yield. Complex C was identified by the presence of the diagnostic
mutually coupled doublets at d 5.70 and 3.36 (J = 11.5 Hz) assigned to the C2 and C1
protons, respectively. However, 3.4 failed to convert into 3.2 upon warming, which
might suggest separate pathway for the formation of 3.2. In contrast with an attempt to
trap 3.1 with trimethylamine N-oxide seem to render kinetic formation of gtrimethylammonium (3.5) at –95 °C, showing characteristic mutual coupling of vinylic
protons at $ 6.00 and 5.94 with J = 18.9 Hz. Complex 3.5 decomposed above –30 °C to
give sets of peaks around 5 – 6 ppm by 1H NMR. On the other hand, triphenylphosphine
oxide was unsuccessful in generating stable a-adduct above the threshold of thermal
decomposition of 3.1.
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Scheme 18. Formation of a/g-trimethylammonium adduct of 3.1.
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3.2.2 kinetic experiments on elimination
When a solution of 3.3a in CD2Cl2 was warmed at 20 °C for ~5 h, 3.3a was
completely consumed to form aldehyde 3.2 in 72% yield along with [(IPr)Au(SMe2)]+
OTf– (Scheme 17). 1H NMR analysis of the reaction mixture upon complete consumption
of 3.3 was fully consistent with the formation of the corresponding gold sulfide
complexes [(IPr)AuSR2]+ OTf–. However, given the limited dispersion of resonances in
the 1H NMR spectrum, it was not possible to distinguish between bound and free
sulfide. In a similar manner, complex 3.3b underwent elimination at 0 °C over the course
of 30 min to form 3.2 in quantitative yield while complexes 3.3c-f underwent elimination
at or below 0 °C to form 3.2 in 67 - 88% yield (Scheme 17, Table 4). To quantify the
reactivity differences between complexes 3.3a-c with respect to elimination, we analyzed
the kinetics of the disappearance of 3.3a, 3.3b, and 3.3c in CD2Cl2 at 33, –16, and –28 °C,
respectively, employing 1H NMR spectroscopy. In each case, disappearance of 3.3
obeyed first-order kinetics (Table 5, entries 1-5) with activation energies that decreased
in the order 3.3a (DG‡306K = 22.0 kcal/mol) > 3.3b (DG‡257K = 19.2 kcal/mol) > 3.3c (DG‡234K =
17.6 kcal/mol). To quantify the effect of the electron donor ability of the R2S moiety on
the rate of elimination from complexes 3.3, we analysed the kinetics of the
disappearance of complexes 3.3d-f at –27 °C (Table 5, entries 5-8). A plot of log k versus
Σσ gave acceptable fit (R2 = 0.90) with a slope of r = 1.0 ± 0.2 (Figure 32), which
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established that the electron density on sulfur increased in the transition state for
elimination relative to the ground state.188
Table 5. First-order rate constants for the conversion of gold allyloxysulfonium
complexes 3.3 (17 mM) to aldehyde 3.2 in CD2Cl2.
entry compound temp (°C) k (104 s–1)a
1
2
3
4
5
6
7
8
9

3.3a
3.3b
3.3b
3.3b
3.3c
3.3d
3.3e
3.3f
3.3b

33
–16
–16
–16
–28
–27
–27
–27
–9

11.7± 0.6
2.14 ± 0.02
2.33 ± 0.10
2.41 ± 0.06
9.7 ± 0.22
3.71 ± 0.05
15.8 ± 0.4
4.05 ± 0.17
7.62 ± 0.11

entry compound temp (°C) k (104 s–1)a
10
11
12
13
14
15
16b
17c
18d

3.3b
3.3b
3.3b
3.3b
3.3b
3.3b
3.3b
3.3a
3.3a

–9
–3
–3
–20
–21
–28
–16
33
33

7.97 ± 0.12
12.5 ± 0.2
15.2 ± 0.34
1.33 ± 0.37
1.11 ± 0.01
0.315 ± 0.022
2.12 ± 0.05
9.6 ± 0.4
1.48 ± 0.09

aFirst-order

decay was observed in all cases. bReaction mixture contained THTSO (51
mM).
mixture contained DMSO-d6 (0.45 M). dReaction mixture contained
DMSO-d6 (3.0 M).
cReaction

Additional kinetic experiments were performed to gain insight into the
mechanism of the conversion of complexes 3.3 to 3.2 To determine the activation
parameters for elimination, the rate of conversion of 3.3b to 3.2 was determined as a
function of temperature from –28 to –3 °C (Table 5, entries 2-4, 9-15); an Eyring plot of
these data provided the activation parameters DH‡ = 20.4 ± 0.6 kcal/mol and DS‡ = 1.1 ±
0.5 eu (Figure 33). We likewise evaluated the effect of exogenous sulfoxide on the rate of
elimination. For example, the rate of elimination of 3.3b (17 mM) decreased nominally
(<10%) in the presence of three equiv.alents of THTSO (51 mM; Table 5, entries 2-4, 16).
In comparison, the rate of elimination of 3.3a in CD2Cl2 decreased by a factor of eight as
the DMSO-d6 concentration increased from 0 to 3.0 M (Table 5, entries 1, 17, 18), which
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we attribute to increasing solvent polarity where dielectric constants for CH2Cl2 and
DMSO-d6 (3.0 M) in CD2Cl2 are e = 8.93 and 15.3, respectively.189, 190
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Figure 32. Hammett plot of the elimination of complexes 3.3c-f, where r = 1.0 ±
0.2.
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Figure 33. Eyring plot of the elimination of 3.3b over the temperature range
from –28 to –3 °C, where ln(k/T) = (–10300 ± 280)/T + (26 ± 1).
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3.2.3 exchange reaction
The relative stabilities of complexes 3.3a–3.3c with respect to elimination tracked
with the relative stabilities of these complexes with respect to sulfoxide displacement.
For example, treatment of the allyloxydiphenylsulfonium complex 3.3c with THTSO (1
equiv.) at –32 °C led to rapid (15 min) and quantitative displacement of DPSO to form
the allyloxytetramethylenesulfonium complex 3.3b (Scheme 18). Similarly, treatment of
3.3b with DMSO (1 equiv.) at _24 1C for 1 h led to quantitative displacement of THTO to
form the allyloxydimethylsulfonium complex 3.3a. Exchange between sulfoxides were
followed by 1H NMR, and the disappearance of 3.3c and 3.3b in the presence of THTSO
and DMSO respectively show second-order kinetics (Figure 34 and 35), suggesting SN2
type reaction.
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Scheme 19. Sulfoxide exchange experiments involving complexes 3a-c.
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Figure 34. Second-order plots of the disappearance of 3.3c for the reaction of
3.3c (17 mM) with THTSO (17 mM) to form 3.3b in CD2Cl2 at –46 °C.
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Figure 35. Second-order plots of the disappearance of 3.3b for the reaction of
3.3b (17 mM) with THTSO (17 mM) to form 3.3c in CD2Cl2 at –24 °C.

Evaluation of the effect of free THT on the rate of elimination of 3.3b was
precluded by the rapid substitution of THTSO with THT to form the a-sulfonium
carbenoid complex 3.6 (Scheme 20). Specifically, conversion of an equimolar mixture of
3.3b and THT to 3.6 at –24 °C (k = 7.22 ± 0.01 × 10–4 s–1) was an order of magnitude faster
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than was decomposition of 3.3b and displayed first-order kinetics to ≥3 half-lives, which
points to a dissociative mechanism involving rate-limiting formation of free 3.1 followed
by rapid trapping by THT (Scheme 20).
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Scheme 20. Reaction of 3.3b with THT to form 3.4.

3.2.4 Mechanistic interpretation
We considered two mechanisms for the conversion of gold allyloxysulfonium
complexes 3.3 to aldehyde 3.2 involving either (1) dissociative elimination via an antiperiplanar transition state (TS-II) to form p-aldehyde intermediate II and free sulfide
followed by ligand exchange to form 3.2 and [(L)AuSR2]+ (Scheme 21, top) or (2) nondissociative elimination via a syn-periplanar transition state (TS-III) to form the threecoordinate gold p-aldehyde sufide intermediate III followed by dissociation of 3.2
(Scheme 21, bottom).191 Both pathways depicted in Scheme 21 are consistent with the
observed first-order dependence of the rate of elimination on [3.3], the zero-order
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dependence of the rate of elimination of 3.3b on [THTSO], and the decreasing rate of
elimination of 3.3a with increasing solvent polarity, which points to increased
delocalization of positive charge in the transition state for elimination relative to the
ground state. However, the small positive entropy of activation (DS‡ = 1.1) determined
for the elimination of 3.3b appears inconsistent with a dissociative elimination pathway
and points to a non-dissociative pathway for elimination of 3.3 (Scheme 21, bottom
pathway). Indeed, the entropy of activation determined for the elimination of 3.3b is
similar to values determined for b-hydride and b-alkyl elimination from transition metal
alkyl complexes.192-196 Likewise, the Hammett reaction constant determined for the
elimination of gold allyloxyldiarylsulfonium complexes 3.3c-f (r = 1.0± 0.2) appears too
small to account for the release of free sulfide in the transition state for elimination,
pointing to a non-dissociative pathway for elimination where sulfide remains
tricoordinated throughout elimination. As points of comparison, Hammett reaction
constants for the oxidation of alkyl aryl sulfides with electrophilic halogen sources
involving rate-limiting formation of RArSX+ range from r = –3.20 to –4.25.197, 198
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Scheme 21. Potential dissociative (top path) and non-dissociative (bottom path)
elimination pathways for the conversion of complexes 3.3 to aldehyde 3.2.

Although b-hydride elimination from gold(I) complexes is rare,199, 200 the synmigratory insertion of alkynes into Au(I)–heteroatom bonds is known.201-204 Notable
among these examples is the syn-insertion of dimethyl acetylenedicarboxylate into the
Au–P bond of gold phosphine complexes of the form Au(SAr)(PAr3) to form gold
alkenylphosphonium complexes.204

3.3 summary
In summary, we have generated thermally unstable gold allyloxysulfonium
complexes 3.3 via the reaction of gold vinyl carbene/allylic cation complex 3.1 with
sulfoxides and we have demonstrated the thermal elimination of complexes 3.3 to form
aldehyde 3.2 and a gold sulfide complex. Kinetic analysis of the elimination of
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complexes 3.3, in particular the small positive entropy of activation and modest
Hammett reaction constant determined for the elimination of gold
allyloxyldiarylsulfonium complexes 3.3c-f, points to a mechanism involving nondissociative b-elimination through a syn-periplanar transition state. Unfortunately,
experiments that would unambiguously distinguish between dissociative and nondissociative mechanisms for elimination from complexes 3.3, such as sulfide labelling
experiments, were precluded by rapid exchange of free sulfide with the C1 sulfoxide
group of complexes 3.3.

3.4 experimental details
3.4.1 General methods
Reactions were performed under a nitrogen atmosphere in flame dried
glassware. Glassware and NMR tubes used for generation of gold allyloxysulfonium
complexes were silanized before use.163 NMR spectra were obtained on a Varian
spectrometer operating at 400 or 500 MHz for 1H, 125 MHz for 13C, and 202 MHz for 31P
at 25 °C unless noted otherwise. 13C NMR spectra were referenced relative to CD2Cl2 (d
53.8) or CDCl3 (d 77.2), 1H NMR spectra were referenced relative to residual CHCl3 (d
7.26) or CHDCl2 (d 5.32).

31

P NMR spectra was referenced to an external solution of

triphenylphosphine oxide in CD2Cl2 (d 26.9). Flash column chromatography was
performed employing 200-400 mesh silica gel 60 (EM). Thin layer chromatography
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(TLC) was performed on silica gel 60 F254. CD2Cl2 was dried over CaH2 and degassed
prior to use. Ether, methylene chloride, and THF were purified by passage through
columns of activated alumina under nitrogen. Reagents and other materials were
obtained through major chemical suppliers and were used as received unless noted
otherwise. Room temperature is 25 °C. Gold vinyl carbene complexes were prepared
following published procedures.66 Bis(4-chlorophenyl) sulfoxide205 and bis(4methoxyphenyl) sulfoxideS4 were prepared employing known procedures.

3.4.2 Synthesis of Gold Allyloxysulfonium Complexes
{(IPr)Au[η1-C(H)(OSMe2)C(H)=C(4-C6H4OMe)2]}+ OTf– (3.3a). A solution of
DMSO (2.1 mg, 2.27 ´ 10–2 mmol) in CD2Cl2 (0.15 mL) was added dropwise to a freshly
prepared solution of 3.1 (1.36 ´ 10–2 mmol) in CD2Cl2 (0.55 mL) with constant agitation at
–95 °C to give a pale yellow solution of 3.3a in 96 ± 5 % yield (1H NMR). The yield of
3.3a was determined by integrating the vinylic H2 resonance of 3.3a at d 5.65 relative to
the resonance of CH2Br2 at d 4.96 in the 1H NMR spectrum. 1H NMR (500 MHz; CD2Cl2;
0 °C): d 7.54 (t, J = 7.8 Hz, 2H), 7.41-7.35 (m, 4H), 7.33 (s, 2H), 7.29 (d, J = 7.7 Hz, 2H), 6.92
(d, J = 8.7 Hz, 2H), 6.76 (d, J = 8.9 Hz, 2H), 6.71 (d, J = 8.6 Hz, 2H), 6.54 (d, J = 8.5 Hz, 2H),
5.65 (d, J = 11.4 Hz, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 3.60 (d, J = 11.3 Hz, 1H), 3.05 (s, 3H),
2.80 (s, 3H), 2.46 (sept, J = 6.8 Hz, 4H), 1.28 – 1.17 (m, 24H).

13

C{1H} NMR (125 MHz;

CD2Cl2; –80 °C): d 183.9, 158.0, 157.6, 145.2, 145.2, 145.0, 139.34, 133.2, 132.9, 130.2, 129.8,
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127.7, 123.6, 123.6, 123.0, 121.0, 118.4, 113.6, 113.2, 112.4, 61.8, 54.9, 39.9, 39.0 (Me, partial
overlap with free DMSO), 28.2 (IPr), 24.5 (IPr), 24.1 (IPr), 23.2 (IPr), 23.0 (IPr). The
solution also contained resonances corresponding to TMSOMe at d 49.7 and –1.9,
TMSOTf at d 1.1, and CH2Br2 at d 21.1.
{(IPr)Au[η1-13C(H)(O-S(Me)2)-13C(H)=C(4-C6H4OMe)2]}+ OTf– (3.3a-13C2). 1H NMR
(–30 °C): d 5.6 (dd, 1JCH = 156.8, 3JHH = 10.3 Hz, 1H).

13

C NMR (–95 °C): d 113.6 (dd, 1JCH =

158.0, 1JCC = 42.3 Hz), 61.6 (dd, 1JCH = 139.8, 1JCC = 41.3 Hz).
{(IPr)Au[η1-C(H)(O-SCH2CH2CH2CH2)-C(H)=C(4-C6H4OMe)2]}+ OTf– (3.3b).

A

solution of tetrahydrothiophene 1-oxide (1.6 mg, 1.49 ´ 10–2 mmol) in CD2Cl2 (0.15 mL)
was added dropwise to a freshly prepared solution of 3.1 (1.24 ´ 10–2 mmol) in CD2Cl2
(0.55 mL) with constant agitation at –95 °C to give a pale yellow solution of 3.3b in 95 ± 5
% yield (1H NMR). The yield of 3.3b was determined by integrating the vinylic H2
resonance of 3.3b at d 5.63 relative to the resonance of CH2Br2 at d 4.96 in the 1H NMR
spectrum. 1H NMR (500 MHz; CD2Cl2; –50 °C): d 7.53 (d, J = 7.7 Hz, 2H), 7.42 – 7.29 (m,
6H), 7.25 (d, J = 8.1 Hz, 2H), 6.91 (d, J = 8.4 Hz, 2H), 6.76 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.2
Hz, 2H), 6.40 (d, J = 8.1 Hz, 2H), 5.63 (d, J = 11.5 Hz, 1H), 3.96 (d, J = 11.3 Hz, 1H), 3.76 (s,
3H), 3.75 (s, 3H), 3.32 – 3.22 (m, 1H), 3.12 – 3.00 (m, 2H), 2.89 – 2.78 (m, 1H), 2.46 (sept, J =
6.8 Hz, 4H), 2.34 – 2.22 (m, 1H), 2.18 (d, J = 7.8 Hz, 1H), 1.87 – 1.76 (m, 1H), 1.72 – 1.57 (m,
1H), 1.28 – 1.17 (m, 24H).

13

C{1H} NMR (125 MHz; CD2Cl2; –70 °C): d 183.2, 158.3, 157.8,

145.3, 145.0, 133.0, 130.6, 130.0, 129.7, 128.0, 124.1, 123.9, 123.8, 123.4, 113.2, 112.6, 64.1,
108

55.0, 28.3, 28.2, 26.4, 26.0, 25.4, 24.9, 24.4, 24.2, 23.2, 23.1. The solution also contained
resonances corresponding to TMSOMe at $ 49.7 and –1.9, TMSOTf at d 1.1, and CH2Br2
at d 21.1.
{(IPr)Au[η1-C(H)(O-S(C5H6)2)-C(H)=C(4-C6H4OMe)2]}+ OTf– (3.3c) A solution of
diphenylsulfoxide (3.0 mg, 1.48 ´ 10–2 mmol) in CD2Cl2 (0.15 mL) was added dropwise to
a freshly prepared solution of vinylcarbene (1.18 ´ 10–2 mmol) in CD2Cl2 (0.55 mL) was
added dropwise with constant agitation at –95 °C to give a pale yellow solution of 3.3c
in 95 ± 5% yield (1H NMR). The yield of 3.3c was determined by integrating the vinylic
H2 resonance of 3.3c at d 5.57 relative to the resonance of CH2Br2 at d 4.96 in the 1H NMR
spectrum. 1H NMR (500 MHz; CD2Cl2; –40 °C): d 7.71 (d, J = 7.6 Hz, 1H), 7.63 (d, J = 7.1
Hz, 2H), 7.56 (d, J = 7.2 Hz, 4H), 7.46 (d, J = 7.9 Hz, 2H), 7.42 (d, J = 7.1 Hz, 2H), 7.36 (d, J
= 7.36, 2H), 7.32 (s, 2H), 7.19 (d, J = 7.5 Hz, 2H), 7.01 (d, J = 7.8 Hz, 2H), 6.96 (d, J = 8.2 Hz,
1H), 6.76 (d, J = 8.2 Hz, 2H), 6.69 (d, J = 8.9 Hz, 2H), 6.64 (d, J = 8.9 Hz, 2H), 6.37 (d, J = 7.9
Hz, 2H), 5.57 (d, J = 11.8 Hz, 1H), 4.32 (d, J = 11.8 Hz, 1H), 3.81 (s, 3H), 3.73 (s, 3H), 2.55 –
2.23 (m, 4H; overlap of two septets), 1.34 - 1.02 (m, 24H).

13

C{1H} NMR (125 MHz;

CD2Cl2; –70 °C; aliphatic resonances only): d 63.1, 55.0, 28.4, 28.2, 24.8, 24.5, 24.3, 23.5,
23.3, 23.3, 23.1. The solution also contained resonances corresponding to TMSOMe at d
49.7 and –1.9, TMSOTf at $ 1.1, and CH2Br2 at d 21.1.
{(IPr)Au[η1-C(H)(O-S(4-C6H4Me)2)-C(H)=C(4-C6H4OMe)2]}+ OTf– (3.3d). A
solution of p-tolyl sulfoxide (5.0 mg, 2.17 ´ 10–2 mmol) in CD2Cl2 (0.10 mL) was added
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dropwise to a freshly prepared solution of vinylcarbene (1.18 ´ 10–2 mmol) in CD2Cl2
(0.60 mL) was added dropwise with constant agitation at –95 °C to give a pale yellow
solution of 3.3d in 95 ± 5% yield (1H NMR). The yield of 3.3f was determined by
integrating the vinylic H2 resonance of 3.3d at d 5.57 relative to the resonance of CH2Br2
at d 4.96 in the 1H NMR spectrum. 1H NMR (500 MHz; CD2Cl2; –50 °C): d 7.62 – 7.27 (m,
8H; aromatic peaks of IPr ligand, bound p-tolyl sulfoxide, and excess free p-tolyl
sulfoxide overlap on top of each other), 7.19 (t, J = 7.9 Hz, 4H), 7.06 (dd, J = 7.7, 4.5 Hz,
4H), 6.83 (d, J = 8.5 Hz, 2H), 6.75 (d, J = 8.2 Hz, 2H), 6.67 (d, J = 8.6 Hz, 2H) 6.36 (d, J = 8.1
Hz, 2H), 5.57 (d, J = 11.7 Hz, 1H), 4.27 (d, J = 11.6 Hz, 1H), 3.80 (s, 3H), 3.73 (s, 3H), 2.42
(4H; overlaps with excess free p-tolyl sulfoxide), 2.37 (s, 3H), 2.35 (s, 3H), 1.32 - 1.02 (m,
24H).

13

C{1H} NMR (125 MHz; CD2Cl2; –60 °C): d 65.7, 55.1, 28.5, 28.3, 24.5, 24.4, 23.5,

23.3, 21.4. The solution also contained resonances corresponding to TMSOMe at d 49.8
and –1.7, TMSOTf at d 1.4, and CH2Br2 at $ 21.4.
{(IPr)Au[η1-C(H)(O-S(4-C6H4Cl)2)-C(H)=C(4-C6H4OMe)2]}+ OTf– (3.3e). A solution
of bis(4-chlorophenyl) sulfoxide (5.0 mg, 1.83 ´ 10–2 mmol) in CD2Cl2 (0.10 mL) was
added dropwise to a freshly prepared solution of vinylcarbene (1.18 ´ 10–2 mmol) in
CD2Cl2 (0.60 mL) was added dropwise with constant agitation at –95 °C to give a pale
yellow solution of 3.3e in 98 ± 5 % yield (1H NMR). The yield of 3.3e was determined by
integrating the vinylic H2 resonance of 3.3e at d 5.56 relative to the resonance of CH2Br2
at d 4.96 in the 1H NMR spectrum. 1H NMR (500 MHz; CD2Cl2; –30 °C): d 7.67 – 6.96
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(aromatic peaks of IPr ligand, bound bis(4-chlorophenyl) sulfoxide, and excess of
sulfoxide overlaps), 5.56 (d, J = 11.5 Hz, 1H), 4.34 (d, J = 11.6 Hz, 1H), 3.81 (s, 3H), 3.75 (s,
3H), 2.51 – 2.33 (m, 4H; overlap of two septets), 1.32 - 1.08 (m, 24H). 13C{1H} NMR (125
MHz; CD2Cl2; –60 °C): $ 65.7, 55.0, 28.3, 28.1, 24.5, 24.3, 23.5, 23.2, 23.0. The solution also
contained resonances corresponding to TMSOMe at d 49.7 and –1.9, TMSOTf at $ 1.2,
and CH2Br2 at $ 21.0.
{(IPr)Au[η1-C(H)(O-S(4-C6H4OMe)2)-C(H)=C(4-C6H4OMe)2]}+ OTf– (3.3f). A
solution of bis(4-methoxyphenyl) (5.5 mg, 2.01 ´ 10–2 mmol) in CD2Cl2 (0.10 mL) was
added dropwise to a freshly prepared solution of vinylcarbene (1.18 ´ 10–2 mmol) in
CD2Cl2 (0.60 mL) was added dropwise with constant agitation at –95 °C to give a pale
yellow solution of 3.3f in 91 ± 5 % yield (1H NMR). The yield of 3.3f was determined by
integrating the vinylic H2 resonance of 3.3f at d 5.56 relative to the resonance of CH2Br2 at
d 4.96 in the 1H NMR spectrum. 1H NMR (500 MHz; CD2Cl2; –20 °C): d 7.50 (d, J = 8.7
Hz, 5H), 7.41 (d, J = 7.9 Hz, 2H), 7.38 (d, J = 7.7 Hz, 2H), 7.31 (s, 2H), 7.25 (d, J = 8.5 Hz,
2H), 7.21 (d, J = 8.1 Hz, 1H), 7.16 (d, J = 8.8 Hz, 6H), 7.00 – 6.90 (m, 5H), 6.79 – 6.68 (m,
9H), 6.42 (d, J = 8.2 Hz, 2H), 5.56 (d, J = 11.7 Hz, 1H), 4.27 (d, J = 11.7 Hz, 1H), 3.83 (s, 3H),
3.81 (s, 3H), 3.77 (s, 3H), 3.15 (s, 3H), 2.55 – 2.35 (m, 4H; overlap of two septets), 1.33 1.07 (m, 24H).
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C{1H} NMR (125 MHz; CD2Cl2; –60 °C): d 65.8, 56.1, 55.6, 55.1, 28.5, 28.4,

24.6, 24.3, 23.6, 23.3. The solution also contained resonances corresponding to TMSOMe
at d –1.7, TMSOTf at d 1.4, and CH2Br2 at d 20.1.
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3.4.3 Kinetics of the Elimination of Gold Allyloxysulfonium
Complexes
A freshly prepared solution of 3.3a (11.8 ´ 10–3 mmol, 17 mM) and CH2Br2 (4.1
µmol; internal standard) in CD2Cl2 (0.70 mL) at –95 °C was placed in the probe of an
NMR spectrometer at 33 °C and monitored periodically by 1H NMR spectroscopy. The
concentration of 3.3a was determined by integration the vinylic H2 resonance of 3.3a at d
5.65 relative to the resonance for CH2Br2 at d 4.96. A plot of ln[3.3a] versus time was
linear to >2 half-lives with a first-order rate constant of 11.7 ± 0.6 ´ 10-4 s-1 (DG‡ = 22.0
kcal/mol) (Figure 36, Table 5). The kinetics of the thermal decomposition of gold
allyloxysulfonium complexes 3.3b and 3.3c were analyzed employing similar procedures
at the temperatures indicated in Table 5 (Figures 37–52). Hammett analyses of the firstorder rate constants for the decomposition of gold allyloxydirarylsulfonium complexes
3.3c-3.3f was achieved through a plot of log k versus Σσ gave acceptable fit (R2 = 0.94)
with a slope of ⍴ = 1.0 ± 0.2 (Figure 32). Eyring analysis of the first-order rate constants
for the decomposition of 3.3b (17 mM) as a function of temperature (–28 to –3 °C) were
linear where ln(k/T) = (–10300 ± 280)/T + (26 ± 1) (Figure 33).
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Figure 36. (Table 5, entry 1). First-order plot for the elimination of 3.3a (17mM)
in CD2Cl2 at 33 °C.
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Figure 37. (Table 5, entry 2). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –16 °C.
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Figure 38. (Table 5, entry 3). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –16 °C.
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Figure 39. (Table 5, entry 4). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –16 °C.
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Figure 40. (Table 5, entry 5). First-order plot for the elimination of 3.3c (17mM)
in CD2Cl2 at –28 °C.
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Figure 41. (Table 5, entry 6). First-order plot for the elimination of 3.3d
(17mM) in CD2Cl2 at –27 °C.
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Figure 42. (Table 5, entry 7). First-order plot for the elimination of 3.3e (17mM)
in CD2Cl2 at –27 °C.
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Figure 43. (Table 5, entry 8). First-order plot for the elimination of 3.3f (17mM)
in CD2Cl2 at –27 °C.
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Figure 44. (Table 5, entry 9). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –9 °C.
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Figure 45. (Table 5, entry 10). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –9 °C.
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Figure 46. (Table 5, entry 11). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –3 °C.

117

ln[3.3b]

2.4
1.9
1.4
0.9
y = -0.00153x + 2.53950

0.4
0

500

1000
time (s)

1500

Figure 47. (Table 5, entry 12). First-order plot for the elimination of 3.3b
(18mM) in CD2Cl2 at –3 °C.
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Figure 48. (Table 5, entry 13). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –20 °C.
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Figure 49. (Table 5, entry 14). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –21 °C.
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Figure 50. (Table 5, entry 15). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 at –28 °C.
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Figure 51. (Table 5, entry 16). First-order plot for the elimination of 3.3b
(17mM) in CD2Cl2 containing THTSO (51 mM) at –16 °C.
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Figure 52. (Table 5, entry 17). First-order plot for the elimination of 3.3a
(23mM) in CD2Cl2/DMSO-d6 (v/v = 3.7:1) at 33 °C.

3.4.4 Sulfoxide Exchange Experiments
Conversion of 3.3c to 3.3b in presence of THTSO. A solution of
diphenylsulfoxide (2.6 mg, 1.29 ´ 10–2 mmol) in CD2Cl2 (0.15 mL) was added dropwise to
a freshly prepared solution of 3.1 (1.18 ´ 10–2 mmol) in CD2Cl2 (0.50 mL) with constant
agitation at –95 °C to give a pale yellow solution of 3.3c in 82 % yield (1H NMR). Then,
THTSO (1.2 &L, 1.30 ´ 10–2 mmol) was added via syringe and washed with CD2Cl2 (0.05
mL) at –78 °C. The contents of the tube were mixed thoroughly and the tube was placed
in the probe of an NMR spectrometer precooled at –80 °C and gradually warmed. The
concentrations of 3.3b and 3.3c were determined by integrating the C2 proton of 3.3b at d
5.66 and the C2 proton of 3.3c at d 5.57 relative to the resonance for CH2Br2 at d 4.96. 1H
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NMR analysis of the solution at –32 °C (15 min.) revealed complete consumption of 3.3c
to form a mixture of 3.3b (67%) and 3.2 (27%).
Conversion of 3.3b to 3.3a in presence of DMSO. A solution of DMSO (0.9 mg, 12
&mol) in CD2Cl2 (0.10 mL) was added to an NMR tube containing a freshly prepared
solution of 3.3b (1.2 ´ 10–2 mmol) in CD2Cl2 (0.7 mL) at –78 °C. The contents of the tube
were mixed thoroughly and the tube was placed in the probe of an NMR spectrometer
precooled at –80 °C. The probe was warmed at –21 °C and the solution was monitored
periodically by 1H NMR spectroscopy. The concentrations of 3.3a and 3.3b were
determined by integrating the C1 proton of 3.3a at d 3.60 and the C1 proton of 3.3b at d
3.96 relative to the resonance for CH2Br2 at d 4.96. 1H NMR analysis of the solution after
1 h revealed quantitative formation of 3.3a.
Reaction of 3.3b with THT. Tetrahydrothiophene (1.0 mg, 11 &mol) in 0.1 mL
CD2Cl2 was added to a solution of 3.3b (1.2 ´ 10–2 mmol, 0.6 mL CD2Cl2) at –78 °C, mixed
thoroughly, and placed in the probe of an NMR spectrometer precooled at –80 °C. The
probe was warmed at –24 °C and the solution was monitored periodically by 1H NMR
spectroscopy. The concentrations of 3.3b and {(IPr)Au[η1-C(H)(S(CH2)4)C(H)=C(4C6H4OMe)2]}+ OTf– (3.6) were determined by integrating the C1 resonance of 3.3b at d
5.63 and the C1 resonance of 3.6 at d 5.58 relative to the resonance for CH2Br2 at d 4.96. A
plot of ln[3.3b] versus time was linear to 3 half-lives with a first order rate constant of k =
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7.22 ± 0.01 × 10–4 s–1 (Figure 53). 1H NMR analysis of the solution after 1 h revealed
quantitative formation of 3.6.
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Figure 53. First-order (left) and second-order (right) plots of the disappearance
of 3.3b for the reaction of 3.3b (16 mM) with THT (16 mM) to form 3.6 in CD2Cl2 at –24
°C.

Synthesis of gold sulfide complexes
{(IPr)Au(SMe2)}+ OTf–. Dimethyl sulfide (7.1 &L, 9.7 ´ 10–2 mmol) and
CH2Cl2 (3 mL) were added to a mixture of IPrAuCl (50 mg, 8.0 ´ 10–2 mmol) and AuOTf
(22 mg, 8.5 ´ 10–2 mmol) at room temperature and stirred for 2 h. The crude mixture was
filtered through Celite and concentrated under vacuum to give {(IPr)Au(SMe2)}+ OTf– (63
mg, 100 %) as a white solid. 1H NMR (400 MHz; CD2Cl2): d 7.59 (t, J = 7.8 Hz, 2H), 7.43
(s, 2H), 7.38 (d, J = 7.6 Hz, 4H), 2.48 (sept, J = 6.9 Hz, 4H), 2.27 (s, 6H), 1.29 (d, J = 6.8 Hz,
12H), 1.27 (d, J = 6.6 Hz, 12H).
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Gold sulfide complexes {(IPr)Au(THT)}+ OTf– and {(IPr)Au(SPh2)}+ OTf–
were prepared employing a procedure similar to that used to synthesize
{(IPr)Au(SMe2)}+ OTf–.
{(IPr)Au(THT)}+ OTf–. 1H NMR (400 MHz; CD2Cl2): d 7.60 (t, J = 7.8 Hz,
2H), 7.43 (s, 2H), 7.38 (d, J = 7.8 Hz, 4H), 3.04 – 2.87 (m, 4H), 2.48 (sept, J = 6.9 Hz, 4H),
1.85 – 1.70 (m, 4H), 1.28 (d, J = 7.1 Hz, 12H), 1.26 (d, J = 7.2 Hz, 12H).
{(IPr)Au(SPh2)}+ OTf–. 1H NMR (400 MHz; CD2Cl2): d 7.65 (t, J = 7.8 Hz,
2H), 7.46 (s, 2H), 7.43 (d, J = 7.5 Hz, 2H), 7.39 (d, J = 7.8 Hz, 4H), 7.31 (t, J = 7.8 Hz, 4H),
7.03 (d, J = 7.8 Hz, 4H), 2.49 (h, J = 7.3 Hz, 4H), 1.25 (d, J = 6.8 Hz, 12H), 1.15 (d, J = 6.9 Hz,
12H).
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4. Mechanism of gold(I) cyclopropanation reactions by
modeling g-cationic transition state/intermediate.

4.1 Background
Cyclopropane is the smallest carbocyclic ring in organic chemistry, and the strain
of approximately 27 kcal/mol associated with such structure presents challenges
associated with the synthesis and manipulation of cyclopropanes.206, 207 Still, the frequent
appearance of cyclopropane in biologically active compounds and the unique biological
properties of the cyclopropane moiety has attracted significant attention directed toward
the development of efficient and selective methods for the synthesis of cyclopropanes.208,
209

Included among these are numerous transition metal catalyzed cyclopropanation

strategies,71, 76, 210-212 further applications in complex molecule synthesis, and studies on
mechanistic aspect.213, 214
In this context, homogeneous gold catalysis has played a key role in the synthesis
of cyclopropanes, predominantly via gold to alkene carbene transfer (cyclopropanation)
and related transformations attributed to reactive gold carbene intermediates.71, 215
Cationic gold(I) complexes have attracted considerable attention over the past decade
owing to the ability of these complexes to catalyze a diverse range of transformations.
Of all the transformations attributed to cationic gold carbene complexes, gold to alkene
carbene transfer (cyclopropanation) is perhaps generated the most interest.
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Despite the prevalence of gold catalyzed alkene cyclopropanation, our
understanding of the mechanisms of gold to alkene carbene transfer is largely restricted
to information gleaned from indirect experimental observations, such as product ratios
and stereoselectivity, and from computational analysis.71-75 Although carbene transfer to
alkenes is certainly not unique to gold,76-87, the particular properties of gold, namely poor
d → p back bonding and the formation of stable p-complexes88 likely renders the
mechanisms of gold to alkene carbene transfer distinct from other transition metals.
Drawing from the extensive body of work on transition metal to alkene carbene
transfer,76-84, 86, 87, 211, 212 there are at least three viable mechanisms for gold to alkene
carbene transfer, as well as variants of each, involving nucleophilic attack of the alkene
on the Ca carbene carbon that generates full (open) or partial (closed) positive charge on
the g-carbon atom. This intermediate or transition state collapses by either (1) backside
or (2) frontside attack of the Au–C bond on the g-carbon atom or (3) oxidative
addition/reductive elimination via a metallacyclobutane intermediate (Figure 54), as
well as alternative pathways that do not involve a gold carbene species. Effort has been
driven on different reaction systems, without consensus has been reached, where both
concerted and/or stepwise fashion were suggested depending on the substrate and the
gold(I) carbene species generated (see section 1.3.1). 71-74
A common feature of all of the mechanisms proposed for gold to alkene carbene
transfer is the formation of a transition state or intermediate possessing partial or full
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positive charge on the alkene carbon atom g to gold. For example, Echavarren reported
competition studies on the gold-catalyzed cyclopropanation of p-substituted styrenes
with a 1,6-enyne which revealed correlation of the relative rate of cyclopropanation with
the s Hammett parameter with reaction constants ranging from r = –1.32 to –1.93.
Modeling the transition state for cyclopropanation will therefore help
understanding the mechanism by which this species collapses to form product provides
valuable insight into the mechanism of gold to alkene carbene transfer. Common to the
potential intermediates or transition states for gold to alkene carbene transfer is the
development of full or partial positive charge on the g-carbon atom of a gold alkyl
species. Our approach to generate such species involved the Lewis acid-mediated
ionization of a g-heteroatom substituted gold alkyl complex and the evaluation of the
kinetics, electronic dependence, and stereochemistry of ring closure. Similar approaches
have been employed to study the mechanism for the cyclization of g-leaving group
functionalized organotin compounds,216 as well as to probe transition state for iron to
alkene carbene transfer, by Casey and Brookhart.78, 217-221
LA

LA
(L)Au
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OMe
R

1) concerted backside
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OMe

(L)Au

R

(L)Au
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2) concerted frontside
displacement

3) stepwise frontside
displacement

Figure 54. Viable mechanisms for gold to alkene carbene transfer
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4.2 Results
4.2.1 Synthesis of g-methoxy propyl gold complexes and screening of
Lewis acids for ionization
We have previously demonstrated the generation of highly reactive gold(I)
allenylidene and vinyl carbene complexes via the Lewis acid-mediated ionization of
gold g-methoxy acetylide and g-methoxy vinyl complexes, respectively in chapter 2.
Related to this, Bertrand has demonstrated the formation of cationic gold p-complexes
via Lewis acid-mediated abstraction of the b-hydrogen atom from neutral gold alkyl
complexes. We therefore considered that the ionization of g-methoxy gold alkyl
complexes might induce cyclopropane formation. To this end, the (gmethox)propylgold complex (JP)AuCH2CH2C(OMe)HPh 4.1 was synthesized via
lithium-halogen exchange of (3-bromo-1-methoxypropyl)benzene followed by
transmetallation with (JP)AuX (X = Cl, OTf) (Scheme 22). Complex 4.1 was alternatively
synthesized from the corresponding boronic ester by employing the modified procedure
for transmetallation of boronic acid to gold(I) precursors reported by Hashmi.222

NBS
Ph MeOH Br

1) tBuLi (2.0 equiv)
2) (JP)AuCl

OMe
Ph

Et2O, CH2Cl2

JP = P(tBu)2o-biphenyl

Scheme 22. Synthesis of 4.1.
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OMe
Ph

(JP)Au
4.1

In accord with our expectations, treatment of 4.1 (1.7 mM) with AlCl3 (1.3 eq) in
CD2Cl2, at –78°C led to immediate consumption of 4.1 with formation of a 78:22 mixture
of phenylcyclopropane (4.2) and 1-methoxy-1-phenylpropane (4.3) that together
constituted ≥98% of the organic products of the reaction (Table 6). Formation of 4.3 is
presumably due to the presence of trace amounts of Bronsted acid in the reaction
mixture and efforts to diminish this side reaction via addition of pyridine (10 mol%) to
stoichiometric amount of TMSOTf were largely unsuccessful (Table 6, entry 4). We then
evaluated the efficiency of the ionization/cyclopropanation of 4.1 as a function of Lewis
acid. In comparison to AlCl3, TMSOTf, TMSCl, and BF3·OEt2 reacted rapidly (< 1 min)
and quantitatively with 4.1 at –78 °C, but with diminished selectivity for cyclopropane
4.1, whereas a mixture of TMSOTf and pyridine (10:1) provided comparable results. In
addition, AlEt2Cl activated 4.1 slowly at –35°C with >80% selectivity for 4.2 (Table 6,
entry 7). Weaker Lewis acids such as CuOTf, AgOTf, ZnCl2, and AlEt3, PBr3 showed no
reactivity toward 4.1 at ambient temperature (Table 6, entry 8).
We were surprised by the apparent high sensitivity of 4.1 toward protodeauration,
and questioned whether the g-methoxy group participated in the protodeauration event,
perhaps by acting as directing group to shuffle proton to the a-carbon atom. To evaluate
the relative reactivity of 4.1 toward protodeauration, we investigated the reaction of 4.1
and the n-butyl gold complex (JP)Au(nBu) with trifluoromethanesulfonic acid (TfOH).
Whereas treatment of 4.1 (33 mM) with TfOH (2 equiv) at –78 °C led to immediate
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formation of 4.3 in quantitative yield with only a trace of 4.2 (≤2% by GC), reaction of
(JP)Au(nBu) with TfOH (1.2 equiv) occurred at an appreciable rate only when warmed at
–20 °C. The disparate reactivity of (JP)Au(nBu) and 4.1 with respect to protodeauration
suggests the potential involvement the g-methoxy group in promoting protodeauration.

Table 6: Lewis acid screening for the cyclopropanation of 4.1.
OMe
Ph

(JP)Au
4.1
T (°C)

–78

–35
25

Lewis acid
CD2Cl2
–78 °C

+
4.2

Ph

OMe
4.3

Ph

time

A (%)
B (%)
Lewis acid (equiv)
78
< 30
AlCl3 ()
A:B = 0:1
TMSCl (2.0)
A:B = 1:1.1
TMSOTf (1.5)
< 1 min
71
23
TMSOTf, pyridine
A:B = 1:3[a]
BF3·OEt2
A:B = 1: 71[a]
TfOH
[b]
AlEt2Cl
t1/2 ~45 min
87
CuOTf,
AgOTf,
ZnCl
,
2
AlEt3, Al(OiPr)3, PBr3

Yield/ratio calculated by 1H NMR relative to internal standard
unless mentioned otherwise; [a] determined by GC. [b] followed
the disappearance of 4.1 by 1H NMR.

4.2.1.1 Generation of g-sulfonium propyl gold intermediate and the efficiency of
cyclopropanation
We have recently shown that gold sulfonium benzylide complexes generate
reactive gold benzylidene complexes under mild conditions in solution with sulfide
dissociation.67 We therefore considered that (g-sulfonium)propyl gold complexes might
similarly undergo cyclopropanation.

To test this hypothesis, the (3-thiomethyl-3129

phenylpropyl)gold complex 4.5 was prepared in 35% yield from (3-bromo-1phenylpropyl)(methyl)sulfane (Scheme 23). Treatment of 4.5 with methyl triflate (MeOTf)
formed a 66:34 mixture of 4.2 over 4.3 in total yield of 95% (1H NMR), at significantly
elevated temperature (–10 °C) without observation of the purported g-sulfonium
intermediate I.

MeS

Ph

SMe

1) TMEDA, nBuLi
2) oxirane

4.5

4.4
OMe
[(JP)AuSMe2]OTf +
4.2
62%

+
Ph

Ph

(JP)Au

Ph

HO

SMe

1. PPh3, CBr4
2. 1) tBuLi 2) (JP)AuCl

SMe2

Ph
4.3
33%

MeOTf
CD2Cl2, –10 °C

Ph

(JP)Au
I

Scheme 23. Synthesis of 4.5 and subsequent cyclopropanation upon
methylation.

4.2.2 Stereochemistry of gold catalyzed cyclopropanation
Paramount to distinguishing between the potential mechanisms for gold(I)catalyzed cyclopropanation (Figure 54), is determining whether electrophilic attack of Cg
on Ca occurs via frontside attack at Ca, either stepwise via a metallacyclobutane
intermediate or by direct attack on the Au–Ca bond, with retention of Ca configuration
or via backside attack of Cg with inversion of Ca configuration. Having identified
suitable conditions for the cyclopropanation of gold g-methoxy alkyl complex 4.1, we
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sought to distinguish between viable mechanisms for C–C bond formation employing
stereochemically defined alkyl gold complexes.
The stereochemistry of Lewis acid-mediated cyclopropanation of g-methoxy alkyl
gold complexes with respect to the g-stereocenter was evaluated by cyclization of the
erythro-2-deuterio-3-phenyl-3-methoxypropyl complex (erythro-4.1-d1) generated via
transmetallation with (JP)AuCl.222 Ionization of erythro-4.1-d1 led to exclusively formation
of cis-1-deuterio-2-phenylcyclopropane (cis-4.2-d1)221 in 84 % yield, where the yield was
determined by the integration of 1H resonance of benzylic proton at d 1.84 relative to
internal standard (CH2Br2), thus establishing that cyclopropanation occurred with
inversion of the g-stereocenter and hence backside addition of the Au–C bond at the gcarbon atom. cis-4.2-d1 was readily distinguished spectroscopically by the well-separated
C1/C2 cis protons in the 1H NMR spectrum,223-226 in addition to homonuclear 1H-1H
decoupling experiment.
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1. Me2SO4,K2CO3
2. (JP)AuCl, Cs2CO3

D
erythro-4.1-d1

D
4.6
Ph Ph
Si
O
O

Ph

(JP)Au

AlCl3
CD2Cl2
–78 °C

1. 1) NaOH 2) H2O2
2. Ph2SiH2, Cs2CO3

Ph
D

D
Ph
cis-4.2-d1

Scheme 24. Synthesis of erythro-4.1-d1 and treatment with Lewis acid for
cyclopropanation.

Having established the net inversion of the g- stereocenter in the cyclopropanation
of 4.1, we sought to determine the stereochemistry of cyclopropanation with respect to
the a-position. In an initial attempt toward this objective, we targeted the
cyclopropanation of diastereomerically pure 1,2-dideuterated gold alkyl complexes cisand trans-(JP)AuCHDCHDC(OMe)Ph [cis- and trans-4,1-d2], which we reasoned could be
generated via transmetallation of (JP)AuCl with the diastereomerically pure 3-methoxy3-phenyl propyl pinacol boranes cis-4.9-d2 and trans-4.9-d2, although the stereoselectivity
of transmetallation of alkyl boronic acid derivatives with gold had not been established
[and indeed turned out to occur with loss of configuration]. The dideuterated alkyl
boronic esters cis-4.9-d2 and trans-4.9-d2 were synthesized via rhodium catalyzed
deuteration of vinylboronic acid pinacol esters trans- 4.8 and cis- 4.8, respectively. The
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relative configuration of the deuterium atoms in cis-4.9-d2 and trans-4.9-d2 were
unambiguously established by thorough spectroscopic analysis including 2D-1H COSY
and homonuclear proton decoupling at each chemically inequiv.alent proton resonance.
Transmetallation of cis-4.9-d2 and trans-4.9-d2 to the corresponding (JP)AuX (X= Cl, OTf)
precursor yielded 4.1-d2 in 47% and 14 % yield, respectively. Unfortunately, 1H NMR
spectra of the gold complexes generated from cis-4.9-d2 and trans-4.9-d2 were
indistinguishable, indicating that transmetallation had occurred with loss of configuration
at the a-carbon atom. Additional attempts on stereoselective labeling of 4.1 by common
catalytic hydrogenation reaction, such as by using Pd/C, or Wilkinson’s catalyst failed.
More important than determining the stereochemistry of cyclopropanation with
respect to the g-position was determining the stereochemistry of cyclopropanation with
respect to the a-position, as this information is central to distinguishing between
potential mechanisms for cyclopropanation. Toward this objective, we targeted the
cyclopropanation of the diastereomerically pure 1,2-dideuterated 3-methoxy-3-phenyl
propyl pinacol boranes cis-4.9-d2 and trans-4.9-d2, which we reasoned would undergo
transmetallation with (L)AuCl with retention of configuration to generate the
corresponding diastereomeric gold propyl isotopomers. Dideuterated alkyl boronic
esters cis-4.9-d2 and trans-4.9-d2 were synthesized from rhodium catalyzed deuteration of
vinylboronic acid pinacol esters trans- 4.8 and cis- 4.8, respectively. The relative
configuration of the deuterium atoms in cis-4.9-d2 and trans-4.9-d2 were unambiguously
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established by thorough spectroscopic analysis including 2D-1H COSY and homonuclear
proton decoupling at each chemically inequivalent proton resonance. Transmetallation
of cis-4.9-d2 and trans-4.9-d2 to the corresponding (JP)AuX (X= Cl, OTf) precursor yielded
4.1-d2 in 47% and 14 % yield, respectively. However, transmetallation was
stereochemically labile to the a-carbon center of the boronic ester, generating completely
scrambled product 4.1-d2, as transmetallation product from both cis-4.9-d2 and trans-4.9d2 gives the same 1H NMR spectrum, as well as the same result from decoupling
experiments. Additional attempt on stereoselective labeling of 4.1 by common catalytic
hydrogenation reaction, such as by using Pd/C, or Wilkinson’s catalyst failed.

OMe
pinB
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OMe

Cp2ZrHCl
HBpin

[Rh(COD)Cl]2
pinB
HBin, PCy3, Et3N

Ph

trans-4.8

cis-4.8
4.7

[RhCl(PPh3)3]
D2
D

Ph

[RhCl(PPh3)3]
D2
D

OMe

pinB

OMe

OMe

pinB

Ph
D
cis-4.9-d2

D
trans-4.9-d2
(JP)AuCl, Cs2CO3

D

OMe
Ph

(JP)Au
D
4.1-d2

Scheme 25. Synthesis of 1,2-dideuterio-3-methoxy-3-phenyl
propyl complexes (4.1-d2).
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We turned our attention to establish the stereochemistry at a-position with
secondary alkyl gold complexes following the procedure for the diastereoconvergent
preparation of 3-position functionalized secondary alkyllithium reagents and a
subsequent coupling with electrophiles reported by Knochel.227 However, gold halide
precursors failed to serve as a proper electrophile likely due to the low solubility in
ethereal solvent a low temperature, and steric congestion for secondary nucleophilic
attack. According to the calculation studies for the epimerization of 4.10, chelation
between oxygen atom at g-position and lithium causes alkyllithium reagent to adopt fivemembered ring structure, where diethyl ether solvent also coordinates to lithium.
Although the influence of reaction condition, such as temperature and solvent, were not
intensively screened, trapping with various electrophiles in the original paper were all
conducted at or below – 50 °C in 1:3 mixture of diethyl ether/hexane. Both factors are likely
exerting influence on the stereochemistry of 4.10, as the key factor between two epimers
in solution is 5.5 kJ mol-1 destabilization energy between the transition states I for two
epimers at –100 °C.
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1) tBuLi (2.0 equiv)
OTBS 2) (JP)AuX (X = Cl, OTf)
X
Et2O, CH2Cl2
–50 °C
syn-4.10

Me

(JP)Au
A

OEt2

Me

Li
O

H

OTBS

tBu

H
Me
I

Scheme 26. Synthetic attempt for making a,g-syn secondary alkyl gold A.

As a third option toward determining the stereochemistry at the a-carbon atom
in the 136tereoselective136 of gold g-methoxy alkyl complexes, we targeted the cis-3methoxycyclohexyl gold complex cis-4.11. This approach was inspired by the work of
Glueck,228 who reported the 136tereoselective formation of gold menthyl complexes in
which the gold, isopropyl, and methyl substituents occupied equatorial positions.
Although complex cis-4.11 could potentially access a high-energy axial-axial
conformation in solution, the conformer would not allow backside displacement of the
methoxy group, which was established for the cyclopropation of 4.1. For this reason,
efficient Lewis acid-mediated cyclopropanation cis-4.11 would therefore provide clear
evidence for inversion of configuration at the a-carbon atom.
Transmetallation of the Grignard reagent generated from cis-1-chloro-3methoxycyclohexane 4.11 and magnesium metal with (JP)AuCl led to isolation of eq-4.12
in 20% yield as a single diastereomer as determined by 1H and 31P NMR analysis. The
equatorial–equatorial conformation of both the (JP)Au and methoxy groups was
136

established by the presence of large 3JHH axial–axial coupling constants for both the Ha (d
0.65, Jax–ax = 12.4) and Hg protons (d 2.83, Jax–ax = 10.4). Treatment of cis-4.11 with TMSOTf
and pyridine at –78 °C led to immediate formation of bicyclo[3.1.0]hexane 4.12 in >82%
yield as determined by 1H NMR spectroscopy, thereby establishing cyclopropanation via
inversion of the stereogenic a-carbon atom.
Treatment of cis-4.11 with Lewis acid formed bicyclo[3.1.0]hexane 4.12 in > 82%
yield at –78 °C, supporting backside attack. Although assumably large conformational
isomerization energy between eq- and ax-4.12, huge repulsive 1,3-diaxial interactions
between bulky (L)Au group and methoxy, and the cyclization to 4.13 provides
circumstantial evidence of the proposed mechanism, transient formation of ax-4.12 and
subsequent cyclopropanation cannot be completely precluded. In order to unequivocally
prove the formation of bicyclohexane from intermediate where (L)Au and methoxy is
placed in equatorial position, we planned to install additional methyl group at dposition trans to g-methoxy group (Scheme 28). We assumed eq- and ax- chloride group
will not interconvert upon Grignard activation,229, 230 and only equatorially positioned
Grignard reagent will render a racemic mixture of 1,3-cis-eq-4.15. Two isomers of 4.15 are
expected to yield cis- and trans-4.16 repeatedly, which are readily distinguishable by
spectroscopic method, most conveniently by the disparate 1H coupling of cyclopropyl
and a-methyl protons.
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Scheme 27. Synthesis of eq-4.12 and cyclopropanation to 4.13.
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Figure 55. Unbalanced conformational isomerization of 4.12.
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Scheme 28. Synthesis of 4.15, hypothetical isomerization and subsequent
cyclopropanation from each conformational isomer to 4.16.
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4.3 Summary and future direction
4.3.1 Summary
Mechanism of C-Au bond cleavage/ C-C bond formation step of gold to alkene
carbene transfer was studied utilizing Lewis acid mediated g-leaving group activation
method. Initial experiments with 3-methoxy-3-phenyl propyl gold complex 4.1 upon
various Lewis acid treatment validated this method, showing moderate yield of
cyclopropane along with protodeauration product. Stereochemical deuterium labeling at
b-position relative to g-phenyl group revealed inversion at g-carbon center, while
generation of a,b-stereoenriched deuterium isotopomer formation was unsuccessful due
to stereolability at a-carbon center of boronic ester during the process of
transmetallation. Instead, cyclopropanation of eq-4.11 provided circumstantial evidence
of backside attack at the a-position. Further delineation of stereochemistry at a-position
is planned by additional substitution at 4-position.

4.4 Experimental details
4.4.1 General methods
Reactions were performed under a nitrogen atmosphere in flame dried
glassware. NMR spectra were obtained on a Varian spectrometer operating at 400 and
500 MHz for 1H, 125 MHz for 13C, and 202 MHz for 31P at 25 °C unless noted otherwise.
13

C NMR spectra were referenced relative to CD2Cl2 (53.8) or CDCl3 (d 77.2), 1H NMR

spectra were referenced relative to residual CHCl3 (d 7.26) or CHDCl2 (d 5.32). 31P NMR
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spectra was referenced to an external solution of triphenylphosphine oxide in CD2Cl2 (d
26.9). NMR probe temperatures were measured from a single scan of neat methanol.S1
Flash column chromatography was performed employing 200-400 mesh silica gel
60 (EM). Thin layer chromatography (TLC) was performed on silica gel 60 F254. CD2Cl2
was dried over CaH2 and degassed prior to use. Ether, methylene chloride, and THF
were purified by passage through columns of activated alumina under nitrogen.
Reagents and other materials were obtained through major chemical suppliers and were
used as received unless noted otherwise. Room temperature is 25 °C. Glassware used
for NMR experiments for generation of allenylidenes was silanized before use. Errors
reported for rate constants represent one standard deviation of the linear regression and
do not reflect systematic errors. I-Vinyl boronic esters were prepared employing a
modification of the procedure published by Frost,168 and (Z)-vinyl boronic esters by
Miyaura.34 cis-b-deuterio-styrene oxide was prepared from (Z)-b-deuteriostyrene
employing literature procedure.231

4.4.2 Synthesis of g-functionalized alkyl gold complexes
4.4.2.1 3-methoxy-3-phenyl propyl gold complex
[P(tBu)2(o-biphenyl)AuCH2CH2C(Ome)Ph] (4.1) A solution of (3-bromo-1methoxypropyl)benzene232 (81.6 mg, 0.30 mmol) in diethyl ether (1.5 mL) was added
dropwise into tBuLi (0.59 mmol) solution in diethyl ether (0.5 mL) at –78 °C to give a
bright yellow solution of alkyllithium solution and stirred for 5 min. A solution of
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(JP)AuCl (156.9 mg, 0.30 mmol) in CH2Cl2 (1.5 mL) was added dropwise at –78 °C to
turn colorless, warmed to 0 °C slowly and stirred at 4 °C for 15 hours. The resulting
slightly murky solution was concentrated under vacuum to give white solid. The crude
solid was dissolved in hexanes–EtOAc = 9:1 and the resulting mixture was filtered
through basic alumina. The filtrate was concentrated, triturated with pentanes, and
dried under vacuum to give 4.1 (119.1 mg, 0.18 mmol, 63 %) as white solid. 1H NMR: d
7.85 (td, J = 6.5, 1.7 Hz, 1H), 7.48 – 7.36 (m, 2H), 7.36 – 7.17 (m, 11H), 7.17 – 7.05 (m, 3H),
3.97 (t, J = 6.7 Hz, 1H), 3.20 (s, 3H), 2.10 – 1.96 (m, 1H), 1.82 – 1.69 (m, 1H), 1.38 (d, J = 14.1
Hz, 18H), 0.38 – 0.19 (m, 2H). 13C{1H} NMR (125 MHz, CDCl3): d 143.83, 143.36 (d, J = 5.1
Hz), 135.50, 132.86 (d, J = 7.8 Hz), 129.73, 129.42 (d, J = 2.4 Hz), 128.05 (d, J = 5.4 Hz),
127.92, 127.03, 126.85, 126.41 (d, J = 4.5 Hz), 90.14, 56.81, 40.27, 37.31 (dd, J = 16.7, 5.0 Hz),
31.11 (d, J = 7.2 Hz), 25.17, 24.43. 31P{1H} NMR (202 MHz, CDCl3): d 65.5.
Alternatively, 4.1 can be synthesized from the corresponding boronic ester by
employing the modified procedure for transmetallation of boronic acid to gold(I)
precursors reported by Hashmi.222 4.9 was synthesized from (3-bromo-1methoxypropyl)benzene by employing the modified procedure reported by Liu,233 to
give colorless oil (64.3 %). A solution of 4.9 (58.8 mg, 0.21 mmol), (JP)AuCl (113.0 mg,
0.21 mmol) and Cs2CO3 (69.4 mg, 0.21 mmol) in iPrOH (2.1 mL) was stirred for two day
at 50 °C. The reaction mixture was cooled to room temperature and concentrated under
vacuum. The resulting white solid was dissolved in hexanes–EtOAc = 9:1 and filtered
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through thin pad of basic alumina, concentrated, and the procedure was repeated. The
resulting oil was triturated with pentane gives 4.1 as white solid (45.7 mg, 33 %).
4.9 1H NMR (500 MHz, CDCl3): d 7.30 (m, 5H), 4.05 (dd, J = 7.6, 5.6 Hz, 1H), 3.22
(s, 3H), 1.90 (ddt, J = 13.9, 9.2, 7.0 Hz, 1H), 1.84 – 1.71 (m, 1H), 1.24 (s, 12H), 0.80 (dddd, J
= 38.6, 15.9, 9.5, 6.5 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3): d 142.6, 128.4, 127.5, 126.9,
85.8, 83.1, 56.9, 32.7, 25.0, 25.0 (m).
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Scheme 29. Synthesis of 4.S1 from cis-b-deuterio-styrene oxide.

Erythro-4.1-d1. Complex erythro-4.1-d1 was synthesized following the procedure
depicted in Scheme 29. Alkyl boronic ester erythro-4.6 was prepared by following the
known procedure reported by Fu,234 from cis-b-deuterio-styrene oxide, which was
prepared from (Z)-b-deuteriostyrene employing literature procedure.231 A solution of 4.6
(217.7 mg, 0.83 mmol) in CH2Cl2 (2.5 mL) was subsequently added Me2SO4 and K2CO3,
purged under nitrogen, and stirred at 40 °C for 18 hours. Upon completion, the reaction
mixture was cooled to room temperature and filtered through thin pack of silica gel.
Concentrated crude mixture was chromatographed (SiO2; hexanes–EtOAc = 9:1) to give
4.S1 as colorless oil (62.8 mg, 27.3 %). A solution of 4.S1 (54.8 mg, 0.20 mmol), (JP)AuCl
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(105.0 mg, 0.20 mmol) and Cs2CO3 (64.5 mg, 0.20 mmol) in iPrOH (2.3 mL) and CH2Cl2
(0.2 mL) was stirred for one day at 50 °C. The reaction mixture was cooled to room
temperature and concentrated under vacuum. The resulting white solid was dissolved
in hexanes–EtOAc = 9:1 and filtered through thin pad of basic alumina, concentrated,
and the procedure was repeated. The resulting oil was triturated with pentane gives
erythro-4.1-d1 as white solid (21.7 mg, 17 %).
4.S1 1H NMR (400 MHz, CDCl3; selected peaks): d 4.04 (d, J = 7.5 Hz, 1H) 1.87 (q, J
= 7.7 Hz, 1H), 0.81 (d, J = 6.7 Hz, 1H), 0.77 (d, J = 9.3 Hz, 1H).
Erythro-4.1-d1 1H NMR (400 MHz, CDCl3; selected peaks): d 3.96 (d, J = 6.0 Hz,
1H), 2.00 (q, J = 5.1 Hz, 1H), 0.36-0.18 (m, 2H).

1) NaOH
2) H2O2

OH
Bpin

Ph
D
4.6

Ph

THF

Ph Ph
Si
O
O

Ph2SiH2
Cs2CO3

OH
OH
D
4.S2

THF

Ph
4.S3 D

Scheme 30. Oxidation and cyclization of 4.6.
Oxidation and cyclization of 4.6 Oxidation of 4.6 was conducted following
literature procedure.102 A solution of 4.6 (127.4 mg, 0.48 mmol) in THF (2.5 mL) was
treated with aq. NaOH (2M, 1.4 mL) and H2O2 (30 %, 1.4 mL) at rt and stirred for 2
hours. The mixture was quenched with saturated aq. Na2S2O3 and stirred for another 10
min., then acidified with aq. 2M HCl. Organics were extracted with diethyl ether, and
the combined organic extracts were dried (MgSO4), filtered, and concentrated under
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vacuum. The resulting colorless oil was chromatographed (SiO2; 4 % MeOH/CH2Cl2) to
give 4.S2 as colorless oil (64.3 mg, 0.42 mmol, 87 %). Subsequent cyclization reaction
was conducted by following modified literature procedure.235 A solution of 4.S2 (64.3
mg, 0,42 mmol) in THF (2.8 mL) was added into a vial charged with Cs2CO3 (13.7 mg,
0.04 mmol, 10 %). Diphenylsilane (92.9 mg, 0.50 mmol, 1.2 equiv.) in THF (1 mL) was
added dropwise into above mixture at rt, heated to 45 °C and stirred for 5 hours. Upon
completion, reaction was cooled to rt and filtered through thin pack of silica gel and
analyzed as crude mixture. NMR matched reported data.236 Yield not given as analyzed
as crude.
4.S2 1H NMR (400 MHz, CDCl3; selected peaks): d 4.96 (d, J = 9.0 Hz, 1H), 3.36 (d,
J = 6.1 Hz, 2H), 2.88 (br s, 1H), 2.44 (br s, 1H), 2.01 (dt, J = 8.9, 4.4 Hz, 2H).
4.S3 1H NMR (400 MHz, CDCl3; selected peaks): d 5.28 (d, J = 11.2 Hz, 1H), 4.41–
4.30 (m, 2H), 2.28 (td, J = 11.3, 5.0 Hz, 1H).
4.1-d2 was synthesized from the corresponding dideuterated boronic esters cis4.9-d2 or trans-4.9-d2 employing the procedure described above. 1H NMR (500 MHz,
CDCl3): d 7.85 (dd, J = 7.5, 4.9 Hz, 1H), 7.41 (t, J = 7.5 Hz, 2H), 7.34 – 7.18 (m, 8H), 7.16 –
7.06 (m, 3H), 3.96 (d, J = 6.6 Hz, 1H), 3.20 (s, 2H), 2.01 (t, J = 5.8 Hz, 0.5H), 1.77 (d, J = 10.4
Hz, 0.25H), 1.74 (d, J = 7.9 Hz, 0.25H), 1.38 (d, J = 14.2 Hz, 18H), 0.36 – 0.26 (m, 0.5H), 0.26
– 0.15 (m, 0.5H). Homonuclear 1H-1H decoupling experiment of 4.1-d2 prepared from
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both esters cis-4.9-d2 and trans-4.9-d2 showed the same pattern, thus confirming the
absence of stereochemistry.
cis-4.9-d2 was prepared by rhodium catalyzed deuteration of trans-4.8. A solution
of [ClRh(PPh3)3] (Wilkinson’s catalyst; 34.0 mg, 3.7 ´ 10–2 mmol) and trans-4.8 (191.3 mg,
0.70 mmol) in THF (1.5 mL) was stirred at 50 °C under D2 gas, charged by balloon, for 20
hours. Reaction was checked by GC periodically. The resulting bright orange solution
was filtered through silica gel with CH2Cl2, concentrated and filtered again through
silica gel with hexanes–EtOAc = 9:1. The crude mixture was chromatographed (SiO2;
hexanes–EtOAc = 9:1) to give cis-4.9-d2 as pale yellow oil (123.8 mg, 64%). Similiarly,
trans-4.9-d2 was prepared by rhodium catalyzed deuteration of cis-4.8.
cis-4.9-d2 1H NMR (400 MHz, CDCl3): d 7.34 – 7.23 (m, 5H), 4.03 (d, J = 6.7 Hz,
1H), 3.21 (s, 3H), 1.86 (t, J = 6.4 Hz, 0.5H), 1.72 (t, J = 6.5 Hz, 0.5H), 0.79 (d, J = 7.3 Hz,
0.5H), 0.72 (d, J = 5.6 Hz, 1H).
trans-4.9-d2 1H NMR (500 MHz, CDCl3): d 7.33 – 7.30 (m, 2H), 7.29 – 7.24 (m,
3H), 4.03 (d, J = 6.5 Hz, 1H), 3.21 (s, 3H), 1.85 (dd, J = 9.7, 7.2 Hz, 0.5H), 1.72 (dd, J = 9.6,
5.5 Hz, 0.5H), 1.23 (s, 12H), 0.78 (d, J = 9.5 Hz, 0.5H), 0.72 (d, J = 9.4 Hz, 0.5H).
trans-4.8 A coloress solution of 4.7 (2.96 g, 20.3 mmol), Cp2ZrHCl (522 mg, 2.0
mmol), HBPin (3.5 mL, 24.4 mmol) in CH2Cl2 (15 mL) was stirred in a sealed tube at
room temperature for a day in the dark. The reaction mixture was diluted with hexanes,
filtered through silica gel, and concentrated under vacuum. The resulting residue was
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chromatographed (SiO2; hexanes–EtOAc = 9:1) to give a colorless oil, which was
solidified at –20 °C to give trans-4.8 as white solid (2.07 g, 37%).

1

H NMR (400 MHz,

CDCl3): d 7.39 – 7.23 (m, 5H), 6.64 (dd, J = 18.0, 6.1 Hz, 1H), 5.68 (dd, J = 18.0, 1.4 Hz, 1H),
4.66 (dd, J = 6.0, 1.4 Hz, 1H), 3.33 (s, 3H), 1.24 (s, 12H).
cis-4.8 A Solution of 4.7 (505.3 mg, 3.5 mmol), HBpin (0.55 mL, 3.7 mmol), Et3N
(0.48 mL, 3.5 mmol), [Rh(COD)Cl2] (48.6 mg, 9.9 ´ 10–2 mmol), PCy3 (112 mg, 0.40 mmol)
in cyclohexane (10 mL) was stirred at room temperature for 4 hours. The resulting
mixture was filtered through silica gel with hexanes–EtOAc = 9:1, and chromatographed
(SiO2; hexanes–EtOAc = 95:5) to give cis-4.8 as pale yellow oil, which solidified at –20 °C.
(264.4 mg, 28%). 1H NMR (400 MHz, CDCl3): d 7.43 – 7.38 (m, 2H), 7.33 (t, J = 7.7 Hz,
2H), 7.28 – 7.24 (m, 1H), 6.39 (dd, J = 13.5, 8.9 Hz, 1H), 5.53 (d, J = 13.6 Hz, 1H), 5.44 (d, J =
8.9 Hz, 1H), 3.35 (s, 3H), 1.31 (d, J = 3.4 Hz, 12H).
4.4.2.2 3-thiomethyl-3-phenyl propyl gold
3-Methylthio-3-phenyl-1-propanol (4.4) was prepared by following the known
procedure. 237 A mixture of 4.4 (925.2 mg, 5.22 mmol) with triphenylphosphine (2.0 g, 7.8
mmol), and CBr4 (7.2 g, 26.1 mmol) in CH2Cl2 (12 mL) was stirred at 0 °C for 6 hours, and
the resulting mixture was quenched with saturated aqueous NaHCO3. The aqueous
phase was extracted with CH2Cl2 and the combined organic extracts were dried
(MgSO4), filtered, and concentrated under vacuum. The resulting orange oily residue
was chromatographed (hexanes–EtOAc = 98:2) to give (3-bromo-1-phenylpropyl)
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(methyl)sulfane (4.S3) as a colorless oil (702.3 mg, 55%). A solution of 4.S3 (50.1 mg, 0.20
mmol) in diethyl ether (0.8 mL) was added dropwise into tBuLi (0.40 mmol) solution in
diethyl ether (0.7 mL) at –78 °C to give a light yellow solution of alkyllithium solution
and stirred for 5 min. A solution of (JP)AuCl (1.6.2 mg mg, 0.20 mmol) in CH2Cl2 (0.7
mL) was added dropwise at –78 °C to turn colorless, warmed to 0 °C slowly and stirred
at room temperature for 30 min. The resulting slightly murky solution was concentrated
under vacuum to give white solid. The crude solid was dissolved in hexanes–EtOAc =
9:1 and the resulting mixture was filtered through basic alumina. The filtrate was
concentrated, triturated with pentanes, and dried under vacuum to give 4.5 (46.4 mg,
35 %) as white solid. 1H NMR (500 MHz, CDCl3): d 7.85 (ddd, J = 7.6, 5.8, 1.8 Hz,
1H), 7.46 – 7.37 (m, 2H), 7.33 – 7.14 (m, 9H), 7.10 (d, J = 7.4 Hz, 1H), 7.08 (d, J = 7.4 Hz,
1H), 3.55 (dd, J = 8.3, 6.0 Hz, 1H), 2.01 (dtd, J = 11.9, 8.2, 5.9 Hz, 2H), 1.85 (s, 3H), 1.38 (d, J
= 14.1 Hz, 8H), 1.37 (d, J = 14.1 Hz, 9H), 0.42 – 0.31 (m, 2H).
4.S3 1H NMR (500 MHz, CDCl3): d 7.36 – 7.25 (m, 5 H), 3.92 (dd, J = 8.2, 6.7 Hz,
1H), 3.47 (dt, J = 10.0, 6.3 Hz, 1H), 3.27 (ddd, J = 10.1, 7.6, 6.2 Hz, 1H), 2.47 – 2.28 (m,
2H), 1.91 (s, 3H)

4.4.2.3 cyclohexyl gold complex
A slurry magnesium powder (100 mg. 4.1 mmol), and 1,2-dibromoethane (30 µL)
in THF (1 mL) was heated to 50 °C and stirred for 20 min. A solution of cis-4.11238 (300
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mg, 2.0 mmol) in THF (0.8 mL) was added to the slurry and refluxed for 5 hours. After
cooling to room temperature and allowing the excess Mg to settle, 0.6 mL of the dark
gray solution was transferred into a solution of (JP)AuOTf (120 mg, 0.19 mmol) in THF
(10 mL), and stirred for 12 hours. The resulting mixture was concentrated, and filtered
through a thin pad of basic alumina with hexanes–EtOAc = 9:1, concentrated,
redissolved in pentane and recrystallized at –20 °C to give 4.12 as slightly off white solid
[23.0 mg, 20 % from (JP)AuOTf]. 1H NMR (500 MHz, CDCl3; selected resonances): d 3.33
(s, 3H), 2.83 (Hg; tt, Jtrans = 10.4, Jcis = 4.1 Hz, 1H), 0.65 (Ha; tdt, Jtrans = 12.4, 3JPH = 8.7, Jcis =3.2
Hz, 1H).

4.4.3 Lewis acid mediated cyclization
General procedure of cyclopropanation reaction A solution of gold complex (14.4
mg, 2.23 ´ 10-2 mmol) in CD2Cl2 (0.25 mL) was added dropwise with constant agitation to
a silanized NMR tube containing Lewis acid and Nitrobenzene or CH2Br2 (internal
standard) in CD2Cl2 (0.35 mL) at –78 °C to give colorless solution of reaction mixture. A
yield of corresponding cyclopropane and protodeauration product was determined by
integrating 1H resonance of 4.2 at d 0.93 or d 0.63, and d xx for 4.3, relative to the
resonance of nitrobenzene at d 8.20 or CH2Br2 at d 4.96 in the 1H NMR spectrum.
Cyclization of erythro-4.1-d1 to cis-4.2-d1 A mixture of CH2Br2 (2.5 ´ 10-3 mmol;
internal standard) and AlCl3 (2.7 mg, 2.0 ´ 10-2 mmol) in CD2Cl2 (0.3 mL) was added
erythro-4.1-d1 in CD2Cl2 (0.2 mL) and washed with additional 0.2 mL of CD2Cl2 at –78 °C.
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The resulting sample was placed in the probe of an NMR spectrometer precooled at –78
°C. The yield of cis-4.2-d1 (84 %) was determined by integrating the benzylic proton at d
1.84 relative to the resonance of CH2Br2 at d 4.96 in 1H NMR spectrum. Spectroscopy of of
cis-4.2-d1221 matched reported values, as well as the homonuclear 1H-1H decoupling
experiment confirmed the stereochemistry (Figure 56).

Ph

D

HA

HB
HC’

HC

Reported δ (ppm)
HA 1.84 (td, J = 8.4, 5.2, 1H)
HC 0.93 (dd, J = 8.4, 6.4, 2H)
HB 0.64 (ddd, J = 6.4, 5.2, –4.6, 1H)

Reported 3JHH (Hz)
AC/AC’ 8.4
AB 5.2
CB 6.4
C’B –4.6

Decoupling experiment
{HC} δ 1.84 (d, J = 4.8), 0.65 (d, J = 5.2)
{HB} δ 1.84 (t, J = 8.3), 0.93 (d, J = 8.4)

Figure 56. Homonuclear 1H-1H decoupling experiment of cis-4.2-d1.

Cyclization of 4.12 to 4.13 A solution of CH2Br2 (0.73 mg, 4.2 ´ 10-3 mmol; internal
standard), TMSOTf (3.5 mg, 1.6 ´ 10-2 mmol), and pyridine (0.20 µL, 2.6 ´ 10-3 mmol) in
CD2Cl2 (0.3 mL) was added 4.12 in CD2Cl2 (0.2 mL) and washed with additional 0.15 mL
of CD2Cl2 at –78 °C. The resulting sample was placed in the probe of an NMR
spectrometer precooled at –78 °C and monitored periodically 1H NMR spectroscopy,
while increasing temperature. Consumption of 4.12 was completed at –78 °C, indicated
by the formation of TMSOMe. The yield of 4.13 (> 82 %) was determined by integrating
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the exo proton of 4.13239 in cyclopropane ring at d 0.26 relative to the resonance of CH2Br2
at d 4.96 in 1H NMR spectrum.
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5. Mechanistic Studies on the Unexpected Skeletal
Rearrangement in Gold(I)/Silver(I)-Catalyzed 7-Aryl-1,6enyne Cycloisomerization
5.1 Background
The cycloisomerization of 1,n-enynes catalyzed by electrophilic noble-metal
complexes,240-244 gold(I) and Pt(II) in particular,89-94, 245-247 has attracted considerable recent
attention owing to the formation of a diverse array of skeletal rearrangement products
from simple starting materials with concomitant increase in molecular complexity.240-244
For example, 1,6-enynes undergo gold-catalyzed cycloisomerization to form
vinylcyclopentenes resulting from single (A) or double (A′) cleavage pathways,
bicyclo[4.1.0]heptenes (B), alkylidene cyclohexenes (C), and/or bicyclo[3.2.0]hept-6-enes
(D) (Scheme 31). These outcomes are consistent with the intermediacy of highly
delocalized cyclopropylcarbene complexes I and II generated through either exo or endo
addition, respectively, of the pendant alkene to a gold p-alkyne complex that evolve
through skeletal rearrangement and/or elimination. The intermediacy of complexes such
as I and II is supported by a wealth of indirect experimental evidence including trapping
experiments,45, 72, 99, 145, 154, 180, 248-250 extensive computational analysis,251 and independent
synthesis of cationic gold carbene complexes.10, 12, 15, 18, 20, 96, 252
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Scheme 31: Gold(I)-catalyzed 1,6-enyne cycloisomerization pathways through
cyclopropylcarbinyl cation intermediate.

An interesting subset of these noble-metal-catalyzed cycloisomerization reactions
is the formal [2+2] cycloaddition of 1,6-enynes to form bicyclo[3.2.0]heptenes D,198, 253-261
which are presumably formed via 1,2-alkyl migration of the initially formed
cyclopropylcarbene complex I, followed by alkene isomerization and demetalation of
the bicyclo[3.2.0]heptane intermediate III (Scheme 31). Indeed, we have recently
reported the direct observation of the cationic gold bicyclo[3.2.0]hept-1(7)-ene complex
5.1 formed as an intermediate in the gold-catalyzed conversion of 7-phenyl-1,6-enyne 2
to bicyclo[3.2.0]-hept-6-ene 5.3 (Scheme 32).257, 258, 262 Complex 5.1 undergoes selective 1,3hydrogen migration within minutes at 25 °C to form the gold bicyclo[3.2.0]hept-6-ene
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complex 5.4. However, kinetic and isotopic labeling studies revealed that isomerization
of 5.1 to 5.4 occurred outside the coordination sphere of gold through a Brønsted acidcatalyzed pathway initiated by protonation of free bicyclo[3.2.0]hept-1(7)-ene 5.5 to form
the 6-phenylbicyclo[3.2.0]heptyl cation IV (Scheme 32).263
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Scheme 32: Direct observation of cationic gold bicyclo[3.2.0]hept-1(7)-ene
complex and subsequent selective 1,3-hydrogen migration.

Ph
Z

Au/Ag
or
Au/H+

Ph
Z

6
7

+ Z

7
6

Ph

Z=[C(CO2Me)2]

Scheme 33: Initial observation with doubly 13C labeled 5.2.
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In the course of our continuing investigation of goldcatalyzed enyne
cycloisomerization,262-264 we have found that under certain conditions the gold-catalyzed
conversion of 5.2 to 5.3 occurs with concomitant scrambling of the olefinic CPh (C6) and
CH (C7) groups of 5.3, which represents a previously undocumented skeletal
rearrangement in the noble-metalcatalyzed cycloaddition of 1,6-enynes (Scheme 33). In
this chapter is presented detailed mechanistic studies on such previously unobserved
skeletal rearrangement in 1,6-enyne cycloisomerization, supported with a wealth of
experimental data.

5.2 Result and discussion
5.2.1 Labeling experiments
In an effort to expand the scope of the gold-catalyzed cycloisomerization of 7aryl-1,6-enynes,257, 258 we investigated the gold-catalyzed cycloaddition of 3,3-dimethyl-7phenyl-1,6-enyne 5.6. In one experiment, treatment of 5.6 with a catalytic amount of the
silver-free cationic gold complex [LAu-(NCMe)]+SbF6 − [L = P(t-Bu)2o-biphenyl)] in
CH2Cl2 at 25 °C for 24 h led to isolation of bicyclo[3.2.0]hept-6-ene (5.7a) in 52% yield
(Scheme 34). In comparison, treatment of 5.6 with a catalytic 1:1 mixture of LAuCl and
AgSbF6 led to formation of an inseparable ∼2.3:1 mixture of 5.7a and a second
compound (5.7b) in 61% combined yield (Scheme 34). The 1H NMR spectrum of 5.7b,
determined from the 5.7a/5.7b mixture, was largely congruent with that of 5.7a but was
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distinguished by the slightly different chemical shifts for the exocyclic methyl groups of
5.7b (d 1.57 and 0.88) relative to those of 5.7a (d 1.51 and 0.90).
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Scheme 34: Initial results from gold(I)/silver(I) dual catalysis versus silver free,
gold(I)-catalyzed condition for the cycloisomerization of 5.6.

From these observations, we hypothesized that (1) 5.7b was the 2,2-dimethyl-7phenyl-1,6-enyne regioisomer of 5.7a resulting from transposition of the olefinc CH (C6)
and CPh (C7) alkene carbon atoms and (2) silver was intimately involved in the
scrambling process that led to formation of 5.7b. This latter hypothesis was influenced
by the work of Paquette, who described the silver(I)-catalyzed skeletal rearrangement of
bicyclo[4.1.0.02,7]heptanes to form a range of substitutiondependent products including
bicyclo[4.1.0]heptenes and bicyclo[3.2.0]heptenes,265-271 and it appeared plausible that a

155

similar reaction manifold might be accessed via interaction of silver with the
bicyclo[3.2.0]heptene intermediate 5.3 or 5. 5.
To evaluate the two assertions noted above, we investigated the gold/silvercatalyzed cycloisomerization of the sterically unbiased, deuterium-labeled enyne 5.2-5,5d2 as a function of silver salt, for which transposition of the olefinic CH and CPh carbon
atoms of 5.3 would be revealed by the formation of isotopomer 5.3-2,2-d2 in addition to
unscrambled isotopomer 5.3-4,4-d2. Indeed, treatment of 5.2-5,5-d2 with a catalytic 1:1
mixture of LAuCl and AgSbF6 led to complete scrambling of the C6/C7 carbon atoms of
5.3 to form a ∼1:1 mixture of 5.3-4,4-d2 and 5.3-2,2-d2 (Table 7, entry 1). In comparison,
cycloaddition of 5.2-5,5-d2 catalyzed by a mixture of LAuCl and either AgOTf or AgPF6
formed 5.3-4,4-d2 without detectable formation of isotopomer 5.3-2,2-d2 (Table 7, entries
2 and 3), whereas cycloaddition of 5.2-5,5-d2 catalyzed by a mixture of LAuCl and either
AgAsF6 or AgBF4 led to partial scrambling to form a mixture of 5.3-4,4-d2 and 5.3-2,2-d2
(Table 7, entries 4 and 5). 1H NMR analysis of aliquots from these transformations at
partial conversion revealed no significant change in the extent of skeletal rearrangement
as a function of conversion.
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Table 7. Extend of C6/C7 scrambling of 5.4-d2 in the gold-catalyzed
cycloisomerization of 5.2-5,5-d2 as a function of gold catalyst and silver or Brønsted
acid cocatalyst
D

D

Ph

Z

Au/co-catalyst
CH2Cl2, 25 °C

1
2
3
4
5
6
7
8
9
10b

Ph
+

Z
5.3-4,4-d2

5.2-5,5-d2
entry

D

D

co-catalyst

Au (5 mol %)
LAuCl
LAuCl
LAuCl
LAuCl
LAuCl
LAuCl
[LAu(NCMe)]+ SbF6–
[LAu(NCMe)]+ SbF6–
[LAu(NCMe)]+ SbF6–
[LAu(NCMe)]+ SbF6–

AgSbF6
AgOTf
AgPF6
AgAsF6
AgBF4
AgOTf/MsOH
TfOH
H3PO4
MsOH
––

D D
Z
Ph
5.3-2,2-d2

5.3-4,4-d2:5.3-2,2-d2
~1:1
≥95:5
≥95:5
≥95:5
~2:1
~1.5:1
~1:1
~1:1
2.7 ± 0.2:1a
~2:1

a

Ratios were determined by 1H NMR analysis of the crude reaction mixture
at full conversion. b Ratio varied dependent on both acid concentration and
the timing of the addition of acid without clear realationship.

The sensitivity of the extent of C6/C7 scrambling in the cycloisomerization of 5.25,5-d2 to the nature of the silver salt was puzzling and appeared at odds with a silvercatalyzed skeletal rearrangement process. Rather, because a Brønsted acid is required for
the conversion of 5.5 to 5.3263 we considered that a Brønsted acid might be responsible
for the C6/C7 scrambling of 5.3 in the gold-catalyzed conversion of 5.2 to 5.3. Supporting
this contention, treatment of 5.2-5,5-d2 with a catalytic mixture of LAuCl and AgOTf in
the presence of methanesulfonic acid (30 mol %) led to formation of a 1.5:1 mixture of
5.3-4,4-d2 and 5.3-2,2-d2 (Table 7, entry 6). Furthermore, silver salt was not required for
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C6/C7 scrambling, and treatment of 5.2-5,5-d2 with a catalytic 1:1 mixture of the silverfree complex [LAu-(NCMe)]+SbF6− and either HOTf or H3PO4 led to formation of a 1:1
mixture of 5.3-4,4-d2 and 5.3-2,2-d2 (Table 7, entries 7 and 8), while mixtures of
[LAu(NCMe)]+SbF6− and MsOH formed a 2.7 ± 0.2:1 mixture of 5.3-4,4-d2 and 5.3-2,2-d2
as the average of three separate experiments (Table 7, entry 9). Interestingly, skeletal
rearrangement also occurred in the absence of either silver or exogenous acid, and
treatment of 5.2-5,5-d2 with a catalytic amount of [LAu(NCMe)]+SbF6− in CH2Cl2 that had
not been rigorously dried led to formation of a 2:1 mixture of 5.3-4,4-d2 and 5.3-2,2-d2
(Table 7, entry 10). Conversely, cycloisomerization of 5.2-5,5-d2 catalyzed by
LAuCl/AgOTf in the same reagent grade CH2Cl2 led to no detectable skeletal
rearrangement, indicating that moisture alone is not sufficient to realize skeletal
rearrangement and pointing to the involvement of both water and counterion in the
generation of the Brønsted acid. There has been ongoing concern that a number of
ostensibly gold(I)-catalyzed transformations, in particular C═C hydrofunctionalization
processes, are catalyzed by a Brønsted acid generated under reaction conditions,
although in most cases distinguishing between the acid- and metal-catalyzed pathways
is not clear-cut.272-277 However, a number of pathways have been established for the
generation of a Brønsted acid from Lewis acidic metal complexes including cationic
gold(I) and silver(I) complexes. Hinterman has shown that HOTf is liberated from
solutions of AgOTf in dichloroethane or through reduction of transition metal triflate
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complexes.276-278 Both we279 and Corma280 have shown that the reaction of gold(I)
complexes with terminal alkynes to form gold acetylides occurs with concomitant
formation of a strong Brønsted acid. Spencer showed that a number of electrophilic
metal complexes generated a Brønsted acid in the presence of trace amounts of water,
which catalyzed the conjugate addition of nucleophiles to a,b-unsaturated ketones.281
Interestingly, silver perchlorate was not among these owing to the rather low hydrolysis
constant for Ag(I).282, 283 Similarly, Toste has shown that cationic gold(I) disphosphine
complexes in the presence of an alcoholic solvent generate a chiral Brønsted acid that
catalyzes the enantioselective conversion of silyl enol ethers to ketones284 and the
intramolecular hydroamination of dienes with sulfonamides. 284 More recently, Jones has
demonstrated that intramolecular aminoauration of C═C bonds generates a Brønsted
acid that can mediate subsequent hydrofunctionalizaiton.285

5.2.2 Spectroscopic observation of intermediate
Having identified Brønsted acid as a key component in the
cycloisomerization/skeletal rearrangement of 5.2-5,5-d2, we sought to determine the step
in which skeletal rearrangement occurred. In one experiment, treatment of the triply 13Clabeled enyne 5.2-5,6,7-13C3 with a 1:1 mixture of LAuCl and AgSbF6 in CD2Cl2 at −20 °C
for 10 h formed the gold(I) bicyclo[3.2.0]-hept-1(7)-ene complex 5.1-1,2,7-13C3 as a single
(≥95%)isotopomer (Scheme 35).262 Warming this solution at 25 °C for 2 h led to alkene
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isomerization and skeletal rearrangement to form a ∼1:1 mixture of gold
bicyclo[3.2.0]hept-6-ene isotopomers 5.4-4,5,6-13C3 and 5.4-1,2,6-13C3. In a second
experiment, the isotopically pure gold bicyclo[3.2.0]hept-1(7)-ene complex 5.1-2,2-d2 was
generated from reaction of 5.2-5,5-d2 with a 1:1 mixture of LAuCl and AgSbF6 at −20 °C
(Scheme 36). Treatment of 5.1-2,2-d2 with HOTf (1.3 equiv.) at −80 °C followed by
warming to 25 °C formed a 1:1 mixture of 5.3-4,4-d2 and 5.3-2,2-d2 and presumably
LAuOTf. In a third experiment, treatment of 5.1-2,2-d2 with pyridine (1.2 equiv.) formed
isotopically pure bicyclo[3.2.0]hept-1-ene 5.5-2,2-d2 and the gold pyridine complex
[(L)Au(pyridine)]+ (Scheme 36). Addition of HOTf to this solution at −80 °C followed by
warming to 25 °C led to alkene isomerization and concomitant skeletal rearrangement to
form a 2.8:1 mixture of 5.3-4,4-d2 and 5.3-2,2-d2 (Scheme 36).
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CD2Cl2
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(L)Au Ph
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Au(P) + Z
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*

Au(P)

Ph
5.4-1,2,6-13C3

5.4-4,5,6-13C3
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Scheme 35: Observation of C6/C7 skeletal rearrangement in hydrogen
migration step with triply 13C labeled 5.2-4,5,6-13C3.
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Scheme 36: Generation of unscrambled dideuterated intermediate 5.1-5,5-d2
and subsequent acid promoted scrambling to 5.3-5,5-d2.
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Scheme 37: Treatment of isotopically pure 3-4,4-d2 with either TfOH, AgSbF6,
or mixtures of LAuCl and AgSbF6.
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The experiments outlined in the preceding paragraph established that Brønsted
acid-catalyzed scrambling of the C6/C7 carbon atoms of bicyclo[3.2.0]hept-6-enes 5.3
occurred either during the isomerization of 5.5 to 5.3 or after formation of 5.3. This latter
possibility was discounted, as treatment of isotopically pure 5.3-4,4-d2 with either TfOH,
AgSbF6, or mixtures of LAuCl and AgSbF6 led to no detectable formation of 5.3-2,2-d2
after 24 h at 25 °C (Scheme 37).

5.2.3 Discussion
Our experimental observations and literature precedents are in accord with the
mechanism for the scrambling of the C6 and C7 carbon atoms of the bicyclo[3.2.0]hept-6enes 5.3-d2 formed in the gold/Brønsted acid-catalyzed cycloaddition of 5.2-5,5-d2
depicted in Scheme 38. The skeletal rearrangement pathway is likely initiated by
protonation of free bicyclo[3.2.0]cyclohept-1(7)-ene 5.5-2,2-d2 to generate the
bicyclo[3.2.0]heptyl cation IV-4,4-d2. Elimination of the C7 hydrogen atom of IV-4,4-d2
would form 5.3-4,4-d2 without C6/C7 scrambling (Scheme 38). Alternatively, migration
of the C1−C5 bond of IV-4,4-d2 would form the bicyclo[4.1.0]heptyl cation V-3,3-d2,
which could rearrange to V-5,5-d2 via migration of the C1−C7 bond of V-3,3-d2 followed
by migration of the C5−C7 bond of the resulting 6-phenylbicyclo[3.1.1]heptyl cation VI2,2-d2. Migration of the C1−C6 bond of V-5,5-d2 followed by elimination of the C7 proton
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of bicyclo[3.2.0]heptyl cation IV-4,4-d2 would form the scrambled
bicyclo[3.2.0]cyclohept-6-ene 5.3-2,2-d2 (Scheme 38).
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k1[X–]

Z

–H+
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5.5-2,2-d2

k–2
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Z

k1[X–]
–H+
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Z
5.3-2,2-d2
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Scheme 38: Proposed mechanism for C6/C7 skeletal rearrangement in 7-aryl1,6-enyne cycloisomerization to bicyclo[3.2.0]hept-6-ene.
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According to the mechanism depicted in Scheme 38, the extent of C6/C7
scrambling in 5.3-d2 is determined by the rate of bimolecular elimination ([X−]k1) (X− =
anion or Brønsted base) from IV-4,4-d2 relative to the rate of conversion of IV-4,4-d2 to
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the puckered bicyclo[3.1.1]heptyl cation VI-2,2-d2 (k2k3/k−2). To test this hypothesis, we
investigated the cycloisomerization of the tetradeuterated enyne 5.2-1,1,5,5-d4 (80% d2,
20% d1 at C1), which, according to this mechanism, should undergo more extensive
C6/C7 scrambling relative to 5.2-5,5-d2 owing to the deuterium kinetic isotope effect
(KIE) associated with the elimination (non-scrambling) pathway.263 Indeed, treatment of
5.2-1,1,5,5-d4 with a catalytic 1:2 mixture of [LAu(NCMe)]+SbF6− and MsOH formed a
1.47 ± 0.03 mixture of 5.3-4,4,7-d3 and 5.3-2,2-d3 determined as the average of three
separate experiments (eq 1). Comparison of this value to the 5.3-4,4-d2:5.3-2,2-d2 ratio
obtained for the cycloaddition of 5.1-5,5-d2 under identical conditions (2.7 ± 0.3)
corresponds to a deuterium KIE on the partitioning between the scrambling and
nonscrambling pathways of kH/kD = 3.6 ± 0.4.
The deuterium kinetic isotope effect on the partitioning between the
unscrambled and scrambled reaction manifolds was determined according to the model
depicted for the cycloisomerization of 5.2-5,5-d2 in Scheme 39. The unscrambled
pathway converts 5.2-5,5-d2 to 5.3-4,4-d2 with rate constant k, while the scrambled
pathway converts 5.2-5,5-d2 to a 1:1 mixture of 5.3-4,4-d2 and 5.3-2,2-d2 with rate
constant ks (eqs S1 and S2). The concentration of 5.3-4,4-d2 formed in the
cycloisomerization of 5.2-5,5-d2 is therefore defined as [5.3-4,4-d2] = k + 0.5 ks and the
concentration of 5.3-2,2-d2 is defined as [5.3-2,2-d2] = 0.5 ks. From these relationships, the
ratio of 5.3-4,4-d2 to 5.3-2,2-d2 formed in the cycloisomerization of 5.2-5,5-d2 is defined as
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[5.3-4,4-d2]/[5.3-2,2-d2] = {k + (0.5)ks}/(0.5)ks (eqs 4 -6). From these relationships, the ratio
of the rate constants for the unscrambled (k) and scrambled (ks) pathways is defined by
k/ks = {([5.3-4,4-d2]/(2 × [5.3-2,2-d2])} – 0.5 (eq 7). Using this equation, the k/ks ratios for the
cycloisomerization of 5.2-5,5-d2 (5.3-4,4-d2/5.3-2,2-d2 = 2.7 ± 0.3) and 5.2-1,1,5,5-d4 (5.34,4,7-d3/5.3-2,2-d3 = 1.47 ± 0.03) were determined to be k/ks = 0.85 ± 0.09 and 0.235 ± 0.005,
respectively, which corresponds to a deuterium KIE of kH/kD = 3.62 ± 0.4.
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Scheme 39. Equation for calculating the KIE associated with the elimination
for scrambling.
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It should also be noted that the observed KIE of kH/kD = 3.6 ±0.4 represents the
lower limit of the actual KIE owing to the residual proton (∼20%) in 5.2-1,1,5,5-d4. This
value is not significantly different than the deuterium KIE determined for the
isomerization of 5.1-6,6-d2 to 5.4-7-d1 (kH/kD = 3.9 ±0.1).263 Because the extent of C6/C7
scrambling in 5.3-d2 is determined by the rate of bimolecular elimination from IV-4,4-d2
relative to the rate of conversion of IV-4,4-d2 to VI-2,2-d2 (k2k3/k−2), the kinetic basicity of
the conjugate anion/Brønsted base is likely key to controlling the extent of C6/C7
scrambling. The data collected in Table 7 suggest that the nature of the Brønsted acid
generated from mixtures of LAuCl and silver salt is highly dependent on the nature of
the silver salt and likely also on the reaction medium, the moisture content of the solvent
in particular. The former is evidenced by the markedly different outcomes obtained with
AgSbF6 vis-a-vis AgPF6 or AgOTf. Furthermore, these data also reveal that the Brønsted
acid generated from mixtures of gold and silver salt is not effectively mimicked through
addition of exogenous acid to a silver-free gold catalyst. This is particularly evident in
the comparison of the extent of C6/C7 scrambling in the cycloaddition of 5.2-5,5-d2
catalyzed by LAuCl/AgOTf and [LAu(NCMe)]+/HOTf (Table 7, entries 2 and 7). This is
an important consideration regarding the design and interpretation of Brønsted acid
control experiments in the context of gold(I) catalysis, as our results suggest that it may
be very difficult to accurately mimic the nature of the Brønsted acid generated under
reaction conditions through the addition of exogenous acid. The proposed mechanism
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for the scrambling of the C6/C7 carbon atoms of 5.3-d2 via the bicyclo[3.2.0]heptyl cation
IV-d2 depicted in Scheme 38 is supported by the previous analyses of the solvolysis of
bicycloheptyl dinitrobenzoates286 and the ionization of bicycloheptanols under superacid
conditions.287-289
ODNB
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Scheme 40: Solvolysis of bicycloheptyl phenyl dinitrobenzoates (5.8-5.10) in
80% dioxane to form bicycloheptanol 5.11 and 5.12.
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Scheme 41: Ionization of 5.13 and 5.14 with superacid to generate 5.15 through
unobserved cyclobutyl cation VII.

For example, solvolysis of the bicycloheptyl phenyl dinitrobenzoates 5.8−5.10 in
80% dioxane formed similar mixtures of 1-phenylbicyclo [4.1.0]heptan-2-ol (5.11) and 6167

phenylbicyclo[3.2.0]heptan-6-ol (5.12) favoring the latter, which suggests that these
transformations occur via a common set of rapidly interconverting bicycloheptyl cation
intermediates (Scheme 39).286 Also worth noting is that solvolysis of the corresponding
bicycloheptyl methyl dinitrobenzoates formed negligible quantities of the 6methylbicyclo[3.2.0]heptan-6-ol, indicating that the phenyl substituent stabilizes the
bicyclo[3.2.0]heptyl cation relative to the bicyclo[4.1.0]heptyl cation. Facile, degenerate
alkyl migration of a bicyclo[4.1.0]heptyl cation analogous to that proposed for the
interconversion of IV-4,4-d2 and IV-2,2-d2 has also been demonstrated.287 In particular,
ionization of either 6-methylbicyclo[3.2.0]heptan-6-ol (5.13) or 1methylbicyclo[4.1.0]heptan-2-ol (5.14) under superacidic conditions generated the same
1-methylbicyclo[4.1.0]heptyl cation 5.15 that underwent degenerate alkyl migration with
an energy barrier of <6 kcal/mol, presumably via the unobserved puckered cyclobutyl
cation (VII) (Scheme 40).290, 291 In comparison, ionization of 6-phenylbicyclo[3.2.0]heptan6-ol (5.16) under superacid conditions at −140 °C led to exclusive formation of the 6phenylbicyclo[3.2.0]heptyl cation 5.17 (eq 8). Although interconversion of the C6 and C7
carbon atoms of 5.17 was apparently slow on the NMR time scale under these
conditions,287 there is greater internal electron demand on the carbocationic center in the
nonnucleophilic superacidic media as compared to the more polar media employed in
solvolytic reactions.
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5.3 Revisiting purported silver’s effect in gold(I) catalysis
Inspired by outwardly silver(I), but actually Brønsted acid effect in gold(I)catalyst system, we extended our study to the re-examination of the purported silverdependent reactions, which are reported by Shi,292 with dual purpose: (1) to examine
whether silver is necessarily involved in the reaction (2) to examine whether acidcatalyzed reactions have falsely analyzed to be silver dependent, as in our case.
Conventionally, gold(I) cationic catalyst were generated by following a simple
halide abstraction and filtration methods (Scheme 41). Halide abstraction with silver
salts has been routinely used to convert gold halide precursors (commonly gold chloride
species) into active cationic gold species (Scheme 41, A). The precipitation of AgCl has
generally been considered complete and inert to the reaction, and ideally, both methods
are expected to result in the same outcome, since gold acetonitrile complex (B)
eventually would function the same way as [L-Au]+X- (A) after dissociative ligand
exchange with substrate; however, a growing body of recent work suggests an influence
of the presence of silver in reactions, either in an assisting or adverse way.292-297 As a
consequence, the development of silver-free, air- and bench-stable cationic gold(I)
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complexes, such gold acetonitrile complexes [L–Au (NCMe)]+X- (Scheme 41, B) has
gained considerable attention.298, 299

(A)

(L)AuCl + Ag+X–

(B)

(L)AuCl + Ag+X–

(L)Au+X– + AgCl
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MeCN

AgCl

X-

= SbF6

-,

OTf-,

[(L)Au(NCMe)]+X–
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-,

NTf2 etc.
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repeated
until no silver
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silica gel filtration
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[(L)Au(Substrate)]+X–

Substrate

"silver free" [(L)Au(NCMe)]+X–

Scheme 42: Cationic gold(I) catalyst generation through halide abstraction
with silver(I) salt.
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Table 8. purported silver-dependent gold(I)/silver(I) dual catalysis
entry

[M] (%)

yield (%)

time

OAc

AcO
CH2Cl2, 25 °C Ph

Ph
1
2
3

0.3
0.3
1

(L1)Au(NCMe)SbF6 (5)
(L1)Au(NCMe)OTf (5)
(L1)AuCl/AgSbF6 (5)
O

45
40
34
O

O

O

RO
CH2Cl2, 25 °C

4
5
6
7

R = Me
(L1)Au(NCMe)SbF6 (3)
(L1)AuCl/AgSbF6 (3)
R = Et
(L2)Au(NCMe)SbF6 (3)
(L2)AuCl/AgSbF6 (3)
OAc

8
9
10
11

3
3

68
68

6
6

65
35

Ph

Ph

MeNO2, 25 °C

(L1)Au(NCMe)SbF6 (5)
(L1)AuCl/AgSbF6 (5)
(L2)Au(NCMe)SbF6 (5)
(L2)Au(/AgSbF6 (5)

OR

Ph

Ph
OAc
49
49
60
59

2
2
2
2

Ph
Ph
CH2Cl2, 25 °C

Ph

Ph

12

(L1)Au(NCMe)SbF6 (2)

L1 = P(tBu)2(o-biphenyl), L2 = Ph3P
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0.5

93

Table 9. purported silver-assisted gold(I)/silver(I) dual catalysis
entry

[M] (%)

yield (%)

time

O

HO
Bu
MeOH:H2O=10:1
60 °C

Ph
1
2
3
4
5
6

(L3)Au(NCPh)SbF6 (2)
(L3)AuCl/AgSbF6 (2)
(L3)Au(OH)/HBF4·H2O (2)
(L3)Au(OH)/AgBF4
/HBF4·H2O (2)
(L3)Au(OH)
(L3)Au(OH)/AgSbF6

Bu

Ph

2.5
2.5
3.5
3.5

87
65
92
95

25
6

3
47

O
O
PhMe, 60 °C

7
8
9
10

(L2)Au(NCMe)SbF6 (4)
(L2)AuCl/AgSbF6 (4)
(L3)Au(NCMe)SbF6 (4)
(L3)AuCl/AgSbF6 (4)

OH

+

24
24
26
26

84
74
-

54
49

L1 = P(tBu)2(o-biphenyl), L2 = Ph3P, L3 = IPr

In Shi’s publication, the authors tested 7 different types of reported gold(I)catalyzed reactions, and categorized them into two classes: 1) silver dependent reaction,
which does not yield any product in absence of silver (Table 8) silver assistant reaction,
where additional silver plays a meaningful role in improving the conversion (Table 9).
For their studies, they generated silver free gold cationic species [Ph3PAu]+SbF6– by
halide abstraction with silver salt (AgSbF6) followed by filtration over celite. However,
we questioned whether this was effective for removing Ag completely since we have
observed that silver is not completely removed by celite filtration, as noticeable amounts
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of silver compounds precipitate from the filtered solution under sunlight, as also
reported by Jones.296 More importantly, in contrast to preferable two-coordinate 14electron gold(I) complexes, absence of one coordinating ligand would make a gold
cationic complex in this form highly unstable. Furthermore, triarylphosphine gold
cations are less stable in comparison to dialkyl(biaryl)phosphine gold complexes.
Therefore, in the case of Shi’s study with low catalyst loading (1 mol %) especially in
small-scale reaction, we speculate that the catalyst may not be added to the reaction, but
rather decomposed during celite filtration. Here in this study, in order to ensure the
addition of catalyst into the reaction, isolable and bench-stable gold acetonitrile
complexes were prepared (Scheme 42).
The results obtained with gold acetonitrile complex suggest ‘genuine gold
catalysis’ in all cases (Table 8, 9), displaying no significant difference in yield and
reaction time, or even showing better yield with gold(I) acetonitrile coordination
complex, and thereby arguing against the necessity of silver in the reactions. Although
the preliminary results with gold acetonitrile complexes (generated in the conventional
method with silver salt, Scheme 41, B) were promising, there is currently no practical
method available to quantify the amount of silver in the catalyst for each reaction.
Quantitative analysis of silver contents in “silver-free” gold(I) catalyst will corroborate
our argument, however, low detection limit analytical methods such as ICP-MS and AA
could not be utilized for our complex due to insolubility in aqueous medium.
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Alternatively, protodemetallation of alkyl gold complex can be used to avoid any use of
silver in the generation of gold catalyst, or other halophiles, such as a silylium ion,300
gallium, or thalium salts301 can also be applied to generate the active gold(I) cationic
catalyst. Since the impact of the perturbation triggered by residual silver or acid in the
reaction medium can vary significantly depending on each type of transformation, indepth kinetics of selected reaction can be performed to exclude the involvement of silver
in the mechanism at least at a rate-determining step, if the kinetics of a reaction are
consistent in both bimetallic and silver-free conditions.

5.4 Summary
We have documented a previously unobserved skeletal rearrangement in the
gold/silver-catalyzed cycloisomerization of 7-phenyl-1,6-enynes that leads to scrambling
of the C6 and C7 carbon atoms of the bicyclo[3.2.0]hept-6-ene product. Analysis of the
effect of silver salt and/or exogenous acid on the extent of C6/C7 scrambling was in
accord with a Brønsted acid-catalyzed pathway for skeletal rearrangement involving
protonation of the free bicyclo[3.2.0]hept-1(7)-ene 5.5 to generate the bicyclo[3.2.0]heptyl
cation IV, which undergoes successive, reversible alkyl migration to form the
bicyclo[4.1.0]-heptyl cation (V) and the bicyclo[3.1.1]heptyl cation (VI) prior to
elimination of the C7 proton (Scheme 38). These results also provide additional insights
regarding the potential involvement of Brønsted acids in gold-catalyzed enyne
cycloaddition. Our results show that minor perturbations in reaction conditions and
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silver salt have a marked effect on the nature of the Brønsted acid generated under
reaction conditions, which, in turn, affects the outcomes of these gold(I)-catalyzed
cycloadditions. The sensitivity of the nature of a Brønsted acid generated in situ in the
gold-catalyzed cycloisomerization of 5.2 to both the silver salt and reaction conditions
raises the possibility that some of the effects on reaction outcomes in gold(I)-catalyzed
reactions attributed to silver salts292, 293 might instead be due to subtle variation in the
nature of the Brønsted acid generated under these conditions. Our results also
demonstrate that the Brønsted acid generated from mixtures of LAuCl and silver salts is
not effectively reproduced through the combination of silver-free gold complexes and
exogenous Brønsted acid. This observation is particularly relevant to the design and
interpretation of control experiments designed to evaluate the participation of a
Brønsted acid in gold-catalyzed transformations.
Secondly, inspired by the abovementioned outwardly silver(I), but actually
Brønsted acid effect in gold(I)-catalyst system, purported silver-dependent and silverassistant gold(I)-catalyzed reactions were re-examined. First, we questioned the silverremoval method used in reported examples, as well as the stability of gold(I) cationic
complex. Isolable and bench-stable “silver-free” gold acetonitrile complexes were
prepared and used. In turn, no positive effect of silver(I) was observed in all cases, thus
suggesting nor the acid or silver-effect but insensitivity of reaction toward silver.
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5.5 experimental
5.5.1 General methods
Reactions were performed under a nitrogen atmosphere in flame dried
glassware. NMR spectra were obtained on a Varian spectrometer operating at 400 and
500 MHz for 1H, 125 MHz for 13C, and 202 MHz for 31P at 25 °C unless noted otherwise.
13

C NMR spectra were referenced relative to CD2Cl2 ($ 53.5) or CDCl3 ($ 77.2), 1H NMR

spectra were referenced relative to CDCl3 ($ 7.26) or residual CD2Cl2 ($ 5.32). Flash
column chromatography was performed employing 200-400 mesh silica gel 60 (EM).
Thin layer chromatography (TLC) was performed on silica gel 60 F254. CD2Cl2 was dried
over CaH2 and degassed prior to use. Ether, methylene chloride, and THF were purified
by passage through columns of activated alumina under argon. LAuCl, TfOH, AgSbF6,
anhydrous acetonitrile, and reagents for enyne synthesis and other materials were
obtained through major chemical suppliers and were used as received. Room
temperature is 25 °C. 3,3-Dimethyl-7-phenyl-4,4-bis(methoxycarbonyl)-1,6-enyne
(5.6),302, 303 and 1,1-dideuterio-3-phenylprop-2-yn-1-ol (5.18-d2),84 and 5.2-5,6,7-13C3 were
synthesized employing published procedures.262 Errors in product ratios and rate
constants correspond to the standard deviation. Proton and carbon assignments for
compounds 5.1, 5.3, 5.4, and 5.5 have been previously reported;262, 263 atom numbering
schemes for compounds 5.1, 5.3, 5.4, and 5.5 are depicted in Figure 57. Compounds in
section 5.3 are known.292
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Figure 57. Numbering schemes for 5.1, 5.3, 5.4, and 5.5.

5.5.2 Gold complexes
[LAu(NCMe)]+ SbF6–. [LAu(NCMe)]+ SbF6– was prepared by a procedure
similar to that described by Echavarren.304 Anhydrous acetonitrile (8 mL) was added to a
mixture of LAuCl (260 mg, 0.47 mmol) and AgSbF6 (190 mg, 0.56 mmol). The reaction
vessel was covered with foil, stirred at room temperature for 30 min, and concentrated
under vacuum. The residue was dissolved in CH2Cl2 (2 mL) and filtered through a short
plug (~1 cm) of Celite in a Pasteur pipette, which was eluted with CH2Cl2. The filtrate
was exposed to natural light for 24 h, which formed a dark gray suspension that was
concentrated under vacuum and dissolved in CH2Cl2, filtered through a plug of silica
and eluted with CH2Cl2 as described above. The process was repeated five times until no
further precipitation was apparent after exposure to sunlight to give [LAu(NCMe)]+
SbF6– as colorless crystals. The spectroscopy of [LAu(NCMe)]+ SbF6– matched the
published data.304
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5.5.3 Deuterated Enynes
5,5-Dideuterio-7-Phenyl-4,4-bis(methoxycarbonyl)-1,6-enyne (5.2-5,5-d2).
A solution of 5.18-d2 (0. 78 g, 5.8 mmol) in diethyl ether (10 mL) was treated with PBr3
(0.22 mL, 2.3 mmol) and pyridine (0.23 mL, 2.8 mmol) at 0 °C. The solution was warmed
to room temperature, stirred for 6 h, and quenched with saturated aqueous NaHCO3.
The aqueous phase was extracted with diethyl ether and the combined organic extracts
were dried (MgSO4), filtered, and concentrated under vacuum. The resulting orange oily
residue was chromatographed (hexanes–EtOAc = 20:1) to give 3-bromo-3,3-dideuterio-1phenyl-1-propyne (5.19-d2; 0.65 g, 56%) as a colorless oil. Dimethyl allylmalonate (560
mg, 3.3 mmol) was added dropwise to a suspension of NaH (60 wt. % in mineral oil, 0.14
g, 3.6 mmol) in THF (15 mL) at 0 °C and the resulting solution was warmed to room
temperature and stirred for 30 min. 5.19-d2 (0.65 g, 3.3 mmol) was added dropwise to
the resulting solution at 0 °C. The resulting solution was warmed to room temperature,
stirred overnight, and quenched with aqueous ammonium chloride (15 mL). The layers
were separated, the aqueous phase was extracted with Et2O (3 × 20 mL), and the
combined organic extracts were washed with brine, dried (MgSO4), filtered, and
concentrated under vacuum. The oily residue was chromatographed (hexanes–EtOAc =
9:1) to give 5.2-5,5-d2 as a pale yellow oil (0.92 g, 97%). 1H NMR (400 MHz; CDCl3): $
7.39–7.30 (m, 2H), 7.29–7.20 (m, 3H), 5.66 (ddt, J = 17.2, 10.1, 7.5 Hz, 1H), 5.18 (ddt, J =
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17.2, 2.0, 1.1 Hz, 1H), 5.12 (ddt, J = 10.1, 2.0, 1.1 Hz, 1H), 3.73 (s, 6H), 2.84 (dt, J = 7.5, 1.1
Hz, 2H).
1,1,5,5-Tetradeuterio-7-phenyl-4,4-dimethoxycarbonyl-1,6-enyne (5.21,1,5,5-d4). 3,3-Dideuterio-4,4-bis(methoxycarbonyl)-1-phenyl-1,6-heptadiyne (5.20-3,3d2) was synthesized from reaction of dimethyl propargylmalonate with 5.19-d2
employing a procedure analogous to that used to synthesize 5.2-5,5-d2 (Scheme 43). 5.20d2 was converted into 5.2-1,1,5,5-d4 employing a procedure analogous to that used to
synthesize 1,1-dideuterio-4,4-bis(methoxycarbonyl)-7-phenyl-hepta-1-ene-6-yn.263 A
solution of 5.19-d2 (0.45 g, 1.5 mmol) in methanol-O-d (2 mL) was added into a solution
of NaOMe (24 mg, 0.44 mmol) in methanol-O-d (2 mL) at room temperature and stirred
for 50 min and the resulting mixture was concentrated under reduced pressure, and
diluted with fresh methanol-O-d (4 mL). This procedure was repeated three times and
the resulting suspension was treated with D2O (4 mL) and extracted with CH2Cl2 (2 × 5
mL). The combined organic extracts were dried (MgSO4) and concentrated to give 1,5,5trideuterio-7-phenyl-4,4-bis(methoxycarbonyl)-1,6-heptadiyne (5.19-1,5,5-d3) as pale
yellow oil, which was used in the subsequent step without further purification (Scheme
43). Cp2ZrHCl (0.41 g, 1.6 mmol) was added in one portion to a solution of 5.19-1,5,5-d3
in CH2Cl2 (8 mL) at 0 °C. The resultant suspension was stirred for 2.5 h over which time
all solids dissolved, and quenched by the addition of D2O (4 mL). The resulting biphasic
mixture was stirred vigorously at 0 °C for 10 min, warmed to room temperature, and
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stirred for 10 min. The reaction mixture was filtered through a pad of silica gel, eluted
further with CH2Cl2, and the filtrate was concentrated and chromatographed (SiO2;
hexanes–EtOAc = 9:1) to give 5.2-1,1,5,5-d4 (0.28 g, 66%) as a colorless oil. 1H NMR
analysis of 5.2-1,1,5,5-d4 established >95% deuterium incorporation at C5 position, and
~81% deuterium incorporation at C1 position, consistent with ~5% residual proton at the
cis-C1 position and ~15% residual proton at the trans-C1 position (Scheme 43).
For 2-1,1,5,5-d4: 1H NMR (500 MHz, CDCl3): $ 7.40–7.35 (m, 2 H), 7.30–
7.25 (m, 3 H), 5.66 (br t, J = 6.7 Hz, 1H), 5.18 (d, J = 16.9, ~0.04 H), 5.12 (dd, J = 10.2, 1.0 Hz,
~0.18H), 3.76 (s, 6H), 2.86 (d, J = 7.5 Hz, 2H). 13C NMR (125 MHz, CDCl3): $ 170.36,
131.70, 128.28, 128.08, 123.23, 119.52 (m), 84.20, 83.73, 57.22, 52.81, 36.76, 23.26 (m).
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Scheme 43. Synthesis of 5.2-1,1,5,5-d4.
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5.5.4 Bicyclo[3.2.0]hept-6-enes
4,4-Dideuterio-6-phenylbicyclo-[3.2.0]-hept-6-ene (5.3-4,4-d2).

1

H NMR

(400 MHz; CD2Cl2): d 7.34–7.29 (m, 5H, aromatic), 6.08 (s, 1H, H7), 3.69 (s, 3H, CO2CH3),
3.62 (d, J = 3.5 Hz, 1H, H5), 3.33 (dd, J = 7.5, 3.5 Hz, 1H, H1), 3.21 (s, 3H, CO2CH3), 2.68 (d, J
= 13.3 Hz, 1H, H2a), 1.97 (dd, J = 13.3, 7.5 Hz, 1H, H2b).
2,2-Dideuterio-6-phenylbicyclo-[3.2.0]-hept-6-ene (5.3-2,2-d2). Isotopomers 3-4,4d2 and 3-2,2-d2 were not separable by chromatography and 5.3-2,2-d2 was characterized by
spectroscopy from a pure ~1:1 mixture of 5.3-4,4-d2 and 5.3-2,2-d2. 1H NMR (500 MHz;
CD2Cl2): d 7.32–7.28 (m, 5H, aromatic), 6.08 (s, 1H, H7), 3.69 (s, 3H, CO2CH3), 3.63 (dd, J =
7.5, 3.5 Hz, 1H, H5), 3.33 (dd, J = 7.5, 3.5 Hz, 1H, H1), 3.21 (s, 3H, CO2CH3), 2.80 (d, J = 13.5
Hz, 1 H, H4a), 2.02 (dd, J = 13.5, 7.5 Hz, 1 H, H4b).
2,2-Dimethyl-6-phenylbicyclo-[3.2.0]-hept-6-ene (5.7a). Colorless oil, 52%.
1

H NMR (500 MHz, CD2Cl2): d 7.36 – 7.21 (m, 5H), 6.27 (s, 1H), 3.67 (s, 3H), 3.49 (dd, J =

7.4, 3.5 Hz, 1H), 3.09 (s, 3H), 2.87 (d, J = 3.5 Hz, 1H), 2.60–2.44 (m, 2H), 1.51 (s, 3H), 0.90 (s,
3H). MS(ESI) calcd (found) for C15H23O4 (MH+): 315.15 (315.1).
2,2-Dimethyl-6-phenylbicyclo-[3.2.0]-hept-6-ene (5.7b). Compound 7b was
characterized by spectroscopy of a purified ~1:1 mixture of 5.7a and 5.7b. 1H NMR (500
MHz; CDCl3; characteristic peaks only): d 7.37 –7.25 (m, 5H), 6.28 (s, 1H), 3.66 (s, 3H), 2.96
(s, 3H), 1.53 (s, 3H), 0.85 (s, 3H).

5.5.5 Isomerization of free and bound bicyclo-[3.2.0]-hept-1(7)-ene
isotopomers
Isomerization of 5.1-5,6,7-13C3. Gold bicyclo-[3.2.0]-hept-1(7)-ene complex
5.1-1,2,7-13C3 was synthesized employing a published procedure.S3 A suspension of
LAuCl (24.2 mg, 4.6 ´ 10–2 mmol) and AgSbF6 (16.5 mg, 4.8 ´ 10–2 mmol) in CD2Cl2 (0.30
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mL) was thoroughly mixed in an NMR tube at –78 °C for 10 min. The resulting suspension
was treated with a solution of 5.2-5,6,7-13C3 (13.2 mg, 4.6 ´ 10–2 mmol) in CD2Cl2 (0.30 mL),
mixed thoroughly, and then maintained at –20 °C for 8 h. 1H, 31P, and 13C NMR analysis
of the resulting solution at –21 °C revealed formation of isotopically pure 5.1-1,2,7-13C3.
The solution of 5.1-1,2,7-13C3 was then warmed at 25 °C for 2 h.

1

H, 31P, and 13C NMR

analysis of the resulting solution at –40 °C revealed formation of a ~1:1 mixture of 5.44,5,6-13C3 and 5.4-1,2,6-13C3 along with decomposition products (Figure 58). A pure sample
of the 5.4-4,5,6-13C3/5.4-1,2,6-13C3 mixture was generated by treating the crude reaction
mixture with pyridine and filtering through a short plug of silica to remove gold and
dimeric/oligomeric byproducts and then reconstituting 5.4-4,5,6-13C3/5.4-1,2,6-13C3 by
treatment with a 1:1 mixture of LAuCl and AgSbF6 (Figure 58).
For 5.1-1,2,7-13C3:S3

13

C{1H} NMR (–21 °C, 126 MHz, labeled carbons only):

d 141.2 (dd, JCP = 8.9, JCC = 33.5 Hz, C7), 126.9 (ddd, JCP = 13.8, JCC = 33.4, 39.4 Hz, C1), 37.7
(d, JCC = 39.4 Hz, C2).
For 5.4-4,5,6-13C3:

13

C{1H} NMR (–40 °C, 126 MHz, labeled carbons only): d

154.9 (d, JCC = 31 Hz, C6), 50.4 (t, JCC = 32 Hz, C5), 33.1 (d, JCC = 33 Hz, C4).
For 5.4-1,2,6-13C3:

13

C{1H} NMR (–40 °C, 126 MHz, labeled carbons only): d

154.9 (s, C6), 48.2 (d, JCC = 33 Hz, C1), 34.3 (d, JCC = 33 Hz, C2).
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Figure 58. 13C{1H} NMR spectra of a 1:1 mixture of 5.4-4,5,6-13C3 and 5.4-1,2,6-13C3
in CD2Cl2 at –40 °C (top spectrum) and unlabeled 5.4 (bottom spectrum).

Figure 59. Partial 13C{1H} NMR spectra of a 1:1 mixture of 5.4-4,5,6-13C3 and 5.41,2,6- C3 in CD2Cl2 at –40 °C (top spectrum) and unlabeled 5.4 (bottom spectrum).
13
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Isomerization of 5.1-2,2-d2. An NMR tube containing a suspension of LAuCl (15.8
mg, 29.8 ´ 10–2 mmol) and AgSbF6 (10.6 mg, 3.1 ´ 10–3 mmol) in CD2Cl2 (0.3 mL) was mixed
thoroughly at ‒78 °C for 10 min on Voltex agitator. The resulting suspension was treated
with a solution of 5.2-5,5-d2 (8.6 mg, 3.0 ´ 10–3 mmol) in CD2Cl2 (0.30 mL), mixed
thoroughly at –78 °C, and then maintained at –20 °C for 8 h. 1H NMR analysis at –20 °C
revealed exclusive formation of 5.2-2,2-d2 with >95% deuterium incorporation at C2 as
indicated by the absence of detectable signals at $ 3.24 (d, J = 14.9 Hz, 1H) and 3.12 (d, J =
14.9 Hz, 1H).262 The tube was cooled at –80 °C and treated with TfOH (5.0 &L, 5.7 ´ 10–2
mmol, 1.3 equiv.) and warmed to room temperature.

1

H NMR analysis of the crude

reaction mixture was complicated by excessive broadening, presumably due to the
presence of LAuOTf and the crude reaction mixture was therefore filtered through a thin
layer of silica gel. 1H NMR analysis of the resulting solution revealed a ~1:1 mixture of
5.3-4,4-d2 and 3-2,2-d2.
For 5.1-2,2-d2: 1H NMR (500 MHz, –20 C, CD2Cl2): $ 7.88–7.83 (m,1H), 7.67–
7.56 (m, 3H), 7.52 (t, J = 7.2 Hz, 1 H), 7.49 – 7.41 (m, 3 H), 7.20 (d, J = 7.6 Hz, 1 H), 7.17 –
7.13 (m, 3 H), 6.96 (d, J = 7.5 Hz, 1 H), 6.92 (t, J = 7.5 Hz, 1 H), 3.73 (s, 3 H, OCH3), 3.27 (s, 3
H, OCH3), 3.07 (dt, J = 15.0, 4.3 Hz, 1 H, H6a), 2.83 (dt, J = 9.6, 5.1 Hz, 1 H, H5), 2.77 (dd, J =
14.9, 3.5 Hz, 1 H, H6b), 2.50 (dd, J = 14.1, 8.9 Hz, 1 H, H4a), 2.23 (dd, J = 14.1, 5.7 Hz, 1H, H4b),
1.35 (d, J = 16.2 Hz, 9H), 1.24 (d, J = 16.2 Hz, 9H).
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P{1H} NMR (‒20 °C): $ 63.8.

Formation and isomerization of 5.5-2,2-d2. An NMR tube containing a
solution of 1-2,2-d2 (30 mM) was treated with pyridine (3 &L, 37.2 &mol, 1.2 equiv.) at ‒78
°C and the contents were thoroughly mixed at –78 °C and then warmed to –20 °C. 31P
NMR analysis of the resulting solution revealed formation [LAu(pyridine)]+ SbF6– as the
exclusive phosphine-containing species ($ 53.9) and 1H NMR analysis revealed formation
of 5.5-2,2-d2 with >95% deuterium incorporation at C2 as indicated by the absence of
detectable signals for the C2 hydrogen atoms of 5.5 at $ 3.19 (tdd, J = 2.9, 5.4, 16.5 Hz, 1H)
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and 2.99 (br d, J = 16.5 Hz, 1H).262 The solution was cooled to –78 °C and treated with
trifluoromethanesulfonic acid (3.9 &L, 44.1 &mol, 1.5 equiv.), warmed to room
temperature, and filtered through thin pad of silica gel which was eluted with hexanes–
EtOAc (9:1). 1H NMR analysis revealed formation of a 2.8:1 mixture of 5.3-2,2-d2 and 5.34,4-d2.
For 5.5-2,2-d2: 1H NMR (500 MHz; –20 °C; CD2Cl2; ligand peaks excluded):
$ 7.38–7.18 (m, 5H), 3.74 (s, 3H), 3.66 (s, 3H), 2.86 (dd, J = 12.6, 3.9 Hz, 1H), 2.82–2.73 (m,
1H), 2.50 (dd, J = 12.7, 6.7 Hz, 1H), 2.32 (br d, J = 12.6 Hz, 1H), 1.67 (dd, J = 12.9, 10.0 Hz,
1H).

5.5.6 Deuterium KIE determination
To achieve accurate concentrations on small scale, a stock solution of 5.25,5-d2 was prepared by dissolving 5.2-5,5-d2 (51.3 mg, 0.178 mmol) in CH2Cl2 (1.5 mL) and
a stock solution of a 1:2 mixture of [LAu(NCMe)]+ SbF6– and MsOH was prepared by
dissolving [LAu(NCMe)]+ SbF6– (28 mg, 3.6 ´ 10–2 mmol) and MsOH (4.6 &L, 6.8 ´ 10–3 mg,
7.1 ´ 10–2 mmol) in CH2Cl2 (3 mL). An aliquot (0.40 mL) of the stock solution of 5.2-5,5-d2
(13.7 mg, 4.7 ´ 10–2 mmol) was added to an aliquot (0.40 mL) of the solution of
[LAu(NCMe)]+ SbF6– (3.7 mg, 4.8 ´ 10–3 mmol) and MsOH (9.0 ´ 10–4 mg, 9.4 ´ 10–3 mmol),
and the resulting solution was stirred at room temperature for 3.5 h and quenched with
0.1 M Et3N in hexanes. Solvent was evaporated under vacuum and the oily residue were
filtered though a thin plug of silica gel and eluted with 1:1 EtOAc–hexanes. The filtrate
was concentrated and the 5.3-4,4-d2:5.3-2,2-d2 ratio was determined by 1H NMR
spectroscopy as described above. Three identical experiments generated from the same
stock solutions produced an average 5.3-4,4-d2:5.3-2,2-d2 ratio of 2.7 ± 0.3. The ratio of
isotopomers 5.3-4,4,7-d3:5.3-2,2,7-d3 generated from the cycloisomerization of 5.2-1,1,5,5-d4
catalyzed by a 1:2 mixture of [LAu(NCMe)]+ SbF6– and MsOH was determined to be 1.47
± 0.03 employing a similar procedure.
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6. Conclusion
Cationic, two-coordinate gold(I) carbene complexes has been invoked as key
reaction intermediate in a wide range of gold(I)-catalyzed reactions, supported by a
wealth of indirect experimental evidence including trapping experiments, extensive
computational analysis. However, our understanding of the fundamental nature of gold
carbene complexes, such as the electronic structure of the Au–C bond and their
reactivity, has been limited. These deficiencies can be traced in large part to the lack of
suitable model complexes for spectroscopic analysis and reactivity studies. For example,
many of early reported gold(I) carbene complexes were overly stabilized by direct
electron-donating heteroatom substitutions, thus not mimicking the true nature of
reactive gold carbene intermediates appearing in reaction cycles.
In this context, a series of gold(I) diarylallenylidene complexes provided a
handle for the evaluation of the electronic influence of substitutions on p-back donation
ability of gold toward carbene system, as a synthetically easily accessible model system.
Comprehensive spectroscopic analysis suggested significant resonance contribution
from cationic gold acetylide complex where charge is largely built up at C3 position,
thus leading to a conclusion that marginal p-back donation is available from gold
regardless of p-conjugated substituents, while the degree of p-back donation can still be
modulated to a certain extent depending on the electronic features of the substituents.
This also provided a rare example without p-conjugated heteroatoms, and an only
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example of gold carbene system possessing b,g-unsaturation, as well as allow us to study
the reactivity of gold(I) allenylidene complexes toward various nucleophiles.
Similarly, highly reactive cationic gold vinyl carbene/allylic cation complexes are
generated in solution via g-ionization of gold vinyl complexes and spectroscopic analysis
established the significant involvement of the p-conjugated electron donating
substituents in resonance structure, showing predominant contribution of the aurated
allylic cation canonical form. From the ionization of gold vinyl precursor with different
substituents demonstrated distinct pathways for decomposition of gold vinyl carbene
complexes depending on substituents and subsequent stability alternation.
Reaction of a cationic gold vinyl carbene/allylic cation complex with sulfoxides
forms gold allyloxysulfonium complexes that undergo thermal elimination to form
aldehyde, providing a non-precedence opportunity for studying the mechanism of
gold(I) carbene involved oxidative transformation in a certain reaction system. Kinetic
and mechanistic analysis of this thermal elimination process suggested non-dissociated
elimination via a syn-periplanar transition state.
Further extension of g-ionization method to the formation of cyclopropanes from
the ionization of (g-methoxyalkyl)gold(I) complexes provided insight into the
mechanism of the ring closure step of gold to alkene carbene transfer
(cyclopropanation). Ionization of b,g-stereoenriched precursor and 1,3-equatorially

187

substituted cyclohexyl gold(I) precursor revealed inversion of stereochemistry at a and g
position respectively, providing viability of concerted backside attack mechanism.
Direct observation of reaction intermediates invoking in gold(I)-catalyzed 7-aryl1,6-enyne cycloisomerization allowed us to study the mechanism of unexpected skeletal
rearrangement at C6/7 position, providing insights regarding the potential involvement
of Brønsted acids in gold-catalyzed enyne cycloaddition.
Taken together, this work focused on direct observation of transient cationic,
two-coordinate gold(I) carbene intermediates and its analogues, enabling a step forward
in understanding their true nature and reactivity, where indirect experimental trapping
methods and computational studies have majorly been governing.
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