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Abstract 

The ability of gold(I) complexes to function as catalysts for myriad organic 

transformations has led to a dramatic increase in their utilization.  Among the 

homogeneous reactions catalyzed by gold(I), carbon–carbon and carbon–heteroatom 

bond forming processes are of particular interest for the fields of organic synthesis and 

pharmaceutical development.  Discussed herein are gold(I)-catalyzed methods for the 

intra- and intermolecular functionalization of alkenes, alkynes, and allenes with nitrogen- 

and oxygen-based nucleophiles leading to new C‒X bonds (X = N, O). 

Approximately 26 cationic gold π-alkene complexes, containing either IPr [IPr = 

1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene] or P(t-Bu)2o-biphenyl ancillary 

ligands, were isolated or generated and six complexes were analyzed by X-ray 

crystallography. Spectroscopy, X-ray crystallography, and alkene binding studies are in 

accord with a gold−(π-alkene) interaction dominated by σ-donation from the alkene to 

gold.  Kinetic analyses of degenerate isobutylene exchange in both the IPr and phosphine 

systems are consistent with associative pathways for isobutylene exchange involving 

cationic bis(alkene) intermediates. 

 Reaction of a 1:1 mixture of (L)AuCl [L = P(t-Bu)2o-biphenyl or IPr] and AgSbF6 

with internal alkynes led to isolation of the corresponding cationic, two-coordinate gold 

-alkyne complexes in ≥90% yield.  Equilibrium binding studies show that the binding 

affinities of alkynes to gold(I) are strongly affected by the electron density of the alkyne 

and to a lesser extent on the steric bulk of the alkyne.  Treatment of a suspension of 
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(IPr)AuCl and AgSbF6 with terminal arylacetylenes led to the formation of thermally 

unstable gold π-alkyne complexes of the form [(IPr)Au(
2
-HC≡CAr)]

+ 
SbF6

–
 in ≥86 ± 

5% yield, which were characterized by spectroscopy without isolation. Warming these 

complexes to 0 °C led to C(sp)–H bond cleavage and formation of dinuclear gold(I) σ,π-

acetylide complexes of the form {[(IPr)Au]2(
1
,

2
-C≡CAr)}

+
 SbF6

–
, three of which were 

isolated in 99% yield and one of which was characterized by X-ray crystallography. 

 A family of 7 cationic gold(I) -allene complexes were isolated and fully 

characterized in solution, and in three cases by X-ray crystallography.  Degenerate 

intermolecular allene exchange kinetic studies for three of the allene complexes are in 

accord with a two-term rate law of the form rate = k1[complex] + k2[complex][allene] 

with energy barriers of G
‡

1 = 17.4 – 18.8 kcal mol
-1

 and G
‡

2 = 15.2 – 17.6 kcal mol
-1

.  

Variable temperature NMR analysis of these complexes established facile intramolecular 

-face exchange through 
1
-allene intermediates or transition states with barriers of G

‡
 

= 8.9 – 10.9 kcal mol
-1

 for phosphine and 9.5 – 12.2 kcal mol
-1

 for IPr complexes. 

 Mechanistic investigation of gold(I)-catalyzed intramolecular allene 

hydroalkoxylation established a mechanism involving rapid and reversible C–O bond 

formation followed by turnover-limiting protodeauration from a mono(gold) vinyl 

complex.  This on-cycle pathway competes with catalyst aggregation and formation of an 

off-cycle bis(gold) vinyl complex. 
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1.1  Introduction 

1.1.1 Significance of Transition Metal Catalysis 

 

Homogeneous transition metal catalysis has become an increasingly valuable tool 

in the medicinal chemistry community for its applications in pharmaceutical development 

and drug discovery.
1
  In many cases, transition metal catalysts facilitate organic 

transformation that may otherwise be impossible and impart a high degree of selectivity 

into these reactions.  Of particular interest are improved methods for the synthesis of 

nitrogen and oxygen heterocycles, which are components of a diverse range of naturally 

occurring and biologically active molecules, including many commercial drugs (Figure 

1).
2-4

  Homogeneous transition metal catalysis represents a mild, atom economical, and 

operationally expedient route to nitrogen and oxygen heterocycles with the potential for 

enantioselective syntheses through application of chiral, non-racemic metal complexes as 

catalysts.  This, coupled with the limitations associated with traditional methods of C–X 

(X = N, O) bond formation,
5,6

 has stimulated considerable interest in the development of 

new and more efficient transition metal catalyzed methods for the synthesis of these 

important molecular subunits. 
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Figure 1.  Examples of commercial drugs and natural products that contain aliphatic 

nitrogen- and oxygen-heterocycles. 

1.1.2  Background on Cationic Gold(I) 

 

1.1.2.1  Significance  

 

At present there is considerable interest in the application of gold complexes as 

catalysts for organic transformations.  In particular, cationic gold(I) complexes are 

efficient catalysts for the functionalization of C–C multiple bonds with a variety of 

carbon and heteroatom nucleophiles.
7-18

  A diverse array of reactions employing 

nucleophilic additions to alkenes, alkynes, and allenes have been achieved due to gold’s  

superior ability to activate C–C multiple bonds relative to other late transition metal 

complexes.  Gold(I) is also exceeding mild, non-toxic, and lends itself to straightforward 

experimental setups, having exceptional air and moisture tolerance – characteristics that 

distinguishing it from many alkali and lanthanide metal complexes.  In combination with 
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these desirable attributes, gold’s broad functional group compatibility and rigorous redox 

stability has resulted in the development of unique organic transformations that rely on 

cationic gold(I) complexes for optimum catalytic activity.  For this introductory review, 

primary consideration will be given to reactions involving the intramolecular addition of 

an X–H bond (X = N, O) across the C–C multiple bond of an alkene, alkyne, or allene 

(hydrofunctionalization).  The survey will conclude with a description of this 

dissertation’s strategry for ultimately expanding the versatility of homogeneous gold(I) 

catalysis in generating synthetically-relevant molecular frameworks. 

1.1.2.2  Bonding Modes in Gold(I) -Complexes 

 The Chatt-Dewar-Duncanson model is typically invoked in describing the 

covalent bonding interaction between a transition-metal complex and hydrocarbyl ligand 

(alkene, alkyne, allene, etc.).
19-21

  This model assumes that a  bond is formed through 

overlap of the hydrocarbyl ligand  system with an empty metal orbital of suitable 

symmetry (Figure 2).  Alternatively, a  interaction results from back-donation of 

electron density from a filled metal d orbital into an antibonding * orbital of the 

hydrocarbyl ligand.  The -symmetric Au←L bonding interaction and -symmetric 

Au→L back-donation are the dominant bonding interactions for gold -complexes and 

result from overlap of the in-plane  orbitals with the gold d orbitals.  Au←L -donation 

can also occur through the orthogonal, out-of-plane  orbitals, although this minor 

interaction is strongest for alkyne complexes in which the ligand serves as a four-electron 

donor.  Overlap of an occupied d orbital on gold with the empty * orbital of the alkyne 
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ligand can result in Au→L back-donation having  symmetry, therefore representing only 

a weak interaction.   

 

Figure 2.  Qualitative orbital diagram adapted from Fürstner and Davies.
21 

 

The relative contributions of electrostatic vs. covalent (orbital) components to the 

overall bonding interaction, as well as M←L  donation and M→L  back-donation, 

with regard to the latter component, have been heavily debated in the literature.  A 

number of computational investigations have been conducted to parse the covalent and 

electrostatic contributions to the overall gold -bonding interaction.
22-25

  Early theoretical 

studies of coinage metal (Cu, Ag, Au) complexes of ethylene and acetylene suggested 

that the interaction is mainly electrostatic with only negligible covalent contributions.  

Indeed, computational analyses by Frenking and co-workers revealed that the character of 

ethylene/acetylene–gold(I) bonds is more electrostatic than covalent; however, the 

covalent portion potentially accounts for 41 – 44% of the overall attractive interactions.
24

  

In fact, energy decomposition analyses (EDA) estimate that the covalent contributions 

approach 43% for Au-ethylene and 42.2% for Au-acetylene.  Considering only the 
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covalent bonding term, it is generally accepted that gold’s marked -activation behavior 

relative to other transition metals is a result of enhanced Au←L  donation and only a 

small, or even negligible, Au→L  back-donation.  Tarantelli employed computational 

methods to refute this assumption, showing that both components could play comparable 

roles in bonding.
25

  Here, charge displacement studies on realistic neutral and cationic 

gold-ethylene/acetylene complexes bearing catalytically-relevant ancillary ligands, Cl (1) 

and an N-heterocyclic carbene (2), revealed a covalent bonding picture in which  back-

donation accounts for 25 – 50% of the orbital interaction (Figure 3).  Thorough 

experimental evidence will be required before global generalizations regarding the nature 

of gold(I) -activation can be established. 

 

Figure 3.  Charge displacement complexes [Cl-Au-ethylene] (1) and [NHC-Au-

ethylene]
+
 (2) from Tarantelli.

25 

 

1.1.2.3  Two-Coordinate Geometry 

 Gold(I) typically maintains a linear, two-coordinate geometry in both its neutral 

and cationic complexes, which imparts unique reactivity to numerous gold(I)-catalyzed 

transformations.  In fact, gold(I) is the least predisposed of the Group 11 elements to 

expand its coordination number beyond two.  As an example, the X-ray crystal structure 

of [AuCl(PPh3)] (3) is in accord with an essentially linear P–Au‒Cl bond angle of 179.6° 
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(Figure 4).
26

  Examination of the structure corresponding to its three-coordinate 

counterpart [AuCl(PPh3)2] (4) reveals a short Au‒P1 bond length of 2.23 Å and a 

relatively longer Au‒P2 bond length of 2.313 Å  (d = 0.083 Å), suggesting that the 

second AuPPh3 moiety is only weakly bound to gold.
27

  More strikingly, the computed 

structure of the parent complex [AuCl(PH3)2] (5) consists of a nearly linear P–Au–Cl 

entity that loosely associates with the second phosphine ligand,
28

 and it is known that 

introduction of electron rich phosphine ligands can lead to chloride expulsion from the 

first coordination sphere forming cationic, two-coodinate bis(phosphine) complexes. For 

the purposes of homogeneous gold(I) catalysis, complexes containing sterically-hindered 

o-biarylphosphine and N-hetereocyclic carbene ancillary ligands are known to exist only 

as linear, two-coordinate species in solution and the solid state. 

 

Figure 4.  Structurally- and computationally-analyzed two- and three-coordinate gold(I) 

phosphine complexes. 

 

1.1.2.4  Relativistic Effects in Gold Catalysis 

 Relativistic effects, chemical phenomena of heavy elements arising from the finite 

speed of light, are particularly strong with gold species in comparison to other coinage 

metal complexes.
29

  For gold, the relativistic contraction of the 6s orbital leads to 

expansion of the atomic d and f orbitals due to enhanced shielding by the contracted core.  

This contraction of the 6s and 6p orbitals results in greatly strengthened and contracted 
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Au–L bonds and is the primary underpinning of gold’s high electronegativity and strong 

Lewis acidity.
21,30

  These bond contractions are sensitive to the nature and 

electronegativity of the ligand such that softer phosphine ligands are “pulled in” creating 

more effective orbital overlap and stronger bonds than harder chloride ligands.  On the 

other hand, the altered intrinsic energies and diffuse character of the d orbitals 

qualitatively explain the chemically-soft and carbophilic character of gold(I).  In 

comparison to copper’s 3d electrons, theoretical studies regarding relativistic effects 

indicate that gold’s 5d electrons are held with greater energy, resulting in more 

electrophilic metal species that do not generally undergo oxidative addition.  These 

observations are consistent with gold’s pronounced redox stability and consequential 

oxygen tolerance.  Finally, aurophilicity, the tendency for Au‒Au interactions to be 

stabilizing on the order of hydrogen bonds, likely stems from relativistic effects and has 

led to intriguing reactivity in a number of gold-catalyzed organic transformations. 

While computational analyses of theoretical gold(I) complexes and correlations to 

related transition metal species have aided our understanding of intra- and intermolecular 

bonding interactions, valuable experimental evidence for catalytically relevant complexes 

is lacking.  One aim of this dissertation is to address the dearth of experimental 

information available to the scientific community regarding these bonding interactions 

that have significant implications for future development in homogeneous transition-

metal catalysis. 
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1.2  Organic Reactions of Alkenes, Alkynes, and Allenes 

Catalyzed by Gold(I) 

1.2.1  Reactions of Alkenes 

 

1.2.1.1  C–N Bond-Forming Reactions 

 

 The addition of an N–H bond across a C–C multiple bond (hydroamination) in an 

intramolecular fashion utilizing unactivated alkenes has received considerable attention 

as an attractive and expedient route for the synthesis of functionalized nitrogen 

heterocycles.  In 2006, several reports of gold(I)-catalyzed intramolecular 

hydroaminations of unactivated alkenes with a variety of tethered nucleophiles appeared, 

allowing for the synthesis of pyrrolidine and piperidine derivatives (eq 1 – 4).  

Widenhoefer published one of the first reports in this series, which utilized a highly 

efficient precatalyst [P(t-Bu)2o-biphenyl]AuCl (6) bearing a sterically-hindered, electron-

rich phosphine supporting ligand.
31

  For example, treatment of alkenyl carbamate 7 with 

a catalytic mixture of 6 and AgOTf (5 mol %) in dioxane at 60 °C for 18 h afforded the 

substituted pyrrolidine 8 in excellent yield (eq 1).   

 

 Gold-catalyzed intramolecular hydroamination of alkenes with carbamates 

functioned well with a range of labile carbamate groups including Boc, Moz, and Fmoc,  

and tolerated substitution at the C1, C2, C3, and C4 positions of the 4-pentenyl chain, but 

not at the terminal position of the alkene.  It is also noteworthy that this reaction provided 



 

10 

encouraging levels of diastereoselectivity and effectively cyclized an unsubstituted 4-

pentenyl derivative.  Based on mechanistic studies and stereochemical analyses of related 

reactions with alkynes (section 1.2.2), it is proposed that gold(I)-catalyzed 

hydroamination of 7 involves outer-sphere attack of the carbamate nitrogen atom at the 

gold-complexed olefin of I coupled with loss of HCl to form the neutral alkyl-gold 

complex II (Scheme 1).  Protonolysis of the Au–C bond of II would then release 

pyrrolidine 8 and regenerate the cationic monophosphine gold catalyst.   

 

Scheme 1. 

 Concurrent with the work above, He reported both inter- and intramolecular 

gold(I)-catalyzed hydroaminations of unactivated alkenes with sulfonamides
32

 as well as 

the intermolecular hydroamination of 1,3-dienes with carbamates.
33

  Focusing on the 

former, a variety of sulfonamide nucleophiles effectively added to cyclic alkenes and 

monosubstituted alkenes; modest to poor yields of the substituted amine adducts were 

obtained upon reaction of acyclic 1,2-di and trisubstituted alkenes.  Also examined was 

intramolecular alkene hydroamination, such as the reaction of N-tosylated -amino olefin 
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9 with a catalytic mixture of (PPh3)AuCl and AgOTf (5 mol %) in toluene at 85 °C to 

provide bicyclic pyrrolidine 10 in 95% yield (eq 2).  The cis relationship of the two 

adjacent protons in 10, which was conclusively assigned based solely on the measured 

coupling constant, suggested that the sulfonamide attacks from the opposite face of the 

gold(I)-bound olefin to give the trans-addition product.  However, it was recently 

demonstrated that catalytic amounts of trifluoromethane sulfonic acid (HOTf) effects this 

transformation stereoselectively in comparable yield (eq 2).
34

  As a result of these and 

similar observations in the literature, there is growing concern that a number of metal-

based hydrofunctionalizations, particularly those employing electrophilic metal 

complexes or metal triflates in combination with mildly basic nucleophiles, may be 

catalyzed by in situ generated strong Brønsted acid under reaction conditions. 

 

 Expanding the optimized procedure for the hydroamination of olefins with 

carbamates, Widenhoefer reported a complementary intramolecular cyclization of N-

pentenyl carboxamides.  Here, treatment of 11 with a catalytic mixture of 6 and AgOTf 

(5 mol %) in dioxane at 80 °C for 7 h led to isolation of pyrrolidine 12 in 97% yield (eq 

3).
35

  In a related study, Widenhoefer developed the room temperature intramolecular 

hydroamination of alkenyl urea substrates employing the N-heterocyclic carbene complex 

(IPr)AuCl [IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidine] activated by 

AgOTf.
36

  This pair of reactions achieved a substrate scope comparable to that observed 
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for the intramolecular reaction with carbamates.  Finally, Che developed an 

intramolecular hydroamination of alkenes under thermal and microwave-assisted 

conditions.
37

  Although the optimized reaction conditions are nearly identical to those 

employed by He, the reported alkene substrates were distinct and showed efficient 

reactivity under microwave irradiation.  As an example of the thermal process, 

(PPh3)AuCl/AgOTf (5 mol %) effectively catalyzed the intramolecular hydroamination 

of alkenyl tosylamide 13 in toluene at 80 °C to furnish  indoline 14 in 99% yield (eq 4). 

 

 While development continued in the area of gold(I)-catalyzed C–N bond-forming 

reactions, those involving additions to unactivated alkenes were not as forthcoming.  

Further, extension of gold(I)-catalyzed alkene hydroamination using alkylamines had not 

been demonstrated at this point, presumably due to non-productive displacement of the 

alkene by the basic amine and/or inefficient protodeauration with weakly acidic 

ammonium salts.  Therefore, Widenhoefer and co-workers employed protonated 

alkylamines tethered to unactivated alkenes in a mild and efficient intramolecular 

hydroamination procedure to yield pyrrolidines.
38

  For example, conversion of 15•HBF4 
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to 16 was effectively catalyzed by a mixture of (17)AuCl [17 = PCy2{2-[2,6-

C6H3(OMe)2]C6H4}] and AgOTf (5 mol %) in toluene at 80 °C (eq 5).   

 

Considering the inherent challenges of intermolecular alkene hydroamination, it is 

not surprising that sulfonamides were the only known nucleophiles for gold(I)-catalyzed 

processes for nearly three years and enantioselective intermolecular hydroamination of 

unactivated alkenes remained elusive.  In response to this deficiency, Widenhoefer and 

co-workers investigated the use of cyclic ureas as nucleophiles in the hydroamination of 

ethylene and 1-alkenes, which ultimately led to an unprecedented enantioselective 

reaction of 1-alkenes with up to 78% enantiomeric excess (ee).
39

  As an example of the 

achiral reaction, treatment of 1-methyl-imidazolidin-2-one (18) with ethylene (120 psi) 

and a catalytic 1:1 mixture of 6 and AgOTf (5 mol %) in dioxane at 100 °C for 20 h led 

to isolation of 1-ethyl-3-methyl-imidazolidin-2-one (19) in 99% yield (eq 6).   

 

 Although not catalytic in nature, the intramolecular aminoauration of unactivated 

alkenes reported by Toste provided welcomed mechanistic insights into gold(I)-mediated 

hydroaminations.
40

  Demonstrated was the room temperature isolation of (-amino)alkyl 

gold complexes from N--alkenylureas with the gold-oxo trimer [(PPh3Au)3O]BF4 in the 
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presence of triethylamine for proton sequestration.  Deuterium labeling studies and X-ray 

crystal structures provide support for a mechanism involving anti-addition of the 

nucleophile to a gold -alkene complex (Scheme 2), which was verified using DFT 

calculations.  Toste also demonstrated that the (-amino)alkyl gold complexes initially 

undergo cycloreversion to the N--alkenylureas upon treatment with TsOH followed by 

slow protodeauration due to the electron deficient PPh3 ligand employed in this study.   

 

Scheme 2. 

 Within the past year, Widenhoefer and Toste have each reported interesting 

reactions involving gold(I)-mediated additions to alkenes and dienes, respectively.
41,42

  

Widenhoefer developed a novel synthesis of substituted, monocyclic imidazolidin-2-ones 

through intramolecular hydroamination of N-allylic ureas.
41

  For example, a mixture of 6 

and AgPF6 catalyzed the conversion of 22 to 23 at loadings as low as 1 mol % at room 

temperature within 15 h (eq 7).  Later, Toste demonstrated the phosphinegold(I)/menthol-

catalyzed intramolecular enantioselective hydroamination of 1,3-dienes with a variety of 

tethered nitrogen-based nucleophiles.
42

  Cyclization of 24 was realized with a catalytic 

mixture of [(R)-25]Au2Cl2 [25 = DTBM-Segphos] and AgBF4 in dichloromethane at 

room temperature for 6 h to provide an enantiomerically-enriched mixture of pyrrolidines 
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26 and 27 (eq 8).  Specific formation of vinyl pyrrolidine 26 was accomplished through 

(1) removal of the (‒)-menthol additive or (2) addition of proton sponge (20 mol %).  

These results point a dual reaction mechanism: formation of 26 involves traditional 

coordination, nucleophilic addition, and protodeauration; formation of 27 proceeds via a 

Brønsted acid catalyzed pathway in which the gold complex 25 acts as a Lewis acid by 

binding to menthol, thus increasing its Brønsted acidity. 
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1.2.1.2  C–O Bond-Forming Reactions 

In 2005, He reported the gold(I)-catalyzed intermolecular addition of phenols and 

carboxylic acids to olefins.
43

  This work constituted the first gold-catalyzed formation of 

carbon–heteroatom bonds, specifically C–O bonds, through activation of inert olefins.  

As a key example, treatment of 4-phenyl-1-butene and phenol with catalytic amounts of 

(PPh3)AuCl and AgOTf (2 mol %) in toluene at 85 °C for 15 h led to isolation of 

regioisomeric ether products 28a and 28b (15:1) in 80% combined yield (eq 9).  This 

results suggested that 4-phenyl-1-butene may be undergoing a double bond migration 

prior to C–O bond formation.  Treating 4-phenyl-1-butene with 1 mol % of the catalytic 

mixture under reaction conditions resulted in 75% conversion of the terminal alkene to 4-

phenyl-2-butene (2.2:1 E:Z), thus rationalizing the product distribution of 28.  The 

proposed mechanism for this transformation involves initial coordination of the alkene 

forming the gold -complex III followed by nucleophilic addition of the phenol or 

carboxylic acid (Scheme 3).  A subsequent proton transfer/protodeauration step affords 

the major ether product 28a.  The gold catalyst also promotes double bond migration to 

the regioisomeric intermediate IV, which allows for formation of the minor product 28b. 
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Scheme 3. 

Following the seminal work by He, very few reports on gold(I)-catalyzed C–O 

bond formations with alkenes appeared.  In 2007 Sukurai demonstrated the Lewis acidic 

character of zero-valent gold nanoclusters for the intramolecular addition of the O–H 

bonds of alcohols across C–C multiple bonds (hydroalkoxylation) of alkenes.
44

  Use of 10 

atom % Au:PVP [PVP = poly(N-vinyl-2-pyrrolidone)] effected the aerobic cyclization of 

-hydroxyalkene 29 to generate the substituted tetrahydrofuran 30 in good yield (eq 10).  

The following year Corma published a study on the addition of alcohols to unactivated 

alkenes using Au(III) stabilized by CuCl2, which expanded the substrate scope of 

intermolecular hydroalkoxylations to include 1-octene and methanol as substrates.
45

  In 

2009, Tokunaga reported the enhancement of hydroalkoxylation efficiency employing 

functionalized alcohols in a homogeneous gold(I)-catalyzed process.
46

  Using the 

optimized procedure, the O–H bond of chloroethanol effectively added across the C–C 

double bond of 1-octene using 3 mol % of the catalyst mixture (31)AuCl/AgOTf [31 = 

P(C6F5)3] in toluene at 85 °C for 24 h to generate ether product 32 (eq 11).   
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1.2.2  Reactions of Alkynes 

 

1.2.2.1  C–N Bond-Forming Reactions 

The use of cationic gold(I) complexes for catalytic hydroamination of alkynes 

was first reported by Hayashi in the addition of aniline nucleophiles to terminal and 

internal alkynes.
47

  Neutral gold-alkyl complex (PPh3)AuCH3 was employed as the 

precatalyst in this system, which necessitated the use of an acidic promoter to generate 

the catalytically-active cationic gold species.  The solvent-free reaction of aniline and 

phenylacetylene, using 0.2 mol % (PPh3)AuCH3 and 1 mol % H3PW12O40 as the acidic 

promoter, proceeded to give N-(-methylbenzylidene)aniline 33 in 98% yield (eq 12).  It 

was found that the reaction proceeds more smoothly when the amine substituent is 

electron-withdrawing and the alkyne substituent is electron donating, pointing to an 

inner-sphere mechanism involving the three coordinate gold intermediate V for 

intermolecular C–N bond formation (Scheme 4).   
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Scheme 4. 

General and efficient reactions for the addition of nitrogen nucleophiles to 

unactivated alkynes were slow to develop following this initial report.  However, since 

2008, a number of fascinating reactions involving the activation of alkynes toward C–N 

bond formation have been demonstrated.  For example, Bertrand showed that the gold(I) 

cyclic (alkyl)(amino)carbene complex 34 effects the intermolecular hydroamination of 3-

hexyne with ammonia to generate the primary imine product 35 (eq 13).
48

  This 

intermolecular reaction was also extended to the synthesis of heterocycles from diynes 

and ammonia.  Here, treatment of the 1,4-diyne 36 with ammonia and a catalytic quantity 

of complex 34 led to formation of five- and six-membered heterocycles 37 and 38 in 88% 

yield (3:2, respectively) (eq 14).  A brief mechanistic analysis of the 3-hexyne/NH3 

system identified the Werner complex [(CAAC)Au(NH3)]
+
 as the resting state species, 

pointing to an insertion mechanism similar to that proposed by Hayashi (Scheme 4).
47
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A number of studies expanding on the preliminary work of Hayashi and Bertrand 

have been reported since 2009.  Akai synthesized a series of furans and pyrroles in the 

gold(I)-catalyzed intramolecular cyclization of 3-alkyne-1,2-diols (section 1.2.2.2) and 1-

amino-3-alkyn-2-ols.
49

  Stradiatto employed a gold complex bearing the Mor-DalPhos 

ligand as a highly effective catalyst for the stereo- and regioselective hydroamination of 

internal aryl alkynes with dialkylamines leading to enamines containing a diverse range 

of functional groups.
50

  An interesting pair of reactions involving direct 

hydroamination/hydroarylation and double  hydroamination of terminal alkynes were 

reported by Patil and co-workers.
51

  As examples, (PPh3)AuNTf2 catalyzed both the 

tandem intermolecular hydroamination/intramolecular hydroarylation of 1-octene  with 2-

aminophenylpyrrole (39) furnishing 40 (eq 15) as well as the double hydroamination of 

phenylacetylene with 2-aminobenzamide (41) to afford 42 (eq 16).  Likewise, Asensio 

selectively accessed a 6-exo-dig heterocyclization pathway for 1-(o-ethynylaryl)ureas 

using the bulky NHC complex (IPr)AuCl as a precatalyst.
52

  Hydroamination of the 

terminal-alkynylurea 43 using a catalytic mixture of (IPr)AuCl/AgSbF6 (5 mol %) 
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resulted in formation of quinazolin-2-one derivative 44 as the sole product in 84% yield 

(eq 17).   

 

More recently, Bertrand and co-workers published reports describing the 

intramolecular hydroammoniumation of alkynes as well as intermolecular 

hydroamination using hydrazine.
53,54

  In an attempt to isolate a tricoordinate gold(I) 

complex of type V (Scheme 4), which was proposed as a key intermediate in the gold(I)-

catalyzed hydroamination of alkynes with ammonia,
48

 two new catalytic reactions were 

revealed: the intramolecular hydroammoniumation using tertiary ammonium salts and the 

aminomethylation of alkynes.
53

  Key to the authors’ understanding was the reaction of N-

methyl-2-(2-phenylethynyl)aniline (45) with catalytic and stoichiometric quantities of 

[(CAAC)Au(
2
-toluene)]

+
 B(C6F5)4

‒
 complex (46) (Scheme 5).  Treatment of 45 with a 

stoichiometric amount of 46 (1 equiv) did not result in a tricoordinate species; rather -
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alkenyl complex 47 was obtained in approximately 95% yield (
1
H NMR).  Generation of 

this species presumably occurred via coordination of the hydroamination product 48 to 

gold.  Indeed, treatment of indole 48, isolated from the catalytic reaction of 45 with 

complex 46, with a stoichiometric amount of 46 quantitatively generated -alkenyl 

complex 47.  This reactivity was extended to the synthesis of cyclic ammonium salts 

through catalytic intramolecular hydroammoniumation of internal alkynes with tertiary 

amines.  In a subsequent publication, Bertrand demonstrated the intermolecular 

hydroamination of alkynes with parent hydrazine to generate hydrazone products.
54

 

 

Scheme 5. 

1.2.2.2  C–O Bond-Forming Reactions 

Teles established the first intermolecular hydroalkoxylation protocol for internal 

alkynes using gold(I), thus providing a practicable alternative to traditional stoichiometric 

Hg-mediated processes.
55

  Using (PPh3)AuCH3 as a precatalyst (5 mol %) and a 

stoichiometric amount of methanesulfonic acid activator, propyne underwent 

intermolecular hydroalkoxylation with methanol to give acetal 49 (eq 18).  Proposed is an 

inner-sphere mechanism for the gold(I)-catalyzed intermolecular addition of alcohols to 

alkynes though tricoordinate intermediates of type V (Scheme 4) on the basis of ab initio 
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calculations, although experimental evidence supporting this proposal is lacking.  In 

2002, Hayashi and co-workers reported a highly efficient gold(I)-catalyzed hydration of 

terminal and internal alkynes using the catalyst system of Teles.
56

  For example, 

treatment of 1-hexyne with (PPh3)AuCH3 (0.2 mol %) and sulfuric acid (50 mol %) in 

aqueous methanol afforded 2-hexanone in 99% yield (eq 19).  Shortly thereafter, Liu 

disclosed the gold(I)-catalyzed cyclization of (Z)-2-en-4-yn-1-ols such as 50 in the 

synthesis of fully substituted dihydrofurans (e.g., 51) and furans, although the gold(III)-

catalyst system exhibited superior reactivity for many of the reported substrates.
57

  

Noteworthy is that the geometrical configuration of the substituent on the exocyclic 

double bond, which was unambiguously established by 2D NMR spectroscopy and an X-

ray diffraction study, is in accord with a highly selective anti-addition of the oxygen 

nucleophile on the gold-activated alkyne (Scheme 6), a conclusion that directly 

contradicts computational analyses for the intermolecular hydroalkoxylation of alkynes.
55 
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Scheme 6. 

Employing the (PPh3)Au
+
-TsOH dual catalyst system, Krause demonstrated the 

tandem intramolecular gold(I)-catalyzed cycloisomerization/intermolecular acid-

catalyzed hydroalkoxylation of homopropargyl alcohol 52 to generate tetrahydrofuranyl 

ether 53 (eq 20).
58

  The reaction could be carried out in various solvents with both 

terminal and internal alkynes as substrates.  Alternatively, Akai showed the conversion of 

54 to the fully unsaturated furan 55 using the (PPh3)AuCl/AgOTf catalyst mixture (eq 

21).
49

  The optimized conditions were applicable to various alkynyldiols bearing proton, 

aromatic, and heteroaromatic ring substituents on the acetylene functionality.   
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Following publication of these intramolecular processes, Nolan and Corma 

demonstrated intermolecular C–O bond forming reactions of alkynes.
59,60

  Using the 

(IPr)AuCl/AgSbF6 catalyst system, Nolan reported an intermolecular hydration of 

internal aryl and alkyl alkynes as well as terminal alkynes.
59

  As an example, hydration of 

diphenylacetylene was effected using 0.1 mol % (1000 ppm) of the catalyst mixture in 

1,4-dioxane/H2O (2:1) at 120 °C for 18 h to an encouraging yield of ketone 56 (eq 22).  

Likewise, Corma demonstrated regio- and stereoselective intermolecular 

hydroalkoxylation of simple alkynes, such as phenylacetylene, with n-BuOH to give enol 

ether 57 or acetal 58, depending on the electronic nature of the phosphine ligand 

employed (eq 23). 
60

  

 

Most recently, Toste reported two interesting C–O bond-forming reactions.  The 

first involved the synthesis of chiral racemic and enantiomerically-enriched cyclic 

carbamimidates via a three-component reaction of imines, terminal alkynes, and p-

toluenesulfonylisocyanate using monophosphine gold(I) catalysts.
61

  After determining 

the competence of the three necessary transformations (alkynylation, acylation, and 

cyclization), the one-pot multicomponent coupling reaction between phenylacetylene, 

imine 59 and isocyanate 60 was developed to efficiently generate carbamimidates 61a 
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and 61b (15:1) (eq 24).  The proposed mechanism for this transformation involves initial 

gold(I)-acetylide formation followed by addition to imine 59 and subsequent trapping 

with p-TsNCO to generate the gold coordinated acyclic urea complex VII.  Outersphere 

anti-addition of the carbonyl oxygen onto the activated alkyne through a 5-exo-dig 

cyclization pathway forms the vinyl gold carbamimidinium complex VIII, which 

undergoes intermolecular proton transfer/protodeauration to afford the product 61a 

(Scheme 7).   

 

 

Scheme 7. 

Toste also demonstrated the gold(I)-catalyzed kinetic dynamic asymmetric 

transformation of propargyl esters using chiral (acyclic diaminocarbene) complexes.
62

  

Through this transformation, the highly enantioselective synthesis of 2-substituted 

chromenyl pivalates was realized in moderate to excellent yields.  As an example, 

treatment of propargyl ester 62 with the gold complex bearing carbene ligand 63 in 
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chloroform-d at 0 °C led to formation of 64 in 85% yield and 91% enantiomeric excess 

(eq 25).   

 

 

1.2.3  Reactions of Allenes 

 

1.2.3.1  C–N Bond-Forming Reactions 

 For more than a decade, intramolecular allene hydroamination reactions have 

been extensively studied using organolanthanides, Group 4 early transition-metal 

complexes, and late transition-metal complexes.  While effective, these protocols 

typically suffer from a number of shortcomings including limited substrate scope, low 

reactivity, and modest turnover numbers.  In seeking more general and efficient methods, 

Widenhoefer and co-workers developed the gold(I)-catalyzed intramolecular exo-

hydrofunctionalization of allenes with nitrogen, oxygen, and carbon nucleophiles using 

the o-biphenylphosphine complex 6.
63

  Transformation of enantiomerically-enriched 4,5-

hexadienyl carbamate (S)-65 to 2-vinyl pyrrolidine (R)-66 was catalyzed using a 1:1 
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mixture of 6 and AgOTf (5 mol %) in dioxane at room temperature for 45 min with a 

high degree of axial to tetrahedral chirality transfer (eq 26).  This protocol proved 

effective for Boc and Fmoc-substituted N-allenyl carbamates, and tolerated substitution at 

the C1 or C2 positions of the hexadienyl chain as well as the internal and terminal allenyl 

carbon atoms.  On the basis of related gold(I)-catalyzed transformations and the 

stereospecific conversion of (S)-65 to (R)-66, Widenhoefer proposed a mechanism 

involving nucleophilic anti-attack of the carbamate nitrogen atom on a gold-complexed 

allene (Scheme 8).  Highly selective formation of the E-alkene is preceded by rapid and 

reversible formation of intermediate cis-IX, which cyclizes to form ammonium 

intermediate X.  Deprotonation of X followed by protodeauration of XI with retention of 

configuration would release 66 with regeneration of the catalytically-active gold 

complex. 
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Scheme 8. 

Not long after this initial report, Toste demonstrated a highly enantioselective 

intramolecular hydroamination of allenes with sulfonamides.
64

  As an example, treatment 

of -tosylamino allene 67 with preformed bis(gold) catalyst (R)-68[AuOPNB]2 [(R)-68 = 

(R)-xylyl-BINAP; OPNB = p-nitrobenzoate] led to isolation of pyrrolidine 69 in excellent 

yield and enantiomeric excess (eq 27).  Although the reported substrates readily cyclized 

in the absence of geminal disubstitution at the C2 position of the alkyl tether, effective 

hydroamination was restricted to N-allenyl sulfonamides that possessed a terminally-

disubstituted allenyl moiety.  Subsequently, Widenhoefer expanded the scope of 

enantioselective intramolecular hydroamination employing the bis(gold) complex bearing 

(S)-3,5-t-Bu-4-MeO-MeOBIPHEP, (S)-70, and carbamate-based nucleophiles.
65

  

Reaction of 71 with a catalytic mixture of [(S)-70]Au2Cl2 and AgClO4 in m-xylene at ‒40 

°C for 24 h afforded 72 in 97% yield with 81% ee (eq 28).  Widenhoefer and co-workers 

further extended this chemistry in the development of a gold(I)-catalyzed dynamic kinetic 
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enantioselective intramolecular hydroamination using differentially trisubstituted allenes 

with tethered carbamate nucleophiles and the catalytic mixture [(S)-70]Au2Cl2 and 

AgClO4.
66

   

 

Following significant progress on the intramolecular front, a number of reports 

began to emerge coupling allenes to a variety of nitrogen-based nucleophilic partners in 

an intermolecular fashion.  The first such report described the regio- and stereoselective 

hydroamination employing N-substituted carbamates as ammonia surrogates.
67

  1,3-

disubstituted allene 73 underwent exclusive attack of benzyl carbamate at the more 

electron rich allene terminus to give 74 in good yield, with high E-selectivity (eq 29).  In 

the same year, Bertrand reported the intermolecular hydroamination of alkynes and 

allenes with ammonia (Section 1.2.2.1),
48

 and extended this work to include the 

hydroamination of allenes using primary, secondary (alkyl)(aryl)-, and secondary 
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dialkylamines.
68

  As an example, treatment of 3-methyl-1,2-butadiene and dibenzylamine 

with (CAAC)AuCl and KB(C6F5)4 (5 mol %) in d6-benzene afforded allylic amine 75 in 

excellent yield (eq 30).  Likewise, in 2010 Toste and Widenhoefer demonstrated 

variations of these processes employing arylamine and carbazate nucleophiles, 

respectively, in the intermolecular hydroamination of allenes.
69,70

  Concurrently, an 

analogous hydroamination reaction of allenamides with arylamides was reported by 

Kimber.
71 

 

Apart from single nucleophilic additions, diamination of the carbon framework of 

allenes has also been demonstrated.  Indeed, Widenhoefer reported the intramolecular 

dihydroamination of N-- and N--allenyl ureas providing access to polycyclic 

imidazolidin-2-ones.
72

  For example, reaction of N--allenyl urea 76 with a catalytic 1:1 

mixture of (IPr)AuCl and AgPF6 at room temperature for 2 h led to isolation of 

imidazolidin-2-one 77 in 93% yield with exceptional diastereomeric purity (eq 31).   In 

addition to p-nitrophenyl, allenyl ureas possessing p-methoxyphenyl, phenyl, and benzyl 

groups also underwent gold(I)-catalyzed dihydroamination.  Further, the reaction was 

tolerant of substrates lacking substitution at the C2 position of the heptadienyl chain, 

forming imidazolidin-2-ones in good yield as single diastereomers. 
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Reports describing the synthesis of heterocycles containing multiple heteroatoms 

through gold(I)-catalyzed hydroamination of allenes have also been disclosed.  Krause 

demonstrated an interesting endo cycloisomerization of allenes with two adjacent 

heteroatoms, such as the cyclization of N-hydroxy--aminoallene 78 to N-

hydroxypyrroline 79 with complete axis-to-center chirality transfer in the presence of 5 

mol % of the neutral gold(I) complex AuCl (eq 32).
73

  For allenic substrates in which the 

heteroatom positions were exchanged, the nitrogen atom continued to act as the 

nucleophile forming dihydro-1,2-oxazines and dihydroisoxazoles.  Toste and co-workers 

expanded the scope of enantioselective gold-catalyzed intramolecular exo-selective 

hydroaminations to allenic hydrazines and hydroxylamines.
74

  Using the optimized 

procedure, reaction of N-Boc-protected hydroxylamine 80 with the DTBM-Segphos 

catalyst (R)-25(AuOPNB)2 led to formation of isoxazolidine 81 in 93% yield with 93% 

ee (eq 33).  Reported concurrently was an enantioselective intramolecular 

hydroamination of N-allenyl ureas forming pyrrolidine derivatives in good yield with up 

to 93% ee.
75
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1.2.3.2  C–O Bond-Forming Reactions 

 Gevorgyan broke ground on the area of gold(I)-mediated C–O bond formation 

from allenes with the cyclization of haloallenylketones in the synthesis of halofurans.
76

  

Regioisomeric products were obtained depending on the oxidation state of the gold 

catalyst employed.  Coordination of the more carbophilic gold(I) species, Au(PEt3)Cl, to 

the distal double bond of bromoallenyl ketone 83 leads to allene activation (complex XII) 

with concomitant attack of the pendant carbonyl oxygen.  Subsequent tautomerization 

leads to gold carbenoid species XIII, which undergoes a 1,2-hydride shift to furnish 2-

bromofuran 84 (Scheme 9).  The AuCl3-mediated pathway, on the other hand, likely 

proceeds through initial coordination of the oxygen atom followed by a 1,2-halogen 

migration to generate the regioisomeric halofuran. 

 

Scheme 9. 
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Along with the hydroamination of allenes (Section 1.2.3.1), Widenhoefer also 

demonstrated the intramolecular exo-hydroalkoxylation of - and -hydroxyallenes to 

form vinyl tetrahydrofurans and tetrahydropyrans, respectively.
63

  While hydroamination 

formed the E-alkene products exclusively, hydroalkoxylation of axially-chiral allenyl 

alcohols formed mixtures of E and Z-alkenes.  Despite this observation, the gold-

catalyzed hydroalkoxylation of axially chiral allenyl alcohol (R)-84 also occurred with 

transfer of chirality from the allenyl moiety to the newly generated stereogenic carbon 

atom of 85 (eq 34).  Here, (E)- and (Z)-85 arise from anti-addition of the pendant oxygen 

nucleophile onto allene -complexes similar to cis- and trans-IX (Scheme 9).  The 

following year, Widenhoefer and co-workers extended this reaction to the 

enantioselective synthesis of tetrahydrofurans or tetrahydropyrans employing chiral 

enantiomerically-enriched phosphine gold complexes.
77

  In the presence of bis(gold) 

methoxy-Biphep complex (S)-70[Au2Cl2] and AgOTs at ‒20 °C, racemic allenyl alcohols 

form cyclization products as mixtures of E/Z-isomers with high enantioselectivities in 

most cases.  Toste reported an alternative catalytic system, taking advantage of a chiral 

counterion.
78

  As an example, treatment of -hydroxy allene 86 with catalytic amounts of 

achiral 1,1-bis(diphenylphosphino)methane (dppm) gold precatalyst and the chiral silver 

salt [(R)-87]Ag afforded vinyl tetrahydrofuran 88 in high yield and excellent 

enantioselectivity (eq 35).  Although not an asymmetric transformation, Krause 

concurrently demonstrated the conversion of -hydroxyallenes to 5,6-dihydro-2H-pyrans 

in the presence of gold(I) catalysts.
79
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Interesting rearrangements and intermolecular reactions have also been reported 

for gold(I)-mediated C–O bond formation.  Gagosz and co-workers generated 1,3-

butadien-2-ol esters from allenyl carbinol esters; for example, in the presence of catalyst 

89, allenyl ester 90 rearranges to diene 91 at room temperature (eq 36).
80

  The following 

year, Widenhoefer and co-workers disclosed the first general, regio-, and stereoselective 

gold(I)-catalyzed protocol for the hydroalkoxylation of allenes to form alkyl allylic 

ethers.
81

  As an example, reaction of allene (S)-92 (97% ee) with excess benzyl alcohol 

catalyzed by a 1:1 mixture of (IPr)AuCl and AgOTf at room temperature led to isolation 

of (R)-93 in 79% ee and solely as the E-alkene (eq 37).  It was also found that the loss of 

chirality from the enantiomerically-enriched allene (S)-94 resulted from racemization of 

the allene under reaction conditions.  In accordance with these results and deuterium 

labeling studies, a mechanism involving outersphere attack of the alcohol on the gold -

allene intermediate XIV to form gold(I) -vinyl XV was invoked (Scheme 10).  It was 
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postulated that racemization of (S)-92 occurs via formation of a gold -allyl cation such 

as XVI.   

 

 

 

Scheme 10. 

Significant insight into the mechanism of gold(I)-catalyzed cyclizations was 

gained by Hammond and co-workers, who isolated several stable -vinyl gold 

compounds from allenic esters and stoichiometric amounts of (PPh3)AuOTf.
82

  Treatment 

of -methyl--(n-hexyl)-allenoate 94 with a stoichiometric mixture of (PPh3)AuCl and 

AgOTf in dichloromethane at room temperature gave the desired complex 95 in 85% 

yield (Scheme 11).  The isolated complexes were characterized by NMR spectroscopy 
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and, in one case, by X-ray crystallography.  Mechanistic experiments were also 

conducted to support -vinyl complexes (e.g., 95) as intermediates in gold(I)-catalyzed 

cyclizations:  in the presence of triflic acid or molecular iodine, vinyl gold 95 underwent 

protodeauration or iododeauration to the corresponding butenolides 96 (Scheme 11).   

 

Scheme 11. 

These seminal reports of gold(I)-mediated C–O bond formation involving allenes 

have been followed by equally stimulating work.  Gagne recently demonstrated the 

chemoselective allene C=C activation toward epoxide nucleophiles in a cascade 

multiether ring forming reaction.
83

  For example, treatment of allenic epoxyalcohol 97 

with a catalytic 1:1 mixture of (PhO3)PAuCl and AgOTf in dichloromethane for less than 

30 minutes led to a diastereomeric mixture of pyrans 98a and 98b (2:1) in 65% combined 

yield (eq 38).  In addition, 7-exo-trig and unusual 9-endo-trig cyclization products were 

obtained depending on the nature of the substituents on the alkyl tether.  More recently, 

in conjunction with their exo-selective hydroaminations of allenic hydrazines and 

hydroxylamines (section 1.2.3.1), Toste and co-workers developed an intramolecular 

hydroalkoxylation of allenyl hydroxylamines.
74

  In an effort to lower the coordinating 

ability of the associated counterion, [(S)-99]Ag was employed in combination with 



 

38 

[dppm(AuCl)2] for the conversion of substrate 100 to isoxazolidine 101 in high yield and 

enantiomeric excess (eq 39). 

 

 

 

1.3  Conclusions 

While transformations involving C–X (X = N, O) bond formation from alkenes, 

alkynes, and allenes are diverse and numerous, a number of limitations and gaps in 

understanding still exist.  As illustrated in this review, a general method for the 

intermolecular hydroamination of unactivated alkenes remains an unsolved problem in 

homogeneous gold(I)-catalysis, and late transition-metal catalysis as a whole.  Further, 

enantioselective methods for the intermolecular hydroamination of alkenes and allenes 

with viable ammonia surrogates are lacking.  With a fundamental understanding of the 

mechanisms of existing gold(I)-catalyzed reactions, it may be possible to rationally-

design more robust catalysts and accurately predict the outcomes of new processes.   
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The work presented within this dissertation was designed to provide a general 

understanding of intra- and intermolecular gold(I)-catalyzed transformations involving 

the activation of C–C multiple bonded systems.  The first three chapters describe detailed 

studies of putative gold(I) -complexes of alkenes, alkynes, and allenes.  The final 

chapter employs the acquired understanding of these -complexes to the mechanistic 

study of the intramolecular hydroalkoxylation of allenes as a model for parsing the key 

elementary steps of gold(I)-catalyzed transformations in general.  Ultimately, this work 

will serve as the foundation for rationally designing the next generation of general, 

efficient, and selective gold(I) catalysts for the hydrofunctionalization of C–C multiple 

bonds. 
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Chapter 2 

 

 

Cationic, Two-Coordinate Gold(I) -Alkene 

Complexes:  Synthesis and Solution Behavior 

 

 

 

 

 

 

Portions of this chapter have been published:  a)  Brown, T. J.; Dickens, M. G.; 

Widenhoefer, R. A.  J. Am. Chem. Soc. 2009, 131, 6350-6351.  b)  Brown, T. J.; Dickens, 

M. G.; Widenhoefer, R. A.  Chem. Commun. 2009, 6451-6453. 

 X-ray crystal structures of complexes 18•2CH2Cl2, 19, 20•2CH2Cl2, 31, 

35•CH2Cl2 and 38 were solved and refined by Dr. Marina G. D. Leed. 
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2.1  Introduction 

2.1.1  Background 

 

 While synthetic applications of gold complexes is a more recent development, 

there has been a longstanding interest in organogold complexes with the first being 

synthesized over a century ago by Gibson and Pope.
84

  In this seminal report, reaction of 

magnesium ethyl bromide with auric bromide produces diethylauric bromide 

[(C2H5)2AuBr], a moderately stable crystalline compound.  Treatment of this complex in 

chloroform with a dilute chloroform solution of bromide led to crystallization of 

monoethylauric dibromide, which proved to be considerably more stable than is diethyl 

counterpart.  Alternatively, reaction of diethylauric bromide with dilute aqueous 

ammonia provided the first reported amino-compound of gold, having a molecular 

formula of [(C2H5)2Au(NH3)]
+
 Br

‒
.  More than 50 years later the first organogold(I) 

compounds were synthesized,
85

 followed very shortly by the first gold(I) alkene complex 

in 1964.
86

  Here, Chalk provided insights into the 1,5-cyclooctadiene complexes of 

gold(III) and gold(I), which were isolated from tetrachloroauric acid either separately or 

as a mixture, depending on the nature of the reaction medium and temperature.  These 

early reports undoubtedly piqued interest in the study of gold(I) -complexes, but 

development of this field initially progressed at a slow pace. 

2.1.1.1  Neutral Two-Coordinate Gold(I) Complexes 

 Following the groundbreaking work of Chalk and co-workers, new gold(I) -

olefin complexes were generated by direct reaction of the olefin with AuCl.
87,88

  

However, more recent studies have greatly contributed to our understanding of -bonding 
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interactions in gold(I) complexes (Figure 5).
89-91

  In 1987, Shrähle described competition 

studies between olefins and carbon monoxide for the coordination sphere of gold.
89

  

Using a gas volumetric technique, the reaction of AuCl(CO) with norbornene provided an 

equilibrium constant of Keq = 4 ± 1 favoring formation of the norbornene complex 1 (eq 

1).  In addition, a crystal structure of AuCl(cis-cyclooctene) (2) was obtained from 

material isolated via reaction of AuCl(CO) with the free olefin in CH2Cl2.  More recently, 

Håkansson and co-workers prepared a gold(I) -complex of endo-dicyclopentadiene, 

which was prepared from AuCl(CO), as described previously.
90

  Crystallographic 

analyses show that the ligand is 
2
-bonded to gold(I) via the C=C bond in the norbornene 

ring and the [AuCl(C10H12)] (3) moiety undergoes aurophilic association to form a 

[AuCl(C10H12)]2 dimer.  Employing a direct approach in which AuCl is reacted with 3-

hexyne, Dias and Kroll reported the X-ray crystal structure of the linear gold(I) complex 

4 featuring a simple, unstrained alkyne.
91

  Density Functional Theory (DTF) calculation 

are in accord with a gold–alkyne binding interaction in which  donation from the alkyne 

to gold dominates over gold to alkyne  back-donation. 

 

 

Figure 5.  Examples of neutral two-coordinate gold(I) -complexes. 
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2.1.1.2  Neutral Three-Coordinate Gold(I) Complexes 

 Valuable information regarding the olefin orientation relative to the coordination 

plane of the gold complex was obtained from the first neutral, three-coordinate gold(I) 

complex isolated by Fackler and co-workers.
92

  In this report, reaction of Na2(MNT) 

(MNT = 1,2-dicyanoethene-1,2-dithiolate-S,S’) with dppee[AuCl]2 (dppee = cis-

bis(diphenylphosphino)-ethylene) afforded Au4(MNT)(dppee)2Cl2 (5).  Further, an X-ray 

crystal structure of 5 showed the gold atom of the [Au(MNT)] moiety coordinated to the 

olefinic center of one of the dppee ligands in a coplanar fashion (dihedral angle between 

the planes defined by S–Au–S and C–Au–C = 6.4°).  Later, Behrens reported on the 

strong coordination of cycloheptynes by gold(I) chloride; for example, complex 6 was 

prepared by reaction of [AuCl(tht)] (tht = tetrahydrothiophene) with an equivalent 

amount of 3,3,6,6-tetramethyl-1-thiacyclohept-4-yne-1,1-dioxide.  The gold(I) atoms of 

these complexes existed in a trigonal-planar environment.
93

  Most recently, Dias has 

contributed structural data regarding unprecedented thermally-stable gold(I) ethylene 

adducts 7 and 8 bearing tris(pyrazolyl)borate and U-shaped polyhalogenated 

triazapentadienyl supporting ligands, respectively.
94,95

  It was also found that complex 8 

mediates efficient carbene unit transfer from ethyl diazoacetate to saturated and 

unsaturated hydrocarbons such as cyclopentane, styrene, and benzene. 



 

44 

 

Figure 6.  Examples of neutral three coordinate gold(I) -complexes. 

 

2.1.1.3  Cationic Three-Coordinate Gold(I) Complexes 

 In an effort to show alkene oxidation by oxygen atom transfer from gold(III) oxo 

complexes, Cinellu and co-workers generated a number of cationic, three-coordinate 

gold(I) -alkene complexes.
96

  It was observed that -complexes [Au2(Bipy
R
)2(-

O)2][PF6]2 (R = Me, CH2Me, CHMe2, CH2CMe3) react with excess alkene in acetone or 

acetonitrile to give the unexpected alkene adducts [Au(bipy
R
)(alkene)][PF6] (alkene = 

styrene, -methylstyrene, ethylene, and norbornene) in moderate to low yield in addition 

to oxygenated olefin derivatives.  The X-ray crystal structure of [Au(bipy
ip

)(
2
-

CH2=CHPh][PF6] (9; bipy
ip

 = 6-isopropyl-2,2’-bipyridine) was also obtained in this 

initial report.  In the following year, the same working group isolated another series of 
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alkene complexes bearing strained cyclic alkenes, such as norbornene and 2,5-

norbornadiene (10).
97

  Interesting auraoxacyclobutanes, which are proposed intermediates 

in gold(III)-mediated olefin oxidation reactions, were obtained as minor products in the 

reactions of gold(III) oxo complexes with norbornene.  Mechanistic experiments revealed 

that the oxygenated organic products and gold(I) -alkene complexes originate from 

these auraoxacyclobutanes.  In 2006, this working group further extended the scope of 

isolated gold(I) -complexes and compared their spectroscopic properties to theoretical 

hybrid-DFT calculations, both showing a substantial contribution of -back-donation to 

the gold-olefin bond in these three coordinate species.
98

  Although gold(I) is predisposed 

to forming two-coordinate species in the absence of chelating ligands, Dias reported the 

surprising isolation and structural characterization of the gold(I) tris(ethylene) complex 

[Au(C2H4)3][SbF6] (11) from an ethylene-saturated dichloromethane suspension of AuCl 

and AgSbF6 as an air-sensitive crystalline solid.
99

 

 

Figure 7.  Examples of cationic, three-coordinate gold(I) -complexes. 
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2.1.1.4  Cationic, Two-Coordinate Gold(I) Complexes 

 There has been a recent growing interest in understanding the bonding nature of 

cationic, two-coordinate gold(I) -complexes due to the strong catalytic activity of 

cationic gold(I) complexes for the functionalization of C–C multiple bonds.  In an 

attempt to determine the proximity of the arene ring parallel to the Au–P bonds in bulky 

biphenylphosphine gold complexes, Echavarren fortuitously isolated the first gold(I) 

complexes of simple arenes in accord with 
2
-coordination.  For example, crystallization 

of {[P(Cy)2o-biphenyl]Au(NCMe)}
+
 SbF6

‒
 from p-xylene led to isolation of arene 

complex 12.
100

  Alternatively, Bertrand has isolated catalytically-active gold(I) -arene 

and -alkyne complexes bearing the cyclic (alkyl)(amino)carbene (CAAC) ligand.
101

  

Toluene complex 13 was structurally-characterized and effectively catalyzed the cross-

coupling of masked carbenes and vinylidenes to form allenes
101

 and hydroamination of 

alkynes and allenes with ammonia.
48

   

Toste has reported the X-ray crystal structures of multimeric, cationic, two-

coordinate gold(I) -alkyne (14) and -alkene complexes, but solution-state analysis, 

particularly in the case of the -alkene complex, was complicated by facile 

disproportionation.
102

  In studying the mechanism of alkyne hydrofluorination, Sadighi 

synthesized another example of a monomeric, cationic, two-coordinate gold(I) -alkyne 

complex [(SIPr)Au(
2
-EtC≡CEt)]

+
 SbF6

‒
 (15), although a fully-refined X-ray crystal 

structure could not be obtained due to crystal twinning.
103

  More recent examples of 

cationic gold(I) olefin complexes bearing phosphine and N-heterocyclic carbene ligands 
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have been reported by Tarantelli and Macchioni
104

 and Nolan,
105

 but solid-state and 

rigorous solution behavior studies remained absent as we began our work in this area. 

 

Figure 8.  Examples of cationic, two-coordinate gold(I) -complexes. 

 

2.1.2  Project Goals and Scope 

 

 Despite the central role played by 14 electron, cationic gold(I) -complexes in the 

gold(I)-catalyzed hydrofunctionalization of C–C multiple bonds, surprisingly little is 

known about the structure, stability, and reactivity of these complexes.  A thorough 

investigation of these complexes is imperative not only to better understand the 

mechanisms of gold(I)-catalyzed transformations but for the continued development of 

new processes.  Therefore, the goal of this project was to synthesize and study cationic, 

14 electron gold(I) -alkene complexes employing variable temperature nuclear magnetic 

resonance (NMR) spectroscopy, kinetic analysis, isotopic labeling, and X-ray 
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crystallography.  In particular, we were interested in understanding the nature of the 

gold–alkene binding interaction and its implications for the reactivity of these species 

under catalytic conditions.  As the chemistry of gold(I) -activation continues to attract 

considerable attention, realization of these goals is a worthy endeavor. 

 

2.2  Results and Discussion 

2.2.1  Monomeric, Cationic, Two-Coordinate Gold(I) -Alkene Complexes that 

Contain an N-Heterocyclic Carbene Ligand 

 

2.2.1.1  Introduction 

 The initial goal of this project was the synthesis and solution phase 

characterization of cationic, 14 electron gold(I) -alkene complexes containing electron-

rich, sterically-hindered N-heterocyclic carbene ligands, which are common supporting 

ligands in gold(I) catalysis.
7-18

  This was approached through treatment of cationic gold 

complex [(IPr)AuNCArF]
+
 SbF6

‒
 [16; IPr = 1,3-bis-2,6-(diisopropylphenyl)imidazol-2-

ylidine; NCArF = 3,5-C6H3(CF3)2] possessing a labile dative ligand (NCArF) with 

alkenes, followed by variable temperature 
1
H NMR analysis of the resulting gold alkene 

complexes.  For example, 
1
H NMR analysis of a CD2Cl2 solution of 16 with 1-hexene at 

room temperature confirmed formation of free NCArF [ 8.15, 8.14 (2:1)] and 

considerable broadening of the olefinic resonances of 1-hexene, consistent with rapid and 

reversible binding of 1-hexene to the gold(I) center.  Cooling the solution to ‒60 °C 

revealed resonances corresponding to both free and bound 1-hexene with formation of the 

static gold(I) alkene complex (IPr)Au[
2
-(H2C=CHCH2CH2CH2CH3)]

+
 SbF6

‒
 (17) (eq 2). 
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 Coordination of the alkene to gold was established by the slight downfield shift of 

the internal olefinic proton of 17 [ 6.05 (tdd, J = 4.5, 9, 17 Hz)] relative to that of free 1-

hexene ( 5.78) and by the upfield shift of the terminal olefinic protons [ 4.83 (d, J = 9 

Hz), 4.57 (d, J = 17 Hz)] relative to that of free 1-hexene [ 4.87 (d, J = 10 Hz), 4.95 (d, J 

= 17.5 Hz)] in the 
1
H NMR spectrum (Figure 9).  Integration of the resonances 

corresponding to the bound and free internal olefinic proton of 1-hexene and aromatic 

protons of NCArF provide an equilibrium constant for the conversion of 16 + 1-hexene to 

17 + NCArF of Keq = 25 ± 1 at ‒60 °C (eq 2).  Given the favorable Keq for in situ 

formation of these complexes, we sought to isolate them free of NCArF. 

 

Figure 9.  
1
H NMR spectrum of the bound and free 1-hexene equilibrium mixture at ‒60 

°C. Resonances denoted with a (’) correspond to free 1-hexene. 
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2.2.1.2  Synthesis and Characterization 

 Isobutylene was initially used to develop a method for isolating gold(I) -alkene 

complexes due to the simplicity of its 
1
H and 

13
C NMR spectra and the commercial 

availability of 
13

C-labeled isobutylene.  It was found that treatment of a methylene 

chloride suspension of (IPr)AuCl and AgSbF6 (1:1) with isobutylene at room temperature 

for 12 h led to isolation of [(IPr)Au(
2
-H2C=CMe2]

+
 SbF6

‒
 (18) in 98% yield as an air- 

and thermally-stable white solid that was characterized by NMR, MALDI-MS, 

combustion analysis, and X-ray crystallography.  Complexation of isobutylene to gold in 

solution was established by NMR, in particular by the large difference in the 
13

C NMR 

shifts of the olefinic carbon atoms of bound [ 155.2 (s), 88.2 (t)] and free [ 142.4 (s), 

110.5 (t)] isobutylene.  The 
1
JC=C coupling constant of the isobutylene ligand of the 

13
C-

isotopomer (IPr)Au(
2
-H2

13
C=CMe2 (18-

13
C1) (

1
JC=C = 66 Hz) was diminished only 

slightly relative to free isobutylene (
1
JC=C = 71 Hz), pointing to minimal deviation of the 

bound isobutylene from ideal sp
2
 hybridization.

106
   

In addition to 18, gold -alkene complexes [(IPr)Au(
2
-alkene)]

+
 SbF6

‒
 [alkene = 

norbornene (19), 2,3-dimethyl-2-butene (20), 2-methyl-2-butene (21), methylenecyclo-

hexane (22), cis-2-butene (23), 1-hexene (17), and 4-methylstyrene (24)] were isolated in 

≥84% yield and were fully characterized (Table 1).  Alternatively, gold -alkene 

complexes [(IPr)Au(
2
-alkene)]

+
 SbF6

‒
 [alkene = trans-2-butene (25), propene (26), 4-

vinylanisole (27), styrene (28), 4-bromostyrene (29), and 4-trifluoromethylstyrene (30)] 

were generated in situ from NCArF complex 16 and the corresponding alkene and 

characterized by 
1
H and 

13
C NMR at ‒60 °C (Table 2).  
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Table 1.  
1
H and 

13
C NMR data for the olefinic resonances of cationic gold -alkene 

complexes.  Free alkene resonances are shown in parenthesis for comparison. 
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Table 2.  
1
H and 

13
C NMR data for the olefinic resonance of in situ generated cationic 

gold -alkene complexes.  Resonances corresponding to free alkene are shown in 

parentheses for comparison. 

 
 

Slow diffusion of hexanes into a CH2Cl2 solution of 18 at 4 °C gave colorless 

crystals of 18•2CH2Cl2 suitable for X-ray analysis (Figure 10).  Complex 18 adopts a 

slightly distorted linear conformation with a C(carbene)–Au–alkene(centroid) angle of 172°.  

The C=C bond of the isobutylene ligand is rotated by 52° relative to the carbene N–C–N 
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plane, which positions one isobutylene methyl group near the carbene plane and the 

second in the quadrant opposing the methylene group across the carbene plane.  In accord 

with the measured 
1
JC=C, there is no significant elongation of the isobutylene C=C bond, 

but isobutylene is bound unsymmetrically to gold with a short Au–CH2 and a long Au–

CMe2 interaction (d = 0.086 Å). 

 

Figure 10.  ORTEP diagram of 18•2CH2Cl2.  Ellipsoids are shown at 50%.  Solvent, 

counterion, and hydrogen atoms are omitted for clarity.  Selected bond lengths (Å) and 

angles (deg): C1–C2 = 1.331, Au–C1 = 2.199, Au–C2 = 2.285, Au–C(NHC) = 2.006, 

C=C(centroid)–Au–C(NHC) = 171.8. 

Crystals of the norbornene complex 19 and the 2,3-dimethyl-2-butene solvate 

complex 20•2CH2Cl2 were also analyzed by X-ray diffraction (Figure 11 and 12).  In 
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comparison to isobutylene complex 18, complexes 19 and 20 displayed less deviation 

from linearity and more symmetric binding of the alkene to gold (d < 0.025 Å).  In 

contrast to 18, the C=C bond of coordinated norbornene in complex 19 is positioned 

perpendicular (88.5°) to the carbene N–C–N plane, whereas the C=C bond of coordinated 

2,3-dimethyl-2-butene in 20•2CH2Cl2 lies very near (< 5°) the carbene plane.  These 

variations suggest that alkene orientation is controlled largely by steric factors. 

 

Figure 11.  ORTEP diagram of 19.  Ellipsoids are shown at 50%.  Solvent, counterion, 

and hydrogen atoms are omitted for clarity.  Selected bond lengths (Å) and angles (deg): 

C1–C2 = 1.374, Au–C1 = 2.224, Au–C2 = 2.248, Au–C(NHC) = 1.996, C=C(centroid)–Au–

C(NHC) = 174.8. 
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Figure 12.  ORTEP diagram of 20•2CH2Cl2.  Ellipsoids are shown at 50%.  Solvent, 

counterion, and hydrogen atoms are omitted for clarity.  Selected bond lengths (Å) and 

angles (deg): C1–C2 = 1.346, Au–C1 = 2.239, Au–C2 = 2.230, Au–C(NHC) = 1.998, 

C=C(centroid)–Au–C(NHC) = 176.8. 

2.2.1.3  Relative Binding Affinities of Alkenes 

 Although relative binding affinities of alkenes have been compiled for a number 

of transition metal complexes,
107

 including a handful of insightful studies involving 

platinum(II),
108-111

 cationic gold(I) complexes are not among them.  Furthermore, the 

unusual combination of low electron count, cationic nature, linear geometry, and 

relativistic effects found in cationic gold(I) complexes suggest that the binding of alkenes 

to cationic gold will be quite distinct from known complexes.  To evaluate the relative 

binding affinities of alkenes to the 12-electron gold fragment [(IPr)Au]
+
, we determined 
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the equilibrium constants for the displacement of NCArF from [(IPr)Au(NCArF)]
+ 

SbF6
‒
 

(16) with alkenes in CD2Cl2 at ‒60 °C employing 
1
H NMR analysis.  Keq decreased by a 

factor of ~13 in the order methylenecyclohexane > isobutylene ≈ 2-methyl-2-butene > 

2,3-dimethyl-2-butene > cis-2-butene > 1-hexene > trans-2-butene > propene (Table 3). 

Table 3.  Equilibrium constants for reaction of alkenes and vinyl arenes with 16 in 

CD2Cl2 at ‒60 °C. 

 

 To evaluate the effect of alkene electron density on binding affinity, we 

determined Keq for the displacement of NCArF from 16 with 4-substituted styrene 

derivatives H2C=C-4-C6H4X (X = OMe, Me, H, Br, CF3).  Keq decreased with decreasing 

electron density by a factor of ~80 (Table 3).  A plot of log(KX/KH) versus the Hammett 

-parameter was linear with  = ‒2.4 ± 0.2 (Figure 13), which is considerably more 

negative than the values obtained for the binding of 4-substituted styrenes to Ag
+
 ions ( 

= ‒0.77)
112

 or cationic, 16 electron Pt(II) ( = ‒1.23)
110

 or Pd(II) ( = ‒1.44)
113

 

complexes.  These data are consistent with the more pronounced -donating nature of the 

gold(-alkene) bond relative to these related electrophilic complexes. 
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Figure 13.  Plot of log KX/KH versus the Hammett -parameter (OMe = ‒0.27, Me = 

‒0.17, H = 0, Br = 0.23, CF3 = 0.54) for the reaction of vinyl arenes with 16 in CD2Cl2 at 

‒60 °C ( = ‒2.4 ± 0.2). 

2.2.1.4  Degenerate Isobutylene Exchange 

 Ligand exchange reactions often play key roles in catalysis.  As such, we studied 

the kinetics of isobutylene exchange with 18 as a function of [isobutylene] in CDCl3 at 45 

°C employing 
1
H NMR line broadening techniques.

114
  A plot of kobs versus [isobutylene] 

over the concentration range 20 – 140 mM was linear with a second-order rate constant 

for isobutylene exchange of kex = 64 ± 3 M
‒1 

s
‒1

 (G
‡
 = 16.0 ± 0.1 kcal mol

‒1
) (Table 4, 

Figure 14). Second-order rate constants for isobutylene exchange with 18 were also 

determined at 25 [kex = 17 ± 1 M
‒1 

s
‒1

 (G
‡
 = 15.8 ± 0.1 kcal mol

‒1
)] and 63 °C [kex = 81 

± 8 M
‒1 

s
‒1

 (G
‡
 = 16.8 ± 0.1 kcal mol

‒1
)].  An Eyring plot of these data provided the 

activation parameters:  H
‡
 = 8 ± 1 kcal mol

‒1
 and S

‡
 = ‒27 ± 4 eu.  These data support 

an associative pathway for isobutylene exchange with an energy barrier that is 
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comparable to the values obtained for the associative exchange of substituted alkenes at 

square planar Pt(II) complexes.
115

 

Table 4.  Observed rate constants for the exchange of the isobutylene ligand of 18 ([18] = 

40 mM) with free isobutylene at 25, 45, and 63 °C. 

 

 

Figure 14.  Plots of kobs versus [isobutylene] for the exchange of the isobutylene ligand 

of 18 ([18] = 40 mM) with free isobutylene at 63 °C (×), 45 °C (○), and 25 °C (). 
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2.2.1.5  Summary 

 In summary, a family of cationic, linear gold -alkene complexes that contain an 

N-heterocyclic carbene supporting ligand have been synthesized and fully characterized 

in solution and, in three cases, by X-ray crystallography.  All of our experimental 

observations, including the large 
1
JC=C of coordinated isobutylene, minimal deviation of 

C=C bond lengths of alkenes upon coordination, and the pronounced effect of alkene 

electron density on binding affinity, point to nominal contribution of -backbonding to 

the gold–alkene bonding interaction. 

 

2.2.2  Monomeric, Cationic, Two-Coordinate Gold(I) -Alkene Complexes that 

Contain a Sterically-Hindered o-Biphenylphosphine Ligand 

 

2.2.2.1  Synthesis and Characterization 

 Along with NHCs, sterically hindered o-biphenylphosphines have shown 

considerable utility as supporting ligands for gold(I)-catalyzed hydroamination and 

related gold(I)-catalyzed transformations.
7-18

  However, with the exception of one report 

by Russell describing gold -alkene complexes that contain a tri-tert-butylphosphine 

ligand, limited information exists regarding the structure and reactivity of cationic gold 

-alkene complexes bearing phosphines, and no information exists for complexes 

containing these catalytically-relevant o-biphenylphosphine ligands.  Employing the 

strategy for generating NHC–gold -complexes, we were able to isolate 11 cationic, two-

coordinate gold(I) -alkene complexes with the P(t-Bu)2o-biphenyl supporting ligand.   
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 For example, treatment of a methylene chloride suspension of [P(t-Bu)2o-

biphenyl]AuCl and AgSbF6 (1:1) with methylene cyclohexane (4 equiv.) at room 

temperature for 6 h led to isolation of {[P(t-Bu)2o-biphenyl]Au[
2
-H2C=C(CH2)5]}

+
 

SbF6
‒
 (31) in 99% yield (Table 5) as an air- and thermally-stable white solid that was 

characterized by NMR, combustion analysis, and X-ray crystallography.  The presence of 

a gold -alkene bond in solution was established by the large difference in the 
13

C NMR 

resonances of the olefinic carbon atoms of bound [ 169.4 (s), 91.8 (t)] and free [ 150.0 

(s), 106.4 (t)] methylene cyclohexane.  The downfield shift of the CMe2 carbon and 

upfield shift of the CH2 carbon point to unsymmetric binding of the alkene to gold with 

enhanced gold -donation to the unsubstituted alkene terminus.   

In addition to 31 gold -alkene complexes {[P(t-Bu)2o-biphenyl]Au(
2
-alkene)}

+
 

SbF6
‒
 [alkene = cis-2-butene (32), isobutylene (33), 1-hexene (34), 2,3-dimethyl-2-butene 

(35), trans-2-butene (36), 2-methyl-2-butene (37), 4-methylstyrene (38), styrene (39), 4-

bromostyrene (40), and 4-trifluoromethylstyrene (41) were isolated is ≥ 90% yield and 

were fully characterized (Table 2-5).  Alternatively, gold -alkene complexes {[P(t-

Bu)2o-biphenyl]Au(
2
-alkene)}

+
 SbF6

‒
 [alkene = propene (42), propene and 4-

vinylanisole (43) were generated in situ from {[P(t-Bu)2o-biphenyl]Au(NCArF)}
+
 SbF6

‒
 

(44) and the corresponding alkene and characterized by 
1
H, 

13
C, and 

31
P NMR at ‒60 °C 

(Table 5). 
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Table 5.  
1
H and 

13
C NMR data for olefinic resonances of isolated and in situ generated 

gold -alkene complexes.  Resonances corresponding to free alkene are shown in 

parentheses for comparison. 
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 Slow diffusion of hexanes into a CH2Cl2 solution of methylene cyclohexane 

complex 31 at 4 °C gave colorless crystals of 31 suitable for X-ray analysis (Figure 15).  

Complex 31 adopts a distorted linear conformation with a P–Au–alkene(centroid) angle of 

165° with the coordinated C=C bond displaced away from the protruding phenyl group of 

the o-biphenyl moiety.  Compared to the [(IPr)Au(
2
-alkene)]

+
 complexes [C(carbene)–Au–

alkene(centroid) = 172 – 178°], these phosphine complexes exhibited significantly more 

deviation from linearity due to the steric effect of the protruding phenyl group.  The C=C 



 

63 

bond of methylene cyclohexane is bound symmetrically to gold with a short Au–CH2 and 

a long Au–CR2 interaction (d = 0.155 Å) (Figure 15). 

 

Figure 15.  ORTEP diagram of 31.  Ellipsoids are shown at 50%.  Counterion and 

hydrogen atoms are omitted for clarity.  Selected bond lengths (Å) and angles (°) for 31:  

C1–C2 = 1.369, Au–C1 = 2.210, Au–C2 = 2.365, Au–P = 2.299, P–Au–C=C(centroid) = 

165.1. 

 Crystals of 2,3-dimethyl-2-butene solvate complex 35•CH2Cl2 (Figure 16) and 4-

methylstyrene complex 38 (Figure 17) were also analyzed by X-ray diffraction.  These 

complexes also displayed a distorted linear geometry with P–Au–alkene(centroid) angles of 

~162°.  The 2,3-dimethyl-2-butene ligand of complex 35•CH2Cl2 is bonded 

symmetrically to gold whereas the C=C bond of vinyl arene complex 38 is bonded 

unsymmetrically to gold with a shorter Au–CH2 and longer Au–C(H)Ar interaction (d = 

0.11 Å).  In all three cases, there is minimal perturbation of the C=C bond length relative 
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to a free sp
2
-bonded system (~1.33) and negligible pyramidalization of the alkene 

substituents, which was also the case for the alkene complexes bearing IPr.  A significant 

-back donation component is typically manifested by C=C bond elongation and obvious 

“bend-back” of the olefin substituents due to rehybridization upon olefin coordination; 

our collected solid-state data for these two ligand systems are in accord with stronger -

donation from the alkene to gold in the overall binding interaction.  

 

Figure 16.  ORTEP diagram of 35•CH2Cl2.  Ellipsoids are shown at 50%.  Counterion, 

solvent, and hydrogen atoms are omitted for clarity.  Selected bond lengths (Å) and 

angles (°) for 35:  C1–C2 = 1.325, Au–C1 = 2.292, Au–C2 = 2.293, Au–P = 2.287, P–

Au–C=C(centroid) = 162.5. 
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Figure 17.  ORTEP diagram of 38.  Ellipsoids are shown at 50%.  Counterion and 

hydrogen atoms are omitted for clarity.  Selected bond lengths (Å) and angles (°) for 38:  

C1–C2 = 1.319, Au–C1 = 2.199, Au–C2 = 2.308, Au–P = 2.286, P–Au–C=C(centroid) = 

161.9. 

2.2.2.2  Relative Binding Affinities of Alkenes 

 Equilibrium constants for displacement of NCArF from {[P(t-Bu)2o-

biphenyl]Au(NCArF)}
+
 SbF6

‒
 (44) with alkenes were determined in CD2Cl2 at ‒60 °C 

employing 
1
H NMR analysis to evaluate the effect of alkene substitution on the binding 

affinity of alkenes to the 12 electron cationic gold fragment {[P(t-Bu)2o-biphenyl]Au}
+
.  

Keq decreased by a factor of ~350 (Table 6) in the order 2-methyl-2-butene > isobutylene 

≈ 1-hexene > cis-2-butene > propene > trans-2-butene ≫ 2,3-dimethyl-2-butene.  The 

equilibrium constants for reaction of alkenes with 44 were generally larger than those 

observed for the corresponding reactions with the NHC derivative [(IPr)Au(NCArF)]
+
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SbF6
‒
 (16).  One notable exception to this trend is 2,3-dimethyl-2-butene, which was 

among the strongest binding alkenes in the case of [(IPr)Au]
+
 (Keq = 50 ± 3), but was the 

weakest binding aliphatic alkene in the case of {[P(t-Bu)2o-biphenyl]Au}
+
.  This 

observation is most likely the results of destabilizing interactions between the 

coordinated alkene and the protruding phenyl group of the o-biphenylphosphine moiety, 

which has no counterpart in the case of the IPr ligand.  Alternatively, trisubstituted 

alkenes can effectively minimize this unfavorable steric interaction through rotation 

about the Au–alkene bond and thus showed one of the strongest binding affinities for 

both {[P(t-Bu)2o-biphenyl]Au}
+
 (Keq = 156 ± 8) and [(IPr)Au]

+
 (Keq = 64 ± 4). 

 

Table 6.  Equilibrium constants for reaction of aliphatic alkenes and vinyl arenes with 44 

in CD2Cl2 at ‒60 °C. 
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Figure 18.  Plot of log KX/KH vs. the Hammett -parameter (X = OMe, Me, Br, CF3 for 

the reaction of vinyl arenes with 44 in CD2Cl2 at ‒60 °C ( = ‒3.4 ± 0.2). 

 

To evaluate the effect of alkene electron density on binding affinity to {[P(t-

Bu)2o-biphenyl]}
+
, Keq for displacement of NCArF from 44 with 4-substituted styrene 

derivatives H2C=CH-4-C6H4X (X = OMe, Me, H, Br, CF3) were determined.  The 

equilibrium constants decreased with decreasing electron density by a factor of ~640 

(Table 6) and a plot of log(KX/KH) versus the Hammett -parameter was linear with  = 

‒3.4 ± 0.2 (Figure 18).  This value is considerably more negative than was the value 

obtained for binding of 4-substituted styrenes to the cationic [(IPr)Au]
+
 fragment ( = 2.4 

± 0.2), which in turn was substantially more negative than the values obtained for related 

cationic, electrophilic transition metal complexes.
107,110,112,113

  In both ligand series, but 

particularly the o-biphenylphosphine system, the pronounced electronic dependence of 

the alkene binding affinity to [(L)Au]
+
 points to a gold-alkene interaction that is 
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dominated by alkene → gold -donation and/or electrostatic interactions at the expense 

of gold → alkene -donation. 

2.2.2.3  Degenerate Isobutylene Exchange 

 As a comparison for the IPr system, the kinetics of isobutylene exchange with 33 

as a function of [isobutylene] was studied in CD2Cl2 at 25 °C employing 
1
H NMR line 

broadening techniques (Table 7).
114

  A plot of kobs vs. [isobutylene] over the 

concentration range 3 – 71 mM was linear with a second-order rate constant for 

isobutylene exchange of kex = 75 ± 3 M
‒1 

s
‒1

 (G
‡
 = 14.9 ± 0.1 kcal mol

‒1
) (Figure 19).  

Second-order rate constants for isobutylene exchange with 33 were also determined at 11 

°C [kex = 53 ± 1 M
‒1 

s
‒1

 (G
‡
 = 14.4 ± 0.1 kcal mol

‒1
)] and 40 °C [kex = 135 ± 8 M

‒1 
s

‒1
 

(G
‡
 = 15.3 ± 0.1 kcal mol

‒1
)].  Eyring analysis of the second-order rate constants for 

isobutylene exchange from 11 to 40 °C provided the activation parameters:  H
‡
 = 5 ± 1 

kcal mol
‒1

 and S
‡
 = ‒33 ± 4 eu.  These data support an associative pathway for 

isobutylene exchange, presumably via the cationic bis(alkene) intermediate {[P(t-Bu)2o-

biphenyl]Au(
2
-H2C=CMe2)2}

+
 SbF6

‒
.  Isobutylene exchange with 33 occurs with a 

lower enthalpy of activation and a larger negative entropy of activation than did 

isobutylene exchange in the IPr system through the 16 electron intermediate [(IPr)Au(
2
-

H2C=CMe2)2}
+
 SbF6

‒
 (H

‡
 = 8 ± 1 kcal mol

‒1
 and S

‡
 = ‒27 ± 4 eu).  The lower enthalpy 

of activation in the case of 33 may be a result of diminished alkene–ligand steric 

interactions in the corresponding three-coordinate bis(alkene) intermediate or the greater 

electrophilicity of the gold center in 33 relative to {(IPr)Au(
2
-H2C=CMe2)}

+
 SbF6

‒
 (18). 
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Table 7.  Observed rate constants for the exchange of the isobutylene ligand of 33 ([33] = 

40 mM) with free isobutylene at 11, 25, and 40 °C. 
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Figure 19.  Plots of kobs versus [isobutylene] for the exchange of the isobutylene ligand 

of 33 ([33] = 40 mM) with free isobutylene at 40 °C (×), 25 °C (○), and 11 °C () in 

CD2Cl2. 

2.2.2.4  Summary 

 In summary, a family of cationic, linear gold -alkene complexes that contain a 

sterically-hindered P(t-Bu)2o-biphenyl ligand have been synthesized and fully 

characterized, in three cases by X-ray crystallography.  All of the experimental 

observations, including NMR spectroscopy, X-ray crystallographic data, and equilibrium 

binding data, point to nominal contribution of -backbonding to the gold–alkene bonding 

interaction.  Further, the bias toward -donation in these o-biphenylphosphine complexes 

exceeds that of the analogous [(IPr)Au(
2
-alkene)]

+
 complexes, consistent with the 

greater -donating properties of NHC ligands relative to dialkyl aryl phosphine 

ligands.
116,117
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2.3  Experimental Section 

2.3.1  General Methods 

 

 Reactions were performed under a nitrogen atmosphere employing standard 

Schlenk and glovebox techniques unless specified otherwise.  NMR spectra were 

obtained on a Varian spectrometer operating at 500 MHz for 
1
H NMR and 125 MHz for 

13
C NMR in CDCl3 at 25

 
°C unless noted otherwise.  IR spectra were obtained on a 

Nicolet Avatar 360-FT IR spectrometer.  Elemental analyses were performed by 

Complete Analysis Laboratories (Parsippany, NJ).  Mass spectra were obtained on an 

Applied Biosystems Voyager-DE Pro MALDI mass spectrometer operating at a mass 

range of 500-4000u with a dihydroxyacetophenone matrix (10 mg/1 mL DCM) and was 

calibrated with PEG1000.   

 Methylene chloride was purified by passage through columns of activated 

alumina under nitrogen.  CDCl3 and CD2Cl2 were dried over CaH2 and distilled under N2 

prior to use.  (IPr)AuCl [IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidine] was 

purchased from Strem Chemicals and used as received.  Hexanes, AgSbF6, isobutylene, 

propene, ethylene, methylenecyclohexane, 2-methyl-2-butene, 2,3-dimethyl-2-butene, 

cis-2-butene, 1-hexene, 4-methylstyrene, norbornene, trans-2-butene, 4-vinylanisole, 

styrene, 4-bromostyrene, and 4-trifluoromethylstyrene were purchased from major 

chemical suppliers and used as received.  Isobutylene-C1-
13

C1 was purchased from CDN 

isotopes and was used as received. 
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2.3.2  Synthesis of N-Heterocyclic Carbene Gold(I) Complexes 

 

[(IPr)AuNCArF]
+
 SbF6

–
 (16).  A suspension of (IPr)AuCl (200 mg, 0.323 

mmol), AgSbF6 (110.8 mg, 0.323 mmol), and 3,5-bis(trifluoromethyl)benzonitrile (77.2 

mg, 0.323 mmol) in CH2Cl2 (5 mL) was stirred at room temperature for 12 hours.  The 

resulting suspension was filtered and the filtrate concentrated to ~2 mL and diluted with 

ether (8 mL), leading to precipitation of unreacted (IPr)AuCl.  The suspension was 

filtered and the filtrate was evaported under vacuum to obtain 16 as a colorless powder 

(322 mg, 91 %).  
1
H NMR:    8.30 (s, 1 H), 8.27 (s, 1 H), 7.62 (t, J = 8 Hz, 2 H), 7.43 (d, 

J = 8.5 Hz, 4 H), 7.41 (s, 2 H), 2.51 (septet, J = 7 Hz, 4 H), 1.35 (d, J = 6.5 Hz, 12 H), 

1.28 (d, J = 7 Hz, 12 H).  
13

C{
1
H} NMR:    165.6, 146.2, 134.3, 133.5, 131.7, 130.2, 

125.5, 125.0, 123.2, 121.1, 116.4, 110.2, 29.3, 24.9, 24.1.  Anal. calcd (found) for 

C36H39N3F12AuSb:  H, 3.71 (3.64); C, 40.77 (40.65); N, 3.96 (3.91). 

 

2.3.2.1  Synthesis of N-Heterocyclic Carbene Gold(I) -Alkene Complexes 

(IPr)Au[
2
-H2C=CHCH2CH2CH2CH3]

+
 SbF6

–
 (17).  A suspension of (IPr)AuCl 

(40 mg, 0.065 mmol) and AgSbF6 (22.2 mg, 0.065 mmol) in CH2Cl2 (2 mL) was stirred 

at room temperature for 5 min.  1-Hexene (11 mg, 0.13 mmol) was added to the resulting 

suspension via syringe and the resulting mixture stirred at room temperature for 12 hours.  

The resulting suspension was filtered and the filtrate was concentrated to ~2 mL, diluted 

with hexanes (2 mL), and cooled at 0 °C for 24 h to give 17 (53 mg, 91 %) as a colorless 

solid.  
1
H NMR:    7.58 (t, J = 8.0 Hz, 2 H), 7.44 (s, 2 H), 7.36 (d, J = 8 Hz, 4 H), 6.05 
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(tdd, J = 4.5, 9, 17 Hz, 1 H), 4.83 (d, J = 9 Hz, 1 H), 4.57 (d, J = 17 Hz, 1 H), 2.40 (octet, 

J = 7 Hz, 4 H), 2.06-1.98 (m, 1 H), 1.93 - 1.85 (m, 1 H), 1.64 (t J = 13 Hz, 1 H), 1.25 - 

1.22 (m, 24 H), 1.12-0.98 (m, 3 H), 0.76 (t, J = 7 Hz, 3 H).  
13

C{
1
H} NMR:    180.3, 

145.5, 135.4, 132.7, 131.6, 124.8, 124.6, 94.4, 34.6, 28.9, 25.0, 24.9, 23.7, 22.0, 13.5.  

MALDI-MS calcd (found) for C33H48N2Au (M
+
):  669.8 (669.2). 

(IPr)Au[
2
-H2C=C(CH3)2]

+
 SbF6

–
 (18).  A solution of (IPr)AuCl (40 mg, 0.065 

mmol) and AgSbF6 (22.2 mg, 0.065 mmol) in CH2Cl2 (2 mL) was stirred at room 

temperature for 5 min.  Isobutylene was bubbled into the resulting suspension for 20 s 

using a stainless steel syringe needle and the resulting suspension was stirred in a sealed 

flask at room temperature for 12 hours.  The resulting suspension was filtered and the 

filtrate concentrated to ~2 mL, diluted with hexanes (2 mL), and cooled at 0 °C for 24 h 

to form 18 (56 mg, 98%) as a white solid.  
1
H NMR:    7.55 (t, J = 7.5 Hz, 2 H), 7.46 (s, 

2 H), 7.32 (d, J = 8 Hz, 4 H), 4.40 (s, 2 H), 2.43 (septet, J = 7 Hz, 4 H), 1.8 (s, 6 H), 1.24 

(d, J = 7.0 Hz, 12 H), 1.23 (d, J = 6.5 Hz, 12 H).  
13

C{
1
H} NMR:    178.4, 155.2, 145.6, 

132.9, 131.5, 125.1, 124.6, 88.2, 28.8, 27.4, 24.7, 23.9.  MALDI-MS calcd (found) for 

C31H44N2Au (M
+
):  641.7 (641.2).  Anal. calcd (found) for C31H44N2F6AuSb:  H, 5.06 

(4.98);  C, 42.43 (42.31);  N, 3.19 (2.97).   

(IPr)Au[
2
-H2

13
C=C(CH3)2]

+
 SbF6

–
 (18-

13
C1).  A suspension of (IPr)AuCl (40 

mg, 0.065 mmol) and AgSbF6 (22.2 mg, 0.065 mmol) in CH2Cl2 (4 mL) was stirred at 

room temperature for 5 min.  The mixture was cooled to 77 K with liquid nitrogen and 

H2
13

C=C(CH3)2 (19.4 mg, 0.34 mmol) was condensed into the flask.  The flask was 

sealed, warmed to room temperature, and stirred for 12 h.  The resulting suspension was 
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filtered and the filtrate was concentrated to form 18-
13

C1 (57 mg, 100%) as a white solid.  

13
C{

1
H} NMR:    88.5 (

1
JC=C = 66.2 Hz).    

(IPr)Au[
2
-C7H10]

+
 SbF6

–
 (19).  Complex 19 was isolated in 88% yield as white 

crystals from reaction of norbornene with a mixture of (IPr)AuCl and AgSbF6 employing 

a procedure similar to that used to synthesize 17.  
1
H NMR:    7.52 (t, J = 8.0 Hz, 2 H), 

7.43 (s, 2 H), 7.29 (d, J = 7.5 Hz, 4 H), 5.71 (s, 2 H), 2.90 (s, 2 H), 2.40 (septet, J = 7.0 

Hz, 4 H), 1.67 (d, J = 9 Hz, 2 H), 1.23 (d, J = 6.5 Hz, 12 H), 1.22 (d, J = 6.5 Hz, 12 H), 

0.74 (dd, J = 2.0, 8.0 Hz, 2 H), 0.39 (d, J = 10.0 Hz, 1 H), -0.02 (d, J = 10.5 Hz, 1 H).  

13
C{

1
H} NMR:    182.9, 145.5, 132.9, 131.4, 124.7, 124.5, 123.5, 44.7, 43.9, 28.7, 24.8, 

23.8, 23.7.  MALDI-MS calcd (found) for C34H46N2Au (M
+
):  679.8 (678.9). 

(IPr)Au[
2
-(CH3)2C=C(CH3)2]

+
 SbF6

–
 (20).  Complex 20 was isolated in 95% 

yield as colorless crystals from reaction of 2,3-dimethyl-2-butene with a mixture of 

(IPr)AuCl and AgSbF6 employing a procedure similar to that used to synthesize 17.  
1
H 

NMR:    7.55 (t, J = 8.0 Hz, 2 H), 7.46 (s, 2 H), 7.32 (d, J = 7.5 Hz, 4 H), 2.42 (septet, J 

= 7.0 Hz, 4 H), 1.61 (s, 12 H), 1.24 (d, J = 6.5 Hz, 12 H), 1.23 (d, J = 12 H).  
13

C{
1
H} 

NMR:    176.3, 145.7, 133.1, 131.4, 125.1, 124.4, 122.1, 28.8, 24.6, 24.0, 23.3.  

MALDI-MS calcd (found) for C33H48N2Au (M
+
):  669.8 (669.1).  Anal. calcd (found) for 

C33H48N2F6AuSb:  H, 5.35 (5.17);  C, 43.77 (43.63);  N, 3.09 (3.26).   

(IPr)Au[
2
-(CH3)CH=C(CH3)2]

+
 SbF6

–
 (21).  Complex 21 was isolated in 99% 

yield as colorless crystals from reaction of 2-methyl-2-butene with a mixture of 

(IPr)AuCl and AgSbF6 employing a procedure similar to that used to synthesize 17.  
1
H 
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NMR:    7.56 (t, J = 7.5 Hz, 2 H), 7.45 (s, 2 H), 7.34 (d, J = 8.0 Hz, 4 H), 5.07 (quartet, 

J = 6.0 Hz, 1 H), 2.33 (septet, J = 6.5 Hz, 4 H), 1.64 (s, 3 H), 1.56 (s, 3 H), 1.41 (d, J = 

6.0 Hz, 3 H), 1.22 (d, J = 7.0 Hz, 12 H), 1.21 (d, J = 6.5 Hz, 12 H).  
13

C{
1
H} NMR:    

177.2, 145.2, 136.7, 132.5, 126.7, 124.3, 124.2, 105.0, 28.5, 28.0, 24.7, 23.4, 20.8, 15.5.  

MALDI-MS calcd (found) for C32H46N2Au (M
+
):  655.8 (654.9).  Anal. calcd (found) for 

C32H46N2F6AuSb:  H, 5.21 (4.93); C, 43.11 (42.98); N, 3.14 (3.05). 

(IPr)Au[
2
-H2C=C(CH2)5]

+
 SbF6

–
 (22).  Complex 22 was isolated in 99% yield 

as white solid from reaction of methylenecyclohexane with a mixture of (IPr)AuCl and 

AgSbF6 employing a procedure similar to that used to synthesize 17.  
1
H NMR:    7.53 

(t, J = 7.5 Hz, 2 H), 7.46 (s, 2 H), 7.30 (d, J = 7.5 Hz, 4 H), 4.35 (s, 2 H), 2.44 (septet, J = 

7.0 Hz, 4 H), 2.12-2.02 (m, 2 H), 1.95-1.84 (m, 2 H), 1.47-1.22 (m, 6 H), 1.21 (d, J = 7.0 

Hz, 24 H).  
13

C{
1
H} NMR:    179.3, 161.3, 145.5, 132.9, 131.4, 125.1, 124.5, 86.0, 37.7, 

28.7, 27.8, 24.7, 24.4, 24.0.  MALDI-MS calcd (found) for C34H48N2Au (M
+
):  681.8 

(681.7).   

 (IPr)Au[
2
-cis-CH3C(H)=C(H)CH3]

+
 SbF6

–
 (23).  Complex 23 was isolated in 

95% yield as a white solid from reaction of cis-2-butene with a mixture of (IPr)AuCl and 

AgSbF6 employing a procedure similar to that used to synthesize 18.  
1
H NMR:    7.55 

(t, J = 8 Hz, 2 H), 7.46 (s, 2 H), 7.32 (d, J = 8 Hz, 4 H), 5.67 (q, J = 3.5 Hz, 2 H), 2.42 

(septet, J = 7 Hz, 4 H), 1.54 (d, J = 4 Hz, 6 H), 1.24 (d, J = 7.0 Hz, 12 H), 1.22 (d, J = 7.0 

Hz, 12 H).  
13

C{
1
H} NMR:    178.9, 145.6, 132.8, 131.5, 125.1, 124.5, 115.9, 28.8, 24.7, 

23.9, 15.0.  MALDI-MS calcd (found) for C31H44N2Au (M
+
): 641.7 (640.8). 
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  (IPr)Au[
2
-H2C=CH(4-C6H4CH3)]

+
 SbF6

–
 (24).  Complex 24 was isolated in 

84% yield as white solid from reaction of 4-methylstyrene with a mixture of (IPr)AuCl 

and AgSbF6 employing a procedure similar to that used to synthesize 17.  
1
H NMR:    

7.50 (t, J = 8.0 Hz, 2 H), 7.38 (s, 2 H), 7.21 (d, J = 7.5 Hz, 4 H), 7.01 (d, J = 7.5 Hz, 2 H), 

6.82 (d, J = 7.0 Hz, 2 H), 6.49 (dd, J = 16.5, 9.0 Hz, 1 H), 4.93 (d, J = 17.0 Hz, 1 H), 4.84 

(d, J = 9.0 Hz, 1 H), 2.37 (s, 3 H), 2.31 (septet, J = 7.0 Hz, 4 H), 1.16 (d, J = 7.0 Hz, 12 

H), 1.04 (d, J = 7.0 Hz, 12 H).  
13

C{
1
H} NMR:    179.2, 145.4, 143.4, 132.7, 131.3, 

130.1, 129.6, 128.8, 127.8, 124.9, 124.4, 84.3, 28.7, 24.5, 23.8, 21.4.  MALDI-MS calcd 

(found) for C36H46N2Au (M
+
):  703.8 (702.9).  Anal. calcd (found) for C36H46N2F6AuSb:  

H, 4.94 (4.83); C, 46.01 (45.58); N, 2.98 (2.81).     

   

2.3.2.2  In situ characterization Gold(I) -Alkene Complexes 

 (IPr)Au[
2
-trans-(CH3)HC=CH(CH3)]

+
 SbF6

–
 (25).  trans-2-Butene (0.36 mL, 

0.015 mmol) was added via gas tight syringe to the head space of an NMR tube sealed 

with a rubber septum that contained a solution of [(IPr)AuNCArF]
+
 SbF6

–
 [16;  NCArF = 

NC-3,5-C6H3(CF3)2] (16 mg, 0.015 mmol) in CD2Cl2 (0.5 mL) at –60 °C.  The tube was 

shaken and placed in the probe of an NMR spectrometer cooled at –60 °C.   Formation of 

25 was established by the disappearance of resonances corresponding to bound NCArF [ 

8.15, 8.14 (2:1)] and the appearance of resonances corresponding to the olefinic ( 5.27, 

br. s) and allylic protons ( 1.48, s) of bound trans-2-butene in the 
1
H NMR spectrum 

that were shifted relative to the resonances corresponding to free trans-2-butene ( 5.39, 
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1.57).  Complex 25 was characterized without isolation by 
1
H and 

13
C NMR 

spectroscopy.  
1
H NMR:    7.56 (t, J = 7.5 Hz, 2 H), 7.45 (s, 2 H), 7.34 (br s, 4 H), 5.27 

(br s, 2 H), 2.40-2.28 (m, 4 H), 1.48 (s, 6 H), 1.30-1.14 (br s, 24 H).  
13

C{
1
H} NMR:    

178.2, 145.6, 132.5, 131.1, 125.7, 124.3, 117.2, 28.5, 24.7, 23.4, 19.8.   

 Gold -alkene complexes (IPr)Au[
2
-H2C=CH(CH3)]

+
 SbF6

–
 (26), (IPr)Au[

2
-

H2C=CH(4-C6H4OCH3)]
+
 SbF6

–
 (27), (IPr)Au[

2
-H2C=CHPh]

+
 SbF6

–
 (28), (IPr)Au[

2
-

H2C=CH(4-C6H4Br)]
+
 SbF6

–
 (29), and (IPr)Au[

2
-H2C=CH(4-C6H4CF3)]

+
 SbF6

–
 (30) 

were synthesized and characterized in situ employing procedures similar to that used to 

synthesize 25.  

 (IPr)Au[
2
-H2C=CH(CH3)]

+
 SbF6

–
 (26).  

1
H NMR:    7.56 (t, J = 8.0 Hz, 2 H), 

7.44 (s, 2 H), 7.34 (t, J = 8.0 Hz, 4 H), 5.82 (br. s, 1 H), 4.88 (d, J = 9.0 Hz, 2 H), 2.34 

(septet, J = 6.5 Hz, 4 H), 1.66 (br s, 3 H), 1.22 (d, J = 7.0 Hz, 12 H), 1.20 (d, J = 7.0 Hz, 

12 H).  
13

C{
1
H} NMR:    179.4, 145.2, 132.3, 131.1, 126.7, 124.4, 115.2, 96.1, 28.5, 

24.9, 23.3, 19.4. 

 (IPr)Au[
2
-H2C=CH(4-C6H4OCH3)]

+
 SbF6

–
 (27).  

1
H NMR:     7.55-7.19 (m, 8 

H), 6.88 (d, J = 7.5 Hz, 2 H), 6.71 (d, J = 7.0 Hz, 2 H), 6.50 (dd, J = 8.5, 16.5 Hz, 1 H), 

4.82 (d, J = 16.5 Hz, 1 H), 4.72 (d, J = 8.5 Hz, 1 H), 3.85 (s, 3 H), 2.29-2.18 (m, 4 H), 

1.18-0.93 (m, 24 H).  
13

C{
1
H} NMR:    179.2, 145.7, 145.3, 132.8, 131.2, 130.7, 129.8, 

129.1, 127.4, 127.0, 124.5, 81.8, 28.8, 25.1, 24.6, 23.6. 

 (IPr)Au[
2
-H2C=CH(Ph)]

+
 SbF6

–
 (28).  

1
H NMR:    7.55-7.19 (m, 13 H), 6.88 

(br s, 1 H), 6.50 (br s, 1 H), 5.00 (br. s, 1 H), 2.29-2.19 (m, 4 H), 1.19-0.88 (m, 24 H).  
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13
C{

1
H} NMR:    178.6, 145.0, 132.5, 131.1, 128.4, 126.7, 125.9, 124.7, 124.3, 116.1, 

113.6, 86.4, 28.5, 24.8, 23.3. 

 (IPr)Au[
2
-H2C=CH(4-C6H4Br)]

+
 SbF6

–
 (29).  

1
H NMR:    7.60-7.32 (m, 8 H), 

7.29 (d, J = 6.5 Hz, 2 H), 7.20 (d, J = 7.5 Hz, 2 H), 6.46 (br. s, 1 H), 5.08 (d, J = 14 Hz, 1 

H), 4.99 (d, br. s, 1 H), 2.34-2.14 (m, 4 H), 1.23-0.93 (m, 24 H). 

 (IPr)Au[
2
-H2C=CH(4-C6H4CF3)]

+
 SbF6

–
 (30).  

1
H NMR:    7.56-7.19 (m, 13 

H), 6.52 (dd, J = 10, 16.5 Hz, 1 H), 5.23 (d, J = 17 Hz, 1 H), 5.14 (d, J = 8.5 Hz, 1 H), 

2.30-2.14 (m, 4 H), 1.20-0.91 (m, 24 H). 

 

2.3.2.3  Determination of Alkene Binding Constants  

 1-Hexene (1.27 mg, 0.015 mmol) was added via syringe to an NMR tube sealed 

with a rubber septum that contained a CD2Cl2 solution of [(IPr)AuNCArF]
+
 SbF6

–
 (16;  16 

mg, 0.015 mmol) at –60 °C.  The tube was shaken, placed in the probe of an NMR 

spectrometer cooled at –60 °C and allowed to equilibrate for 10 min.  The relative 

concentrations of 16, 17, NCArF, and 1-hexene were determined by integrating the 

resonances corresponding to the aromatic protons of bound [ 8.29, 8.25 (1:2)] and free 

[ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the internal olefinic 

proton of bound ( 6.06) and free ( 5.78) 1-hexene (Table 1).  An equilibrium constant 

of Keq = [17][NCArF]/[16][1-hexene] = 25 ± 1 was determined.   

 To ensure that equilibrium was achieved under these conditions, the following 

control experiment was performed.  NCArF (2.6 mg, 0.011 mmol) was added via syringe 
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to an NMR tube sealed with a rubber septum that contained a CD2Cl2 solution of 1-

hexene complex 17 (10 mg, 0.011 mmol) at –60 °C.  The tube was shaken, placed in the 

probe of an NMR spectrometer cooled at –60 °C and allowed to equilibrate for 10 min.  

The relative concentrations of 16, 17, NCArF, and 1-hexene were determined as was 

described in the preceding paragraph.  The equilibrium constant determined from this 

experiment {Keq = [17][NCArF]/[16][1-hexene] = 26 ± 1} was not significantly different 

from that obtained from treatment of 16 with 1-hexene.  

 Similar procedures were employed to determine the equilibrium constants for the 

displacement of NCArF from [16] with isobutylene, 2,3-dimethyl-2-butene, 

methylenecyclohexane, 2-methyl-2-butene, cis-2-butene, trans-2-butene, propene, 4-

methylstyrene, 4-methoxystyrene, styrene, 4-bromostyrene, and 4-trifluorostyrene in 

CD2Cl2 at –60 °C.  Equilibrium data are collected in Table 3.   

 Isobutylene.  Integration of the resonances corresponding to bound [ 8.29, 8.25 

(1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the vinyl 

protons of bound ( 4.38) and free ( 4.60) isobutylene at –60 °C (Table 1) provided an 

equilibrium constant of Keq = [18][NCArF]/[16][isobutylene] = 67 ± 4.   

 2,3-Dimethyl-2-butene.  Integration of the resonances corresponding to bound [ 

8.29, 8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to 

the allylic protons of bound ( 1.55) and free ( 1.58) 2,3-dimethyl-2-butene at –60 °C 

(Table 2-1) provided an equilibrium constant of Keq = [20][NCArF]/[16][2,3-dimethyl-2-

butene] = 50 ± 3.  In a control experiment, NCArF (3.1 mg, 0.013 mmol) was added via 

syringe to an NMR tube sealed with a rubber septum that contained a CD2Cl2 solution of 
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2,3-dimethyl-2-butene complex 20 (12 mg, 0.013 mmol) at –60 °C.  The tube was 

shaken, placed in the probe of an NMR spectrometer cooled at –60 °C and allowed to 

equilibrate for 10 min.  The relative concentrations of 16, 20, NCArF, and 2,3-dimethyl-

2-butene were determined as was described above.  The equilibrium constant determined 

from this experiment {Keq = [20][NCArF]/[16][2,3-dimethyl-2-butene] = 51 ± 3} was not 

significantly different from that obtained from 16.  

 Methylenecyclohexane.  Integration of the resonances corresponding to bound [ 

8.29, 8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to 

the olefinic proton of bound ( 4.37) vs. free ( 4.55) methylenecyclohexane (Table 1) 

provided an equilibrium constant of Keq = [22][NCArF]/[16][methylenecyclohexane] = 90 

± 7. 

 2-Methyl-2-butene.  Integration of the resonances corresponding to bound [ 

8.29, 8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to 

the allylic protons of bound ( 1.56) and free ( 1.54) 2-methyl-2-butene (Table 1) 

provided an equilibrium constant of Keq = [21][NCArF]/[16][2-methyl-2-butene] = 64 ± 

4. 

 cis-2-Butene.  Integration of the resonances corresponding to bound [ 8.29, 8.25 

(1:2)] vs. free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the olefinic 

protons of bound ( 5.64) vs. free ( 5.41) cis-2-butene (Table 1) provides an equilibrium 

constant of Keq = [23][NCArF]/[16][cis-2-butene] = 38 ± 2.  
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 trans-2-Butene.  Integration of the resonances corresponding to bound [ 8.29, 

8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the 

olefinic protons of bound ( 5.27) vs. free ( 5.39) trans-2-butene (Table 2) provides an 

equilibrium constant of Keq = [25][NCArF]/[16][trans-2-butene] = 12.5 ± 0.4.  

 Propene.  Integration of the resonances corresponding to bound [ 8.29, 8.25 

(1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the 

internal olefinic protons of bound ( 5.89) and free ( 5.82) propene (Table 2) provided 

an equilibrium constant of Keq = [26][NCArF]/[16][propene] = 6.8 ± 0.3. 

 4-Methoxystyrene.  Integration of the resonances corresponding to bound [ 

8.29, 8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to 

the vinyl protons of bound ( 4.82, 4.73) and free ( 5.61, 5.09) 4-methoxystyrene (Table 

2) provides an equilibrium constant of Keq = [27][NCArF]/[16][4-vinylanisole] = 5.8 ± 

0.2. 

 4-Methylstyrene.  Integration of the resonances corresponding to bound [ 8.29, 

8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the 

vinyl protons of bound ( 4.96, 4.86) and free ( 5.70, 5.16) 4-methylstyrene (Table 1) 

provided an equilibrium constant of Keq = [24][NCArF]/[16][4-methylstyrene] = 2.7 ± 

0.3. 

 Styrene.  Integration of the resonances corresponding to bound [ 8.29, 8.25 

(1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the vinyl 
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protons of bound ( 5.00) vs. free ( 5.77) styrene (Table 2) provided an equilibrium 

constant of Keq = [28][NCArF]/[16][styrene] = 1.7 ± 0.4. 

 4-Bromostyrene.  Integration of the resonances corresponding to bound [ 8.29, 

8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the 

internal olefinic protons of bound ( 6.46) and free ( 6.62) 4-bromostyrene (Table 2) 

provided an equilibrium constant of Keq = [29][NCArF]/[16][4-bromostyrene] = 0.27 ± 

0.03. 

 4-Trifluoromethylstyrene.  Integration of the resonances corresponding to bound 

[ 8.29, 8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding 

to the internal olefinic protons of bound ( 6.52) and free ( 6.78) 4-trifluorostyrene 

(Table 2) provided an equilibrium constant of Keq = [30][NCArF]/[16][4-

trifluoromethylstyrene] = 0.07 ± 0.01. 

 

2.3.2.4  Kinetics of Isobutylene Exchange with 18 

 An NMR tube capped with a rubber septum that contained a solution of 18 (16 

mg, 0.018 mmol) and 1,3-dimethoxybenzene (1.0 L, 7.6 mol;  internal standard) in 

CDCl3 (0.45 mL) was placed in the probe of an NMR spectrometer maintained at 298 K.  

Analysis of the singlet at  4.38 corresponding to the olefinic protons of the isobutylene 

ligand of 18 in the 
1
H NMR spectrum gave a peak width a half height of v1/2 = 2.5 Hz.  

The tube was removed from the probe and isobutylene gas (0.37 mL @ 1 atm, 0.015 

mmol) was added into the head space of the tube via a gas-tight syringe.  The tube was 
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shaken well, returned to the probe, allowed to equilibrate for 10 min.  The concentration 

of free isobutylene was determined ([isobutylene] = 15 mM) by integrating the olefinic 

resonance of free isobutylene ( 4.60) relative to the methoxy resonance of the 1,3-

dimethoxybenzene ( 3.80).  The peak width at half height of the singlet at  4.38 was 

determined:  v1/2 = 3.0 Hz, which corresponds to excess broadening of v1/2 (excess) = v – 

vo = 0.5 Hz.  Using this value, the rate of exchange of the isobutylene ligand of 18 (kobs) 

was determined through application of the slow exchange approximation:  kobs = (v1/2 

(excess)) = 1.8 s
–1

.  The rate of isobutylene exchange with 18 was determined as a function 

of [isobutylene] from 51 - 145 mM through successive iterations of the above procedure 

(Table 8).  The second-order rate constant for the rate of exchange of the isobutylene 

ligand of 18 was determined from the slope of a plot of kobs versus [isobutylene] where 

kex = 17 ± 1 M
–1

 s
–1

 (G
‡
 = 15.76 ± 0.04 kcal mol

–1
) (Table 9).  The second-order rate 

constants (kex) for isobutylene exchange with 18 were determined also determined at 45 

°C and at 63 °C employing procedures similar to those outlined above (Table 9).  An 

Eyring plot of these data [ln(kex/T) versus 1/T] provided the activation parameters for 

isobutylene exchange of 18:  H
‡
 = 8 ± 1 kcal mol

–1
 and S

‡
 = –27 ± 4 eu (Figure 20).    

 The plots of kobs versus [isobutylene] possessed a non-zero intercepts (Figure 14).  

These intercepts do not correspond to a potential solvent-assisted pathway for isobutylene 

exchange, as this information cannot be extracted from line-broadening analysis.
114

  

Rather, we attribute theses non-zero intercepts to the loss of isobutylene from 18 in 

solution in the absence of isobutylene.  The initial addition of isobutylene reconstitutes 

18, thereby increasing the concentration of 18 and leads to excess line broadening both 
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due to the presence of free isobutylene and to the increase in [18].  In support of this 

contention, the concentration of bound isobutylene increased ~15% upon the first 

addition of isobutylene and remained constant throughout successive isobutylene 

additions. 

Table 8.  Line broadening data and observed rate constants (kobs) for the exchange of the 

isobutylene ligand of 18 ([18] = 40 mM) with free isobutylene. 

 

Table 9.  Second-order rate constants (kex) for the exchange of the isobutylene ligand of 

18 with free isobutylene at 25, 45, and 63 °C. 
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Figure 20.  Eyring plot of the second-order rate constants (kex) for the exchange of the 

isobutylene ligand of 18 with free isobutylene at 25, 45, and 63 °C, where H
‡
 = 8 ± 1 

kcal mol
–1

 and S
‡
 = –27 ± 4 eu. 

 

2.3.2.5  X-ray Crystal Structure Data for N-Heterocyclic Carbene Gold(I) -Alkene 

Complexes 18•2CH2Cl2, 19, and 20•2CH2Cl2 

 

 X-ray Crystal Structure of [(NHC)Au(
2
-H2C=CMe2)•2CH2Cl2] SbF6

–
 

(18•2CH2Cl2).  Slow diffusion of hexane into a CH2Cl2 solution of 18 at 4 °C gave 

crystals of 18•2CH2Cl2 suitable for X-ray diffraction.  Diffraction data were obtained 

with graphite monochromated Mo K radiation (= 0.71073 Å) on a Brüker Kappa 

Apex II diffractometer using the  scan mode.  Of the 68128 reflections, 7188 

independent, observed reflections (I > 2.0 (I)) were obtained with maximum h, k, l 

values of 21, 14, and 27, respectively.  An absorption correction was applied (SADABS).  
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The structure was refined by full matrix, least squares on F
2
; H atoms were fixed, all 

other atoms were refined anisotropically. 

 X-ray Crystal Structure of [(NHC)Au(
2
-norbornene)] SbF6

–
 (19).  Slow 

diffusion of hexane into a CH2Cl2 solution of 19 at 4 °C gave colorless crystals suitable 

for X-ray analysis.  Diffraction data were obtained with graphite monochromated Mo K 

radiation ( = 0.71073 Å) on a Brüker Kappa Apex II diffractometer using the  scan 

mode.  Of the 31769 reflections, 9648 independent, observed reflections (I > 2.0 (I)) 

were obtained with maximum h, k, l values of 14, 20, and 23, respectively.  An 

absorption correction was applied (SADABS).  The structure was refined by full matrix, 

least squares on F
2
; H atoms were fixed, all other atoms were refined anisotropically. 

 X-ray Crystal Structure of {(NHC)Au[(
2
-Me2C=CMe2)]•2CH2Cl2} SbF6

–
 

(20•2CH2Cl2).  Slow diffusion of hexane into a CH2Cl2 solution of 20 at 4 °C gave 

colorless crystals of 20•2CH2Cl2 suitable for X-ray analysis.  Diffraction data were 

obtained with graphite monochromated Mo K radiation (= 0.71073 Å) on a Brüker 

Kappa Apex II diffractometer using the  scan mode.  Of the 82195 reflections, 9101 

independent, observed reflections (I > 2.0 (I)) were obtained with maximum h, k, l 

values of 23, 17, and 31, respectively.  An absorption correction was applied (SADABS).  

The structure was refined by full matrix, least squares on F
2
; H atoms were fixed, all 

other atoms were refined anisotropically. 
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Table 10.  Crystal data and structure refinement for 18•2CH2Cl2, 19, and 20•2CH2Cl2. 

 

 

2.3.3  Synthesis of P(t-Bu)2o-biphenyl Gold(I) Complexes 

 

 {[P(t-Bu)2o-biphenyl]Au(NCArF)}
+
 SbF6

–
 (44).  A suspension of [P(t-Bu)2o-

biphenyl]AuCl (160 mg, 0.30 mmol), AgSbF6 (103.6 mg, 0.301 mmol), and 3,5-

bis(trifluoromethyl)benzonitrile (72.0 mg, 0.30 mmol) in CH2Cl2 (5 mL) was stirred at 

room temperature for 6 hours.  The resulting suspension was filtered and the filtrate 

concentrated to ~2 mL, diluted with hexanes (20 mL) and cooled at 4 
o
C overnight to 

promote precipitation of the product.  The mother liquor was decanted and resulting solid 

rinsed with cold hexanes.  Evaporation of the solid under vacuum provided 44 as a 

colorless powder (263 mg, 90 %).  
1
H NMR:    8.41 (s, 2 H), 8.38 (s, 1 H), 7.91 (t, J = 

8.5 Hz, 1 H), 7.65 – 7.60 (m, 2 H), 7.57 (t, J = 7.5 Hz, 2 H), 7.48 (t, J = 7.5 Hz, 1 H), 
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7.40 - 7.33 (m, 1 H), 7.28 (d, J = 7.0 Hz, 2 H), 1.45 (d, J = 16.5 Hz, 18 H).  
13

C{
1
H} 

NMR:    148.8 (d, J = 12.6 Hz), 143.1 (d, J = 5.9 Hz), 133.8 (d, J = 2.9 Hz), 133.6, 

133.1, 131.6, 129.9 (d, J = 8.8 Hz), 129.6, 129.1, 127.6 (d, J = 43 Hz), 125.2, 123.6 (d, J 

= 52 Hz), 123.0, 120.8, 118.7, 114.7, 110.4, 38.1 (d, J = 27 Hz), 30.6.  
31

P{
1
H} NMR:   

57.9.  Anal. calcd (found) for C29H30AuF12NPSb:  H, 3.12 (3.06); C, 35.90 (36.10); N, 

1.44 (1.29). 

 

2.3.3.1  Synthesis of P(t-Bu)2o-biphenyl Gold(I) -Alkene Complexes 

 {[P(t-Bu)2o-bipheny]Au[
2
-H2C=C(CH2)5]}

+
 SbF6

–
 (31).  A solution of [P(t-

Bu)2o-biphenyl]AuCl (35 mg, 0.066 mmol) and AgSbF6 (22.7 mg, 0.066 mmol) in 

CH2Cl2 (2 mL) was stirred at room temperature for 5 min.  Methylene cyclohexane (25 

mg, 0.26 mmol) was added dropwise via syringe and the resulting suspension was stirred 

in a sealed flask at room temperature for 6 hours.  The resulting suspension was filtered 

and the filtrate concentrated to ~2 mL, diluted with hexanes (2 mL), and cooled at 4 °C 

for 24 h to form 31 (54 mg, 99%) as a white solid.  
1
H NMR (CDCl3):    7.87 (t, J = 8 

Hz, 1 H), 7.62 – 7.52 (m, 5 H), 7.22 - 7.16 (m, 3 H), 3.93 (d, J = 4.5 Hz, 2 H), 2.46 – 2.36 

(m, 2 H), 2.36 – 2.24 (m, 2 H), 1.98 – 1.86 (m, 2 H), 1.68 (br. s, 1 H), 1.60 – 1.46 (m, 3 

H), 1.39 (d, J = 16.5 Hz, 18 H).  
13

C{
1
H} NMR (CDCl3):    169.4, 148.4, 143.2, 133.9, 

133.5, 131.6, 130.0, 129.6 (d, J = 18.5 Hz), 128.1, 127.9, 124.7 (d, J = 48.1 Hz), 91.8 (d, 

J = 14.7 Hz), 39.9, 37.7 (d, J = 22.9 Hz), 30.6 (d, J = 5.9 Hz), 25.5.  
31

P{
1
H} NMR 
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(CDCl3):   64.7.  Anal. calcd (found) for C27H39PF6AuSb:  H, 4.75 (4.65);  C, 39.20 

(39.31).  

 {[P(t-Bu)2o-bipheny]Au[
2
-cis-CH3C(H)=C(H)CH3]}

+
 SbF6

–
 (32).  Complex 

32 was isolated in 94% yield as a light yellow solid from reaction of cis-2-butene with a 

mixture of [P(t-Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that 

used to synthesize 31.  
1
H NMR (400 MHz, CDCl3):    7.90 – 7.82 (m, 1 H), 7.68 – 7.50 

(m, 5 H), 7.21 (d, J = 7.2 Hz, 3 H), 5.37 (br. s, 2 H), 1.85 (d, J = 4.8 Hz, 6 H), 1.38 (d, J = 

16.4 Hz, 18 H).  
13

C{
1
H} NMR (101 MHz, CDCl3):    148.4, 143.1, 133.8, 133.4, 131.7, 

129.7, 129.3, 127.9, 124.2, 121.6, 110.0, 37.9 (d, J = 23.9 Hz), 30.7 (d, J = 6.2 Hz), 15.4.  

31
P{

1
H} NMR:   66.1.  Anal. calcd (found) for C24H35PF6AuSb:  H, 4.48 (4.38);  C, 

36.62 (36.46). 

{[P(t-Bu)2o-bipheny]Au[
2
-H2C=C(CH3)2]}

+
 SbF6

–
 (33).  Complex 33 was 

isolated in 93% yield as a white solid from reaction of isobutylene with a mixture of [P(t-

Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that used to 

synthesize 31.  
1
H NMR:    7.94 – 7.90 (m, 1 H), 7.68 – 7.58 (m, 5 H), 7.30 – 7.26 (m, 1 

H), 7.24 (d, J = 6.5 Hz, 2 H), 3.92 (d, J = 4.5 Hz, 2 H), 2.174 (s, 6 H), 1.42 (d, J = 16.5 

Hz, 18 H).  
13

C{
1
H} NMR:    163.3, 148.7 (d, J = 13.7 Hz), 143.8 (d, J = 6.8 Hz), 134.3, 

133.9 (d, J = 6.8 Hz), 132.2, 130.1, 130.0, 128.4, 124.7 (d, J = 47 Hz), 95.1 (d, J = 14.7 

Hz), 37.8 (d, J = 23.6 Hz), 30.9 (d, J = 5.9 Hz), 28.6 (d, J = 6.9 Hz).  
31

P{
1
H} NMR:   

64.9.  Anal. calcd (found) for C24H35PF6AuSb:  H, 4.48 (4.34);  C, 36.62 (36.53). 
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{[P(t-Bu)2o-bipheny]Au[
2
-H2C=CH(CH2)3CH3]}

+
 SbF6

–
 (34).  Complex 34 

was isolated in 95% yield as a white solid from reaction of 1-hexene with a mixture of 

[P(t-Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that used to 

synthesize 31.  
1
H NMR:    7.94 – 7.87 (m, 1 H), 7.70 – 7.56 (m, 5 H), 7.32 – 7.20 (m, 3 

H), 6.22 – 6.10 (m, 1 H), 4.39 (d, J = 9 Hz, 1 H), 4.36 (d, J = 18 Hz, 1 H), 2.50 – 2.34 (m, 

1 H), 2.30 – 2.16 (m, 1 H), 1.55 – 1.25 (m, 4 H),  1.41 (d, J = 16.5 Hz, 18 H), 0.91 (t, J = 

7 Hz, 3 H).  
13

C{
1
H} NMR:    148.7 (d, J = 14.6 Hz), 143.7 (d, J = 6.8 Hz), 141.9 (d, J = 

12.7 Hz),134.4, 133.8, 132.2, 129.9, 128.4, 124.7 (d, J = 48.0 Hz), 111.4, 100.1 (d, J = 

10.7 Hz), 38.7 (d, J = 23.6), 35.6, 30.9, 22.3, 13.8.  
31

P{
1
H} NMR:   66.5.  Anal. calcd 

(found) for C26H39PF6AuSb:  H, 4.82 (4.69);  C, 38.30 (38.16). 

{[P(t-Bu)2o-bipheny]Au[
2
-(CH3)2C=C(CH3)2]}

+
 SbF6

–
 (35).  Complex 35 was 

isolated in 94% yield as a white solid from reaction of 2,3-dimethyl-2-butene with a 

mixture of [P(t-Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that 

used to synthesize 31.  
1
H NMR:    7.96 – 7.87 (m, 1 H), 7.74 – 7.50 (m, 5 H), 7.32 – 

7.14 (m, 3 H), 1.88 (d, J = 1.0 Hz, 12 H), 1.47 – 1.38 (m, 18 H).   
31

P{
1
H} NMR:   65.5.  

Anal. calcd (found) for C26H39PF6AuSb:  H, 4.82 (4.69);  C, 38.30 (38.35).   

  {[P(t-Bu)2o-bipheny]Au[
2
-trans-CH3C(H)=C(H)CH3]}

+
 SbF6

–
 (36).  Complex 

36 was isolated in 92% yield as a white solid from reaction of trans-2-butene with a 

mixture of [P(t-Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that 

used to synthesize 31.  
1
H NMR:  7.93 – 7.88 (m, 1 H), 7.70 – 7.58 (m, 5 H), 7.32 – 

7.20 (m, 3 H), 5.23 (br. s, 2 H), 1.84 (br. s, 6 H), 1.44 (d, J = 16 Hz, 9 H), 1.41 (d, J = 
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16.5 Hz, 9 H).  
31

P{
1
H} NMR:    65.5 Hz.  Anal. calcd (found) for C24H35PF6AuSb:  H, 

4.48 (4.35);  C, 36.62 (36.71).  

{[P(t-Bu)2o-bipheny]Au[
2
-(CH3)2C=CH(CH3)]}

+
 SbF6

–
 (37).  Complex 37 was 

isolated in 98% yield as a white solid from reaction of 2-methyl-2-butene with a mixture 

of [P(t-Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that used to 

synthesize 31.  
1
H NMR:    7.94 – 7.87 (m, 1 H), 7.70 – 7.56 (m, 5 H), 7.28 – 7.18 (m, 3 

H), 4.20 (quint, J = 6 Hz, 1 H), 2.04 (s, 3 H), 1.97 (s, 3 H), 1.67 (d, J = 6 Hz, 3 H), 1.42 

(d, J = 11.5 Hz, 9 H), 1.38 (d, J = 11.5 Hz, 9 H).  
13

C{
1
H} NMR:    148.8 (d, J = 13.7 

Hz), 146.1 (d, J = 3.9 Hz), 143.9 (d, J = 6.8 Hz), 134.2, 133.9, 132.2, 130.4 (d, J = 10.7 

Hz), 129.9 (d, J = 11.7 Hz), 129.7, 128.5, 124.2 (d, J = 47 Hz), 111.4, 37.9 (dd, J = 23.6, 

31.4 Hz), 31.0, 29.4 (d, J = 3.9 Hz), 22.7 (d, J = 5.9 Hz), 16.1.  
31

P{
1
H} NMR:   66.2.  

Anal. calcd (found) for C25H37PF6AuSb:  H, 4.65 (4.56);  C, 37.47 (37.60). 

{[P(t-Bu)2o-bipheny]Au[
2
-H2C=CHC6H5]}

+
 SbF6

–
 (39).  Complex 39 was 

isolated in 91% yield as a white solid from reaction of styrene with a mixture of [P(t-

Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that used to 

synthesize 31.  
1
H NMR (CDCl3):    7.83 – 7.78 (m, 1 H), 7.72 – 7.63 (m, 3 H), 7.55 

(ddd, J = 1.5, 3.5, 5.5 Hz, 2 H), 7.42 – 7.34 (m, 5H), 7.22 (d, J = 6.5 Hz, 3 H), 6.84 (dd, J 

= 9, 17 Hz, 1 H), 4.84 (br. s, 1 H), 4.42 (br. s, 1 H), 1.17 (d, J = 16.0 Hz, 18 H).  
13

C{
1
H} 

NMR (CDCl3):    148.4 (d, J = 13.7 Hz), 143.1 (d, J = 6.8 Hz), 134.8, 133.8 (d, J = 12.7 

Hz), 133.4 (d, J = 6.8 Hz), 133.2 (d, J = 7.8 Hz), 132.3, 131.6 (d, J = 21.7 Hz), 129.9 (d, 

J = 16.6 Hz), 129.4 (d, J = 17.6 Hz), 128.0, 127.9, 124.5 (d, J = 47.0 Hz), 91.1, 37.8 (d, J 
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= 23.6 Hz), 30.3.  
31

P{
1
H} NMR:   66.7.  Anal. calcd (found) for C28H35PF6AuSb:  H, 

4.22 (4.03);  C, 40.26 (40.35). 

{[P(t-Bu)2o-bipheny]Au[
2
-H2C=CH-4-C6H4CH3]}

+
 SbF6

–
 (38).  Complex 38 

was isolated in 96% yield as a light yellow solid from reaction of 4-methylstyrene with a 

mixture of [P(t-Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that 

used to synthesize 31.  
1
H NMR (CDCl3):    7.83 – 7.78 (m, 1 H), 7.72 – 7.63 (m, 3 H), 

7.55 (ddd, J = 2, 3.5, 6 Hz, 2 H), 7.29 (d, J = 8.5 Hz, 2H), 7.24 – 7.16 (m, 5 H), 6.82 (dd, 

J = 9.5, 17 Hz, 1 H), 4.75 (br. s, 1 H), 4.32 (br. s, 1 H), 2.34 (s, 3 H), 1.18 (d, J = 16.0 Hz, 

18 H).  
13

C{
1
H} NMR (CDCl3):    148.4 (d, J = 13.7 Hz), 143.1 (d, J = 6.8 Hz), 134.8, 

133.8 (d, J = 12.7 Hz), 133.4 (d, J = 6.8 Hz), 133.2 (d, J = 7.8 Hz), 132.3, 131.6 (d, J = 

21.7 Hz), 129.9 (d, J = 16.6 Hz), 129.4 (d, J = 17.6 Hz), 128.0, 127.9, 124.5 (d, J = 47.0 

Hz), 91.1, 37.8 (d, J = 23.6 Hz), 30.3.  
31

P{
1
H} NMR (CDCl3):   67.0.  Anal. calcd 

(found) for C29H37PF6AuSb:  H, 4.39 (4.26);  C, 41.01 (41.38). 

{[P(t-Bu)2o-bipheny]Au[
2
-H2C=CH-4-C6H4Br]}

+
 SbF6

–
 (40).  Complex 40 

was isolated in 90% yield as a light yellow solid from reaction of 4-bromostyrene with a 

mixture of [P(t-Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure similar to that 

used to synthesize 31.  
1
H NMR (‒60 

o
C):    7.78 (t, J = 8 Hz, 1 H), 7.72 – 7.61 (m, 2 

H), 7.61 – 7.47 (m, 3 H), 7.42 (d, J = 8.5 Hz, 1 H), 7.32 – 7.10 (m, 5H),  6.71 (dd, J = 

9.5, 16.5 Hz, 1 H, bound), 6.63 (dd, J = 11, 17.5 Hz, 1 H, free), 5.77 (d, J = 18 Hz, 1 H, 

free), 5.27 (d, J = 11 Hz, 1 H, free), 4.68 (dd, J = 4, 17 Hz, 1 H, bound), 4.23 (dd, J = 4.5, 

9 Hz, 1 H, bound), 1.38 – 1.25 (m, 6 H), 1.19 (d, J = 16.5 Hz, 6 H), 1.04 (d, J = 16.5 Hz, 

6 H).  
13

C{
1
H} NMR (‒60 

o
C):    147.6 (d, J = 13.6 Hz), 142.9 (d, J = 7.8 Hz), 135.1, 
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133.7, 132.9 (d, J = 6.9 Hz), 132.4, 132.0, 131.4, 129.6 (d, J = 14.6 Hz), 129.5, 127.9 (d, 

J = 6.8 Hz), 127.6, 126.4, 123.9 (d, J = 47.0 Hz), 121.1, 114.5, 91.0 (d, J = 11.7 Hz), 37.3 

(d, J = 23.6 Hz), 37.1 (d, J = 23.6 Hz), 29.8 (d, J = 5.8 Hz), 29.6 (d, J = 6.9 Hz).  
31

P{
1
H} 

NMR:   67.1.  Anal. calcd (found) for C28H34BrPF6AuSb:  H, 3.75 (3.69);  C, 36.79 

(36.82). 

{[P(t-Bu)2o-bipheny]Au[
2
-H2C=CH-4-C6H4CF3]}

+
 SbF6

–
 (41).  Complex 41 

was isolated in 93% yield as a light yellow solid from reaction of 4-trifluoromethyl 

styrene with a mixture of [P(t-Bu)2o-biphenyl]AuCl and AgSbF6 employing a procedure 

similar to that used to synthesize 31.  
1
H NMR (‒60 

o
C):    7.88 – 7.46 (m, 10 H), 7.77 

(t, J = 7.5 Hz, 1 H), 7.28 – 7.14 (m, 2 H), 6.76 (dd, J = 9.5, 16.5 Hz, 1 H), 4.82 (dd, J = 

4.17 Hz, 1 H), 4.31 (dd, J = 4.9 Hz, 1 H), 1.18 (d, J = 16.5 Hz, 9 H), 1.00 (d, J = 16.5 Hz, 

9 H).  
13

C{
1
H} NMR (‒60 

o
C):    147.6 (d, J = 13.7 Hz), 143.0 (d, J = 7.8 Hz), 135.9, 

133.7 (d, J = 2.9 Hz), 132.9 (d, J = 7.8 Hz), 132.4 (q, J = 33.3 Hz), 131.5, 129.8 (d, J = 

13.7 Hz), 129.0 (d, J = 30.4 Hz), 128.0, 127.8, 126.2 (d, J = 3.9 Hz), 124.3, 123.9 (d, J = 

47.0 Hz), 122.1, 93.3 (d, J = 12.7 Hz), 37.4 (d, J = 22.6 Hz), 37.1 (d, J = 23.4 Hz), 29.8 

(d, J = 5.8 Hz), 29.5 (d, J = 5.9 Hz).  
31

P{
1
H} NMR:   67.4.  Anal. calcd (found) for 

C29H34PF9AuSb:  H, 3.79 (3.75);  C, 38.56 (38.82). 

 

2.3.3.2  In Situ Characterization of Gold(I) -Alkene Complexes 

 {[P(t-Bu)2o-bipheny]Au[
2
-H2C=CH(CH3)]}

+
 SbF6

–
 (42).  Propene (0.51 mL, 

0.021 mmol) was added via gas tight syringe to the head space of an NMR tube sealed 
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with a rubber septum that contained a solution of {[P(t-Bu)2o-bipheny]Au(NCArF)}
+
 

SbF6
–
 [44;  NCArF = NC-3,5-C6H3(CF3)2] (20 mg, 0.021 mmol) in CD2Cl2 (0.5 mL) at –

60 °C.  The tube was shaken and placed in the probe of an NMR spectrometer cooled at –

60 °C.  Formation of 42 was established by the disappearance of resonances 

corresponding to bound NCArF [ 8.41, 8.38 (2:1)] and the appearance of resonances 

corresponding to the internal olefinic ( 6.16) and vinyl protons ( 4.26, 4.10) of bound 

propene in the 
1
H NMR spectrum that were shifted relative to the resonances 

corresponding to free propene ( 4.98, 4.87).  Complex 42 was characterized without 

isolation by 
1
H, 

13
C{

1
H}, and 

31
P{

1
H} NMR spectroscopy.  

1
H NMR:    7.90 – 7.78 (m, 

1 H), 7.68 – 7.48 (m, 5 H), 7.28 – 7.10 (m, 3 H), 6.28 – 6.02 (m, 1 H), 4.26 (d, J = 16.0 

Hz, 1 H), 4.10 (br. s, 1 H),  2.02 (s, 3 H), 1.44 – 1.24 (m, 18 H).  
13

C{
1
H} NMR:    147.7 

(d, J = 13.7 Hz), 142.9, 136.8, 133.8, 133.0, 131.5, 129.5, 127.7, 124.0 (d, J = 47.0 Hz), 

115.2, 100.6 (d, J = 11.8 Hz), 37.5, 30.2, 22.3.  
31

P{
1
H} NMR:    66.5.  

 {[P(t-Bu)2o-bipheny]Au[
2
-H2C=C(H)4-C6H4OCH3]}

+
 SbF6

–
 (43). Gold -

alkene complex 43 was synthesized and characterized without isolation by NMR 

employing procedures similar to that used to synthesize 42.  
1
H NMR:     7.86 – 7.72 (m, 

1 H), 7.70 – 7.42 (m, 5 H), 7.33 (d, J = 6.5 Hz, 2 H), 7.26 – 7.10 (m, 3 H), 6.89 (d, J = 7 

Hz, 2 H), 6.76 (dd, J = 9, 16 Hz, 1 H), 4.47 (d, J = 17 Hz, 1 H), 4.07 (br. s, 1 H), 3.80 (s, 

3 H), 1.18 (d, J = 16 Hz, 9 H), 1.04 (d, J = 16 Hz, 9 H).  
13

C{
1
H} NMR:    162.6, 147.8 

(d, J = 14.7 Hz), 143.0, 135.8, 133.7, 132.9, 131.3, 129.3, 127.8, 127.7, 127.1, 124.9, 
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124.0 (d, J = 47.1 Hz), 86.0 (d, J = 13.7 Hz), 55.6, 37.3, 29.8 (d, J = 28.5 Hz).  
31

P{
1
H} 

NMR:    67.1. 

 

2.3.3.3  Determination of Alkene Binding Constants 

 Isobutylene (1.20 mg, 0.021 mmol) was added via gas tight syringe to an NMR 

tube sealed with a rubber septum that contained a CD2Cl2 solution of {[P(t-Bu)2o-

bipheny]Au(NCArF)}
+
 SbF6

–
 (44;  20 mg, 0.021 mmol) at –60 °C.  The tube was shaken, 

placed in the probe of an NMR spectrometer cooled at –60 °C and allowed to equilibrate 

for 10 min.  The relative concentrations of 44, 33, NCArF, and isobutylene were 

determined by integrating the resonances corresponding to the aromatic protons of bound 

[ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding 

to the vinyl protons of bound ( 3.77) and free ( 4.60) isobutylene (Table 5).  An 

equilibrium constant of Keq = [33][NCArF]/[44][isobutylene] = 136 ± 9 was determined.   

 To ensure that equilibrium was achieved under these conditions, the following 

control experiment was performed.  NCArF (4.9 mg, 0.02 mmol) was added via syringe 

to an NMR tube sealed with a rubber septum that contained a CD2Cl2 solution of 

isobutylene complex 33 (16 mg, 0.02 mmol) at –60 °C.  The tube was shaken, placed in 

the probe of an NMR spectrometer cooled at –60 °C and allowed to equilibrate for 10 

min.  The relative concentrations of 44, 33, NCArF, and isobutylene were determined as 

was described in the preceding paragraph.  The equilibrium constant determined from 

this experiment {Keq = [33][NCArF]/[44][isobutylene] = 145 ± 11} was not significantly 

different from that obtained from treatment of 44 with isobutylene.  
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 Similar procedures were employed to determine the equilibrium constants for the 

displacement of NCArF from [44] with 1-hexene, 2,3-dimethyl-2-butene, 2-methyl-2-

butene, cis-2-butene, trans-2-butene, propene, 4-methylstyrene, 4-methoxystyrene, 

styrene, 4-bromostyrene, and 4-trifluoromethylstyrene in CD2Cl2 at –60 °C.  Equilibrium 

data are collected in Table 6.   

 1-Hexene.  Integration of the resonances corresponding to the aromatic protons of 

bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances 

corresponding to the internal olefinic protons of bound ( 6.21) and free ( 5.79) 1-

hexene at –60 °C (Table 5) provided an equilibrium constant of Keq = 

[34][NCArF]/[44][1-hexene] = 133 ± 10.   

 2,3-Dimethyl-2-butene.  Integration of the resonances corresponding to the 

aromatic protons of bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and 

the resonances corresponding to the allylic protons of bound ( 1.81) and free ( 1.58) 

2,3-dimethyl-2-butene at –60 °C (Table 2-5) provided an equilibrium constant of Keq = 

[35][NCArF]/[44][2,3-dimethyl-2-butene] = 0.44 ± 0.02.  In a control experiment, NCArF 

(4.8 mg, 0.02 mmol) was added via syringe to an NMR tube sealed with a rubber septum 

that contained a CD2Cl2 solution of 2,3-dimethyl-2-butene complex 35 (16 mg, 0.02 

mmol) at –60 °C.  The tube was shaken, placed in the probe of an NMR spectrometer 

cooled at –60 °C and allowed to equilibrate for 10 min.  The relative concentrations of 

44, 35, NCArF, and 2,3-dimethyl-2-butene were determined as was described above.  The 

equilibrium constant determined from this experiment {Keq = [35][NCArF]/[44][2,3-
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dimethyl-2-butene] = 0.36 ± 0.02} was not significantly different from that obtained from 

treatment of 44 with 2,3-dimethyl-2-butene.  

 2-Methyl-2-butene.  Integration of the resonances corresponding to the aromatic 

protons of bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the 

resonances corresponding to the internal olefinic protons of bound ( 3.99) and free ( 

5.12) 2-methyl-2-butene (Table 5) provided an equilibrium constant of Keq = 

[37][NCArF]/[44][2-methyl-2-butene] = 156 ± 8. 

 cis-2-Butene.  Integration of the resonances corresponding to the aromatic 

protons bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances 

corresponding to the internal olefinic protons of bound ( 5.20) and free ( 5.41) cis-2-

butene (Table 5) provides an equilibrium constant of Keq = [32][NCArF]/[44][cis-2-

butene] = 126 ± 9.  

 trans-2-Butene.  Integration of the resonances corresponding to the aromatic 

protons bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances 

corresponding to the internal olefinic protons of bound ( 5.12) and free ( 5.39) trans-2-

butene (Table 5) provides an equilibrium constant of Keq = [36][NCArF]/[44][trans-2-

butene] = 14.1 ± 0.4.  

 Propene.  Integration of the resonances corresponding to the aromatic protons 

bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the the resonances 

corresponding to the internal olefinic protons of bound ( 6.16) and free ( 5.79) propene 

(Table 5) provided an equilibrium constant of Keq = [42][NCArF]/[44][propene] = 38 ± 2. 
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 4-Methoxystyrene.  Integration of the resonances corresponding to the aromatic 

protons of bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the 

resonances corresponding to the vinyl protons of bound ( 4.47, 4.08) and free ( 5.61, 

5.09) 4-methoxystyrene (Table 5) provided an equilibrium constant of Keq = 

[43][NCArF]/[44][4-vinylanisole] = 32 ± 2. 

 4-Methylstyrene.  Integration of the resonances corresponding to the aromatic 

protons of bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the 

resonances corresponding to the vinyl resonances of bound ( 4.60, 4.17) and free ( 

5.70, 5.16) 4-methylstyrene (Table 5) provided an equilibrium constant of Keq = 

[38][NCArF]/[44][4-methylstyrene] = 9.4 ± 1.8. 

 Styrene.  Integration of the resonances corresponding to the aromatic protons of 

bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances 

corresponding to the vinyl protons of bound ( 4.68) and free ( 5.77) styrene (Table 5) 

provided an equilibrium constant of Keq = [39][NCArF]/[44][styrene] = 2.3 ± 0.2. 

 4-Bromostyrene.  Integration of the resonances corresponding to the aromatic 

protons of bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the 

resonances corresponding to the vinyl protons of bound ( 4.67) and free ( 5.77) 4-

bromostyrene (Table 5) provided an equilibrium constant of Keq = [40][NCArF]/[44][4-

bromostyrene] = 0.47 ± 0.05. 

 4-Trifluoromethylstyrene.  Integration of the resonances corresponding to the 

aromatic protons of bound [ 8.41, 8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and 
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the resonances corresponding to the vinyl protons of bound ( 4.80, 4.32) and free ( 

5.90, 5.38) 4-trifluoromethylstyrene (Table 5) provided an equilibrium constant of Keq = 

[41][NCArF]/[44][4-trifluoromethylstyrene] = 0.05 ± 0.01. 

 

2.3.3.4  Kinetics of Isobutylene Exchange with 33 

 An NMR tube capped with a rubber septum that contained a solution of 33 (14 

mg, 0.018 mmol) and 1,3-dimethoxybenzene (1.0 L, 7.6 mol;  internal standard) in 

CD2Cl2 (0.45 mL) was placed in the probe of an NMR spectrometer maintained at 298 K.  

Analysis of the singlet at  3.92 corresponding to the olefinic protons of the isobutylene 

ligand of 33 in the 
1
H NMR spectrum gave a peak width a half height of v1/2 = 2.32 Hz.  

The tube was removed from the probe and isobutylene gas (0.03 mL, 1.3 mol) was 

added into the head space of the tube via a gas-tight syringe.  The tube was shaken well, 

returned to the probe, allowed to equilibrate for 10 min.  The concentration of free 

isobutylene was determined ([isobutylene] = 3.0 mM) by integrating the olefinic 

resonance of free isobutylene at  4.60 relative to the methoxy resonance of the 1,3-

dimethoxybenzene at  3.80.  The peak width at half height of the singlet at  3.92 was 

determined:  v1/2 = 2.72 Hz, which corresponds to excess broadening of v1/2 (excess) = v 

– vo = 0.4 Hz.  Using this value, the rate of exchange of the isobutylene ligand of 33 (kobs) 

was determined through application of the slow exchange approximation:  kobs = (v1/2 

(excess)) = 1.3 s
–1

.  The rate of isobutylene exchange with 33 was determined as a function 

of [isobutylene] from 3 - 71 mM through successive iterations of the above procedure 
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(Table 11).  The second-order rate constant for the rate of exchange of the isobutylene 

ligand of 1c was determined from the slope of a plot of kobs versus [isobutylene] where kex 

= 75 ± 3 M
–1

 s
–1

 (G
‡
 = 14.89 ± 0.02 kcal mol

–1
) (Table 12).  The second-order rate 

constants (kex) for isobutylene exchange with 33 were determined also determined at 11 

°C and at 40 °C employing procedures similar to those outlined above (Table 12).  An 

Eyring plot of these data [ln(kex/T) versus 1/T] provided the activation parameters for 

isobutylene exchange of 33:  H
‡
 = 5 ± 1 kcal mol

–1
 and S

‡
 = –33 ± 4 eu (Figure 21).    

 The plots of kobs versus [isobutylene] possessed non-zero intercepts (Figure 19).  

These intercepts do not correspond to a potential solvent-assisted pathway for isobutylene 

exchange, as this information cannot be extracted from line-broadening analysis.
114

  

Rather, we attribute theses non-zero intercepts to the loss of isobutylene from 33 in 

solution in the absence of isobutylene.  The initial addition of isobutylene reconstitutes 

33, thereby increasing its concentration, which leads to line broadening both due to the 

presence of free isobutylene and to the increase in [33].  In support of this contention, the 

concentration of bound isobutylene increased ~10% upon the first addition of isobutylene 

and remained constant throughout successive isobutylene additions. 
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Table 11.  Line broadening data and observed rate constants (kobs) for the exchange of the 

isobutylene ligand of 33 ([33] = 40 mM) with free isobutylene at 11, 25, and 40 °C. 

 

Table 12.  Second-order rate constants (kex) for exchange of the isobutylene ligand of 33 

with free isobutylene at 11, 25, and 40 °C. 
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Figure 21.  Eyring plot of the second-order rate constants (kex) for the exchange of the 

isobutylene ligand of 33 with free isobutylene at 11, 25, and 40 °C, where H
‡
 = 5 ± 1 

kcal mol
‒1

 and S
‡
 = 33 ± 4 eu. 

 

2.3.3.5  X-ray Crystal Structure Data for Phosphine Gold(I) -Alkene Complexes 

31, 35•CH2Cl2, and 38 

 

 X-ray Crystal Structure of [(P)Au(
2
-H2C=C(CH2)5)]

+
 SbF6

‒
 (31).  Slow 

diffusion of hexane into a CH2Cl2 solution of 31 at 4 °C gave crystals of 31 suitable for 

X-ray diffraction.  Diffraction data were obtained with graphite monochromated Mo K 

radiation (= 0.71073 Å) on a Brüker Kappa Apex II diffractometer using the  scan 

mode.  Of the 73553 reflections, 11601 independent, observed reflections (I > 2.0 (I)) 

were obtained with maximum h, k, l values of 12, 27, and 31, respectively.  An 

absorption correction was applied (SADABS).  The structure was refined by full matrix, 

least squares on F
2
; H atoms were fixed, all other atoms were refined anisotropically. 
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 X-ray Crystal Structure of [(P)Au(
2
-Me2C=CMe2)•CH2Cl2]

+
 SbF6

–
 

(35•CH2Cl2).  Slow diffusion of hexane into a CH2Cl2 solution of 35 at 4 °C gave 

crystals of 35•CH2Cl2 suitable for X-ray diffraction.  Diffraction data were obtained with 

graphite monochromated Mo K radiation (= 0.71073 Å) on a Brüker Kappa Apex II 

diffractometer using the  scan mode.  Of the 61645 reflections, 8078 independent, 

observed reflections (I > 2.0 (I)) were obtained with maximum h, k, l values of 12, 19, 

and 28, respectively.  An absorption correction was applied (SADABS).  The structure 

was refined by full matrix, least squares on F
2
; H atoms were fixed, all other atoms were 

refined anisotropically. 

 X-ray Crystal Structure of [(P)Au(
2
-H2C=CH-4-C6H4CH3)]

+
 SbF6

–
 (38).  

Slow diffusion of hexane into a CH2Cl2 solution of 38 at 4 °C gave crystals of 38 suitable 

for X-ray diffraction.  Diffraction data were obtained with graphite monochromated Mo 

K radiation (= 0.71073 Å) on a Brüker Kappa Apex II diffractometer using the  scan 

mode.  Of the 104499 reflections, 6695 independent, observed reflections (I > 2.0 (I)) 

were obtained with maximum h, k, l values of 16, 24, and 29, respectively.  An 

absorption correction was applied (SADABS).  The structure was refined by full matrix, 

least squares on F
2
; H atoms were fixed, all other atoms were refined anisotropically. 
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Table 13.  Crystal data and structure refinement for 31, 35•CH2Cl2, and 38. 
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Chapter 3 

 

 

Cationic Gold(I) -Alkyne Complexes and the 

Conversion of Terminal Alkyne Complexes to 

Dinuclear -Acetylide Complexes 

 

 

 

 

 

Portions of this chapter have been published:  a)  Brown, T. J.; Widenhoefer, R. 

A.  J. Organomet. Chem. 2011, 696, 1216-1220.  b)  Brown, T. J.; Widenhoefer, R. A.  

Organometallics 2011, 30, 6003-6009. 

 The X-ray crystal structure of complex 36•3CH2Cl2 was solved by Dr. Marina G. 

D. Leed and refined by Dr. Paul D. Boyle. 
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3.1  Introduction 

3.1.1  Neutral and Cationic Gold(I) -Alkyne Complexes 

 

In light of the vast synthetic utility alkynes have exhibited for gold(I)-catalyzed 

functionalization reactions, there has been continued interest in the synthesis and study of 

neutral and cationic gold(I) complexes of internal and terminal alkynes.  Following our 

work in the area of cationic, two-coordinate gold(I) -alkene complexes bearing N-

Heterocyclic Carbene (NHC) and o-biphenyl phosphine complexes, a number of 

intriguing reports concerning similar complexes of alkynes have appeared.
118-121

   

Neutral, monomeric, isoleptic (i. e., metal adducts bearing the same ligand) 

coinage metal -alkyne complexes containing a fluorinated 1,3,5-triazapentadienyl anion 

were reported by Dias and co-workers.
118

  For the gold complex, treatment of AuCl with 

[N{(C3F7)C(Dipp)N}2]Li (Dipp = 2,6-diisopropylphenyl) and 3-hexyne in hexane led to 

isolation of [N{(C3F7)C(Dipp)N}2]Au(EtC≡CEt) (1), which was analyzed by X-ray 

crystallography.  DFT calculations for 1 and the analogous Ag and Cu complexes predict 

that the M–alkyne bond energy varies in the order Ag < Cu < Au and the -donation 

from alkyne → M dominates over the M → alkyne -back-donation.  Concurrently, 

Fürstner demonstrated coordination of the unstrained cyclic alkyne, dodecyne, to neutral 

and cationic gold species to generate complexes such as 2 and 3.
119

  X-ray diffraction 

studies of these complexes and free dodecyne provided direct insight into the structural 

changes imposed on the alkyne by different gold fragments, including triple bond 

elongation and deviation of the C≡C–C bonding framework from linearity.   
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Figure 22.  Recent examples of gold(I) -alkyne complexes. 

 

More recently, Tarantelli and Macchioni have synthesized cationic gold -(2-

hexyne) complexes bearing the NHC, IPr, in addition to {(PAr
F

3)Au[
2
-(2-hexyne)]}

+
 

BF4
‒
 (4), which represents one of the first cationic, two-coordinated gold(I) -alkyne 

complexes bearing a phosphine.
120

  Russell and co-workers concurrently demonstrated 

coordination of (Me)C≡C(t-Bu) and (Me3Si)C≡C(t-Bu) to the gold fragment {[P(t-

Bu)3]Au}
+
 along with X-ray diffraction studies for both alkyne complexes.

121
  When a 

stoichiometric mixture of [P(t-Bu)3]AuCl/AgSbF6 with (Me3Si)C≡C(t-Bu) was allowed 

to react for up to 16 h at room temperature it was found that in situ generated {[P(t-

Bu)3]Au[
2
-(Me3Si)C≡C(t-Bu)]}

+
 SbF6

‒
 (5) forms dicationic Au3 species 6.  The 

proposed mechanism for this transformation involves fluoride-meditated desilylation to 

form mono(gold) acetylide complex 7 followed by coordination to two equivalents of the 
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cationic gold fragment {[P(t-Bu)3]Au}
+
; the second coordination event likely proceeds 

through monocationic -acetylide complex 8 (Scheme 1). 

 

Scheme 1. 

3.1.2  Relative Binding Affinity of Alkynes vs. Alkenes 

 

Homogeneous gold(I) complexes have shown particular utility as catalysts for the 

functionalization of alkynes and typically activate alkynes preferentially in the presence 

of alkenes.  Although this marked difference in reactivity for alkynes and alkenes has 

been attributed to kinetic rather than thermodynamic effects,
119,122

 little is known 

regarding the relative binding affinities of alkynes to the cationic, twelve electron gold(I) 

fragment (L)Au
+
 or the binding of alkynes relative to alkenes.  Computational analyses 

have suggested that ethylene binds more strongly to cationic gold(I) than does 

acetylene,
22-25

 and a recent experimental/computational report by Echavarren and co-

workers has shown that gold(I) binds preferentially to the C=C moiety of a terminally 

unsubstituted 1,7-enyne.
122

  In particular, reaction of a 1:1 mixture of 1,7-enyne 9 and the 

cationic gold(I) acetonitrile complex 10 leads to the emergence of new signals in the low 

temperature 
1
H NMR spectrum corresponding to an 

2
-alkene gold complex with no 
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evidence of alkyne coordination (eq 1).  However, this equilibrium reaction was 

performed in the presence of the strongly-coordinating dative ligand, acetonitrile, and 

does not provide quantitative insight into the relative binding affinities of alkynes vs. 

alkenes.  Therefore, one aim of this project was to directly measure the equilibrium 

binding constants of various alkynes and compare these values to those previously 

obtained for alkenes. 

 

3.1.3  Terminal Alkyne -Complex → -Complex Conversion 

 

As a second aim, we sought to generate cationic gold(I) complexes of terminal 

alkynes and investigate their susceptibility toward forming -acetylide complexes.  Just 

as -complexation of an alkyne to gold renders it susceptible to nucleophilic attack, the 

depletion of -electron density upon coordination should also enhance the acidity of the 

acetylenic proton, thus facilitating acetylide formation.  In fact, DFT analysis of the 

copper-catalyzed 1,3-dipolar cycloaddition of azides and terminal alkynes suggested that 

the pKa of an alkynyl proton decreases by 10 pKa units upon coordination to Cu(I).
123,124

  

There is a growing body of gold-catalyzed transformations of terminal alkynes in which 

the involvement of gold(I) acetylides is implicit.
125,126

  A notable example is the gold-

catalyzed three-component coupling of alkynes with aldehydes and secondary amines in 

aqueous solution to form propargylic amines.
127

  However, the potential roles of acetylide 

intermediates in the larger collection of transformations employing terminal alkynes,
16,128-
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130
 including the functionalization and cycloaddition of alkynes, remains largely 

unexplored.  In regard to the latter reaction class, the combined experimental and 

computational analysis of the cycloaddition of 1,5-allenynes invoked dual activation of 

the terminal C≡C moiety of allenyne 11 to give cycloaddition product 12 through 

formation of a dinuclear gold -acetylide intermediate 13 (Scheme 2).
131

 

 

Scheme 2. 

Despite the widespread employment of terminal alkynes in gold(I)-catalyzed 

transformations and the potential involvement of gold acetylides in these transformations, 

little experimental information is available regarding the conversion of gold -(terminal 

alkyne) complexes to -acetylide complexes.  This gap in understanding is largely due to 

the scarcity of well-defined gold -(terminal alkyne) complexes,
101

 which contrasts the 

large number of gold(I) -(internal alkyne) complexes.
48,91,93,102,103,118-120

  In a singular 

and particularly relevant example, Bertrand’s mechanistic investigation of gold-catalyzed 

allene formation led to the isolation of the gold(I) -phenylacetylene complex 14 bearing 

a cyclic alkyl amino carbene (CAAC) ligand and its conversion to the corresponding -

acetylide complex 15 upon treatment with enamine 16 (eq 2).
101

  In addition to complex 
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15, several examples of -acetylide complexes are known,
132,133

 including those 

containing NHC
134-136

 supporting ligands (e. g., complex 17).  Likewise, oligomeric 

acetylide complexes that bind in a -fashion,
137-140

 such as the tetrameric acetylide 

species 18 (Figure 3-2), have been studied over the past fifty years. 

 

 

Figure 23.  Examples of - and -acetylide complexes. 

 

In a broader context, formation of coinage metal acetylide complexes from terminal 

alkynes under basic conditions is a process central to a number of important synthetic 

reactions.
141

  Most notable among these are the palladium/copper-catalyzed coupling of 

terminal alkynes with aryl or alkenyl halides (i. e., Sonogashira reaction)
142-146

 and the 

copper-catalyzed 1,3-dipolar cycloaddition of azides and terminal alkynes.
147,148
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Likewise, a diverse range of transformations exploit the reactivity of silver acetylide 

complexes generated in situ from terminal alkynes.
149-152

  Here, we describe the in situ 

generation and spectroscopic characterization of thermally-unstable gold -arylacetylene 

complexes and the facile conversion of these complexes to dinuclear gold 
1
,

2
-acetylide 

complexes in both the presence and absence of external base.  A more thorough 

understanding of the fundamental - to - conversion process is of potential benefit to 

researchers interested in advancing homogeneous gold catalysis as well as the larger 

fields of organic synthesis and organometallic chemistry. 

 

3.2  Results and Discussion 

3.2.1  Cationic, Two-Coordinate Gold(I) -(Internal Alkyne) Complexes 

 

3.2.1.1  Synthesis of Gold -Alkyne Complexes 

 

 Initial attempts toward isolating cationic, two-coordinate gold(I) -(internal 

alkyne) complexes employed procedures analogous to those used to synthesize cationic 

gold -alkene complexes (Ch. 2).  In certain instances, reactions for 6 – 24 h with excess 

alkyne led to isolation of the gold -alkyne complex in addition to decomposition 

products; to avoid this problem, shorter reaction times were employed.  For example, 

treatment of a methylene chloride suspension of [P(t-Bu)2o-biphenyl]AuCl and AgSbF6 

with 3-hexyne (1.5 equiv) at room temperature for 10 min provided {[P(t-Bu)2o-

biphenyl]Au[
2
-EtC≡CEt]}

+
 SbF6

‒
 (19) in 98% yield as an air and thermally-stable white 

solid, which was characterized by NMR spectroscopy and combustion analysis (Table 
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14).  Complexation of the alkyne to gold in solution was established by 
13

C NMR 

spectroscopy; in particular, the 
13

C NMR spectrum of 19 displayed a resonance at  91.4 

corresponding to the sp carbon atoms of the alkyne ligand, which was shifted downfield 

relative to that of free 3-hexyne ( 81.0).  In addition, the 
1
H NMR spectrum of 19 

displayed resonances at 2.46 (q, J = 7.5 Hz, 4 H) and 1.21 (t, J = 7.5 Hz, 6 H) 

corresponding to the ethyl groups of the 3-hexyne ligand, again showing a downfield 

shift relative to those of free 3-hexyne ( 2.15, 1.11). 
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Table 14.  Synthesis and alkyne C(sp) 
13

C NMR chemical shifts of gold -alkyne 

complexes 19 – 26. 

 

  

In addition to complex 19, gold -alkyne complexes {[P(t-Bu)2o-biphenyl]Au[
2
-

alkyne]}
+
 SbF6

‒
 [alkyne = 2-hexyne (20), 4,4-dimethyl-2-pentyne (21), 2-butyne (22)] 

and {(IPr)Au[
2
-alkyne]}

+
 SbF6

‒
 [alkyne = 3-hexyne (23), 1-phenylpropyne (24)] were 

isolated in ≥ 90% yield and were fully characterized (Table 14).  Alternatively, the gold 

-alkyne complexes {[P(t-Bu)2o-biphenyl]Au[
2
-PhC≡CMe]}

+
 SbF6

‒
 (25) and 
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{(IPr)Au[
2
-MeC≡CMe]}

+
 SbF6

‒
 (26) were generated cleanly in solution and 

characterized spectroscopically without isolation (Table 14).  Based on the collected data, 

it appears that the 
13

C NMR chemical shifts of the alkyne sp carbon atoms of phosphine 

complexes 19, 22, and 25 are shifted downfield relative to the alkyne sp carbon 

resonances of the corresponding IPr complexes 23, 24, and 26.  This observation points 

to greater positive charge on the alkyne carbon atoms of the phosphine complexes 

relative to the IPr complexes owing to the greater donor properties of the IPr ligand 

relative to the phosphine, as has been previously noted.
116,117

 

 

3.2.1.2  Determination of Alkyne Binding Constants 

 To better understand the factors governing binding of internal alkynes to the 

cationic gold fragments (L)Au
+
, we evaluated alkyne equilibrium binding constants using 

complexes [(L)Au(NCArF)]
+
 SbF6

‒
 [L = P(t-Bu)2o-biphenyl (27), IPr (28); NCArF = 

N≡C-3,5-C6H3(CF3)2] in a manner similar to that used to generate alkene binding 

constants (Ch. 2).  In this way, we determined equilibrium constants for displacement of 

NCArF from 27 with 2-hexyne (Keq = 86 ± 7), 4,4-dimethyl-2-pentyne (Keq = 58 ± 4), 2-

butyne (Keq = 25 ± 2), and 1-phenylpropyne (Keq = 0.43 ± 0.02) and for displacement of 

NCArF from 28 with 2-butyne (Keq = 24 ± 1) and 1-phenylpropyne (Keq = 8.6 ± 0.6) 

(Table 15).   
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Table 15.  Equilibrium constants for displacement of NCArF from 27 [L = P(t-Bu)2o-

biphenyl] or 28 (L = IPr) with alkynes in CD2Cl2 at ‒60 °C. 

 

Attempts to determine the equilibrium constants for displacement of NCArF from 

either 27 or 28 with 3-hexyne were unsuccessful due to the near quantitative 

displacement of NCArF in each case.  To circumvent this problem, the equilibrium 

constants for displacement of the more strongly binding 2-methyl-2-butene from 

{(L)Au[
2
-Me(H)C=CMe2]}

+
 SbF6

‒
 [L = P(t-Bu)2o-biphenyl (29), IPr (30)] with 3-

hexyne (Keq = 2.9 ± 0.2 for 29 and 12.2 ± 0.6 for 30) were determined (Scheme 3).  Using 

these values and the equilibrium constants previously determined for displacement of 

NCArF from 27 and 28 with 2-methyl-2-butene (Keq = 156 ± 8 for 27 and 64 ± 4 for 28), 

we extrapolated equilibrium constants for the displacement of NCArF from 27 and 28 

with 3-hexyne of Keq = 450 ± 39 and 780 ± 62, respectively. 
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Scheme 3. 

Considering the equilibrium constants based on NCArF complexes 27 and 28, the 

equilibrium binding affinities of alkynes to the gold fragment [P(t-Bu)2o-biphenyl]Au
+
 

decrease by a factor of ~1000 in the order 3-hexyne > 2-hexyne > 4,4-dimethyl-2-pentyne 

> 2-butyne > 1-phenylpropyne.  The equilibrium binding affinities of alkynes to the gold 

fragment (IPr)Au
+
 likewise decrease by a factor of ~90 in the order 3-hexyne > 2-butyne 

> 1-phenylpropyne.  Several interesting points concerning electronic and steric effects on 

the observed binding affinities are worth noting.  The strong sensitivity of alkyne binding 

affinity on the electron density of the alkyne is revealed both by the precipitous drop in 

the binding affinity of 2-hexyne relative to 3-hexyne and in the binding affinity of the 

least electron rich alkyne, 1-phenylpropyne, relative to the sterically-hindered, electron-

rich alkyne, 4,4-dimethyl-2-pentyne, in the phosphine series.  In comparison, the modest 

decrease in the binding affinity of 4,4-dimethyl-2-pentyne relative to 2-hexyne suggests 

that steric factors play only a minor role in the determination of alkyne binding affinity.  

This greater sensitivity of alkyne binding affinity to the electron density of the alkyne in 

the phosphine series relative to the carbene series is consistent with the greater L → M -

donating component of the gold–alkyne binding interaction in the former series relative 

to the latter.  Overall, these trends are congruent with the observations made in 
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determining the binding affinities of alkenes to [P(t-Bu)2o-biphenyl]Au
+
 and (IPr)Au

+
 

(Ch. 2). 

The strong binding behavior of 3-hexyne is particularly intriguing.  Here, 3-

hexyne binds more tightly to the gold(I) fragment (L)Au
+
 [L = P(t-Bu)2o-biphenyl, IPr] 

than do any of the alkenes we have investigated.  The most obvious direct comparison 

between the inherent binding affinities of alkynes and alkenes to cationic gold(I) is 

between 2-butyne and cis- and trans-2-butene.  Displacement of NCArF from 27 with 2-

butyne led to an equilibrium constant (Keq = 25 ± 2) that falls between the values 

determined for displacement of NCArF from 27 with cis-2-butene (Keq = 126 ± 9) and 

trans-2-butene (Keq = 14.1 ± 0.1).  Similarly, the equilibrium constant for displacement of 

NCArF from 28 with 2-butyne (Keq = 24 ± 1) falls between the values determined for 

displacement of NCArF from 28 with cis-2-butene (Keq = 38 ± 2) and trans-2-butene (Keq 

= 12.5 ± 0.5).  These data suggest that there is little inherent difference in the binding 

affinities of alkenes and alkynes to gold(I). 

3.2.1.3  Summary 

A family of cationic, linear gold -alkyne complexes that contain either the 

sterically-hindered phosphine P(t-Bu)2o-biphenyl ligand or the N-heterocyclic carbene 

(NHC) ligand IPr have been synthesized and fully characterized.  Equilibrium binding 

studies reveal that the binding affinities of alkynes to gold(I) are strongly affected by the 

electron density of the alkyne and to a lesser extent on the steric bulk of the alkyne.  As 

expected, the effect of the electron density of the alkyne on the observed binding affinity 

was more pronounced for the phosphine series than for the NHC series.  Taking together 
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the data concerning the binding affinity of alkenes and alkynes to gold(I), the most 

appropriate conclusion is that the variability in binding affinity as a function of alkene or 

alkyne substitution is greater than the inherent difference between the binding affinities 

of alkenes and alkynes to gold(I). 

 

3.2.2  Cationic, Two-Coordinate Gold(I) -(Terminal Alkyne) Complexes and Their 

Conversion to Dinuclear Gold(I) -Acetylide Complexes 

 

3.2.2.1  Synthesis of Gold -Complexes of Terminal Alkynes 

Our initial strategy toward isolating gold -(terminal alkyne) complexes was to 

employ procedures similar to those for isolating -alkene and -(internal alkyne) 

complexes.  However, these room temperature procedures were not applicable due to the 

thermal instability of the transient -(terminal alkyne) complexes.  Instead, treating a 

suspension of the gold(I) N-heterocyclic carbene (NHC) complex (IPr)AuCl and AgSbF6 

(1:1) with phenylacetylene (1 equiv) in CD2Cl2 at ‒78 °C for 10 min led to formation of 

the cationic gold -alkyne complex [(IPr)Au(
2
-HC≡CC6H5]

+
 SbF6

‒
 (31) in 92 ± 5% 

yield by 
1
H NMR analysis.  As complex 31 was found to be thermally-unstable, it was 

characterized in solution by 
1
H and 

13
C NMR spectroscopy at ‒60 °C.   

Coordination of phenylacetylene to gold was established by the downfield shift of 

the acetylenic proton resonance of 31 ( 4.56) relative to that of free phenylacetylene ( 

3.06) in the 
1
H NMR spectrum and by the difference in the 

13
C NMR shifts of the 

acetylenic carbon atoms of 31 [ 72.7 (d), 93.5 (s)] relative to free [ 77.3 (d), 83.7 (s)] 

phenylacetylene.  The 
1
JC≡C coupling constant of the phenylacetylene ligand of the 

13
C-
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isotopomer [(IPr)Au(
2
-H

13
C≡CC6H5]

+
 SbF6

‒
 (31-

13
C1) (

1
JC≡C = 133.8 Hz) was 

diminished significantly relative to free phenylacetylene (
1
JC≡C = 175.9 Hz).  In contrast, 

the isobutylene ligand of [(IPr)Au(
2
-H2C=CMe2)]

+
 SbF6

‒
 revealed minimal diminution 

(~6 Hz) of the 
1
JC=C relative to free isobutylene (Ch. 2) and points to a more significant -

back-bonding component to the gold -alkyne bond as opposed to the gold -alkene 

bond. 

In addition to 31, thermally-unstable gold -(terminal alkyne) complexes 

[(IPr)Au(
2
-HC≡CAr)]

+
 SbF6

‒
 [Ar = 4-C6H4Me (32), 4-C6H4CF3 (33), 4-C6H4OMe (34), 

and 4-C6H4Br (35)] were generated and characterized in situ by NMR at ‒60 °C without 

prior isolation (Table 16). 

Table 16.  Synthesis of gold -complexes of arylacetylenes. 

 

3.2.2.2  Binding Affinity of Arylacetylenes to (IPr)Au
+
 

Equilibrium binding studies confirm that arylacetylenes bind weakly to the 12-

electron gold fragment (IPr)Au
+
 and were readily displaced by weak two-electron -

donors such as triflate anion and 3,5-bis(trifluromethyl)benzonitrile (NCArF).  In the case 
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of the former, reaction of an equimolar mixture of (IPr)Au(OTf) and phenylacetylene at 

‒60 °C in CD2Cl2 generated a 3:1 equilibrium mixture of 31 and (IPr)Au(OTf).  In the 

latter case, treatment of [(IPr)Au(NCArF)]
+
 SbF6

‒
 (28) with phenylacetylene (1 equiv) at 

‒60 °C in CD2Cl2 generated a 4.6:1.0 equilibrium mixture of 28 and 31, which 

corresponds to an equilibrium constant for displacement of NCArF from 28 with 

phenylacetylene of Keq = [31][NCArF]/[28][phenylacetylene] = 0.21 ± 0.02 (Table 17).  

To evaluate the effect of alkyne electron density on the binding affinity of alkynes to the 

12-electron gold fragment (IPr)Au
+
, we likewise determined equilibrium constants for the 

displacement of NCArF from 28 with para-substituted arylacetylenes HC≡C-4-C6H4X (X 

= OMe, Me, Br, CF3).  The relative binding affinities of the arylacetylenes decreased with 

decreasing electron density by a factor of ~50 (Table 17), and a plot of log(KX/KH) versus 

the Hammett -parameter displayed a slope of  = ‒2.1 ± 0.3 (Figure 24).  While the 

magnitude of the binding affinities of arylacetylenes to (IPr)Au
+
 are similar to vinyl 

arenes, the electronic dependence of the binding affinity of arylacetylenes is somewhat 

diminished relative to vinyl arenes ( = ‒2.4) (Ch. 2), suggesting a greater -back-

bonding contribution to the Au‒(-alkyne) bond relative to the Au-(-alkene) bond.  

Nevertheless, the large negative  value points to significant L → Au -donation in the 

gold‒alkyne bonding interaction.
22-25
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Table 17.  Equilibrium binding constants for displacement of NCArF [NCArF = N≡C-3,5-

C6H3(CF3)2] from [(IPr)Au(NCArF)]
+
 SbF6

‒
 (28) with para-substituted arylacetylenes in 

CD2Cl2 at ‒60 °C. 

 

 

Figure 24.  Plot of log KX/KH versus the Hammett -parameter for the equilibrium 

displacement of NCArF from 28 with arylacetylenes in CD2Cl2 at ‒60 °C ( = ‒2.1 ± 

0.2). 

3.2.2.3  Formation and Stability of Dinuclear Gold -Acetylide Complexes 

 It was found that addition of 2,6-di-tert-butylpyridine (DTBP; 1 equiv) to a 

solution of 31 (51 mM) at ‒60 °C led to immediate (< 10 min) formation of the dinuclear 

gold(I) -acetylide complex {[(IPr)Au]2(
1
,

2
-C≡CC6H5)}

+
 SbF6

‒
 (36) in 91 ± 5% (

1
H 
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NMR) yield with concomitant release of phenylacetylene in 48% yield, based on the 

starting [31].  Conversion of the -alkyne ligand of 31 to the -acetylide ligand of 36 

was evidenced by the disappearance of the acetylenic proton at  4.56 in the 
1
H NMR 

spectrum and by the significant downfield shifts of the acetylenic carbon atoms of 36 [ 

124.5 (d), 113.0 (s)] relative to 31 [ 72.7 (d), 93.5 (s)] in the 
13

C NMR spectrum.  

However, more surprising was that warming a CD2Cl2 solution of phenylacetylene 

complex 31 at 0 °C for 1 h in the absence of base also led to formation of 36 in 99 ± 5% 

(
1
H NMR) yield along with phenylacetylene in 41% yield, based on the starting [31] 

(Scheme 4).  We next attempted the preparative-scale experiment, treating a methylene 

chloride suspension of (IPr)AuCl and AgSbF6 with phenylacetylene (1 equiv) at room 

temperature, which formed a black suspension within 10 min.  At that point, the 

suspension was filtered through Celite and the filtrate subjected to purification via 

crystallization from methylene chloride/hexanes.  To our delight, this gave 36 in 99% 

yield as air and thermally-stable yellow solid, which was further characterized by 

MALDI-MS, combustion analysis, and X-ray crystallography (vide infra).  These solid-

state analyses firmly establish the presence of two (IPr)Au groups per phenylacetylide 

moiety. 
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Scheme 4. 

 In addition to 31, gold -arylacetylene complexes 32 and 33 displayed similar 

reactivity; warming solutions of these complexes to 0 °C in both cases led to formation of 

the corresponding dinuclear gold(I) -acetylide complexes {[(IPr)Au]2(
1
,

2
-C≡C-4-

C6H4R)}
+
 SbF6

‒
 [R = Me (37), CF3 (38)] as the exclusive gold-containing species.  

Complexes 37 and 38 were subsequently isolated in 99% yield from the corresponding 

preparative-scale reactions of (IPr)AuCl and AgSbF6 with p-tolylacetylene and p-

trifluoromethylphenylacetylene, respectively.  On the other hand, warming CD2Cl2 

solutions of gold -arylacetylene complexes 34 and 35 to 0 °C led to apparent formation 

of the corresponding gold -acetylide complexes 39 and 40 as judged by 
1
H NMR and 

MALDI-MS analysis.  Unfortunately, these transformations led to concomitant 

decomposition and significant darkening of the solutions, which precluded isolation of 

the pure dinuclear acetylide complexes. 
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Figure 25.  ORTEP diagram of 36•3CH2Cl2. Elipsoids are shown at the 50% probability 

level with solvent, counterion, and hydrogen atoms omitted for clarity. Selected bond 

lengths (Å) and angles (deg) for 36•3CH2Cl2: C1‒C2 = 1.214(10), C2‒C3 = 1.450(10), 

Au1‒C1 = 2.193(7), Au1‒C2 = 2.234(7), Au2‒C1 = 1.997(8), Au1‒C9 = 1.991(8), 

Au2‒C9a = 2.001(8), Au1‒Au2 = 3.624(10), C1‒C2‒C3 = 165.3(8), Au2‒C1‒C2 = 

164.4(7), C1‒Au2‒C9a = 172.0(3), C9‒Au1‒C2≡C3(centroid) = 171.6. 

   

As mentioned above, slow diffusion of hexanes into a CH2Cl2 solution of 36 at 4 

°C gave translucent yellow crystals of 36•3CH2Cl2 suitable for X-ray crystallographic 

analysis (Figure 25).  The solid-state structure of 36 established a dinuclear complex 

consisting of an 
1
,

2
-phenylacetylide ligand -bound to one (IPr)Au fragment (Au2‒C1 
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= 1.997 Å) and -bound to a second (IPr)Au group (Au1‒C1 = 2.193 Å, Au1‒C2 = 2.234 

Å).  Both gold atoms adopt distorted linear conformations with C9a‒Au2‒C1 and 

C9‒Au1‒C1≡C2 (centroid) ≈ 172°.  The gold acetylide moiety is bent (Au1‒C1‒C2 = 

C1‒C2‒C3 = 165°) with no significant elongation of the C≡C bond (C1‒C2 = 1.214 Å) 

relative to the of free phenylacetylene (1.2 Å).  The Au1‒Au2 distance of 3.624 Å falls 

outside the range typically attributed to a gold‒gold (aurophilic) bonding interaction.
153

  

In addition to the complex 36, a large number of homonuclear and heteronuclear 

transition metal -acetylide complexes are known,
154

 and similar dinuclear gold -

acetylide complexes containing trialkyl phosphine ligands have been structurally-

characterized by Russel
121

 and Finze
155

 (vide supra). 

 An interesting feature of these dinuclear acetylide complexes is the facile -

interconversion of the chemically-inequivalent (IPr)Au fragments on the NMR time 

scale.  
1
H and 

13
C NMR analysis of dinuclear acetylide 36 between 25 and ‒60 °C 

displayed resonances corresponding to a single type of (IPr)Au group; further, no 

broadening of these resonances was observed at reduced temperature.  The most direct 

process for this interconversion is through a symmetric gem-bis(gold) intermediate or 

transition state I in which both gold atoms are bound symmetrically to the terminal 

acetylenic carbon atom, perhaps involving a three-center, two-electron bonding 

interaction with a gold‒gold bond (Scheme 5).  Whether a discreet intermediate or 

fleeting transition state, species I is analogous to the ground-state structures for dinuclear 

gold -alkenyl complexes first proposed by Gagné
156

 and Toste
131

 and later confirmed 

structurally by Fürstner.
157
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Scheme 5. 

 The strength of the gold -acetylide bond as well as the stability of the -

acetylide bond of dinuclear -acetylide 36 was evaluated toward two-electron donor 

ligands and protodeauration, respectively.  Regarding the former, treatment of a CD2Cl2 

solution of 36 (22 mM) with pyridine (1 equiv) at 25 °C for 10 min led to complete 

displacement of the -bound acetylide moiety to form a ~1:1 mixture of the mononuclear 

acetylide complex (IPr)Au(
1
-C≡CPh) (41) and the cationic pyridine complex 

[(IPr)Au(pyridine)]
+
 SbF6

‒
 (42; Scheme 6).  In order to unambiguously identify 

complexes 41 and 42 in the previous experiment, authentic samples were independently 

synthesized and analyzed by 
1
H and 

13
C NMR (see experimental section for details).  

Alternatively, treatment of a CD2Cl2 solution of 36 (22 mM) with NCArF (17 mM) led to 

formation of a 4.9:1.0:1.0:3.5 equilibrium mixture of 36, 41, 28, and NCArF (‒60 °C), 

which corresponds to an equilibrium constant for displacement of NCArF from 28 with 

41 of Keq = [36][NCArF]/[41][28] = 17.2 ± 1.2.  This observation indicates that the 

binding affinity of the neutral gold -acetylide complex 41 to the (IPr)Au
+
 fragment 

exceeds the binding affinity of free phenylacetylene (Keq = 0.21; Table 17) by a factor of 

~80 (G = 1.9 kcal mol
‒1

).  
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Scheme 6. 

 Regarding protonolysis of the Au–C -acetylide bond, treatment of a solution of 

36 (30 mM) in CD2Cl2 with triflic acid (1 equiv) at 25 °C for 12 h led to no detectable 

decomposition of 36, as determined by 
1
H NMR spectroscopy (Scheme 6).  In contrast to 

the stability of -acetylide complex 36 toward Brønsted acid, mononuclear -acetylide 

complex 41 exhibited facile protodeauration in the presence of HOTf within 10 min at 

‒80 °C.  The rapid protonation behavior of mono(gold) acetylide 41 was confirmed by 

Blum and co-workers, who also documented the protodeauration of numerous gold(I) -

aryl, alkenyl, and alkyl complexes.
158

  This observed incongruence in protonolysis 

reactivity for bis(gold) complex 36 and mono(gold) 41 is in accord with the diminished 

protonolysis reactivity of bis(gold) -alkenyl complexes relative to the corresponding 

mononuclear gold -alkenyl complexes.
156
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3.2.2.4  Arylacetylene Protonation in Dinuclear -Acetylide Formation 

 Particularly fascinating is the facile nature of -(terminal alkyne) to -acetylide 

conversion in the absence of any obvious proton acceptor.  This observation points to the 

generation of strong Brønsted acid under reaction conditions.  To gain insight into the 

fate of the acetylenic proton, an equimolar solution of p-tolylacetylene -complex 32 and 

free p-tolylacetylene (51 mM) was monitored periodically by 
1
H NMR spectroscopy at 

‒20 °C.  In addition to resonances corresponding to 32, 37, and free p-tolylacetylene, a 

pair of mutually-coupled one-proton doublets at  5.91 and 5.46 (JHH ≈ 5.0 Hz) and a 

three-proton singlet at  2.90, which were assigned to the vinylic and aryl methyl protons 

of a protonated p-tolylacetylene derivative (A), were observed (eq 3).  The concentration 

of this species rose concurrently with 37 to ~7 mM over the course of 30 min and then 

remained relatively constant as 37 continued to form.  Of particular relevance, 
1
H NMR 

analysis employing a wide spectral window showed no evidence of a high-frequency 

proton resonance characteristic of free strong Brønsted acid.
159

  Warming the solution 

containing species A to 25 °C led to rapid (≤ 1 min) disappearance of the resonances 

corresponding to A without detectible increase in the resonances corresponding to p-

tolylacetylene.  Treatment of a solution containing species A with tetrabutylammonium 

triflate at ‒20 °C led to immediate (≤ 2 min) and complete consumption of A to form 1-

tolylethenyl trifluoromethanesulfonate [43;  5.66 (d, J = 4.0 Hz, 1 H), 5.30 (d, J = 4.0 

Hz, 1H), and 2.90 (s, 3 H)] in ~25% yield based on available p-tolylacetylene. 
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 Analogous experiments employing 31 and phenylacetylene formed traces (≤ 2.5 

mM) of a protonated phenylacetylene derivative (B) [ 6.02 (d), 5.61 (d), JHH = 5.0 Hz], 

which decomposed upon warming to 25 °C and formed 1-phenylethenyl 

trifluoromethanesulfonate [44;  5.68 (d), 5.38 (d), J = 4.0 Hz] upon treatment with 

tetrabutylammonium triflate.  Similarly, when an equimolar solution of (IPr)Au(OTf) and 

phenylacetylene (60 mM) was warmed from ‒60 to 25 °C, complete conversion of 

(IPr)Au(OTf) to dinuclear -acetylide complex 36•OTf was observed within 10 min 

along with traces (3 mM) of 44.  The concentration of 44 continued to increase with time, 

reaching a maximum concentration of 19 mM after 1 h (eq 4).  The identities of vinyl 

triflates 43 and 44 was verified through 
1
H and 

13
C NMR analysis of reactions of the 

appropriate arylacetylene with triflic acid in CD2Cl2 at ‒20 °C.
160-162

 

 

 As an additional point of comparison, phenylacetylene was treated with magic 

acid (HSO3F•SbF5; 2 equiv) in CD2Cl2 at ‒60 °C, presumably generating 1-phenylethenyl 

fluorosulfonate (45), which displayed vinylic 
1
H NMR resonances at  5.77 (d, J = 4.5 
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Hz, 1 H) and 5.48 (dd, J = 1.0, 3.5 Hz, 1 H).
163

   To determine the thermal stability of 45, 

the solution was warmed at 25 °C, leading to steady and complete decomposition of 45 

within 1 h.  Alternatively, treatment of a similar solution of 45 with tetrabutylammonium 

triflate at ‒60 °C followed by warming to room temperature led to a 66% conversion of 

45 to vinyl triflate 44 within 20 min (Scheme 7).  It is worth noting that 45 has also been 

synthesized from reaction of fluorosulfuric acid with phenylacetylene in the presence of 

tri-n-propylammonium fluorosulfonate and is known to oligomerize in solution at room 

temperature.
164

 

 

Scheme 7. 

 The similarity in the 
1
H NMR spectra of vinyl triflates 43 and 44 and vinyl 

fluorosulfonate 45 as compared to species A and B in addition to the rapid formation of 

43 and 44 from reaction of A, B, and 45 with tetrabutylammonium triflate suggest that A 

and B are vinyl arenes bearing a labile anionic group at the -carbon atom.  Additionally, 

compounds A and B appear even less stable and more reactive than 45, pointing to the 

presence of an extremely loose association of the anionic group at the -position of these 

compounds.  As the SbF6
‒
 and Sb2F11

‒
 anions coordinate poorly to carbenium ions,

165
 and 

there was no detectible fluorine coupling in the 
1
H NMR spectra of complexes A and B, 
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it is unlikely that these species represent -hexafluoroantimonate vinyl arene complexes 

(46).  Likewise, the inequivalence of the -protons of A and B is inconsistent with the 

anticipated 
1
H NMR spectrum for free 1-arylvinyl cations (47).

166-168
  Further, it has been 

documented that SbF5 reacts with the vinylic C=C bond of -arylvinylfluorides to form 

-fluorobenzyl cations having a -bound SbF4 unit (e. g., 48) as opposed to 1-aryl vinyl 

cations or -SbF6 adducts,
169

 thus refuting earlier claims that similar reactions led to 

formation of vinylic cations.
170,171  

While the absolute structures of species A and B 

remain uncertain, formation of A and B in the conversion of 32 to 37 and 31 and 36, 

respectively, and also the formation of vinyl triflate 44 in the conversion of (IPr)Au(OTf) 

and phenylacetylene to 36•OTf provides convincing evidence for the generation of a 

strong Brønsted acid under reaction conditions. 

 

Figure 26.  Hypothetical and related structures to species A and B. 

 

3.2.2.5  Kinetic Analysis of -Acetylide Formation 

 To gain insight into the mechanism of the conversion of gold(I) -(terminal 

alkyne) complexes to dinuclear gold -acetylide complexes, we investigated the 

kinetics of the conversion of the 4-ethynyltoluene complex 32 to 37 employing in situ 
1
H 
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NMR analysis.  To this end, a solution of 32, generated in situ from (IPr)AuCl (50 mM) 

and AgSbF6 (51 mM) at –60 °C, in CD2Cl2 was warmed to –20 °C and monitored 

periodically by 
1
H NMR spectroscopy.  A plot of 1/[32] versus time was linear to ~3 

half-lives with an observed rate constant of kobs = 2.27 ± 0.03  10
–3

 M
–1

 s
–1

, which 

established the second-order dependence of the rate on [32] (Table 18).  To determine the 

effect of silver ion on the rate of acetylide formation, second-order rate constants for the 

conversion of 32 to 37 were determined at –20 °C in the presence of 50, 100, and 200 

mM AgSbF6 (Table 18, Figure 27).  In each case, second-order decay of 32 was observed 

to ~2-3 half-lives.  A plot of kobs versus [AgSbF6] was linear with a significant non-zero 

intercept in accord with the two-term rate law, rate = k2[Au]
2
 + k3[Au]

2
[AgSbF6] where 

k2= 1.85  10
–3

 M
–1

 s
–1

 and k3= 4.81  10
–2

 M
–2

 s
–1

 (Figure 28).  The rate of conversion of 

32 (51 mM) to 37 at ‒20 °C in the presence of NaSbF6 (100 mM) (1.91 ± 0.02 × 10
‒3

 M
‒1

 

s
‒1

) was not significantly different from the rate in the absence of NaSbF6 (2.27 ± 0.03 × 

10
‒3

 M
‒1

 s
‒1

) (Table 18, entry 5), which indicates that the rate effect caused by AgSbF6 

was due to Ag
+
 rather than SbF6

–
 or a salt effect.   
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Table 18.  Second-Order Rate Constants for the Conversion of 32 to 37 in CD2Cl2. 

 

 

Figure 27.  Second-Order Plots for the Conversion of 32 to 37 in CD2Cl2 at –20 °C 

mediated by a mixture of (IPr)AuCl (51 mm) and AgSbF6 with free [AgSbF6] =  0 mM  

(∆), 51 mM (◊), 102 mM (□), 204 mM (○). 
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Figure 28.  Plot of kobs versus [AgSbF6] for the conversion of 32 to 37 in CD2Cl2 at –20 

°C mediated by a mixture of (IPr)AuCl (51 mm) and AgSbF6 with free [AgSbF6] = 0 ‒ 

200 mM. 

The activation parameters associated with the silver-free pathway for the 

conversion of 32 to 37 were determined through measurement of the second-order rate 

constants for the conversion of 32 to 37 initiated by a 1:1 mixture of (IPr)AuCl and 

AgSbF6 as a function of temperature from –20 to 11 °C (Table 18, entries 8-12, Figure 

29).  An Eyring plot of the resultant observed rate constants versus reciprocal temperature 

provided the activation parameters:  H
‡
 = 9 ± 1 kcal mol

–1
 and S

‡
 = –47 ± 6 eu. 
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Figure 29.  Second-Order Plots for the Conversion of 32 to 37 in CD2Cl2 at –20 °C 

mediated by a mixture of (IPr)AuCl (51 mm) and AgSbF6 with free [AgSbF6] =  102 mM  

at ‒20 °C (○), ‒13 °C (), ‒5 °C (∆), 4 °C (□), 11 °C (◊). 

To determine the effect of free aryl acetylene on the rate of acetylide formation, 

the rate of conversion of 32 to 37 was determined at p-tolylacetylene concentrations of 51 

and 102 mM (Table 18, entries 6 and 7).  In these cases, a decrease in the rate of 

conversion and deviation from second-order behavior was observed.  In addition, the data 

did not follow first order behavior; rather, the data revealed a rapid decrease in [32] 

within the first 10% conversion followed by an abrupt diminution of the rate.  To probe 

acetylenic C‒H bond cleavage in the rate limiting step for conversion of 32 to 37, we 

determined the primary deuterium kinetic isotope effect for the conversion of 

[(IPr)Au(
2
-DC≡CC6H4Me)]

+
 SbF6

–
 (32-d) to 37.  To this end, -alkyne complex 32-d 

was generated in situ at –60 °C from reaction of an equimolar mixture of (IPr)AuCl, 

AgSbF6 and 2-deuterio-1-(tolyl)ethyne, and the resulting solution was warmed to –5 °C 

and monitored periodically by 
1
H NMR spectroscopy.  Complex 32-d displayed second-
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order decay through ~3 half-lives with an observed rate constant of kobs = 4.46 ± 0.03  

10
–3

 M
–1

 s
–1

, which corresponds to a KIE of kH/kD = 2.85 (Figure 30). 

 

Figure 30.  Second-Order Plots for the Conversion of 32 to 37 (□) and 32-d to 37 (○) in 

CD2Cl2 at –5 °C mediated by a mixture of (IPr)AuCl and AgSbF6 (51 mm). 

The effect of 2,6-di-tert-butylpyridine on the rate of alkyne to acetylide 

conversion was significant and we considered that a separate mechanism might be 

accessible under base-mediated conditions.  To test this hypothesis, we studied the 

kinetics of the conversion of 32 to 37 in the presence of N-tert-butyl-4-

(trifluoromethyl)aniline 49.  It was hypothesized that aniline derivative 49 would function 

as a sterically-hindered weak base due to the strong electron withdrawing ability of the 

trifluoromethyl group at the para position of the aromatic ring and the steric hindrance 

imposed by the N-substituted tert-butyl group.  We hoped that this combination of factors 

would allow for kinetic analyses that could be observed on the NMR timescale.  As 

anticipated, addition of aniline 49 (1 equiv) to a solution of 32, generated in situ from 



 

138 

(IPr)AuCl (51 mM) and AgSbF6 (52 mM) at ‒60 °C, in CD2Cl2 increased the rate of 

conversion of 32 to 37 at ‒20 °C and provided reaction kinetic profiles consistent with 

first-order dependence of the rate on [32] (Figure 31).  Comparison of the first-order rate 

constants for conversion of 32 to dinuclear acetylide 37 using 4-ethynyltoluene (kobs = 

2.76 ± 0.03 × 10
‒4

 s
‒1

) versus 2-deuterio-1-(tolyl)ethyne (kobs = 1.30 ± 0.06 × 10
‒4

 s
‒1

) at 

–20 °C revealed a primary kinetic isotope effect:  kH/kD = 2.1. 

 

Figure 31.  First order plots for the conversion of 32 to 37 and 32-d to 37 in CD2Cl2 at 

‒20 °C ([32] = [32-d] = [49] = 51 mM). 

Considering the dramatic effect of exogenous base on the rate of dinuclear 

acetylide formation, we sought to determine whether counterion identity could have a 

similar effect.  To this end, a solution of 32•OTf, generated in a silver-free manner from 

(IPr)AuOTf (52 mM) at ‒78 °C, in CD2Cl2 was warmed to ‒35 °C and monitored 

periodically by 
1
H NMR spectroscopy.  A plot of Ln[32•OTf] versus time was linear to 

~3 half-lives with an observed rate constant of kobs = 1.36 ± 0.03 × 10
‒4

 s
‒1

, which 
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established a first-order dependence of the rate on [32•OTf].  Interestingly, the observed 

first-order dependence of the rate on [32•OTf] suggests that the triflate anion functions as 

a base for dinuclear acetylide formation in this system.  To probe the dependence of the 

rate on [OTf], we investigated the kinetics of the conversion of complex 32•OTf in the 

presence of excess tetrabutylammonium triflate (0.5 – 3 equiv) (Table 19, entries 1-5).  

Addition of the triflate anion in slight excess (0.5 equiv) led to a significant increase in 

the rate of reaction.  However, this apparent dependence on [OTf] was not maintained; 

comparison of the rates revealed a slight downward trend between one and three 

equivalents of excess triflate.  Finally, to probe for cleavage of the acetylenic C‒H bond 

in the rate limiting step for conversion of 32•OTf to 37•OTf, we determined the first 

order rate constants for conversion of 32•OTf to 37•OTf [kobs = 1.78 ± 0.02 × 10
‒5

 s
‒1

] 

and [(IPr)Au(
2
-DC≡CC6H4Me)]

+
 OTf

‒
 (32•OTf-d) to 37•OTf [kobs = 7.9 ± 0.2 × 10

‒5
 

s
‒1

] in CD2Cl2 at ‒27 °C leading to a primary kinetic isotope effect: kH/kD = 2.25. 
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Table 19.  First-order rate constants for the conversion of 32•OTf to 37•OTf in CD2Cl2. 

 

 

3.2.2.6  Mechanistic Discussion 

 The simplest mechanism that accounts for the conversion of gold -arylacetylene 

complexes to dinuclear gold -acetylide complexes involves deprotonation of the 

acetylenic proton either through a three-center, two-electron transition state or by C–H 

activation followed by deprotonation.  Trapping of a resulting mono(gold) acetylide 

complex (e. g., 41) with the cationic gold fragment of a second molecule of a -(terminal 

alkyne) complex would then form the dinuclear acetylide with concomitant release of 

arylacetylene (Scheme 8).  The facile protodeauration of 41 with HOTf suggests that if 

such a pathway is operational, -arylacetylene to dinuclear acetylide conversion is driven 

by formation of the stable gold–(-acetylide) bond.   
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Scheme 8. 

However, such a mechanism does not necessarily account for the observed 

second-order dependence of the rate on [32] in the conversion of 32 to 37.  One 

possibility is that an actual first-order dependence on [32] is compounded with an inverse 

dependence on [p-tolylacetylene], which increases as the reaction progresses.  The 

simultaneous operation of opposing rate dependences could lead to an apparent second-

order dependence on [32].  An intriguing mechanistic alternative involves initial 

formation of a transient dicationic bis(gold) -alkyne complex II involving both of the 

orthogonal -faces, which would presumably lead to significant enhancement of the 

acidity of the acetylenic proton, followed by deprotonation to form dinuclear acetylide 

(Scheme 8).  Additionally, formation of a dicationic bis(gold) species in the rate limiting 

step would potentially lead to a second-order dependence on [32] while also exhibiting an 

inverse dependence on [free arylacetylene].  In any event, because the conversion of -

arylacetylene to dinuclear acetylide involves both deprotonation and -complexation 
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events, it is difficult to estimate the increase in the acidity of an acetylenic proton 

resulting from complexation to the 12-electron gold fragment (IPr)Au
+
. 

 

3.2.2.7  Summary 

 Gold -arylacetylene complexes were generated at low temperature (‒60 °C) from 

reaction of mixtures of (IPr)AuCl and AgSbF6 with terminal alkynes and characterized by 

spectroscopy without isolation.  Above ‒20 °C, these complexes underwent C(sp)–H 

bond cleavage and nucleation to form stable dinuclear gold -acetylide complexes, one 

of which was characterized by X-ray crystallography.  Kinetic analyses point to reaction 

mechanisms for dinuclear acetylide formation involving a transition-state structure 

containing two (IPr)Au
+
 fragments or explusion of arylacetylene in the rate limiting step.  

Further, 
1
H NMR analysis of the conversion of gold -alkyne complexes to -

acetylides has provided evidence for protonation of free arylacetylene, indicating the 

release of strong Brønsted acid under reaction conditions. 

 The facile formation of dinuclear gold -acetylide complexes from -

arylacetylene complexes in the absence of base suggests that gold(I) acetylides may be 

generated as intermediates in gold(I)-catalyzed transformations involving terminal 

alkynes.  Although our work does not address the roles of supporting ligand and alkyne 

structure on the conversion of -(terminal alkyne) complexes to dinuclear gold 

acetylides, a recent study by Corma and co-workers does establish the intermediacy of 

analogous complexes bearing the sterically-hindered P(t-Bu)2o-biphenyl ligand in the 

intermolecular [2+2] cycloaddition of alkynes and alkenes catalyzed by cationic 
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gold(I).
172

  Likewise, the potential intermediacy of dinuclear gold -alkenyl complexes in 

the gold-catalyzed additions of nucleophiles to allenes and alkynes is beginning to be 

appreciated.
131,156,157

  There has also been an ongoing concern that a number of metal-

based hydrofunctionalization processes that employ electrophilic metal complexes, 

including cationic gold(I) complexes, in combination with weakly basic nucleophiles 

may be catalyzed by a Brønsted acid generated under reaction conditions.
34,173,174

  

Considering the generation of strong Brønsted acid in the conversion of gold(I) -

arylacetylene complexes to -acetylide complexes, the potential involvement of 

Brøsted acid catalysis should be given appropriate consideration in homogeneous gold-

catalyzed transformations involving terminal alkynes. 

 

3.3  Experimental 

3.3.1  General Methods 

  

Reactions were performed under a nitrogen atmosphere employing standard 

Schlenk and glovebox techniques unless specified otherwise.  NMR spectra were 

obtained on a Varian spectrometer operating at 500 MHz for 
1
H NMR, 101 MHz for 

13
C 

NMR, and 202 MHz for 
31

P NMR in CD2Cl2 at 25 °C unless noted otherwise.  IR spectra 

were obtained on a Nicolet Avatar 360-FT IR spectrometer.  Gas chromatography was 

performed on a HP 5890 gas chromatograph equipped with a 15 m or 25 m 

polydimethylsiloxane capillary column and FID detector.  Column chromatography was 

performed employing 230-400 mesh silica gel (Silicycle). Thin layer chromatography 
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(TLC) was performed on silica gel 60 F254 (EMD Chemicals Inc.).  Elemental analyses 

were performed by Complete Analysis Laboratories (Parsippany, NJ).  Mass spectra were 

obtained on an Applied Biosystems Voyager-DE Pro MALDI mass spectrometer 

operating at a mass range of 500-4000u with a dihydroxyacetophenone matrix (10 mg/1 

mL DCM; internal alkyne complexes) or a 2-(4'-hydroxybenzeneazo)benzoic acid 

(HABA) matrix (10 mg/mL DCM; dinuclear -acetylide complexes) and was 

calibrated with PEG1000.   

 Methylene chloride was purified by passage through columns of activated 

alumina under nitrogen.  CDCl3 and CD2Cl2 were dried over CaH2 and distilled under 

nitrogen prior to use.  (IPr)AuCl, hexanes, AgSbF6, 3-hexyne, 2-butyne, 1-

phenylpropyne, 2-hexyne, and 4,4-dimethyl-2-pentyne, AgOTf, arylacetylenes, and 3,5-

bis(trifluoromethyl)benzonitrile were purchased from major chemical suppliers and used 

as received.  [P(t-Bu)2o-biphenyl]AuCl, {[P(t-Bu)2o-biphenyl]Au(NCArF)}
+
 SbF6

‒
 (27),  

{(IPr)Au(NCArF)}
+
 SbF6

‒
 (28), {[P(t-Bu)2o-biphenyl]Au[

2
-Me(H)C=CMe2]}

+
 SbF6

‒
 

(29), and {(IPr)Au[
2
-Me(H)C=CMe2]}

+
 SbF6

‒
 (30) were prepared employing previously 

described procedures (Ch. 2).  Phenylacetylene-1-
13

C1 was synthesized employing a 

literature procedure.
175 
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3.3.2  Gold(I) -(Internal Alkyne) Complexes 

 

3.3.2.1  Synthesis of Gold(I) -Alkyne Complexes 

 

{[P(t-Bu)2o-bipheny]Au[
2
-EtC≡CEt]}

+
 SbF6

–
 (19).  A suspension of [P(t-

Bu)2o-bipheny]AuCl (35 mg, 0.066 mmol), AgSbF6 (22.7 mg, 0.066 mmol), and 3-

hexyne (8.2 mg, 0.1 mmol) in CH2Cl2 (1.5 mL) was stirred in a sealed flask at room 

temperature for 10 minutes.  The resulting suspension was filtered through a pad of 

Celite, which was flushed with additional CH2Cl2.  The filtrate was concentrated to ~2 

mL, diluted with two volumes of hexanes, and cooled at 4 °C for 24 h to give 19 (52.5 

mg, 98%) as a white solid.  
1
H NMR:    7.95 – 7.90 (m, 1 H), 7.70 – 7.60 (m, 2 H), 7.57 

– 7.52 (m, 1 H), 7.48 (t, J = 7.5 Hz, 2 H), 7.35 – 7.31 (m, 1 H), 7.24 – 7.20 (m, 2 H), 2.46 

(q, J = 7.5 Hz, 4 H), 1.45 (d, J = 16 Hz, 18 H), 1.21 (t, J = 7.5 Hz, 6 H).  
13

C{
1
H} NMR:  

  149.1 (d, J = 12.3 Hz), 143.4 (d, J = 6.9 Hz), 134.1, 133.7 (d, J = 7.8 Hz), 132.1 (d, J = 

3.1 Hz), 130.0, 129.1, 128.6, 128.3 (d, J = 7.0 Hz), 123.7 (d, J = 49.3 Hz), 91.4, 39.0 (d, J 

= 24.6 Hz), 31.2 (d, J = 6.2 Hz), 16.4, 14.1.  
31

P{
1
H} NMR:    65.5.  Anal. calcd (found) 

for C26H37PF6AuSb:  H, 4.59 (4.51);  C, 38.40 (38.49). 

 All remaining gold(I) -alkyne complexes were synthesized employing similar 

procedures unless noted otherwise. 

 {[P(t-Bu)2o-bipheny]Au[
2
-MeC≡CCH2CH2CH3]}

+
 SbF6

–
 (20).  White solid, 

96%.  
1
H NMR:    7.95 – 7.90 (m, 1 H), 7.70 – 7.60 (m, 2 H), 7.58 – 7.52 (m, 1 H), 7.49 

(t, J = 7.5 Hz, 2 H), 7.36 – 7.30 (m, 1 H), 7.23 (d, J = 7.0 Hz, 2 H), 2.37 (qt, J = 2.5, 7.0 

Hz, 2 H), 2.16 (t, J = 2.0 Hz, 3 H), 1.61 (sext, J = 7.5 Hz, 2 H),  1.45 (d, J = 16.5 Hz, 18 
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H), 1.00 (t, J = 7.5 Hz, 3 H).  
13

C{
1
H} NMR:    149.8 (d, J = 12.8 Hz), 143.1 (d, J = 6.7 

Hz), 133.8, 133.3 (d, J = 7.7 Hz), 131.8, 129.6, 128.7, 128.3, 128.0 (d, J = 7.7 Hz), 123.4 

(d, J = 48.0 Hz), 88.7 (d, J = 7.7 Hz), 86.3 (d, J = 6.7 Hz), 38.5 (d, J = 25.1 Hz), 30.8 (d, 

J = 6.8 Hz), 24.0, 22.4, 13.2, 7.2.  
31

P{
1
H} NMR:    65.3.  Anal. calcd (found) for 

C26H37PF6AuSb:  H, 4.59 (4.36);  C, 38.40 (38.35). 

 {[P(t-Bu)2o-bipheny]Au[
2
-MeC≡CC(CH3)3]}

+
 SbF6

–
 (21).  White solid, 90%.  

1
H NMR:    7.96 – 7.90 (m, 1 H), 7.70 – 7.60 (m, 2 H), 7.59 – 7.52 (m, 1 H), 7.49 (t, J = 

7.5 Hz, 2 H), 7.35 – 7.28 (m, 1 H), 7.22 (d, J = 7.5 Hz, 2 H), 2.19 (s, 3 H), 1.47 (d, J = 

16.5 Hz, 18 H), 1.27 (s, 9 H).  
13

C{
1
H} NMR:    149.2 (d, J = 12.6 Hz), 143.4 (d, J = 6.8 

Hz), 134.2, 133.9 (d, J = 7.7 Hz), 132.2, 130.0, 129.4, 128.5, 128.3 (d, J = 7.7 Hz), 123.5 

(d, J = 47.9 Hz), 98.3, 87.0, 39.2 (d, J = 24.9 Hz), 31.9, 31.2 (d, J = 5.8 Hz), 8.4.  

31
P{

1
H} NMR:    65.9.  Anal. calcd (found) for C27H39PF6AuSb:  H, 4.75 (4.66);  C, 

39.20 (39.14). 

 {[P(t-Bu)2o-bipheny]Au[
2
-MeC≡CMe]}

+
 SbF6

–
 (22). White solid, 91%.  

1
H 

NMR:    8.00 – 7.84 (m, 1 H), 7.72 – 7.44 (m, 5 H), 7.38 – 7.30 (m, 1 H), 7.30 – 7.16 

(m, 2 H), 2.11 (s, 6 H), 1.44 (d, J = 16.5 Hz, 18 H).  
13

C{
1
H} NMR:    149.1 (d, J = 13.0 

Hz), 143.5 (d, J = 7.0 Hz), 134.0, 133.6 (d, J = 6.9 Hz), 132.1, 129.9, 128.9, 128.7, 128.3 

(d, J = 7.8 Hz), 123.8 (d, J = 48.6 Hz), 84.9, 39.7 (d, J = 24.6 Hz), 31.2 (d, J = 6.2 Hz), 

7.4.  
31

P{
1
H} NMR:    65.2.  Anal. calcd (found) for C24H33PF6AuSb:  H, 4.24 (4.23);  

C, 36.71 (36.62). 
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 {(IPr)Au(
2
-EtC≡CEt)}

+
 SbF6

–
 (23).  White solid, 94%.  

1
H NMR (400 MHz, 

CDCl3):    7.52 (t, J = 8 Hz, 2 H), 7.49 (s, 2 H), 7.30 (d, J = 7.6 Hz, 1 H), 2.48 (sept, J = 

7.2 Hz, 4 H), 2.20 (q, J = 7.6 Hz, 4 H), 1.23 (d, J = 6.8 Hz, 24 H), 0.57 (t, J = 7.6 Hz, 6 

H).  
13

C{
1
H} NMR (CDCl3):    177.2, 145.7, 133.0, 131.4, 125.1, 124.5, 87.2, 28.8, 

24.6, 23.9, 14.7, 13.1.  Anal. calcd (found) for C33H46AuF6N2Sb:  H, 5.13 (5.05);  C, 

43.87 (43.76); N, 3.10 (3.37). 

 {(IPr)Au(
2
-PhC≡CMe)}

+
 SbF6

–
 (24).  Pale green solid, 99%.  

1
H NMR 

(CDCl3):    7.58 (t, J = 8 Hz, 2 H), 7.51 (s, 2 H), 7.36 (d, J = 8.0 Hz, 1 H), 7.31 (d, J = 8 

Hz, 4 H), 7.15 (t, J = 7.5 Hz, 2 H), 6.81 (d, J = 7.5 Hz, 2 H), 2.45 (sept, J = 7 Hz, 4 H), 

2.05 (s, 3 H), 1.22 (d, J = 7 Hz, 12 H), 1.14 (d, J = 7 Hz, 12 H).  
13

C{
1
H} NMR (CDCl3):  

  175.7, 145.8, 132.9, 131.8, 131.4, 129.1, 125.1, 124.5, 117.1, 86.9, 83.5, 28.7, 24.5, 

23.9, 6.6.  MALDI-MS calcd (found) for [C36H44N2Au]
+
 (M

+
):  701.3 (700.9). 

 {[P(t-Bu)2o-bipheny]Au[
2
-PhC≡CMe)}

+
 SbF6

–
 (25).  An NMR tube containing 

a suspension of [P(t-Bu)2o-bipheny]AuCl (30 mg, 0.057 mmol), AgSbF6 (19.4 mg, 0.057 

mmol), and 1-phenylpropyne (6.6 mg, 0.057 mmol), and 1,3-dimethoxybenzene (1.4 mg, 

internal standard) in CD2Cl2 (0.5 mL) was shaken briefly and allowed to stand at room 

temperature.  Following precipitation of AgCl, the sample was analyzed by 
1
H, 

13
C, and 

31
P NMR spectroscopy at 25 °C, which revealed formation of 25 in 92 ±5% yield.  

1
H 

NMR:    7.93 – 7.81 (m, 1 H), 7.70 – 7.50 (m, 4 H), 7.46 (t, J = 7.5 Hz, 2 H), 7.43 – 7.32 

(m, 4 H), 7.32 – 7.24 (m, 1 H), 7.16 (d, J = 7.0 Hz, 2 H), 2.35 (s, 3 H), 1.34 (d, J = 16.5 

Hz, 18 H), 1.00.  
13

C{
1
H} NMR:    147.9 (d, J = 12.5 Hz), 142.9 (d, J = 6.7 Hz), 133.4, 
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132.7 (d, J = 7.2 Hz), 132.1, 131.4, 131.1, 129.2, 129.0, 128.2, 127.8 (d, J = 7.7 Hz), 

127.1, 122.6 (d, J = 49.6 Hz), 117.9, 90.6 (d, J = 8.6 Hz), 86.0 (d, J = 7.2 Hz), 37.8 (d, J 

= 24.9 Hz), 30.3 (d, J = 5.8 Hz), 8.4.  
31

P{
1
H} NMR:    65.7. 

 {(IPr)Au(
2
-MeC≡CMe)}

+
 SbF6

–
 (26).  A suspension of (IPr)AuCl (35 mg, 

0.066 mmol), AgSbF6 (22.7 mg, 0.066 mmol), and 2-butyne (3.6 mg, 0.066 mmol), and 

toluene (1.2 mg, internal standard) in CD2Cl2 (0.5 mL) was shaken briefly and allowed to 

stand at room temperature.  Following precipitation of AgCl, the sample was analyzed by 

1
H and 

13
C NMR spectroscopy at 25 °C, which revealed formation of 26 in 97 ±5% yield.  

1
H NMR (300 MHz):    7.60 (t, J = 8.1 Hz, 2 H), 7.48 (s, 2 H), 7.39 (d, J = 7.8 Hz, 4 H), 

2.51 (sept, J = 6.9 Hz, 4 H), 1.88 (s, 6 H), 1.29 (d, J = 6.9 Hz, 12 H), 1.27 (d, J = 6.9 Hz, 

12 H).  
13

C{
1
H} NMR:    177.1, 146.1, 133.3, 131.8, 125.2, 124.9, 81.5, 29.2, 24.8, 24.1, 

6.1. 

 

3.3.2.2  Determination of Alkyne Binding Constants 

Reaction of 2-butyne with 27.  2-butyne (1.03 mg, 0.019 mmol) was added via 

gas tight syringe to an NMR tube sealed with a rubber septum that contained a CD2Cl2 

solution of 27 (20 mg, 0.021 mmol) at –60 °C.  The tube was shaken, placed in the probe 

of an NMR spectrometer cooled at –60 °C and allowed to equilibrate for 10 min.  The 

relative concentrations of 27, 22, NCArF, and 2-butyne were determined by integrating 

the resonances corresponding to the aromatic protons of bound [ 8.41, 8.38 (2:1)] and 

free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the methyl protons 
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of bound ( 2.06) and free ( 1.70) 2-butyne.  An equilibrium constant of Keq = 

[22][NCArF]/[27][2-butyne] = 25 ± 2 was determined (Table 15).   

 To ensure that equilibrium was achieved under these conditions, the following 

control experiment was performed.  NCArF (4.9 mg, 0.02 mmol) was added via syringe 

to an NMR tube sealed with a rubber septum that contained a CD2Cl2 solution of 2-

butyne complex 22 (16 mg, 0.02 mmol) at –60 °C.  The tube was shaken, placed in the 

probe of an NMR spectrometer cooled at –60 °C and allowed to equilibrate for 10 min.  

The relative concentrations of 27, 22, NCArF, and 2-butyne were determined as was 

described in the preceding paragraph.  The equilibrium constant determined from this 

experiment {Keq = [22][NCArF]/[27][2-butyne] = 24 ± 1} was not significantly different 

from that obtained from treatment of 27 with 2-butyne.  

 Similar procedures were employed to determine the equilibrium constants for the 

displacement of NCArF from 27 with 2-hexyne, 4,4-dimethyl-2-pentyne, and 1-phenyl-1-

propyne and for displacement of NCArF from 28 with 2-butyne and 1-phenyl-1-propyne 

(Table 15).  Error limits refer to the standard deviation in Keq determined from three 

independent experiments. 

 Reaction of 3-hexyne with 29.  3-hexyne (1.6 mg, 0.02 mmol) was added via gas 

tight syringe to an NMR tube sealed with a rubber septum that contained a CD2Cl2 

solution of 29 (16 mg, 0.02 mmol) at –60 °C.  The tube was shaken, placed in the probe 

of an NMR spectrometer cooled at –60 °C and allowed to equilibrate for 10 min.  The 

relative concentrations of 29, 19, 2-methyl-2-butene, and 3-hexyne were determined by 

integrating the resonances corresponding to the olefinic proton of bound ( 3.99) and free 
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( 5.12) 2-methyl-2-butene and the resonances corresponding to the methylene protons of 

bound ( 2.40) and free ( 2.10) 3-hexyne.  An equilibrium constant of Keq = [19][2-

methyl-2-butene]/[29][3-hexyne] = 2.9 ± 0.2 was determined (Scheme 3).  Multiplication 

of this result by the equilibrium constant for displacement of NCArF from 27 with 2-

methyl-2-butene (Keq = 156 ± 8) provided an equilibrium constant displacement of 

NCArF from 27 with 3-hexyne of Keq = [19][NCArF]/[27][3-hexyne] = 450 ± 45. 

 A similar procedure was employed to determine the equilibrium constant for the 

displacement of 2-methyl-2-butene from 30 with 3-hexyne (Keq = 12.2 ± 0.6) and to 

calculate the equilibrium constant for the displacement of NCArF from 28 with 3-hexyne 

(Keq = 780 ± 62).  Error limits for the reactions of 3-hexyne with complexes 29 and 30 

refer to the standard deviation in Keq determined from three independent experiments.  

Error limits for equilibrium binding affinities of 3-hexyne relative to NCArF were 

estimated from propagation of the errors of the association Keq measurements. 

 

3.3.3  Gold(I) -(Terminal Alkyne) Complexes 

 

3.3.3.1  Synthesis of Gold(I) -Arylacetylene Complexes 

 [(IPr)Au(
2
-HC≡CPh)]

+
 SbF6

−
 (31).  Phenylacetylene (3.3 mg, 3.2 × 10

−2
 

mmol) and 1,3-dimethoxybenzene (1.0 L, 7.6 mol; internal standard) were added via 

syringe to an NMR tube capped with a rubber septum that contained a suspension of 

(IPr)AuCl (20 mg, 3.2 × 10
−2

 mmol) and AgSbF6 (11 mg, 3.2 × 10
−2

 mmol) in CD2Cl2 at 

−78 °C.  The tube was shaken and placed in the probe of an NMR spectrometer precooled 

at −60 °C. 
1
H NMR analysis after 10 min revealed formation of 31 as the only (IPr)Au-
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containing product in 92 ± 5% yield based on integration of the acetylenic resonance of 

31 at  4.56 relative to the methyl resonance of 1,3-dimethoxybenzene at  3.8 in the 
1
H 

NMR spectrum.  
1
H NMR:    7.55 (t, J = 7.5 Hz, 2 H), 7.52 − 7.46 (m, 2 H), 7.40 (s, 2 

H), 7.27 (d, J = 8 Hz, 4 H), 7.24 (t, J = 8 Hz, 1 H), 6.87 (d, J = 7.5 Hz, 2 H), 4.56 (s, 1 

H), 2.35 (sept, J = 6.5 Hz, 4 H), 1.19 (d, J = 6.5 Hz, 12 H), 1.08 (d, J = 7 Hz, 12 H). 

13
C{

1
H} NMR:    175.2, 145.3, 133.0, 132.7, 130.8, 129.2, 124.5, 124.3, 123.0, 114.7, 

93.5, 72.7, 28.5, 24.5, 23.3. 

 Gold(I) -arylacetylene complexes 31-
13

C1 and 32 – 35 were synthesized using a 

procedure similar to that used to generate 31. 

 [(IPr)Au(
2
-H

13
C≡CPh)]

+
 SbF6

−
 (31-

13
C1):  99 ± 5% yield.  

13
C{

1
H} NMR:    

93.4 (d, 
1
JC≡C = 133.4 Hz), 72.8. 

 [(IPr)Au(
2
-HC≡C-4-C6H4Me)]

+
 SbF6

−
 (32):  97 ± 5% yield.  

1
H NMR:    7.57 

(t, J = 7.5 Hz, 2 H), 7.43 (s, 2 H), 7.30 (d, J = 7.5 Hz, 4 H), 7.08 (d, J = 7.5 Hz, 2 H), 6.83 

(d, J = 7.5 Hz, 2 H), 4.50 (s, 1 H), 2.40 (s, 3 H), 2.35 (sept, J = 6.5 Hz, 4 H), 1.19 (d, J = 

6.5 Hz, 12 H), 1.08 (d, J = 6.5 Hz, 12 H).  
13

C{
1
H} NMR:    175.4, 145.2, 132.9, 131.6, 

131.0, 129.9, 129.0, 124.5, 124.3, 111.3, 95.0, 72.2, 28.5, 24.5, 23.4, 21.7. 

 [(IPr)Au(
2
-HC≡C-4-C6H4Me)]

+
 OTf

–
 (32•OTf

‒
):  95 ± 5 %.  

1
H NMR:    4.83 

(s, 1 H).  
13

C{
1
H} NMR:    94.6, 72.9. 

 [(IPr)Au(
2
-HC≡C-4-CF3C6H4)]

+
 SbF6

−
 (33):  99 ± 5% yield.  

1
H NMR:    

7.59 (t, J = 8 Hz, 2 H), 7.53 (d, J = 7.5 Hz, 2 H), 7.46 (s, 2 H), 7.32 (d, J = 8 Hz, 4 H), 

7.06 (d, J = 8 Hz, 2 H), 4.76 (s, 1 H), 2.36 (sept, J = 7 Hz, 4 H), 1.20 (d, J = 6.0 Hz, 12 
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H), 1.10 (d, J = 6.5 Hz, 12 H).  
13

C{
1
H} NMR:    174.8, 145.3, 132.9, 132.2, 126.0 (q, 

1
JCF = 3.65 Hz), 124.7, 124.3, 118.9, 89.8, 75.0, 28.5, 24.6, 23.3. Three carbons were 

unaccounted for in the 
13

C NMR spectrum, most likely due to diminution of intensity 

resulting from long-range C−F coupling combined with complexity in the aryl region of 

the spectrum. 

 [(IPr)Au(
2
-HC≡C-4-C6H4OMe)]

+
 SbF6

− 
(34):  86 ± 5% yield. 

1
H NMR:    

7.55 (t, J = 8 Hz, 2 H), 7.42 (s, 2 H), 7.30 (d, J = 8 Hz, 4 H), 6.96 (d, J = 8.5 Hz, 2 H), 

6.77 (d, J = 8.5 Hz, 2 H), 4.45 (s, 1 H), 3.86 (s, 3 H), 2.33 (sept, J = 7 Hz, 4 H), 

1.45−0.90 (m, 24 H).  
13

C{
1
H} NMR:    175.6, 163.1, 145.2, 135.6, 132.4, 130.8, 124.4, 

124.2, 114.8, 114.3, 98.1, 71.6, 55.8, 28.4, 24.5, 23.3. 

 [(IPr)Au(
2
-HC≡C-4-C6H4Br)]

+
SbF6

−
 (35):  91 ± 5% yield.  

1
H NMR:    7.60 

(t, J = 8 Hz, 2 H), 7.45 (s, 2 H), 7.43 (d, J = 8.5 Hz, 2 H), 7.32 (d, J = 8 Hz, 4 H), 6.79 (d, 

J = 8 Hz, 2 H), 4.66 (s, 1 H), 2.35 (sept, J = 6.5 Hz, 4 H), 1.20 (d, J = 6.5 Hz, 12 H), 1.11 

(d, J = 6.5 Hz, 12 H).  
13

C{
1
H} NMR:    175.1, 145.2, 133.9, 132.5, 132.2, 131.1, 127.9, 

124.6, 124.4, 113.8, 91.9, 74.1, 28.5, 24.6, 23.4. 

3.3.3.2  Determination of Arylacetylene Binding Constants 

 Phenylacetylene (2.10 mg, 2.4 × 10
−2

 mmol) was added via syringe to an NMR 

tube sealed with a rubber septum that contained a CD2Cl2 solution of [(IPr)Au(NCArF)]
+
 

SbF6
−
 (28; 25 mg, 2.4 × 10

−2
 mmol) at −60 °C.  The tube was shaken, placed in the probe 

of an NMR spectrometer cooled at −60 °C, and allowed to equilibrate for 10 min.  The 

relative concentrations of 28, 31, NCArF, and phenylacetylene were determined by 
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integrating the resonances corresponding to the aromatic protons of bound [ 8.29, 8.25 

(1:2)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the 

acetylenic proton of bound ( 4.56) and free ( 3.15) phenylacetylene.  From these data, 

an equilibrium constant of Keq = [31][NCArF]/[28][phenylacetylene] = 0.21 ± 0.02 was 

determined. 

 Similar procedures were employed to determine the equilibrium constants for the 

displacement of NCArF from 28 with p-tolylacetylene, 4-ethynylanisole, 1-bromo-4 

ethynylbenzene, and 4-ethynyl--trifluorotoluene in CD2Cl2 at −60 °C.  Equilibrium 

data are collected in Table 17. 

 

3.3.3.3  Synthesis of Digold -Acetylide Complexes 

 {[(IPr)Au]2(
1
,

2
-C≡CPh)}

+
 SbF6

−
 (36).  A suspension of (IPr)AuCl (40 mg, 6.5 

× 10
−2

 mmol), AgSbF6 (23 mg, 6.5 × 10
−2

 mmol), and phenylacetylene (10.2 mg, 0.100 

mmol) in CH2Cl2 (2 mL) was stirred at room temperature for 10 min.  The resulting 

suspension was filtered through Celite, and the filtrate concentrated to 0.5 mL.  Slow 

diffusion of hexanes into the concentrated CH2Cl2 solution at 4 °C for 16 h gave 36 (49 

mg, 99%) as yellow crystals.  
1
H NMR:    7.54 (t, J = 8 Hz, 4 H), 7.34 −7.22 (m, 13 H), 

7.10 (t, J = 8 Hz, 2 H), 6.71 (dd, J = 1.5, 8.5 Hz, 2 H), 2.47 (sept, J = 6.5 Hz, 8 H), 1.19 

(d, J = 7 Hz, 24 H), 1.09 (d, J = 7 Hz, 24 H).  
13

C{
1
H} NMR:    182.8, 145.9, 134.0, 

132.2, 131.2, 129.9, 128.8, 124.7, 124.5, 124.1, 120.9, 113.0, 29.1, 24.6, 24.1.  MALDI-
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MS calcd (found) for C62H77N4Au2 (M
+
):  1271.5 (1271.4).  Anal. Calcd (found) for 

C62H77N4F6Au2Sb: H, 5.15 (5.03); C, 49.38 (49.19); N, 3.72 (3.71). 

 Gold(I) -dinuclear acetylide complexes 37 – 40 were synthesized using a 

procedure similar to that used to synthesize 36. 

 {[(IPr)Au]2(
1
,

2
-C≡C-4-C4H4Me)}

+
 SbF6

−
 (37):  Brown solid, 99%.  

1
H NMR:  

  7.53 (t, J = 8 Hz, 4 H), 7.28 (d, J = 7.5 Hz, 8 H), 7.24 (s, 4 H), 6.91 (d, J = 7.5 Hz, 2 

H), 6.61 (d, J = 8 Hz, 2 H), 2.46 (sept, J = 7 Hz, 8 H), 2.30 (s, 3 H), 1.19 (d, J = 7 Hz, 24 

H), 1.09 (d, J = 7 Hz, 24 H).  
13

C{
1
H} NMR:    182.9, 145.9, 140.6, 134.0, 132.2, 131.2, 

129.5, 129.4, 124.6, 123.0, 119.6, 117.9, 29.1, 24.6, 24.1, 21.5.  MALDI-MS calcd 

(found) for C63H79N4Au2 (M
+
):  1285.6 (1286.1).  Anal. Calcd (found) for 

C63H79N4F6Au2Sb: H, 5.23 (5.17); C, 49.72 (49.85); N, 3.68 (3.65). 

 {[(IPr)Au]2(
1
,

2
-C≡C-4-C4H4CF3)}

+
 SbF6

−
 (38):  Tan solid, 99%.  

1
H NMR:    

7.53 (t, J = 8 Hz, 4 H), 7.36 (d, J = 8.5 Hz, 2 H), 7.34−7.22 (m, 12 H), 6.79 (d, J = 8 Hz, 

2 H), 2.46 (sept, J = 6.5 Hz, 8 H), 1.20 (d, J = 7 Hz, 24 H), 1.09 (d, J = 6.5 Hz, 24 H).  

13
C{

1
H} NMR:    182.3, 146.0, 133.9, 132.3, 131.2, 125.7, 124.7, 124.6, 122.9, 110.4, 

29.1, 24.6, 24.1.  MALDI-MS calcd (found) for C63H76N4F3Au2 (M
+
):   1339.5 (1339.9). 

Anal. Calcd (found) for C63H76N4F9Au2Sb:  H, 4.86 (4.76); C, 48.01 (48.06); N, 3.56 

(3.41). 

 {[(IPr)Au]2(
1
,

2
-C≡C-4-C4H4OMe)}

+
 SbF6

–
 (39).  

1
H NMR:    7.54 (t, J = 7.5 

Hz, 4 H), 7.29 (d, J = 8 Hz, 8 H), 7.26 (s, 4 H), 6.70 (d, J = 8.5 Hz, 2 H), 6.63 (d, J = 9 

Hz, 2 H), 3.88 (s, 3 H), 2.45 (sept, J = 7 Hz, 8 H), 1.19 (d, J = 7 Hz, 24 H), 1.08 (d, J = 7 

Hz, 24 H).  MALDI-MS calcd (found) for C63H79N4OAu2 (M
+
):  1301.6 (1301.7). 
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 {[(IPr)Au]2(
1
,

2
-C≡C-4-C4H4Br)}

+
 SbF6

–
 (40).  

1
H NMR:    7.52 (t, J = 7.5 

Hz, 4 H), 7.42 – 7.20 (m, 14 H), 6.75 (d, J = 8.5 Hz, 2 H), 2.45 (sept, J = 7 Hz, 8 H), 1.19 

(d, J = 7 Hz, 24 H), 1.10 (d, J = 7 Hz, 24 H).  MALDI-MS calcd (found) for 

C62H76N4BrAu2 (M
+
):  1349.5 (1349.6). 

 

3.3.3.4  X-ray Crystal Structure of 36•3CH2Cl2 

 Crystals of 36•3CH2Cl2 were obtained from slow diffusion of hexanes into a 

CH2Cl2 solution of 36 at 4 °C.  The crystals were mounted on a Mitegen polyimide 

micromount with a small amount of Paratone N oil. Diffraction data were obtained with 

graphite monochromated MoK radiation ( = 0.71073 Å) on a Bruker-Nonius Kappa 

Axis X8 Apex2 diffractometer.  Crystallographic data for complex 36•3CH2Cl2 are 

collected in Table 20.  The data collection strategy employed  and  scans that collected 

data up to 2.  The frame integration was performed using SAINT.  The resulting raw 

data was scaled and absorption corrected using a multiscan averaging of symmetry 

equivalent data using SADABS.  The structure 36•3CH2Cl2 was solved by direct methods 

using the XS program.  All non-hydrogen atoms were obtained from the initial solution.  

The hydrogen atoms were introduced at idealized positions and were allowed to ride on 

the parent atom.  The structural models were fit to the data using full matrix least-squares 

based on F2.  The calculated structure factors included corrections for anomalous 

dispersion from the usual tabulation.  The structure was refined using the XL program 

from SHELXTL; graphic plots were produced using the NRCVAX crystallographic 

program suite. 
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Table 20.  Crystal and structure refinement data for 36•3CH2Cl2. 

 

 

3.3.3.5  Independent Synthesis of 41 and 42 

 (IPr)Au(
1
-C≡CPh) (41).

176
  A suspension of (IPr)AuCl (40 mg, 6.5 × 10

–2
 

mmol) and lithium phenylacetylide (1.0 M solution in THF; 0.13 mmol) in CH2Cl2 (2 

mL) was stirred at 0 °C for 1h.  The resulting solution was treated with aqueous NH4Cl 

(10 mL). The aqueous layer was extracted with CH2Cl2 (3 × 5 mL), and the organic layer 

dried over MgSO4 and concentrated to 0.5 mL.  Slow diffusion of hexanes into the 
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concentrated CH2Cl2 solution at 4 °C for 16 hours to afford 41 (41 mg, 92 %) as yellow 

crystals. The identity and purity of the product was established by 
1
H and 

13
C{

1
H} NMR. 

 [(IPr)Au(NC5H5)]
+
 SbF6

–
 (42).  A suspension of (IPr)AuCl (40 mg, 0.065 

mmol), AgSbF6 (22.2 mg, 0.065 mmol), and pyridine (5.1 mg, 0.065 mmol) in CH2Cl2 (2 

mL) was stirred at room temperature for 4 hours. The resulting suspension was filtered 

through Celite and the filtrate was concentrated to ~2 mL, diluted with hexanes (2 mL), 

and cooled at 0 °C for 24 h to form 6 (57 mg, 97 %) as a white solid.  
1
H NMR:    8.00 

(t, J = 8 Hz, 1 H), 7.95 – 7.89 (m, 2 H), 7.59 (t, J = 8 Hz, 2 H), 7.57 – 7.51 (m, 2 H), 7.44 

(s, 2 H), 7.39 (d, J = 8 Hz, 4 H), 2.57 (septet, J = 7 Hz, 4 H), 1.35 (d, J = 7 Hz, 12 H), 

1.29 (d, J = 7 Hz, 12 H).  
13

C{
1
H} NMR:    167.6, 151.1, 146.1, 142.0, 133.7, 131.5, 

127.4, 125.1, 124.8, 29.2, 24.8, 24.0.  MALDI-MS calcd (found) for C32H41N3Au (M
+
):  

664.7 (665.4).  Anal. calcd (found) for C32H41N3F6AuSb:  H, 4.59 (4.42); C, 42.69 

(42.61); N, 4.67 (4.72). 

 

3.3.3.6  Binding Affinity and Protonation Stability Studies of 36 and 41 

Pyridine (0.9 L, 0.006 mmol) was added via syringe to an NMR tube sealed with 

a rubber septum that contained a CD2Cl2 (0.5 mL) solution of 36 (16.0 mg, 0.011 mmol).  

The tube was shaken and placed in the probe of an NMR spectrometer maintained at 25 

°C.  
1
H NMR analysis revealed a new IPr ligand resonance ( 2.57, septet) in addition to 

the IPr ligand resonance of 41 ( 2.47, septet) in a ~1:1 ratio.  Spectroscopic comparison 

to authentic samples of mono(gold) acetylide complex 41 and pyridine complex 42 was 
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in accord with the observations above, suggesting that pyridine binds more strongly to the 

(IPr)Au
+
 fragment than (IPr)Au-(

1
-C≡CPh) (41).   

A similar procedure was employed to determine the binding ability of 41 to 

(IPr)Au
+
 vs. NCArF.  

1
H NMR analysis of a CD2Cl2 solution of 36 (16 mg, 0.011 mmol) 

with NCArF [NCArF = N≡C-3,5-C6H3(CF3)2] (1.4 L, 8.3 mol) at ‒60 °C revealed 

formation of a 4.9:1.0:1.0:3.5 mixture of 36, 41, 28, and NCArF, as determined by 

integration of the resonances corresponding to the aromatic protons of bound [ 8.29, 

8.25 (1:2)] and free [ 8.15, 8.14 (2:1)] NCArF.  An equilibrium constant for 

displacement of NCArF from 28 with 41 of Keq = 17.2 ± 1.2 was calculated, indicating 

that the neutral gold -acetylide complex 41 binds more strongly to cationic gold(I) than 

does free phenylacetylene. 

Triflic acid (2.0 L, 0.022 mmol) was added to solution of 36 (16 mg, 0.011 

mmol) in CD2Cl2 (0.5 mL) at ‒78 °C.  The resulting solution was then placed in the probe 

of an NMR at ‒60 °C and analyzed by 
1
H and 

13
C NMR spectroscopy.  Regeneration of 

complex 31 was not observed over the course of 1 h at ‒60 °C.  Further observation of 

this mixture at room temperature revealed no reactivity of 36 with HOTf.  

Conversely, addition of triflic acid (2.0 L, 0.022 mmol) to a solution of 

mono(gold) acetylide complex 41 (10 mg, 0.015 mmol) in CD2Cl2 (0.5 mL) at ‒78 °C led 

to quantitative protonolysis of 41 within 8 min.  Reactivity of this complex with HOTf 

was determined by 
1
H NMR analysis of the mixture at ‒80 °C, which revealed a 2:1:1 

ratio of 31, phenylacetylene, and digold 36.  This equilibrium mixture involving digold 

formation can be rationalized though initial protodeauration of 41 to form 31 followed by 
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rapid trapping of a remaining equivalent of unreacted 41 with the IPrAu
+
 fragment from 

dinuclear -acetylide 36. 

 

 

3.3.3.7  Experiments Probing Protonation of Free Arylacetylene in the Conversion 

of -Arylacetylene Complexes to Dinuclear -Acetylide Complexes 

 

 Experiments probing formation of 44.  An NMR tube capped with a rubber 

septum that contained a suspension of (IPr)AuCl (20 mg, 0.032 mmol) and AgOTf (8.3 

mg, 0.032 mmol) in CD2Cl2 was cooled to –78 °C using a dry ice/acetone bath.  To this 

chilled suspension was added phenylacetylene (3.3 mg, 0.032 mmol) and the tube was 

inverted several times before returning to the dry ice/acetone bath.  1,3-

dimethoxybenzene (1.0 L, 7.6 mol;  internal standard) was added immediately prior to 

NMR analysis at 25 °C.  The 
1
H NMR spectrum after 10 min at 25 °C revealed 

resonances at  5.66 (d, J = 4 Hz, 1 H) and 5.39 (d, J = 4 Hz, 1 H) corresponding to the 

vinylic protons of 44 (27 ± 5 % yield) with no apparent resonance corresponding to the 

acetylenic proton of bound phenylacetylene. 

In a similar experiment, phenylacetylene (3.3 mg, 0.032 mmol) was added to a 

CD2Cl2 solution of the preformed gold triflate complex (IPr)Au(OTf) (24 mg, 0.032 

mmol) at room temperature.  
1
H NMR analysis (25 °C) of this solution provided results 

identical to those outlined above with a 33% yield of 44. 

In a separate experiment, a suspension of (IPr)AuCl (40 mg, 0.065 mmol), AgOTf 

(17.0 mg, 0.065 mmol), and phenylacetylene (10.2 mg, 0.1 mmol) in CH2Cl2 (2 mL) was 

stirred at room temperature for 10 minutes.  The resulting suspension was filtered through 
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Celite with CH2Cl2 and the filtrate concentrated to afford a yellow solid.  Integration of 

the vinyl proton resonance of 44 ( 5.66) vs. the methyl proton resonances of 1,3-

dimethoxybenzene (3.8) (1.0 L, 7.6 mol, internal standard) revealed formation of 44 

(5.0 mg, 0.020 mmol) in 31 % yield.  
13

C NMR analysis revealed carbon resonances 

corresponding to the acetylide carbon atoms of 36 ( 124.1, 113.0) and the olefinic 

carbon atoms of 44 ( 121.0, 104.8).  MALDI-MS calcd (found) for C62H77N4Au2 (M
+
):  

1271.5 (1272.0). 

Experiments probing formation of species A and B.  An equimolar solution of 

32 (51 mM; generated in situ from a mixture of IPrAuCl, AgSbF6 and 4-tolylacetylene at 

‒78°C) and 4-ethynyltoluene in CD2Cl2 was monitored periodically by 
1
H NMR 

spectroscopy at –20 °C.  In addition to resonances corresponding to 37, resonances 

corresponding to species A [ 5.91 (d, J = 5.0 Hz, 1 H), 5.46 (d, J = 4.5 Hz, 1 H), and 

2.90 (s, 3 H)] grew rapidly, reaching a maximum concentration of ~7 mM after 35 min 

with a slight decrease in concentration over the observed time period (4 h).  Warming this 

solution to 25 °C led to rapid (≤1 min) disappearance of the resonances corresponding to 

A.  Alternatively, treating a similarly formed solution containing A with 

tetrabutylammonium triflate (10 mg, 0.026 mmol) at –20 °C led to complete consumption 

of A and formation of 1-tolylethenyl trifluoromethanesulfonate [43;  5.66 (d, J = 4.0 Hz, 

1 H), 5.30 (d, J = 4.0 Hz, 1 H), and 2.90 (s, 3 H); 26 ± 5 %] within 2 min at –20 °C.   

In a similar experiment, an equimolar solution of 31 (51 mM; generated in situ 

from a mixture of IPrAuCl, AgSbF6 and phenylacetylene at ‒78°C) and phenylacetylene 

in CD2Cl2 was monitored periodically by 
1
H NMR at ‒20 °C, which led to traces (≤ 2.5 
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mM) of an analogous cationic species [B,  6.02 (d) and 5.61 (d), JHH = 5.0 Hz].  

Warming this solution to 25 °C also led to immediate disappearance of the resonances 

corresponding to B, while addition of tetrabutylammonium triflate (10 mg, 0.026 mmol) 

at ‒20 °C led to complete consumption of B and formation of 1-phenylethenyl 

trifluoromethanesulfonate (44).  Species 44 was identified by the appearnce of diagnostic 

vinylic resonances at  5.66 (d, J = 4.0 Hz, 1 H) and  5.39 (d, J = 4.0 Hz, 1 H) in the 
1
H 

NMR spectrum (–20 °C) and by comparison to an authentic sample generated from 

reaction of phenylacetylene with triflic acid in CD2Cl2 at –20 °C. 

Experiment Probing Reaction of Phenylacetylene with HSO3F•SbF5.  

Addition of magic acid (HSO3F•SbF5; 3.2 mg, 0.01 mmol) to a solution of 

phenylacetylene (4.6 mg, 0.045 mmol) in CD2Cl2 at ‒60 °C led to formation of 1-

phenylethenyl fluorosulfonate (45) as determined by 
1
H NMR [ 5.77 (d, J = 4.5 Hz, 1 H) 

and  5.48 (br. d, J = 3.5 Hz, 1 H)].  Warming of this solution to 25 °C resulted in gradual 

disappearance of the resonances corresponding to 45 over the course of 1 h at room 

temperature.  Treatment of a similarly formed solution of 45 with tetrabutylammonium 

triflate (18 mg, 0.045 mmol) at ‒60 °C led to formation of 1-phenylethenyl 

trifluoromethanesulfonate (44) in 66 ± 5 % yield within 5 min at room temperature.  Of 

particular note, warming the solution of 45 to room temperature revealed H‒F coupling in 

the broad doublet at  5.48 (dd, JHH = 4.2 Hz, JHF = 1.5 Hz, 1 H), providing additional 

support for the identity of compound 45. 

Experiment Probing Formation of Acetophenone from 31.  H2O (3.6 mg, 0.2 

mmol) was added to a solution of 31 (76 mM; generated in situ from a mixture of 
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IPrAuCl, AgSbF6 and phenylacetylene) in CD2Cl2 at ‒78 °C.  The resulting solution was 

analyzed by 
1
H NMR spectroscopy, revealing formation of acetophenone (70% yield) 

and digold 36 (99% yield) after 10 min at 25 °C.  In addition, the generated acetopheone 

was unequivocally identified by spectroscopic comparison of the isolated material to an 

authentic sample of acetophenone. 

 

3.3.3.8  Kinetic Analysis of the Conversion of -Arylacetylene Complex 32 to 

Dinuclear -Acetylide Complex 37 

 

Kinetics of the base-free conversion of 32 to 37.  An NMR tube capped with a 

rubber septum that contained a solution of 32 (24.2 mg, 0.026 mmol; generated in situ 

from a mixture of IPrAuCl, AgSbF6, and 4-tolylacetylene at ‒78 °C) was placed in the 

probe of an NMR spectrometer maintained at ‒20 °C.  The concentration of 32 as a 

function of time was determined by 
1
H NMR analysis of the singlet at  4.50 or 2.40 

corresponding to the acetylenic proton or methyl protons, respectively, of the 4-

tolylacetylene ligand of 32 vs. the resonances from  1.25 – 1.00 corresponding to the 

methyl protons of the IPr ligand (internal standard).  The second-order rate constant for 

the conversion of -arylacetylene complex 32 to dinuclear acetylide complex 37 was 

determined from the slope of a plot of 1/[32] versus time where k = 6.1 ± 0.1 × 10
‒6

 M
–1

 

s
–1

 (G
‡
 = 20.8 ± 0.1 kcal mol

–1
) (Table 18).  The effect of excess AgSbF6 on the rate of 

formation of 37 from 32 was probed by determining the second-order rate constants (k2) 

in the presence of excess AgSbF6 ([AgSbF6] = 0, 51, and 102, and 204 mM) employing 

procedures similar to those outlined above (Table 18).  The second-order rate constants 

(k2) for formation of 37 from 32 were also determined at –13, –5, 4, and 11 °C employing 
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procedures similar to those outlined above (Table 18).  An Eyring plot of these data 

[ln(k/T) versus 1/T] provided the activation parameters for 37 formation from 32:  H
‡
 = 

9 ± 1 kcal mol
–1

 and S
‡
 = –47 ± 6 eu (Table 18, Figure 32).  The effect of excess 4-

ethynyltoluene on the rate of formation of 37 from 32 was probed by determining the 

second-order rate constants (k2) in the presence of excess of 4-ethynyltoluene ([4-

ethynyltoluene] = 51 and 153 mM) employing procedures similar to those outlined above 

(Table 18). 

 

 

Figure 32.  Eyring plot of the second-order rate constants (k2) for the base-free 

conversion of 32 to 37 at ‒20, ‒13, ‒5, 4, and 11 °C, where H
‡
 = 9 ± 1 kcal mol

–1
 and 

S
‡
 = –47 ± 6 eu. 
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Figure 33.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (203 mM) in CD2Cl2 at ‒20 °C through 2 half-lives (k2 =  1.19 ± 0.01  

10
–2

 M
‒1

 s
–1

). 

 

 

Figure 34.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (102 mM) in CD2Cl2 at ‒20 °C through 2 half-lives (k2 =  6.44 ± 0.05  

10
–3

 M
‒1

 s
–1

). 
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Figure 35.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (51 mM) in CD2Cl2 at ‒20 °C through 1 half-life (k2 =  3.96 ± 0.07  10
–3

 

M
‒1

 s
–1

). 

 

 

Figure 36.  Second-order plot of the disappearance of 32 (51 mM) in CD2Cl2 at ‒20 °C 

through 2 half-lives (k2 =  2.27 ± 0.03  10
–3

 M
‒1

 s
–1

). 
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Figure 37.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

NaSbF6 (102 mM) in CD2Cl2 at ‒20 °C through 2 half-lives (k2 =  1.19 ± 0.02  10
–3

 M
‒1

 

s
–1

). 

 

 

Figure 38.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (102 mM) and p-tolylacetylene (51 mM) in CD2Cl2 at ‒20 °C through 1 

half-life (k2 =  1.35 ± 0.08  10
–3

 M
‒1

 s
–1

). 
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Figure 39.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (102 mM) and p-tolylacetylene (102 mM) in CD2Cl2 at ‒20 °C through 1 

half-life (k2 =  7.8 ± 0.8  10
–4

 M
‒1

 s
–1

). 

 

 

Figure 40.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (102 mM) in CD2Cl2 at ‒20 °C through ~3 half-lives (k2 =  6.1 ± 0.1  10
–

3
 M

‒1
 s

–1
). 
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Figure 41.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (102 mM) in CD2Cl2 at ‒13 °C through ~3 half-lives (k2 =  1.13 ± 0.01  

10
–2

 M
‒1

 s
–1

). 

 

 

Figure 42.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (102 mM) in CD2Cl2 at ‒5 °C through ~2 half-lives (k2 =  1.27 ± 0.01  

10
–2

 M
‒1

 s
–1

). 
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Figure 43.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (102 mM) in CD2Cl2 at 4 °C through 3 half-lives (k2 =  2.53 ± 0.03  10
–2

 

M
‒1

 s
–1

). 

 

 

Figure 44.  Second-order plot of the disappearance of 32 (51 mM) in the presence of 

excess AgSbF6 (102 mM) in CD2Cl2 at 11 °C through 3 half-lives (k2 =  5.30 ± 0.04  10
–

2
 M

‒1
 s

–1
). 
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Figure 45.  Second-order plot of the disappearance of 32-d (51 mM) in the presence of 

excess AgSbF6 (102 mM) in CD2Cl2 at ‒5 °C through ≥ 1 half-life (k2 =  4.46 ± 0.03  

10
–3

 M
‒1

 s
–1

). 

 

Kinetics of the base-mediated conversion of 32 to 27.  N-tert-Butyl-4-

(trifluoromethyl)aniline (49;  5.70 mg, 0.026 mmol) was added to an NMR tube capped 

with a rubber septum that contained a solution of 32 (24.2 mg, 0.026 mmol) and excess 

AgSbF6 (17.5 mg, 0.051 mmol).  The tube was shaken, placed in the probe of an NMR 

spectrometer cooled at 253 K, and monitored periodically by 
1
H NMR spectroscopy.  The 

concentration of 32 was determined by integration of the resonance at  4.50 or 2.40 

corresponding to the acetylenic proton or methyl protons, respectively, of the 4-

tolylacetylene ligand of 32 vs. the resonances corresponding to the methyl protons of the 

IPr ligand ( 1.25 – 1.00; internal standard).  The first-order rate constant (k) for the 

conversion of -arylacetylene 32 to dinuclear acetylide 37 was determined from the slope 

of a plot of ln[32] versus time where kH = 2.76 ± 0.03 × 10
‒4

 s
–1

 (Figure 31).  The first-
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order rate constant (k) for formation of 37 from 32-d1 (kD = 1.30 ± 0.06 × 10
‒4

 s
‒1

) was 

determined employing a procedure similar to that outlined above (Figure 47). 

 

 

Figure 46.  First-order plot of the disappearance of 32 (51 mM) in the presence of aniline 

49 (51 mM) and excess AgSbF6 (102 mM) in CD2Cl2 at ‒20 °C through ≥ 3 half-lives (k1 

=  2.76 ± 0.03  10
–4

 s
–1

). 
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Figure 47.  First-order plot of the disappearance of 32-d (51 mM) in the presence of 

aniline 49 (51 mM) and excess AgSbF6 (102 mM) in CD2Cl2 at ‒20 °C through 1 half-

life (k1 =  1.30 ± 0.06  10
–4

 s
–1

). 

 

Synthesis of N-(tert-butyl)-4-(trifluoromethyl)aniline (49).  A Schlenk flask 

under nitrogen atmosphere was charged with (±)-BINAP (10.2 mg, 0.016 mmol, 3 mol 

%), tris(dibenzylideneacetone)dipalladium(0) (5.0 mg, 0.006 mmol, 1 mol %), sodium 

tert-butoxide (73.0 mg, 0.76 mmol), and toluene (3 mL).  After 1 min 4-

bromobenzotrifluoride (124 mg, 0.55 mmol) and tert-butylamine (44.5 mg, 0.61 mmol) 

were added under nitrogen and the flask was immersed in an oil bath and heated to 90 °C 

with stirring until the starting vinyl bromide had been completely consumed as judged by 

TLC and GC analysis (~4 hr).  The mixture was allowed to cool to room temperature, 

taken up in hexanes (20 mL), and filtered through Celite.  The solvents were evaporated 

under reduced pressure and dried under high vacuum to remove the excess of amine.  The 

resulting oily residue was chromatographed (EtOAc‒hexanes = 1:9) to give 4 (98 mg, 
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0.45 mmol, 82 %) as a light yellow oil.  TLC (EtOAc‒hexanes = 1:9):  Rf = 0.44.  
1
H 

NMR:    7.38 (d, J = 9 Hz, 2 H), 6.70 (d, J = 9 Hz, 2 H), 3.97 (br. s, 1 H), 1.41 (s, 9 H).  

13
C NMR:    149.6, 126.3 (q, JCF = 3.9 Hz), 125.1 (q, JCF = 270.1 Hz), 123.3, 118.3 (q, 

JCF = 32.6 Hz), 51.2, 29.6.  
19

F NMR:    61.0.  Anal. calcd (found) for C11H14F3N:  H, 

6.50 (6.50); C, 60.82 (60.74); N, 6.45 (6.37). 

 

Kinetics of the para-trifluoromethanesulfonate-mediated conversion of 

32•OTf to 37•OTf.  An NMR tube capped with a rubber septum that contained a solution 

of 32•OTf [22.1 mg, 0.026 mmol; generated in situ from a mixture of (IPr)Au(OTf) and 

4-tolylacetylene at ‒78 °C] was placed in the probe of an NMR spectrometer maintained 

at ‒35 °C.  The concentration of 32•OTf as a function of time was determined by 
1
H 

NMR analysis of the singlet at  4.83 or 2.39 corresponding to the acetylenic proton or 

methyl protons, respectively, of the 4-tolylacetylene ligand of 32•OTf vs. the resonances 

corresponding to the methyl protons of the IPr ligand ( 1.30 – 1.00; internal standard).  

The first-order rate constant for the conversion of -arylacetylene 32•OTf to dinuclear 

acetylide 37•OTf was determined from the slope of a plot of ln[32•OTf] versus time 

where k = 8.7 ± 0.2 × 10
‒5

 M
–1

 s
–1

 (G
‡
 = 17.7 ± 0.1 kcal mol

–1
) (Table 19).  The effect 

of excess p-trifluoromethanesulfonate on the rate of formation of 37•OTf from 32•OTf 

was probed by determining the first-order rate constants with 26, 52, 102, and 156 mM 

tetrabutylammonium trifluoromethanesulfonate employing procedures similar to those 

outlined above (Table 19). 
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Figure 48.  First-order plot of the disappearance of 32•OTf (51 mM) in CD2Cl2 at ‒35 °C 

through ≥ 2 half-lives (k1 =  1.36 ± 0.03  10
–4

 s
–1

). 

 

 

 

Figure 49.  First-order plot of the disappearance of 32•OTf (51 mM) in the presence of 

Bu4NOTf (26 mM) in CD2Cl2 at ‒35 °C through ≥ 3 half-lives (k1 =  5.0 ± 0.1  10
–4

 s
–1

). 
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Figure 50.  First-order plot of the disappearance of 32•OTf (51 mM) in the presence of 

Bu4NOTf (52 mM) in CD2Cl2 at ‒35 °C through 3 half-lives (k1 =  3.11 ± 0.08  10
–4

     

s
–1

). 

 

 

Figure 51.  First-order plot of the disappearance of 32•OTf (51 mM) in the presence of 

Bu4NOTf (102 mM) in CD2Cl2 at ‒35 °C through 3 half-lives (k1 =  3.10 ± 0.06  10
–4

   

s
–1

). 
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Figure 52.  First-order plot of the disappearance of 32•OTf (51 mM) in the presence of 

Bu4NOTf (156 mM) in CD2Cl2 at ‒35 °C through ≥ 3 half-lives (k1 =  3.0 ± 0.1  10
–4

    

s
–1

). 

 

 

Figure 53.  First-order plot of the disappearance of 32•OTf (51 mM) in CD2Cl2 at ‒27 °C 

through ~3 half-lives (k1 =  1.78 ± 0.02  10
–4

 s
–1

). 
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Figure 54.  First-order plot of the disappearance of 32•OTf-d (51 mM) in CD2Cl2 at ‒27 

°C through ~2 half-lives (k1 =  7.9 ± 0.2  10
–5

 s
–1

). 
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Chapter 4 

 

 

Cationic, Two-Coordinate Gold(I) -Allene 

Complexes:  Structures and Dynamic Solution 

Behavior 

 

 

 

Portions of this chapter have been published:  a)  Brown, T. J.; Sugie, A.; 

Dickens, M. G.; Widenhoefer, R. A. Organometallics 2010, 29, 4207-4209.  b)  Brown, 

T. J.; Sugie, A.; Leed, M. G. D.; Widenhoefer, R. A. Chem. Eur. J. 2012, 18, 6959-6971. 

Syntheses and intramolecular -face exchange studies of complexes 18 – 20 were 

performed by Dr. Atsushi Sugie. 

X-ray crystal structures were solved and refined by Dr. Marina G. D. Leed 

(14•½CH2Cl2 and 18•½CH2Cl2) and Dr. Paul D. Boyle (19 and 21•CH2Cl2). 
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4.1  Introduction 

 While extensive research efforts have been directed toward the functionalization 

of alkynes, allenes have also proven to be versatile substrates for gold(I)-catalyzed 

funcationalization, leading to organic species of further synthetic utility.
10

  This broad 

class of transformations includes the intermolecular and endo- and exo- intramolecular 

addition of carbon and heteroatom nucleophiles to allenes and the cycloadditions of 

eneallenes and dieneallenes to generate an array of products including carbocycles, 

heterocycles, and allylic ethers and amines.
7-18

  These transformations often display high 

levels of regio- and diastereoselectivity and, in some cases, high levels of chirality 

transfer from axially chiral allenes.  The in situ generation of allenes through a gold(I)-

catalyzed sigmatropic rearrangement of propargylic carboxylates or vinyl propargyl 

ethers has further expanded the substrate scope of gold(I)-catalyzed allene 

functionalization.
177

  Here, 6-endo-cyclization of the ester carbonyl group of 1 results in 

formation of a six-membered, gold-containing oxocarbenium intermediate I, which can 

undergo ring opening to generate carboxyallene 2 (Scheme 1).  The synthetic utility of 

allenes is likewise enhanced due to the ready availability of enantioselective allene 

functionalization processes.
8,11,14

 

 

Scheme 1. 
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 Mechanistic proposals for gold(I)-catalyzed functionalization of allenes typically 

involve addition of a nucleophile upon an activated gold allene species.
10

  However, the 

bonding mode of the gold allene complex and the disparity between the ground state and 

reactive forms of the complexes during the functionalization reactions are more 

contentious.  Much like gold -alkene and -alkyne complexes, symmetric or “slipped” 

gold 
2
-allene complexes are commonly invoked as the reactive electrophile in these 

transformations.  In addition, 
1
-allene complexes in which gold is positioned 45° 

relative to the orthogonal allene -faces and that retrain a staggered arrangement of the 

allenyl substituents and 
1
-allylic cations in which the gold atom and the allenyl 

substituents adopt a planar arrangement have been proposed as the reactive intermediates 

or transition state species.
69,178-185

  Beyond the discrete 
1
 and 

2
 bonding modes, allenes 

also have the potential for regioisomeric 
2
-allene complexes, enantiomeric 

2
- and 

1
-

allene complexes, and diastereomeric forms of all species.  Parsing the kinetic and 

thermodynamic accessibility of these various isomeric gold(I)‒allene complexes is key to 

understanding, and ultimately directing, regio- and stereoselectivity in the gold(I)-

catalyzed functionalization of allenes.  In particular, the involvement of 
1
-allylic cations 

vs. 
2
- and staggered 

1
-allene species has important implication for chirality transfer 

from enantiomerically-enriched axially-chiral allenes. 
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Figure 55.  Potential binding modes of cationic gold(I) allene complexes. 

  

Although the synthetic and mechanistic facets of gold(I)-catalyzed allene 

functionalization have garnered a high level of interest over the past decade, experimental 

data regarding the coordination behavior of allenes to cationic gold fragments are 

lacking.  Prior to our work in this area, no well-defined gold 
2
-allene complex had been 

documented.  In the course of studying the bonding interactions of alkynes and alkenes to 

coinage metal species, Mile and co-workers detected a gold 
1
-allene radical by matrix 

isolation electron spin resonance (ESR) spectroscopy at 77 K as opposed to an 
2
-allene 

species.
186

  Fürstner demonstrated coordination of the cationic gold fragment (PPh3)Au
+
 

[generated from (PPh3)AuCl and NaSbF6 (1:1)] to tetraaminoallene 3 through the in-

plane lone pair of electrons of its mesomeric carbodicarbene structure (3’) to afford -

bound complex 4.
187

  An X-ray diffraction study provided additional information 

regarding the binding mode of complex 4.  Beyond these related examples, our 

understanding of the gold‒allene interaction is derived primarily from computational 

studies
69,178-185

 and information gleaned from related late transition metal -allene 

complexes.
188-210
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Scheme 2. 

 Among  the computational analyses of gold allene complexes, perhaps the most 

pertinent are the independent DFT calculations of the cationic gold(I) -2,3-pentadiene 

complexes (L)Au[-Me(H)C=C=C(H)Me]
+
 [L = PMe3 (5), PPh3 (6)] (Scheme 3).

69,178
  

Both studies support facile interconverion of 
2
-allene ground state structures [cis-5 ↔ 

trans-5 (L = PMe3) and cis-6 ↔ trans-6 (L = PPh3)] via chiral staggered 
1
-allene species 

II with nominal discrimination (~1 kcal mol
‒1

) between the cis and trans diastereomers.  

It should be noted that the cis and trans terminology in this discussion refers to the 

orientation of the cationic gold fragment relative to the methyl substituent of the 

uncoordinated C=C.  For both gold -allene complexes, cis,cis-
1
-allylic cations were 

identified as the lowest energy intermediates lying 6.1 (L = PMe3; cis,cis-7) and 6.7 (L = 

PPh3; cis,cis-8) kcal mol
‒1 

above the ground state.  It was proposed that these allylic 

cations are accessed through chiral 
1
-allene transition states similar to III, having 

activation barriers of 7.9 (L = PMe3) and 11.6 (L = PPh3) kcal mol
‒1

.  In contrast to the 

observed cis,cis-
1
-allylic cations, the corresponding cis,trans- and trans,trans-

1
-allylic 

cation diastereomers were located as higher energy transition states and not discreet 

intermediates;  for example, the planar transition state structure trans,trans-7 (L = PMe3), 
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which leads to inversion of the allene ligand, lies at 18.2 kcal mol
‒1

 (Scheme 3).  These 

computational studies also provided enhanced structural information regarding the 
1
-

allene transition states which mirror 
1
-allylic cations, such as significant bending of the 

allene C=C=C moiety, twisting of the allenyl substituents to relieve strain, and 

accumulation of partial positive charge on the terminal allenyl carbon atoms.
69,178,179 

 

Scheme 3. 

 In contrast to the dearth of experimental information regarding gold(I) -allene 

complexes, a number of late transition metal 
2
-allene complexes

188-190
 including 

Co(I),
191

 Os(II),
192-194

 Re(I),
195,196

 Rh(I),
197-200

 Pd(0),
201

 Pt(0),
202

 Pt(II),
199,200,203-206

 

Fe(0),
207

 and Fe(II)
208-210

 complexes have been isolated and structurally characterized.  In 

analyzing the reactivity of 2,4-dimethyl-2,3-pentadiene with Fe2(CO)9,  Petitt and co-

workers reported the first well-characterized example of a transition metal -allene 
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complex of structural formula (CO)4Fe(
2
-Me2C=C=CMe2) (9).

207
  Heating of complex 9 

or exposure to excess Fe2(CO)9 led to formation of 
4
-(2,4-dimethyl-2,3-pentadiene) 

complex (CO)3Fe(
4
-Me2C=C(H)‒C(Me)=CH2) (10), which revealed a novel type of 

valence tautomerism in organometallic complexes (Scheme 4).  Variable temperature 

NMR analyses of allene complex 9 pointed to fluxional behavior consistent with 

intramolecular exchange of the coordinated allene from one orthogonal -face to the 

other at temperatures ≥ ‒60 °C.   

 

Scheme 4. 

Platinum(II), which is electronically most similar to gold(I), has also been 

successfully employed in the isolation of -allene complexes.  Vrieze and co-workers 

reported the first examples of Pt(II) -allene complexes, including dimeric chloride-

bridged complex 11 and mononuclear species 12, which was obtained upon treatment of 

11 with pyridine.  Further, Clark reported the X-ray crystal structure of trans-[PtH(3-

methyl-1,2-butadiene)(PCy3)2]
+
 PF6

‒
 (13), which displays elongation of the complexed 

C=C bond (1.37 Å) and deviation from linearity of the coordinated allene moiety 

(C=C=C = 160°).  Despite these insights, the extent to which the structure and behavior 
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of gold(I) -allene complexes mirror that of related transition metal -allene complexes is 

unclear owing to the distinctive electronic character
22-24

 and coordination geometry
28

 of 

the 12 electron gold(I) fragment (L)Au
+
. 

 

Figure 56.  Examples of Pt(II) 
2
-allene complexes. 

  

Toward the objective of developing an experimentally-grounded understanding of 

the coordination behavior of allenes to cationic gold fragments, we synthesized a family 

of cationic two-coordinate gold(I) -allene complexes bearing the N-heterocyclic 

carbene, IPr, and the sterically-hindered phosphine, P(t-Bu)2o-biphenyl in combination 

with alkyl-substituted -allene ligands.  Detailed intra- and intermolecular exchange 

studies were conducted on all complexes, and solid-state data were obtained in three 

cases.  These studies establish 
2
-allene ground state structures that undergo facile (G

‡
 

= 8.9 – 11.4 kcal mol
‒1

) allene -face exchange consistent with staggered 
1
-allene 

intermediates and/or transition states.  In contrast to established computational reports 

(vide supra), none of our experimental observations provide evidence for 
1
-allylic cation 

formation below the threshold for intermolecular allene exchange (G
‡
 ≥17.4 kcal 

mol
‒1

). 
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4.2  Results and Discussion 

4.2.1  Synthesis of Gold(I) -Allene Complexes 

 

Reaction of 3-methyl-1,2-butadiene with a mixture of [P(t-Bu)2o-bipheny]AuCl 

and AgSbF6 (1:1) employing a procedure similar to that used for the synthesis of cationic 

gold(I) -alkene complexes (Ch. 2) (excess allene, room temperature, ∼12 h) led to 

formation of black suspensions that contained only traces of {[P(t-Bu)2o-biphenyl]Au[
2
-

H2C=C=C(CH3)2]}
+
 SbF6

‒
 (14) as determined by 

1
H NMR analysis.  Key to the isolation 

of pure 14 was lower allene concentration coupled with shorter reaction time.  For 

example, treatment of a methylene chloride suspension of [P(t-Bu)2o-bipheny]AuCl and 

AgSbF6 (1:1) with 3-methyl-1,2-butadiene (1.5 equiv) at room temperature for 15 min led 

to isolation of 14 in 98% yield as an air and thermally stable white solid that was 

characterized by spectroscopy, elemental analysis, and X-ray crystallography (Table 21).   
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Table 21.  Synthesis of Gold(I) -Allene Complexes. 

 

 

In a similar manner, gold -allene complexes, {[P(t-Bu)2o-biphenyl]Au(
2
-

allene)}
+
 SbF6

‒
 [allene = 2,4-dimethyl-2,3-pentadiene (16), 1,2-pentadiene (18), and 4,5-

nonadiene (19)], [(IPr)Au(
2
-allene)]

+
 SbF6

‒
 [IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidine; allene = 3-methyl-1,2-butadiene (15), 2,4-

dimethyl-2,3-pentadiene (17)] and {[P(t-Bu)2o-binaphthyl]Au(
2
-4,5-nonadiene)}

+
 SbF6

‒
 

(20) were isolated in >90% yield (Table 21).  Complexes 14 – 20 were fully characterized 

by spectroscopy, elemental analysis and, in the cases of 14, 18, and 19, by X-ray 

crystallography (vide infra). 
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4.2.2  Relative Binding Affinities of Allenes to Gold(I) 

 

To evaluate the effect of allene substitution on the ground-state stabilities of 

cationic gold -allene complexes, we determined the relative binding affinities of allenes 

to the cationic 12-electron gold fragments [(L)Au]
+
 [L = P(t-Bu)2o-biphenyl, IPr].  To 

this end, equilibrium constants for the displacement of NCArF [NCArF = 3,5-

NCC6H3(CF3)2] from [(L)Au(NCArF)]
+
 [L = P(t-Bu)2o-biphenyl, IPr] with allenes were 

measured in CD2Cl2 at –90 °C employing 
1
H NMR analysis (Table 22).  The relative 

binding affinities of the allenes were modestly sensitive to the nature of the allene and 

supporting ligand and decreased by a factor of ~7 for the phosphine series in the order 

4,5-nonadiene > 3-methyl-1,2-butadiene > 2,4-dimethyl-2,3-pentadiene ≈ 1,2-pentadiene 

(Table 22).  In comparison, the binding affinity of 2,4-dimethyl-2,3-pentadiene to the 

NHC gold fragment [(IPr)Au]
+
 was approximately twice that of 3-methyl-1,2-butadiene, 

perhaps pointing to the steric destabilization of the gold -2,4-dimethyl-2,3-pentadiene 

interaction in phosphine complex 17.  The binding affinities of allenes to [(L)Au]
+
 do not 

differ significantly from the binding affinities of simple alkenes (Ch. 2), internal alkynes 

(Ch. 3) or conjugated dienes.
211
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Table 22.  Equilibrium constants for displacement of NCArF from [(L)Au(NCArF)]
+
 

SbF6
‒ 
[L = P(t-Bu)2o-biphenyl, IPr] with allenes in CD2Cl2 at ‒90 °C. 

 

 

4.2.3  Solid State Structures of Complexes 14, 18, and 19 

 

Slow diffusion of hexanes into a CH2Cl2 solution of 14 at 4 °C gave colorless 

crystals of 14•½CH2Cl2 suitable for X-ray analysis (Figure 4-3).  In the solid-state, the 3-

methyl-1,2-butadiene ligand of 14 is bound unsymmetrically to gold through the less-

substituted C1=C2 -bond with a shorter Au–C1 and a longer Au–C2 interaction (d = 

0.116 Å) (Figure 57).  Complex 14 adopts a distorted linear conformation [P–Au–

C=C(cent) = 167°] with the allene ligand located along the pseudo-mirror plane that 

reflects the tert-butyl groups and with the C=CMe2 group directed away from the 

protruding phenyl ring.  Within the allenyl ligand, the coordinated C1=C2 bond is 

elongated by ~0.03 Å relative to the uncomplexed C2=C3 bond, the allenyl unit is bent 

with a C1–C2–C3 angle of 165°, and there is distortion of the CMe2 group with 

C2‒C3‒C5 = 116.5(5)° and C2‒C3‒C4 = 126.0(5)° (Figure 57).  The protruding phenyl 

group of the o-biphenyl phosphine moiety is nearly perpendicular to the P-bound aryl 

ring with a C14‒C15‒C20‒C21 dihedral angle of 85.9°.  The relatively short distance 
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between gold and the ipso carbon atom of the protruding phenyl group (Au–C20 = 3.003 

Å) points to the presence of a weak Au–arene interaction, as has been invoked for a 

number of gold dialkyl(o-biphenyl)phosphine
100,211

 and related gold complexes.
212

 

 

Figure 57.  ORTEP diagram of 14•½CH2Cl2.  Ellipsoids are shown at 50% probability 

with solvent, counterion, and hydrogen atoms omitted for clarity.  Key bond lengths (Å) 

and bond angles (deg): Au–C1 = 2.191(5), Au–C2 = 2.306(5), Au–P = 2.309(1), C1–C2 

= 1.340(7), C2–C3 = 1.311(7), C3‒C4 = 1.493(8), C3–C5 = 1.509(7), Au–C20 = 3.003, 

C1–C2–C3 = 165.0(5), C2–C3–C4 = 126.0(5), C2–C3–C5 = 116.5(5), P–Au–C1=C2(cent) 

= 167.3, C14–C15–C20–C21 = 85.9. 

  

Crystals of the 1,2-pentadiene solvate complex 18•½CH2Cl2 and 4,5-nonadiene 

complex 19 were also analyzed by X-ray crystallography (Figures 58 and 59).  

Refinement of 19 revealed a minor disorder of the C7 and C8 methylene groups with 

75% occupancy assigned to the major conformer.  Complexes 18 and 19 display many of 

the structural characteristics of 14 including distorted linear geometry about gold [P–Au–
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C=C(cent) = 160°], bending of the allene C=C=C moiety [C1–C2–C3 ≈ 165°], modest 

elongation of the coordinated C=C bond relative to the uncomplexed C=C bond [d = 

0.038 Å (18), 0.015 Å (19)], and relatively short distance between gold and the ipso 

carbon atom of the protruding phenyl group [Au–Cipso = 2.947 Å (18), 3.048 Å (19)].  In 

both 18 and 19, gold binds to the allene -face trans to the alkyl group of the 

uncomplexed C=C bond.  As was observed for 14, the 1,2-pentadiene ligand of 18 binds 

to gold through a shorter Au–C1 and longer Au–C2 interaction (d = 0.030 Å) and is 

oriented along the pseudo-mirror plane that reflects the tert-butyl groups with the 

uncomplexed portion of the allene directed away from the proximal phenyl group (Figure 

58).  In contrast to complexes 14 and 18, the 4,5-nonadiene ligand of 19 binds to gold 

through a shorter Au–C2 and a longer Au–C1 interaction (d = 0.054 Å) with the 

C=C=C unit of the allene oriented nearly perpendicular to the Au–P–C18 plane.  The 

propyl group of the bound C1=C2 bond is directed away from the proximal phenyl group. 
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Figure 58.  ORTEP diagram of 18•½CH2Cl2.  Ellipsoids are shown at 50% probability 

with solvent, counterion, and hydrogen atoms omitted for clarity.  Key bond lengths (Å) 

and bond angles (deg): Au–C1 = 2.208(4), Au–C2 = 2.238(4), Au–P = 2.298(1), C1–C2 

= 1.348(6), C2–C3 = 1.310(6), C3–C4 = 1.493(6), Au–C20 = 2.947, C1–C2–C3 = 

166.4(4), C2–C3–C4 = 122.6(4), P–Au–C1=C2(cent) = 160.5. 
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Figure 59.  ORTEP diagram of the major conformer of 19 (75% occupancy).  Ellipsoids 

are shown at 50% probability with counterion and hydrogen atoms omitted for clarity.  

Key bond lengths (Å) and bond angles (deg): Au–C1 = 2.269(2), Au–C2 = 2.219(2), Au–

P = 2.2953(6), C1–C2 = 1.329(4), C2–C3 = 1.314(4), C1‒C4 = 1.508(4), C3‒C7 = 

1.561(5), Au–C24 = 3.048, C1–C2–C3 = 164.2(3), C2–C1–C4 = 125.1(2), C2–C3–C7 = 

116.8(3), Au–C24 = 3.048, P–Au–C1=C2(cent) = 160.5, C19‒C23‒C24‒C29 = 98.0(3), 

C18‒C23‒C24‒C25 = 85.3(3). 

  

Of the aforementioned transition metal 
2
-allene complexes, a subset including 

Co(I),
191

 Os(II),
192-194

 Re(I),
195,196

 Rh(I),
197-199

 Pd(0),
201

 Pt(0),
202

 Pt(II),
199,203,204

 and 

Fe(II)
209

 complexes have been structurally characterized.  The allene ligands of these 

complexes display greater deviation from linearity (C=C=C = 134‒160°) and greater 

elongation of the complexed C=C bond (1.35‒1.43 Å) than is observed for gold -allene 

complexes 14, 18, and 19 (C=C=C = 164 ‒ 166°, C1=C2 = 1.33 ‒ 1.35 Å).  Furthermore, 

each of these related -allene complexes displays unsymmetric binding of the allene to 
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the metal through shorter M–C2 and longer M–C1 (d = 0.06 ‒ 0.22 Å) interaction, 

regardless of allene substitution.  This phenomenon has been attributed to a backbonding 

type interaction between the metal and the * orbitals on the non-coordinated C=C bond 

of the allene that strengthens the M–C2 interaction.
199

  In contrast, this bonding trend is 

only marginally observed for 4,5-nonadiene complex 19 (d = 0.05 Å), while in the cases 

of 3-methyl-1,2-butadiene and 2,4-dimethyl-2,3-pentadiene complexes 14 and 18, 

respectively, the allene binds to gold through a shorter Au–C1 and longer Au–C2 

interaction.  Together, these disparities are in accord with the decreased -backbonding 

ability of cationic gold(I) fragment (L)Au
+
 relative to more electron-rich late transition 

metal species, which we have previously documented for cationic gold(I) -alkene 

complexes (Ch. 2). 

 

4.2.4  Solution Structure and Fluxional Behavior of Gold(I) -Allene Complexes  

 

4.2.4.1  Solution Structure and Fluxional Behavior of Complexes 14 – 17 

 

 Variable temperature NMR analysis of 3-methyl-1,2-butadiene complexes 14 

(phosphine) and 15 (IPr) established both 
2
-complexation of the allene ligand through 

the less substituted C1=C2 bond and dynamic behavior consistent with facile -face 

exchange of the coordinated allene.  For example, the 
13

C NMR spectrum of 14 at ‒60 °C 

displayed a ~1:1 ratio of resonances at  = 22.3 and 20.4 ppm corresponding to 

diastereotopic allenyl methyl groups.  The 
1
H NMR spectrum confirmed this assumption, 

revealing a 2:3:3 ratio of resonances at  = 4.07, 1.84, and 1.79 ppm corresponding to 
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equivalent allenyl protons and diastereomeric allenyl methyl groups (Figure 4-6).  As the 

temperature was raised, the allenyl methyl resonances broadened and coalesced forming 

single time-averaged allenyl methyl resonances in both the 
13

C NMR ( = 22.3 ppm, 25 

°C) and 
1
H NMR ( = 1.85 ppm, ‒30 °C) spectra (Figure 60).  The 

1
H NMR resonance of 

the allenyl protons, on the other hand, shifted slightly with increasing temperature, 

forming a partially resolved septet at  = 4.11 (
5
J = 2.5 Hz) at ‒30 °C (Figure 60).  A line 

shape simulation of the variable temperature 
1
H NMR spectra was conducted to 

determine the energy barrier for interconversion of the allenyl methyl groups of 14 

(G
‡

220K = 10.9 kcal mol
‒1

).   
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Figure 60.  Temperature dependence of the allenyl and allenyl methyl 
1
H resonances 

(left) and allenyl methyl 
13

C resonances (right) of 14 in CD2Cl2. 

 

Similarly, the 
13

C NMR spectrum of the IPr complex 15 at ‒80 °C displayed a 

~1:1 ratio of resonances at  = 22.0 and 17.4 ppm corresponding to diastereotopic allenyl 

methyl groups that broadened and coalesced with increasing temperature leading to a 

single broad resonance at  = 21.9 ppm (1/2 = 32 Hz) at 40 °C (Figure 61).  An 
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analogous 
13

C NMR line shape simulation provided an energy barrier of G
‡

258K = 11.5 

kcal mol
‒1

 for interconversion of the allenyl methyl groups of 15. 

 

 

Figure 61.  Temperature dependence of the allenyl methyl 
13

C resonances of 15. 

 

The VT NMR spectroscopy of tetramethylallene complexes 16 (phosphine) and 

17 (IPr) was likewise consistent with 
2
-allene complexes that undergo rapid -face 

exchange of the coordinated allene.  The 
13

C NMR spectrum of 16 displayed single 

resonances for the sp ( = 181.6 ppm), sp
2
 ( = 112.7 ppm), and sp

3
 ( = 20 ppm) allenyl 
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carbon atoms that broadened significantly, but did not resolve at temperatures as low as 

‒90 °C.  In contrast, the 
13

C NMR spectrum of the corresponding IPr complex 17 

displayed a ~1:1 ratio of broad allenyl sp
2
 resonances at  = 108.9 and 103.4 ppm (1/2 = 

10 Hz) and a ~2:1:1 ratio of broad allenyl sp
3
 resonances at  = 25.4, 22.6, and 19.6 ppm 

(1/2 = 15 Hz) that collapsed to form a time resonances at  = 108 (sp
2
) and 23.9 ppm 

(sp
3
) at 0 °C (Figure 62).  Confirming this apparent fluxional behavior, the 

1
H NMR 

spectrum of 17 at ‒90 °C displayed a 3:1 ratio of allenyl methyl resonances at  = 1.56 

and 0.81 ppm, which collapsed to form a single time-averaged resonance at  = 1.49 ppm 

at ‒30 °C (Figure 62).  It should be noted that the observed 3:1 ratio is likely a result of 

accidental equivalence of one of the chemically inequivalent methyl groups (un-

complexed C=C) with the equivalent methyl groups associated with the bound C=C of 

the tetramethylallene ligand.  Line shape simulation of the 
1
H NMR spectra provided an 

energy barrier for interconversion of the allenyl methyl groups of G
‡

214K = 9.5 kcal 

mol
‒1

. 
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Figure 62.  Temperature dependence of the allenyl methyl 
1
H resonance (left) and the 

allenyl sp
2
 and sp

3
 
13

C resonances (right) of 17 in CD2Cl2.  The resonances at  = 1.18 

ppm in the 
1
H NMR spectra and the resonances in the 

13
C NMR spectra indicated with 

arrows correspond to the IPr methyl resonances. 

 

Pettit and co-workers were the first to invoke intramolecular -face exchange for 

transition metal allene complexes following VT NMR analyses of their iron tetracarbonyl 

complex [(CO)4Fe(-Me2C=C=CMe2)], which revealed interconversion of the four 

allenyl methyl groups above ‒60 °C.
207

  However, the authors did not propose a distinct 

mechanism to account for this behavior.  Vrieze and co-workers subsequently studied the 
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interconversion of the allenyl methyl groups of the dimeric platinum(II) complex [(-

Me2C=C=CMe2)PtCl2]2 (11) and monomeric Pt complex [(-Me2C=C=CMe2)Pt(4-

NC5H4X)Cl2] (12; X = NH2, Me, Et, H, Br, CN).
200,205

  Probing the rate of methyl group 

interconversion as a function of substitution at the para position of the pyridine ligand 

revealed slower interconversion for complexes bearing more electron donating pyridine 

ligands.  To account for this behavior, the authors invoked a mechanism for 

intramolecular -face exchange in which degenerate 
2
-coordinated species are accessed 

through transition states involving coordination to one p-orbital of the central carbon and 

intermediates involving coordination to both p-orbitals in a purely -donating interaction.  

During the course of resolving diastereomeric Pt(II) complexes bearing the chiral allene 

1,2-cyclononadiene, Cope and co-workers observed a mutarotation (i. e., racemization of 

the coordinated allene) and attributed this phenomenon to the formation of 
1
-allylic 

cations.
206

  These authors further posited the involvement of 
1
-allylic cations as opposed 

to 
1
-allene intermediates and transition states in the intramolecular -face exchange 

processes described by Petitt
207

 and Vrieze.
200

  However, Rosenblum’s variable 

termperature analyses of [
5
-C5H5)Fe(CO)2(-allene)]

+
 (allene = optically active 

cyclononadiene) excluded the involvement of 
1
-allylic cations in these -face exchange 

processes.
208

  Further supporting Rosenblum’s conclusions, Oon and co-workers 

identified two distinct fluxional processes for the chiral iron 1,2-cycloheptadiene 

complex [(
5
-C5H5)Fe(CO)(PPh3)(-1,2-cycloheptadiene)]

+
 BF4

‒
: a low energy (Ea ≈ 17 

kcal mol
‒1

) -face exhcnage process without racemization most likely through chiral 
1
-
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allene species and a higher energy (Ea ≈ 23 kcal mol
‒1

) process leading to racemization of 

the allene, which was proposed to occur through achiral 
1
-allylic cations.

209 

Based on these related transition metal allene complexes and the results of our 

degenerate intermolecular exchange studies (vide infra), we propose that the observed 

dynamic behavior of complexes 14 – 17 is most consistent with the Vrieze-Rosenblum 

mechanism for intramolecular -face exchange involving staggered 
1
-allene 

intermediates and/or transition states.  For the cases of 3-methyl-1,2-butadiene complexes 

14 and 15, migration of gold from the C1=C2 -face to the orthogonal C2=C3 -face via 


1
-allene intermediate and/or transition state IV would form the unobserved regioisomer 

V, which must be ≥1.5 kcal mol
–1

 less stable than are complexes 14 and 15 (Scheme 5).  

Subsequent migration of gold from the C2=C3 bond to the C1=C2 bond via IV with the 

same sense of allene rotation then regenerates 14/15 with exchange of the allene methyl 

groups.  In the cases of the tetramethyl allene complexes 16 and 17, the analogous 

sequence would lead to interconversion of both the inequivalent allene sp
2
 carbons and 

the three chemically inequivalent allenyl methyl groups. 
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Scheme 5.  Proposed mechanism for intramolecular -face exchange for complexes 14 

and 15.  Species designated with Roman numerals were not directly observed.  Bold 

atoms labels are used to indicate interconversion of chemically inequivalent methyl 

groups. 

 

 

4.2.4.2  Solution Structure and Fluxional Behavior of Complexes 18 and 19 

Complexes 18 and 19, which contain prochiral ethylallene and axially-chiral 

dipropylallene ligands, respectively, were employed to probe the relative stabilities and 

interconversions of diastereomeric gold -allene complexes through solution structure 

and fluxional behavior studies similar to those outlined above for complexes 14 – 17.  

The 
31

P NMR spectrum of 18 at –30 °C displayed a ~9:1 ratio of resonances at  64.1 and 

62.7 that broadened and coalesced with increasing temperature to form a single resonance 

at  66.5 at 25 °C (Figure 63).  Similarly, the 
1
H NMR spectrum of 18 at –60 °C 

displayed a ~1:10 ratio of two sets of 1:2 allenyl resonances at  6.10 and 4.11 (1:2) and 

 5.74 and 3.66 (1:2) that collapsed to form a 1:2 ratio of resonances at  5.66 and 4.16 at 

25 °C (Figure 63).  Conservation of the 1:2 ratio of allenyl resonances in the slow-

exchange 
1
H NMR spectrum of 18 indicates that the allene ligand of both isomers binds 

to gold through the less substituted C1=C2 bond.  Together, these observations are 
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consistent with a pair of interconverting cis and trans 
2
-allene diastereomers that differ 

in energy by G  1.0 kcal mol
–1

.  
1
H-

1
H NOESY analysis of 18 displayed a cross peak 

between the phosphine tert-butyl groups and the allene C3 hydrogen atom but no 

significant cross peak between the phosphine tert-butyl groups and the allene C4 

methylene hydrogen atoms (Figure 70), which allows assignment of the major 

diastereomer as trans-18 (Scheme 6), as was observed in the solid-state.  Interconversion 

of cis-18 and trans-18 presumably occurs via diastereomeric 
1
-allene intermediates 

and/or transition states cis-VI and trans-VI and the unobserved C2=C3 
2
-allene species 

VII (Scheme 6). 
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Figure 63.  Temperature dependence of the allenyl 
1
H (left) and 

31
P (right) resonances of 

18 in CD2Cl2.  The truncated resonance at  = 5.32 ppm in the 
1
H NMR spectra 

corresponds to solvent. 
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Scheme 6.  Proposed mechanism for cis/trans isomerization of 18.  Complexes denoted 

with Roman numerals were not directly observed. 

  

Variable temperature NMR analysis of complex 19 bearing the axially-chiral 

dipropylallene ligand also revealed the presence of an equilibrating mixture of cis- and 

trans-
2
-allene diastereomers and provided evidence for two distinct -face exchange 

processes involving diastereomeric 
1
-allene species.  The 

1
H NMR spectrum of 19 at –

90 °C displayed a ~1:2.5 ratio of two sets of 1:1 allenyl resonances at  5.9 and 4.8 (1:1, 

minor) and  5.7 and 4.4 (1:1, major) with noticeable broadening of the allenyl 

resonances of the major diastereomer (1/2 ≈ 45 Hz;  Figure 64).  As the temperature 

was raised, the resonances corresponding to the major diastereomer broadened further 

and coalesced at ~–70 °C with only slight broadening of the resonances corresponding to 

the minor diastereomer.  Above –70 °C, the allenyl resonances of both the major and 

minor diastereomers collapsed to form a single time-averaged allenyl resonance at  5.25 

at 25 °C (Figure 64).  Similarly, the 
31

P NMR spectrum of 19 at –80 °C displayed a ~3:1 

ratio of resonances at  62.7 and 62.5 that collapsed to form a single resonance at  63.5 

at –70 °C (Figure 64).  An energy barrier of G
‡

203K ≈ 8.8 kcal mol
–1

 for interconversion 
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of the allenyl protons of the major diastereomer of 19 was estimated from the coalescence 

temperature (c = –70 °C) and slow-exchange peak separation ( = 590 Hz) using the 

rate expression derived from the slow exchange approximation [k = ()/√2].  An 

energy barrier of G
‡

199K = 9.7 kcal mol
–1

 for interconversion of the major and minor 

diastereomers of 19 was determined from line shape simulation of the 
31

P NMR 

resonances of 19. 
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Figure 64.  Temperature dependence of the allenyl 
1
H (left) and 

31
P (right) resonances of 

19 in CD2Cl2.  The truncated resonance at  = 5.32 corresponds to solvent. 



 

208 

 

Scheme 7.  Proposed pathway for intramolecular -face exchange of 19 leading to 

cis/trans isomerization and interconversion of the allenyl protons and n-propyl groups.  

Complexes denoted with Roman numerals were not directly observed.  Bold atoms are 

used to indicate the interconversion of chemically inequivalent atoms and substituents.  

 

 

Although the solid-state structure of 19 and the solution state structure of 18 point 

to trans-19 as the predominant solution-phase diastereomer of 19, we were unable to 

confirm this inference through a corresponding nOe measurement of 19 at low 

temperature, most likely due to the nominal (G ≈ 0.4 kcal mol
‒1

) energy difference 

between the solution phase diastereomers of 19.  As such, the lower energy (G
‡
 ≈ 8.8 

kcal mol
–1

) fluxional process observed for 19 corresponds to interconversion of the 

allenyl protons of either trans-19 or cis-19 via 
1
-allene species trans,trans-VIII or 

cis,cis-VIII, respectively, without involvement of cis,trans-VIII (Scheme 7).  The higher 
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energy fluxional process (G
‡
 = 9.7 kcal mol

–1
) can be unambiguously assigned to the 

interconversion of trans-19 and cis-19 via 
1
-allene species cis,trans-VIII.  It should be 

noted that -face exchange involving cis,trans-VIII and either trans,trans-VIII or cis,cis-

VIII is sufficient to interconvert all four chemically inequivalent allenyl protons of trans-

19 and cis-19, which is consistent with the variable temperature 
1
H NMR behavior of 19.  

Also worth noting is that computational analysis of the cationic gold(I) -2,3-pentadiene 

complexes (PR3)Au[-Me(H)C=C=C(H)Me]
+
 [R = Me (5), Ph (6)] (Scheme 3) predict 

that the energies of the 
1
-allene species decrease in the order trans,trans > cis,trans > 

cis,cis,
69,178,179

 which points to cis-19 as the predominant solution phase diastereomer and 

cis,cis-VIII as the transition state of the lowest energy -face exchange pathway. 

 

4.2.4.3  Solution Structure and Fluxional Behavior of Complex 20 

 In addition to DFT calculations that support facile formation of gold 
1
-allylic 

cation intermediates through staggered 
1
-allene transition states (vide supra),

69,178,179
 

these species are also directly implicated in the gold(I)-catalyzed racemization of axially-

chiral allenes in a number of allene functionalizations.
66,81,184,213,214

  We sought to 

evaluate the potential involvement of gold 
1
-allylic cations in the -face exchange 

processes gold‒allene complexes by studying the dynamic solution behavior of 

dipropylallene complex 20, which contains elements of chirality in both the phosphine 

and allene ligands.  Of the four chemically inequivalent stereoisomers (S*,S*)-trans-20, 

(S*,S*)-cis-20, (S*,R*)-trans-20, (S*,R*)-cis-20 (Scheme 8; S-phosphine series depicted), 
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-face exchange through the epimeric 
1
-allene diastereomers cis,trans-IX, in 

combination with either the trans,trans-IX or cis,cis-IX epimers, would lead to cis/trans 

isomerization and interconversion of the four chemically inequivalent allenyl protons of 

the (S*,S*)-trans-20/(S*,S*)-cis-20 pair and the (S*,R*)-trans-20/(S*,R*)-cis-20 pair, but 

would not interconvert the (S*,S*)-20 and (S*,R*)-20 diastereomers.  Conversely, -face 

exchange involving one or more of the achiral 
1
-allylic cation species X would lead to 

cis/trans isomerization, allene epimerization, and interconversion of all eight chemically 

inequivalent allenyl protons of the four chemically inequivalent diastereomers of 20 

(Scheme 8). 
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Scheme 8.  Pathways for -face exchange and interconversion of the diastereomers of 20 

involving 
1
-allene species IX with (vertical pathways) or without (horizontal pathways) 

the involvement of 
1
-allylic cations X. 

 

  

The 
31

P NMR spectrum of 20 in CD2Cl2 at –90 °C displayed a ~2.5:4:1 ratio of 

resonances at  65.0, 64.6, and 64.5;  the highest frequency peak displayed broadening at 

the baseline consistent with the presence of a partially superimposed minor resonance 

(Figure 65).  As the temperature was raised, the lower frequency resonances collapsed 

over the temperature range –90 to –83 °C with an energy barrier of G
‡

189K = 9.8 kcal 
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mol
–1

, as determined from line shape simulation, and the higher frequency peak 

sharpened at slightly higher temperature, ultimately forming a ~1:1.1 ratio of resonances 

at  68.0 and 67.7 at 0 °C (Figure 65).  The close similarity of the energy barrier 

determined for collapse of the low-frequency 
31

P NMR resonances of 20 to the barrier 

determined for the cis/trans isomerization of 19 (G
‡
 = 9.7 kcal mol

–1
) allows 

assignment of the low-frequency resonances to the cis and trans isomers of the major 

epimer of 20 and the partially resolved higher frequency resonance to the cis and trans 

isomers of the minor epimer of 20.   

Supporting this interpretation, the 
1
H NMR spectrum of 20 in CD2Cl2 at –90 °C 

displayed a ~1:2:2:4:4:2:1 ratio of allenyl resonances at  5.85, 5.62, 4.68, 4.53, 4.43, 

3.65, and 3.32 (Figure 65), which represent seven of the eight possible allenyl resonances 

in a static mixture of four chemically inequivalent stereoisomers of 20.  As the 

temperature was raised, these resonances broadened and collapsed in several stages 

ultimately forming a ~1.1:1 ratio of allenyl resonances at  4.74 and 4.65 at 25 °C.  The 

absence of detectable coalescence behavior involving the ~1.1:1 ratio of resonances in the 

room temperature 
31

P and 
1
H NMR spectra of 20 indicates that the energy barrier for 

interconversion of (S*,S*)-20 and (S*,R*)-20 is ≥17.5 kcal mol
–1

 (vide infra).  Therefore, 

the variable-temperature NMR behavior of 20, when compared to that of 19, is consistent 

with rapid allene -face exchange and slow allene epimerization, which rules out 

participation of achiral 
1
-allylic cation intermediates or transition states in the -face 

exchange processes of gold -allene complexes 19 and 20.   



 

213 

 

 

Figure 65.  Temperature dependence of the allenyl 
1
H (left) and 

31
P (right) resonances of 

20 in CD2Cl2.  The truncated resonance at  = 5.32 corresponds to solvent. 
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4.2.5  Kinetics of Intermolecular Allene Exchange 

 

 To evaluate the potential role of intermolecular allene exchange on the dynamic 

-face exchange behavior of gold -allene complexes, we studied the kinetics of 

intermolecular allene exchange with complexes 14, 16, and 20 employing 
1
H NMR spin-

saturation transfer techniques;
215-219

 the remaining gold -allene complexes were not 

amenable to analysis owing to the poor separation of the 
1
H NMR resonances 

corresponding to bound and free allene.  In one experiment employing a solution of 14 

(60 mM) and 3-methyl-1,2-butadiene (20 mM) in CD2Cl2 at 25 °C, saturation of the 

allenyl resonance of free 3-methyl-1,2-butadiene at  4.50 led to ~82% decrease in 

intensity of the allenyl resonance of the 3-methyl-1,2-butadiene ligand of 14 at  4.14.  

From this value and from the independent determination of the spin-lattice relaxation 

times of bound and free 3-methyl-1,2-butadiene, we calculated a rate constant for 

intermolecular allene exchange with 14 of k = (1/T1free){(S0/S) ‒ 1} = 1.7 s
–1

 (Table 23).  

Observed rate constants were determined through a similar procedure as a function of [3-

methyl-1,2-butadiene] from 20 – 120 mM (Table 23).  A plot of kobs versus [3-methyl-

1,2-butadiene] was linear with a non-zero y-intercept (Figure 4-12), which established the 

two-term rate law for intermolecular 3-methyl-1,2-butadiene exchange with 14 of rate = 

k1[14] + k2[14][3-methyl-1,2-butadiene] where k1 = 0.93 s
–1

 (G
‡

298K = 17.5 kcal mol
–1

) 

and k2 = 45 M
–1

 s
–1

 (G
‡

298K = 15.2 kcal mol
–1

).  Similar kinetic analyses of the 

intermolecular exchange of 2,4-dimethyl-2,3-pentadiene with 16 in DCE-d4 at 40 °C and 

the intermolecular exchange of 4,5-nonadiene with 20 in DCE-d4 at 25 °C in both cases 

established two-term rate laws of the form rate = k1[complex] + k2[complex][allene] 
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where k1 = 0.53 s
–1

 (G
‡
313K = 18.7 kcal mol

–1
) and k2 = 3.4 M

–1
 s

–1
 (G

‡
313K = 17.6 kcal 

mol
–1

) for 16 and k1 = 1.0 s
–1

 (G
‡

298K = 17.4 kcal mol
–1

) and k2 = 3.1 M
–1

 s
–1

 (G
‡

298K = 

16.8 kcal mol
–1

) for 20 (Table 23, Figure 66). 

 

Table 23.  Observed rate constants for intermolecular exchange of bound and free allene 

for complexes 14, 16, and 20 as a function of [allene]. 

 



 

216 

 

Figure 66.  Plots of kobs versus [allene] for the intermolecular exchange of 3-methyl-1,2-

butadiene with 14 at 25 °C in CD2Cl2 (○), 2,4-dimethyl-2,3-pentadiene with 16 at 40 °C 

in DCE-d4 (), and 4,5-nonadiene with 20 at 25 °C in DCE-d4 (□). 

Competing ligand-dependent and ligand-independent pathways for intermolecular 

ligand exchange are common for coordinatively unsaturated transition metal 

complexes.
220

  For complexes 14, 16, and 20, the allene-dependent pathway for 

intermolecular allene exchange is consistent with an associative mechanism involving 

direct attack of free allene at gold to form the cationic bis(allene) intermediate [(L)Au(
2
-

allene)2]
+
 SbF6

–
 (XI) followed by rapid allene dissociation (Scheme 9).  The higher 

energy barrier for the allene-dependent exchange pathway of 2,4-methyl-2,3-pentadiene 

complex 16 as compared to 3-methyl-1,2-butadiene 14 (G
‡
 = 2.4 kcal mol

–1
) is 

consistent with increased steric congestion about the metal center in the case of the more 

highly substituted allene.  By the same reasoning, the higher energy barrier for the allene-

independent exchange pathway of 16 as compared to 14 (G
‡
 = 1.2 kcal mol

–1
) also 

points to an associative mechanism initiated by attack of solvent at gold to form solvated 
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complex XII followed by rapid, associative exchange with free allene (Scheme 9).  

Conversely, a dissociative mechanism for intermolecular allene exchange, perhaps 

facilitated by donation from the pendant arene ring of the o-biarylphosphine ligand, 

would be expected to be more facile for the less strongly binding 2,4-methyl-2,3-

pentadiene ligand of 16 relative to the more strongly binding 3-methyl-1,2-butadiene 

ligand of 14 (G ≈ 0.4 kcal mol
–1

;  Table 21), which was not observed. 

 

Scheme 9. 

To further probe the allene-independent pathway for intermolecular allene 

exchange, we evaluated the rate of exchange of the 2,4-dimethyl-pentadiene ligand of 16 

as a function of [allene] and solvent composition employing tetrahydrofuran as a mildly 

coordinating co-solvent.  Experimental and data reduction strategies similar to those 

described above in 95:5 and 9:1 (v/v) DCE-d4:THF-d8 solvent mixtures at 40 °C ([allene 

= 0 – 60 mM) provided the allene-independent and allene-dependent rate constants, in 

which k1 = 3.0 s
–1

 (G
‡

313K = 17.7 kcal mol
–1

) and k2 = 19.8 M
–1

 s
–1

 (G
‡

313K = 16.5 kcal 

mol
–1

) for 95:5 and k1 = 4.9 s
–1

 (G
‡
313K = 17.4 kcal mol

–1
) and k2 = 47.3 M

–1
 s

–1
 (G

‡
313K 

= 16.0 kcal mol
–1

) for 9:1 (Table 24, Figure 67).  As expected, the rate of the allene-

independent intermolecular exchange pathway increased ~9-fold as the concentration of 
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the more strongly coordinating THF-d8 solvent ratio increased from 0 – 10% (v/v) in 

DCE-d4.  This observation is in accord with our mechanistic proposal for the allene-

independent intermolecular exchange pathway through intermediate XII, which is more 

easily accessed in the presence of a coordinating solvent such as THF (Scheme 9).  

Unexpected, however, was the dramatic rate increase (~13-fold) of the allene-dependent 

exchange pathway with increasing [THF] (0 – 10% THF-d8 in DCE-d4). 

 

Table 24.  Observed rate constants for intermolecular exchange of bound and free 2,4-

dimethyl-2,3-pentadiene for complex 16 as a function of solvent composition. 
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Figure 67.  Plots of kobs versus [allene] for the intermolecular exchange of 2,4-dimethyl-

2,3-pentadiene with 16 at 40 °C in 95:5 (□) and 9:1 (○) DCE-d4:THF-d8 (v/v). 

 

Initial attempts to determine the energy barrier for interconversion of (S*,S*)-20 

and (S*,R*)-20 from the coalescence behavior of the 
1
H and 

31
P NMR spectra was 

complicated by concomitant decomposition of 20 at the temperatures required to observe 

coalescence (≥60 °C).  Rather, this information was determined by proton spin-saturation 

transfer analysis.  To this end, saturation of the allenyl resonance at  4.68 in the 
1
H 

NMR spectrum in DCE-d4 at 25 °C led to ~76% decrease in the intensity of the allenyl 

resonance at  4.78, corresponding to a first-order rate constant for site exchange of kex = 

0.9 s
–1

 (G
‡

298K = 17.5 kcal mol
–1

).  Importantly, the energy barrier for the epimerization 

of 20 is not significantly different from the energy barrier determined for the allene-

independent intermolecular allene exchange pathway of 20 (k1 = 1.0 s
–1

; G
‡

298K = 17.4 

kcal mol
–1

).  Therefore, we conclude the following:  (1) the lowest energy pathway for 
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interconversion of (S*,S*)-20 and (S*,R*)-20 occurs through intermolecular allene 

exchange rather than through allene epimerization;  (2) allene epimerization via an 

achiral 
1
-allylic cation species must possess an energy barrier of G

‡
298K ≥17.4 kcal 

mol
–1

;  and (3) none of the four diasteromeric, staggered 
1
-allene species required for 

complete allene -face exchange of (S*,S*)-20 and (S*,R*)-20 are transition states 

leading to 
1
-allylic cation intermediates. 

The absence of a kinetically accessible 
1
-allylic cation intermediate or transition 

state within ~17.4 kcal mol
–1

 of the 
2
-allene ground state of 20 despite the facile (G

‡
 

≤10 kcal mol
–1

) formation of staggered 
1
-allene species represents perhaps the most 

significant discrepancy between our experimental results and the conclusions drawn from 

DFT calculations.
69,178,179

  Of particular significance, this incongruity is not readily 

attributed to differences in supporting ligand.  For example, DFT analyses of gold allene 

complexes (L)Au[-Me(H)C=C=C(H)Me]
+
 [L = PMe3 (5), PPh3 (6)] predict the presence 

of an 
1
-allylic cation intermediate within 7 kcal mol

‒1
 of the 

2
-allene ground state.  

Given the disparate electron donating properties of the trialkyl and triaryl phosphine 

ligands employed in these computations, the dissimilarity is not readily attributed to 

differences in supporting ligand.   

 

4.2.6  Gold(I)-Mediated Tetramethylallene Tautomerization 

 

 An intriguing gold(I) 
2
-allene to 

2
-(1,3-diene) conversion was observed for 

tetramethylallene complex 16 under crystallization conditions.  It was determined that 
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slow vapor diffusion of hexanes into a CH2Cl2 solution of 16 at 4 °C for 36 h leads to 

complete conversion of the 2,4-dimethyl-1,2-pentadiene ligand of 16 to generate 2,4-

dimethyl-1,3-pentadiene complex 21 in 92% isolated yield as colorless crystals suitable 

for X-ray analysis.  The crystal structure of 21•CH2Cl2 established a monomeric complex 

with the 2,4-dimethyl-1,3-pentadiene ligand 
2
-bonded to gold through the less 

substituted C1=C2 bond (Figure 68).  Complex 21 adopts a distorted linear conformation 

with a P‒Au‒alkene(cent) angle of 160.2° and with the diene ligand unsymmetrically 

bonded to gold with a shorter Au‒C1 and a longer Au‒C2 interaction (d = 0.188 Å).  

The coordinated C1=C2 bond of the diene is elongated relative to the uncomplexed 

C3=C4 bond (d = 0.039 Å), and the diene adopts a near planar s-trans configuration 

with a C1‒C2‒C3‒C4 dihedral angle of 175.8°.  The diene ligand is positioned such that 

the plane defined by Au‒C1‒C2 is rotated by ~34.7° relative to the planed defined by 

Au‒P‒C16 with the C=CMe2 group directed away from the protruding phenyl ring and 

along the Au‒P‒C16 plane.  The protruding phenyl group of the o-biphenylphosphine 

moiety is nearly perpendicular to the P-bound aryl ring, but shows a slight rotation 

toward the C8 quaternary carbon atom with a C16‒C21‒C22‒C27 dihedral angle of 85°.  

The distance between the gold atom and the plane of the protruding phenyl group is 3.04 

Å with a gold to Cipso distance of Au‒C22 = 3.08 Å, suggesting the presence of a weak 

Ar‒arene interaction as discussed in the context of gold -allene X-ray crystal structures.  



 

222 

 

Figure 68.  ORTEP drawing of 21•CH2Cl2.  Ellispoids are shown at the 50% probability 

level.  Counterion, solvent, and hydrogen atoms are omitted for clarity.  Selected bond 

distances (Å), bond angles (deg), and torsion angles (deg):  Au‒C1 = 2.202(4), Au‒C2 = 

2.390(4), C1‒C2 = 1.395(7), C2‒C3 = 1.458(7), C3‒C4 = 1.356(7), C2‒C5 = 1.505(6), 

Au‒arene(plane) = 3.04, Au‒C22 = 3.08, P‒Au‒C1=C2(cent) = 160.2, C1‒C2‒C3 = 

117.6(4), C1‒C2‒C3‒C4 = 175.8(5), C16‒C21‒C22‒C23 = 101.2(5), 

C16‒C21‒C22‒C27 = 85.0(5). 

 Formation of the known diene complex was also observed in solution by 
1
H and 

31
P NMR spectroscopy.

211
  A solution of 16 (25 mg, 0.03 mmol) in CD2Cl2 was analyzed 

periodically by NMR, which showed 10% conversion to diene complex 21 within 3 h at 

room temperature and 86% yield (
1
H NMR) after 4 days (Figure 69).  Following a similar 

reaction in the presence of excess tetramethylallene (1 equiv) revealed a deceleration in 

the rate of 21 formation and significant decomposition of free tetramethylallene over the 

first 24 h.  Despite complications at the early stages of the reaction, this sample resulted 

in the formation of 21 in only a slightly reduced NMR yield of 77%.  To probe for a 
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potential deprotonation event in the conversion of allene complex 16 to diene complex 

21, triethylamine (3 mg, 0.03 mmol) was added to a similar solution of 16 and allowed to 

react at room temperature.  
1
H and 

31
P NMR analyses within 5 min revealed a mixture of 

free tetramethylallene and 2,4-dimethyl-1,3-pentadiene (1:1) along with {[P(t-Bu)2o-

biphenyl]Au(NEt3)}
+
 SbF6

‒
 (22) as the dominant gold-containing species in solution.  

Continued analysis of the solution over 24 hours showed a slow increase in the 

concentration of free 1,3-diene, which likely results from the strongly competitive 

binding of the electron-rich two-electron donor ligand, NEt3, in preference to the 

sterically-hindered tetramethylallene ligand. 
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Figure 69.  Comparison 
1
H NMR spectra:  (a) 2,4-dimethyl-2,3-pentadiene complex 16; 

(b) 2,4-dimethyl-1,3-pentadiene complex 21 generated in situ from a CD2Cl2 solution of 

16 over 4 days at room temperature; (c) 21 formed via slow vapor diffusion of hexanes 

into a CH2Cl2 solution of 16 at 4 °C for 36 h.  The resonance at  = 5.32 corresponds to 

solvent. 

Similar allene to 1,3-diene tautomerizations have been observed for Iron(0) -

(2,4-dimethyl-2,3-pentadiene)
207

 and 1,3-disubstituted allenes in the presence of 

gold(I).
220

  To account for the observations made in our study, we propose a 

tautomerization mechanism involving initial deprotonation of a methyl C–H proton at the 

complexed C1=C2 terminus of 16 forming neutral -alkenyl complex XIII followed by 

protodeauration with concomitant coordination of cationic gold(I) to afford diene 

complex 21 (Scheme 10). 
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Scheme 10. 

 

4.2.7  Summary 

 

We have synthesized and fully characterized the first examples of cationic gold -

allene complexes.  Solution phase and solid-state analyses of these complexes established 


2
-allene ground state structures with preferential binding of gold to the less substituted 

C=C bond of the allene (G ≥1.5 kcal mol
–1

) in the cases of monosubstituted and 1,1-

disubstituted allenes and with a slight preference (G ≈ 1 kcal mol
–1

) for the trans 

diastereomer in the case of a monosubstituted allene.  Kinetic analysis of intermolecular 

allene exchange established two-term rate laws of the form rate = k1[complex] + 

k2[complex][allene] consistent with the presence of allene-independent and allene-

dependent exchange pathways with energy barriers of G
‡

1 = 17.4 ‒ 18.8 kcal mol
–1

 and 

G
‡

2 = 15.2 ‒ 17.6 kcal mol
–1

, respectively.  Variable temperature NMR analysis of gold 

-allene complexes revealed fluxional behavior consistent with -face exchange of the 

allene ligand via staggered
1
-allene intermediates or transition states with energy 

barriers of G
‡
 = 8.9 ‒ 10.9 kcal mol

–1
 for phosphine complexes and G

‡
 = 9.5 ‒ 11.5 

kcal mol
–1 

for N-heterocyclic carbene complexes.  Noteworthy was that VT NMR 
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analysis of gold -allene complex 19 that contains a chiral 4,5-nonadiene ligand revealed 

the presence of two distinct -face exchange processes:  a lower-energy process (G
‡
 ≈ 

8.8 kcal mol
–1

) that interconverted the allenyl protons of the major diastereomer and a 

higher energy process (G
‡
 = 9.7 kcal mol

–1
) that interconverted all four allenyl protons 

of both diastereomers.  Importantly, VT NMR/spin saturation transfer analysis of the o-

binaphthyl phosphine 4,5-nonadiene complex 20, which contains elements of chirality in 

both the phosphine and allene ligands, revealed no epimerization of the allene ligand 

below the threshold for intermolecular ligand exchange (G
‡
 = 17.4 kcal mol

–1
), thereby 

ruling out the involvement of 
1
-allylic cation species in the -face exchange processes. 

 

4.3  Experimental 

4.3.1  General Methods 

 

 Reactions were performed under a nitrogen atmosphere employing standard 

Schlenk and glovebox techniques unless specified otherwise.  NMR spectra were 

obtained on a Varian spectrometer operating at 500 MHz for 
1
H NMR, 125 MHz for 

13
C 

NMR, and 202 MHz for 
31

P NMR in CD2Cl2 at 25 °C unless noted otherwise.  IR spectra 

were obtained on a Nicolet Avatar 360-FT IR spectrometer.  Elemental analyses were 

performed by Complete Analysis Laboratories (Parsippany, NJ).  Mass spectra were 

obtained on an Applied Biosystems Voyager-DE Pro MALDI mass spectrometer 

operating at a mass range of 500-4000u with a dihydroxyacetophenone matrix (10 mg/1 

mL DCM) and was calibrated with PEG1000.  Line shape simulations were performed 
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using WINDNMR-Pro (version 7.1.6, J. Chem. Educ. Software Series; Reich, H. J., 

University of Wisconsin, Madison, WI). 

 Methylene chloride was purified by passage through columns of activated 

alumina under nitrogen.  The deuterated solvents CDCl3, CD2Cl2, and C2D4Cl2 were 

dried over CaH2 and distilled under nitrogen prior to use.  [P(t-Bu)2o-bipheny]AuCl, 

(IPr)AuCl, AgSbF6, 3-methyl-1,2-butadiene, 2,4-dimethyl-2,3-pentadiene, and 1,2-

pentadiene were purchased from major chemical suppliers and used as received.  [P(t-

Bu)2o-binaphthyl]AuCl
38,39

 and 4,5-nonadiene
221

 were prepared employing published 

procedures. 

 

4.3.2  Synthesis of Gold(I) -Allene Complexes 

 

{[P(t-Bu)2o-biphenyl]Au(
2
-H2C=C=C(CH3)2}

+
 SbF6

–
 (14).  3-Methyl-1,2-

butadiene (7.7 mg, 0.11 mmol) was added via syringe to a stirred suspension of [P(t-

Bu)2o-biphenyl]AuCl (40 mg, 0.075 mmol) and AgSbF6 (26 mg, 0.075 mmol) in CH2Cl2 

(2 mL), and the reaction mixture was stirred at room temperature for 15 min.  The 

resulting suspension was filtered through a pad of Celite, which was flushed with 

additional CH2Cl2.  The filtrate was concentrated to ~2 mL, diluted with one volume of 

hexanes, and cooled at 4 °C for 24 h to form 14 (59 mg, 98 %) as a white solid.  
1
H 

NMR:    7.95 ‒ 7.87 (m, 1 H), 7.68 ‒ 7.59 (m, 2 H), 7.54 ‒ 7.47 (m, 3 H), 7.33 ‒ 7.20 

(m, 3 H), 4.21 (sept, J = 2.5 Hz, 2 H), 1.90 (t, J = 3.0 Hz, 6 H), 1.44 (d, J = 16.4 Hz, 18 

H).  
13

C{
1
H} NMR:    197.0, 148.8, 143.6 (d, J = 6.9 Hz), 134.4 (d, J = 33.3 Hz), 133.7, 

132.2, 130.2, 129.7, 129.5, 128.4, 124.6 (d, J = 43.9 Hz), 105.6, 63.1, 39.3 (d, J = 23.8 
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Hz), 31.3 (d, J = 6.8 Hz), 21.9.  
31

P{
1
H} NMR:    66.5.  Anal. calcd (found) for 

C25H35PF6AuSb:  H, 4.41 (4.44);  C, 37.57 (37.72). 

All remaining gold(I) -allene complexes were synthesized employing procedures 

analogous to that used to synthesize 14. 

{(IPr)Au[
2
-H2C=C=C(CH3)2]}

+
 SbF6

–
 (15).  White solid, 99%.  

1
H NMR (25 

°C, CDCl3):    7.54 (t, J = 8 Hz, 2 H), 7.49 (s, 2 H), 7.31 (d, J = 8 Hz, 4 H), 4.52 (br. s, 2 

H), 2.46 (sept, J = 7 Hz, 4 H), 1.44 (br. s, 6 H), 1.30 – 1.15 (m, 24 H).  
1
H NMR (–60 °C, 

CD2Cl2):    7.55 (t, J = 7.5 Hz, 2 H), 7.46 (s, 2 H), 7.34 (d, J = 8 Hz, 4 H), 4.43 (br. s, 2 

H), 2.39 (sept, J = 7 Hz, 4 H), 1.70 (br. s, 3 H), 1.28 – 1.14 (m, 24 H), 0.92 (br. s, 3 H).  

13
C{

1
H} NMR (–60 °C, CD2Cl2):    191.1, 179.9, 145.2, 132.1, 131.1, 124.7, 124.4, 

106.9, 57.0, 28.5, 24.6, 23.3, 22.2, 17.6.  Anal. calcd (found) for C32H44AuF6N2Sb:  H, 

4.99 (5.03);  C, 43.21 (43.25); N, 3.15 (3.20). 

{[P(t-Bu)2o-biphenyl]Au[
2
-(CH3)2C=C=C(CH3)2]}

+
 SbF6

–
 (16).  White solid, 

96%.  
1
H NMR:   7.98 – 7.87 (m, 1 H), 7.68 – 7.56 (m, 2 H), 7.52 – 7.44 (m, 3 H), 7.30 

‒ 7.18 (m, 3 H), 1.93 (s, 12 H), 1.43 (d, J = 16.4 Hz, 18 H).  
13

C{
1
H} NMR:    181.6 (d, 

J = 14.6 Hz), 149.1 (d, J = 13.3 Hz), 142.9 (d, J = 7.0 Hz), 134.4, 133.9 (d, J = 8.5 Hz), 

132.1, 128.8 (d, J = 6.2 Hz), 128.2 (d, J = 6.9 Hz), 123.3 (d, J = 46.3 Hz), 112.7, 38.6 (d, 

J = 23.1 Hz), 31.1 (d, J = 6.2 Hz), 25.3.  
31

P{
1
H} NMR (25 °C):    66.7.  Anal. calcd 

(found) for C27H39PF6AuSb:  H, 4.75 (4.71);  C, 39.20 (38.95). 

{(IPr)Au[
2
-(CH3)2C=C=C(CH3)2]}

+
 SbF6

–
 (17).  Pale yellow solid, 93%.  

1
H 

NMR (25 °C, CDCl3):    7.53 (t, J = 8 Hz, 2 H), 7.51 (s, 2 H), 7.31 (d, J = 8 Hz, 4 H), 
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2.45 (sept, J = 7 Hz, 4 H), 1.49 (s, 12 H), 1.22 (d, J = 7 Hz, 12 H), 1.21 (d, J = 6.5 Hz, 12 

H).  
13

C{
1
H} NMR (25 °C, CDCl3):    179.5, 176.5, 145.7, 133.0, 131.3, 125.3, 124.5, 

108.0, 28.7, 24.5, 24.0, 23.8.  Anal. calcd (found) for C34H48AuF6N2Sb:  H, 5.27 (5.24);  

C, 44.51 (44.57); N, 3.05 (3.10). 

{[P(t-Bu)2o-biphenyl]Au[
2
-H2C=C=C(H)CH2CH3]}

+
 SbF6

–
 (18).  White solid, 

97%.  
1
H NMR:    7.90 (m, 1 H), 7.63 ‒ 7.56 (m, 5 H), 7.28 ‒ 7.22 (m, 3 H), 5.66 (br. s, 

1 H), 4.16 (br. s, 2 H), 2.21 (m, 2 H), 1.43 (d, J = 16.5 Hz, 18 H), 1.07 (t, J = 7.4 Hz).  

13
C{

1
H} NMR:   148.5 (d, J = 12.9 Hz), 143.6 (d, J = 7.4 Hz), 134.4, 133.8 (d, J = 7.4 

Hz), 132.2 (d, J = 2.6 Hz), 130.0 (d, J = 23.4 Hz), 128.6 (d, J = 6.9 Hz), 128.4, 125.0 (d, 

J = 46.7 Hz), 102.1, 66.7, 38.4 (d, J = 23.1 Hz), 30.9 (d, J = 6.0 Hz), 23.4, 12.6.  
13

C{
1
H} 

NMR (–60 °C, CD2Cl2):    193.8, 147.4 (d, J = 12.0 Hz), 142.8 (d, J = 7.4 Hz), 133.8, 

132.9 (d, J = 7.2 Hz), 131.5, 129.6, 129.1, 128.0 (d, J = 7.2 Hz), 127.7, 104.7, 62.3, 38.5 

(d, J = 24.1 Hz), 37.1 (d, J = 23.6 Hz), 30.4 (d, J = 6.0 Hz), 30.0 (d, J = 5.6 Hz), 23.0, 

22.3, 13.3, 11.7.  
31

P{
1
H} NMR (25 °C):    67.1, 59.15.  Anal. calcd (found) for 

C25H35AuF6PSb:  C, 37.57 (37.52); H, 4.41 (4.36).  
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Figure 70.  
1
H-

1
H NOESY 500 MHz spectrum of 18 at –10 °C in CD2Cl2.  The boxed 

cross peak corresponds to the interaction between the tert-butyl methyl resonance and the 

C3 allenyl resonance. 

 

{[P(t-Bu)2o-biphenyl]Au[
2
-CH3CH2CH2(H)C=C=C(H)CH2CH2CH3]}

+
 SbF6

–
 

(19).  White solid, 94%.  
1
H NMR:    7.91 (m, 1 H), 7.69 ‒ 7.47 (m, 5 H), 7.34 ‒ 7.17 

(m, 3 H), 5.16 (br. s, 2 H), 2.12 (br. s, 4 H), 1.58 ‒ 1.33 (m, 22 H), 0.96 (t, J = 9.2 Hz, 6 

H).  
13

C{
1
H} NMR:    188.2, 148.8 (d, J = 12.9 Hz), 143.5 (d, J = 6.6 Hz), 134.3, 133.8 

(d, J = 7.1 Hz), 132.2, 130.2, 129.9, 129.7, 128.4 (d, J = 7.2 Hz), 128.4, 124.1 (d, J = 

46.7 Hz), 96.4, 38.7 (d, J = 23.2 Hz), 38.5 (d, J = 23.0 Hz), 33.5, 31.0 (d, J = 7.1 Hz), 
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30.9 (d, J = 7.2 Hz), 22.5, 13.6.  
31

P{
1
H} NMR:    66.7.  Anal. calcd (found) for 

C29H43AuF6PSb:  C, 40.72 (40.18);  H, 5.07 (4.96). 

{[P(t-Bu)2o-binaphthyl]Au[
2
-(CH3CH2CH2)HC=C=CH(CH2CH2CH3)]}

+ 

SbF6
–
 (20).  White solid, 99%.  

1
H NMR:    8.19 (, J = 7.7 Hz, 1 H), 8.14 ‒ 8.06 (m, 1 

H), 8.02 (m, 3 H), 7.80 ‒ 7.69 (m, 1 H), 7.59 (m, 2 H), 7.46 (d, J = 6.1 Hz, 1 H), 7.42 ‒ 

7.35 (m, 1 H), 7.24 (t, J = 7.4 Hz, 1 H), 7.14 ‒ 7.04 (m, 1 H), 6.68 ‒ 6.58 (m, 1 H), 4.74 

(br. s, 1 H), 4.65 (br. s, 1 H), 2.05 ‒ 1.73 (m, 4 H), 1.50 ‒ 1.28 (m, 22 H), 0.96 ‒ 0.84 (m, 

6 H).  
31

P{
1
H} NMR:    69.06, 68.80 (1:1.1).  Anal. calcd (found) for C37H47AuF6PSb:  

C, 46.51 (46.43); H, 4.96 (4.84). 

 

4.3.3  Determination of Allene Binding Constants 

 

 3-Methyl-1,2-butadiene with {[P(t-Bu)2o-bipheny]Au(NCArF)}
+
 SbF6

–
 (S1). 3-

Methyl-1,2-butadiene (1.5 L, 0.015 mmol) was added via gas tight syringe to an NMR 

tube sealed with a rubber septum that contained a solution of {[P(t-Bu)2o-

bipheny]Au(NCArF)}
+
 SbF6

–
 (NCArF = 3,5-bistrifluoromethylbenzonitrile;  S1) (15 mg, 

0.015 mmol) in CD2Cl2 (0.5 mL) at –78 °C.  The tube was shaken, placed in the probe of 

an NMR spectrometer cooled at –90 °C and allowed to equilibrate for 10 min.  The 

relative concentrations of S1, 14, NCArF, and 3-methyl-1,2-butadiene were determined 

by integrating the resonances corresponding to the aromatic protons of bound [ 8.41, 

8.38 (2:1)] and free [ 8.15, 8.14 (2:1)] NCArF and the resonances corresponding to the 

allenyl protons of bound ( 4.06) and free ( 4.50) 3-methyl-1,2-butadiene.  Using this 
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data, an equilibrium constant of Keq = [14][NCArF]/[S1][3-methyl-1,2-butadiene] = 48 ± 

4 was determined.   

 To ensure that equilibrium was achieved under these conditions, the following 

control experiment was performed.  NCArF (4.9 mg, 0.02 mmol) was added via syringe 

to an NMR tube sealed with a rubber septum that contained a solution of 3-methyl-1,2-

butadiene complex 14 (16 mg, 0.02 mmol) in CD2Cl2 (0.5 mL) at –78 °C.  The tube was 

shaken, placed in the probe of an NMR spectrometer cooled at –90 °C and allowed to 

equilibrate for 10 min.  The relative concentrations of S1, 14, NCArF, and 3-methyl-1,2-

butadiene were determined as was described in the preceding paragraph.  The equilibrium 

constant determined from this experiment {Keq = [14][NCArF]/[S1][3-methyl-1,2-

butadiene] = 51 ± 4} was not significantly different from that obtained from treatment of 

S1 with 3-methyl-1,2-butadiene.  

 Similar procedures were employed to determine the equilibrium constants for the 

displacement of NCArF from S1 with 2,4-dimethyl-2,3-pentadiene, 1,2-pentadiene, and 

4,5-nonadiene and for the displacement of NCArF from [(IPr)Au(NCArF)]
+
 SbF6

–
 (S2) 

with 3-methyl-1,2-butadiene and 2,4-dimethyl-2,3-pentadiene in CD2Cl2 at –90 °C.  

Equilibrium data are collected in Table 22.   

 2,4-Dimethyl-2,3-pentadiene with S1.  Integration of the resonances 

corresponding to the aromatic protons of bound and free NCArF and the resonances 

corresponding to the allenyl methyl protons of bound ( 1.84) and free ( 1.54) 2,4-

dimethyl-2,3-pentadiene at –90 °C provided an equilibrium constant of Keq = 

[16][NCArF]/[S1][2,4-dimethyl-2,3-pentadiene] = 17.4 ± 0.9. 
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 1,2-Pentadiene with S1.  Integration of the resonances corresponding to the 

aromatic protons of bound and free NCArF and the resonances corresponding to the 

terminal allenyl protons of the bound [ 3.66 (major);  4.11 (minor)] and free ( 4.66) 

1,2-pentadiene at –90 °C provided an equilibrium constant of Keq = 

[18][NCArF]/[S1][1,2-pentadiene] = 13.2 ± 0.7. 

4,5-Nonadiene with S1.  Integration of the resonances corresponding to the 

aromatic protons of bound and free NCArF and the resonances corresponding to the 

allenyl protons of bound [ 5.95 (minor); 5.54 (major); 4.72 (minor); 4.35 (major)] and 

free ( 5.03) 4,5-nonadiene at –90 °C provided an equilibrium constant of Keq = 

[19][NCArF]/[S1][4,5-nonadiene] = 88 ± 4. 

3-Methyl-1,2-butadiene with S2.  The relative concentrations of S2, 15, NCArF, 

and 3-methyl-1,2-butadiene were determined by integrating the resonances corresponding 

to the aromatic protons of bound and free NCArF and the resonances corresponding to the 

allenyl protons of bound ( 4.42) and free ( 4.48) 3-methyl-1,2-butadiene.  An 

equilibrium constant of Keq = [15][NCArF]/[S2][3-methyl-1,2-butadiene] = 10.3 ± 0.5 

was determined.  The equilibrium constant for the displacement of NCArF determined 

from reaction of NCArF with 15 {Keq = [15][NCArF]/[S2][3-methyl-1,2-butadiene] = 10.6 

± 0.5} was not significantly different from that obtained from treatment of S2 with 3-

methyl-1,2-butadiene.  

 2,4-Dimethyl-2,3-pentadiene with S2.  Integration of the resonances 

corresponding to bound and free NCArF and the resonances corresponding to the allenyl 

methyl protons of bound [ 1.56, 0.81 (3:1)] and free ( 1.53) 2,4-dimethyl-2,3-
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pentadiene at –90 °C provided an equilibrium constant of Keq = [17][NCArF]/[S2][2,4-

dimethyl-2,3-pentadiene] = 19 ± 1. 

 

4.3.4  Kinetics of Intramolecular -Face Exchange 

 

 14.  An NMR tube containing a solution of 14 (20 mg, 0.025 mmol) in CD2Cl2 

(0.5 mL) was placed in the probe of an NMR spectrometer precooled at –60 °C, allowed 

to equilibrate for 10 min, and analyzed by 
1
H and 

13
C{

1
H} NMR spectroscopy.  The 

solution was warmed incrementally and equilibrated at various temperatures between –60 

and 25 °C and analyzed by 
1
H and 

13
C{

1
H} NMR spectroscopy (Figure 60).  Simulation 

of the portion of the 
1
H NMR spectrum containing the allenyl methyl proton resonances 

( 1.94 ‒ 1.72) at –53 °C employing the parameters:  a = 924 Hz, b = 899 Hz ( = 25 

Hz), a = b = 10 Hz, and %a = 52, %b = 48% gave a best fit with a rate constant for site 

exchange of kex = 70 s
–1

 (G
‡

220K = 10.9 kcal mol
–1

; Figure 71).  Peak frequencies () and 

natural peak widths () were obtained directly from the –60 °C 
1
H NMR spectrum of 14;  

further cooling led to no significant change in these parameters. 

 

Figure 71.  Experimental (left) and simulated (right) 
1
H NMR spectra of the allenyl 

methyl resonances of 14. 



 

235 

 15.  A solution of 15 (43.2 mg, 0.048 mmol) in CD2Cl2 (0.5 mL) was analyzed by 

13
C{

1
H} NMR spectroscopy at –80, –40, –15, 25, and 40 °C (Figure 61).  Simulation of 

the portion of the 
13

C{
1
H} NMR spectrum containing the allenyl methyl carbon 

resonances ( 16 ‒ 23) at –15 °C employing the parameters: a = 2772 Hz, b = 2192 Hz 

( = 580 Hz), a = b = 2.0 Hz, and %a = %b = 50% gave best fit with a rate constant 

for site exchange of kex = 1200 s
–1

 (G
‡

258K = 11.4 kcal mol
–1

) (Figure 72).  Peak 

frequencies () and natural peak widths () were obtained from the –80 °C spectrum. 

 

Figure 72.  Experimental (left) and simulated (right) 
13

C{
1
H} NMR spectra of the allenyl 

methyl resonances of 15. 

 17.  A solution of 17 (36.7 mg, 0.04 mmol) in CD2Cl2 (0.5 mL) was analyzed by 

1
H and 

13
C{

1
H} NMR spectroscopy at temperatures ranging from –90 to 0 °C (Figure 

62).  Line shape simulation of the 
1
H NMR spectrum obtained at –59 °C using the 

parameters a = 780 Hz, b = 405 Hz, a = b = 2.3 Hz, and %a = 75%, %b = 25% gave 

best fit with rate constant for site exchange of kex = 958 s
–1

 (G
‡

214K = 9.5 kcal mol
–1

) 

(Figure 73). Peak frequencies (a, b) were obtained from the –90 °C spectrum and 

natural line widths (a, b) were obtained from the fast exchange (25 °C) spectrum. 
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Figure 73.  Experimental (left) and simulated (right) 
1
H NMR spectra of the allenyl 

methyl resonances of complex 17. 

 19.  A solution of 19 (20 mg, 0.023 mmol) in CD2Cl2 (0.5 mL) was analyzed by 

1
H and 

31
P{

1
H} NMR spectroscopy at temperatures ranging from –90 to 25 °C (Figure 

64).  Two distinct fluxional processes were detected:  a lower energy process that led to 

interconversion of the allenyl protons of the major isomer and a higher energy process 

that led to interconversion of the allenyl protons of both diastereomers as evidenced by 

1
H NMR analysis and interconversion of the cis and trans diastereomers as evidenced by 

31
P NMR analysis.  For the lower energy process, a rate constant for site exchange of kex 

= 1300 s
–1

 (G
‡
203K ≈ 8.8 kcal mol

–1
) was determined from the coalescence temperature 

(c = –70 °C) and slow-exchange peak separation ( = 590 Hz) of the allenyl proton 

resonances of the major diastereomer of 19 ( 5.7 and 4.4) employing the relationship kex 

= ()/√2.  For the higher energy process, line shape simulation of the 
31

P NMR 

spectrum using parameters a = 12664 Hz, b = 12626 Hz, a = b = 5.5 Hz, %a = 76%, 

%b = 24% gave the best fit with a rate constant for site exchange of kex = 94 s
–1

 (G
‡
199K 

= 9.7 kcal mol
–1

) (Figure 74).  Peak frequencies (a, b) were obtained from the –80 °C 
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spectrum and natural line widths (a, b) were estimated from the fast exchange 

spectrum (25 °C). 

 

Figure 74.  Experimental (left) and simulated (right) 
31

P{
1
H} NMR spectra of 19. 

20.  A solution of 20 (25 mg, 0.026) in CD2Cl2 (0.5 mL) was analyzed by 
1
H and 

31
P{

1
H} NMR spectroscopy at temperatures ranging from –90 to 25 °C (Figure 65).  An 

energy barrier of G
‡

189K = 9.8 kcal mol
–1

 was determined for interconversion of the cis 

and trans diastereomers of the major epimer of 20 through line shape simulation of the 

lower-frequency 
31

P NMR resonances using parameters a = 13052 Hz, b = 13031 Hz, 

a = b = 6.1 Hz, %a = 77, %b = 23, which gave best fit with kex = 37.0 s
–1

 (Figure 75). 

Peak frequencies (a, b) were obtained from the –90 °C spectrum and natural line widths 

were obtained from the fast exchange spectrum (0 °C).  The rate of interconversion of the 

major and minor epimers of 20 (29 mg, 0.03 mmol) was determined through spin 

saturation transfer analysis of the 
1
H NMR spectrum in DCE-d4 (0.5 mL) at 25 °C.  

Saturation of the upfield allenyl resonance ( 4.68) led to ~76% (S0/S = 4.12) decrease in 

intensity of the downfield allenyl resonance ( 4.78) corresponding to a first-order rate 

constant for epimerization of kex = (1/T1free){(S0/S) ‒ 1} = 0.9 s
–1

 (G
‡
 = 17.5 kcal mol

–1
). 
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Figure 75.  Experimental (left) and simulated (right) 
31

P{
1
H} NMR spectra of the 

resonances corresponding to the cis/trans diastereomers of the major epimer of 20. 

 

4.3.5  Kinetics of Intermolecular Allene Exchange 

 

 Intermolecular exchange of 3-methyl-1,2-butadiene with 14.  An NMR tube 

capped with a rubber septum that contained a solution of 14 (23.8 mg, 0.03 mmol), 3-

methyl-1,2-butadiene (0.7 mg, 0.01 mmol), and toluene (3.2 μL, 0.03 mmol; internal 

standard) in CD2Cl2 (0.5 mL) was placed in the probe of an NMR spectrometer 

maintained at 298 K.  After allowing the tube to equilibrate for 10 min, the 
1
H NMR 

spectrum of 14 was acquired and the spin-lattice relaxation time (T1) of the allenyl 

resonances of free ( 4.50; T1free = 2.7 ± 0.1) and bound ( 4.14; T1bound = 2.73 ± 0.01) 3-

methyl-1,2-butadiene were determined.  Integration of the bound allenyl resonance at  

4.14 with (S) and without (S0) saturation of the allenyl resonance of free 3-methyl-1,2-

butadiene at  4.50 revealed 82% decrease in intensity (Tables 23 and 25).  From these 

data, an observed rate constant for the intermolecular exchange of the 3-methyl-1,2-

butadiene ligand of 14 where kobs = (1/T1free){(S0/S) – 1} = 1.67 s
–1

 was determined.  

Observed rate constants for intermolecular exchange of 3-methyl-1,2-butadiene with 14 
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was determined as a function of [3-methyl-1,2-butadiene] from 20 – 120 mM through 

successive iterations of the above procedure. A plot of kobs versus [allene] was linear with 

a non-zero y-intercept (Figure 66), which established the two-term rate law for 

intermolecular allene exchange with 14:  rate = k1[14] + k2[14][3-methyl-1,2-butadiene] 

where k1 = 0.93 s
–1

 (G
‡

298K = 17.5 kcal mol
–1

) and k2 = 45 M
–1

 s
–1

 (G
‡

298K = 15.2 kcal 

mol
–1

).  The first- and second-order rate constants for the intermolecular exchange of 2,4-

dimethyl-2,3-pentadiene with 16 (T1free = 1.48 ± 0.08;  T1bound = 1.54 ± 0.03;  k1 = 0.53 s
–

1
, k2 = 3.4 ± 0.3 M

–1
 s

–1
) in DCE-d4 at 40 °C and the intermolecular exchange of 4,5-

nonadiene with 20 in DCE-d4 at 25 °C (T1free = 2.8 ± 0.1; T1bound = 2.8 ± 0.1; k1 = 1.1 s
–1

, 

k2 = 3.1 ± 0.2 M
–1

 s
–1

) were determined employing analogous procedures (Tables 23 and 

25, Figure 66). 

Table 25.  Spin-saturation transfer data and observed rate constants (kobs) for the 

intermolecular exchange of the allene ligand of 14, 16, and 20 ([complex] = 60 mM) with 

free allene. 
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4.3.6  Experiments Probing Tetramethylallene Tautomerization 

 

 Synthesis of {[P(t-Bu)2o-biphenyl]Au[
2
-H2C=C(Me)C(H)=CMe2]}

+
 SbF6

‒
 

(21).  Slow vapor diffusion of hexanes (15 mL) into a CH2Cl2 solution of 16 (62 mg, 

0.075 mmol, ~1 mL) at 4 °C for 36 h formed colorless prismatic crystals which were 

separated from the mother liquor, rinsed with cold hexanes (3 × 5 mL), and concentrated 

in vacuo to afford 
2
-diene complex 21 (57 mg, 92%) as a white solid.  

1
H NMR:    7.93 

– 7.88 (m, 1 H), 7.65 – 7.55 (m, 5 H), 7.28 – 7.20 (m, 3 H), 5.84 (s, 1 H), 3.89 (d, J = 3.5 

Hz, 1 H), 3.81 (d, J = 4.0 Hz, 1 H), 2.27 (s, 3 H), 1.96 (s, 3 H), 1.92 (s, 3 H), 1.37 (d, J = 

16.5 Hz, 18 H).  
31

P NMR:    67.5.  This spectral data is consistent with the published 

characterization of 21.
211

 

 In situ conversion of 
2
-allene 16 to 

2
-diene 21.  Complex 16 (25 mg, 0.03 

mmol) and 1,3-dimethoxybenzene (1.0 L, 7.6 mol; internal standard) was transferred 

to an NMR tube and dissolved in CD2Cl2 (0.55 mL) at room temperature.  The reaction 

was monitored periodically by 
1
H and 

31
P NMR spectroscopy.  Conversion of allene 

complex 16 to diene complex 21 was slow, showing ~10% conversion over the first 2.5 h 

and a final [21] = 47 mM (86%) after 4 d at room temperature.  In the presence of free 

2,4-dimethyl-2,3-pentadiene (2.9 mg, 0.03 mmol), the reaction was initially slower, 

showing only traces of 21 (≤ 2.5 mM) after 2.5 h, but reached full conversion within 4d 

to give 21 in 77% NMR yield.  Alternatively, addition of triethylamine (3 mg, 0.03 

mmol) to a similar CD2Cl2 solution of 16 initially led to a mixture of {[P(t-Bu)2o-

biphenyl]Au(NEt3)}
+
 SbF6

‒
 (22), free 2,4-dimethyl-2,3-pentadiene, and free 2,4-
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dimethyl-1,3-pentadiene (2:1:1).  Continued analysis by NMR spectroscopy revealed 

slow conversion to the free diene, reaching ~65% conversion within 24 h. 

 

4.3.7  X-ray Crystal Structure Determinations 

 

Crystals of 
2
-allene complexes 14•½CH2Cl2, 18•½CH2Cl2, and 19 and 

2
-diene 

complex 21•CH2Cl2 were obtained from slow diffusion of hexanes into CH2Cl2 solutions 

of the respective complexes at 4 °C.  The crystals were mounted on a Mitegen polyimide 

micromount with a small amount of Paratone N oil.  Diffraction data were obtained with 

graphite monochromated MoK radiation ( = 0.71073 Å) on a Bruker-Nonius Kappa 

Axis X8 Apex2 diffractometer.  Crystallographic data for complexes 14•½CH2Cl2, 

18•½CH2Cl2, 19, and 21•CH2Cl2 are collected in Tables 4-6 and 4-7. The data collection 

strategy employed and scans that collected data up to 2.  The frame integration was 

performed using SAINT.  The resulting raw data was scaled and absorption corrected 

using a multi-scan averaging of symmetry equivalent data using SADABS.  The 

structures of 14•½CH2Cl2, 18•½CH2Cl2, 19, and 21•CH2Cl2 were solved by direct 

methods using the XS program.  All non-hydrogen atoms were obtained from the initial 

solution. The hydrogen atoms were introduced at idealized positions and were allowed to 

ride on the parent atom.  The structural models were fit to the data using full matrix least-

squares based on F
2
.  The calculated structure factors included corrections for anomalous 

dispersion from the usual tabulation. The structures were refined using the XL program 

from SHELXTL; graphic plots were produced using the NRCVAX crystallographic 
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program suite.  Crystallographic data, data collection and refinement details are 

summarized in Tables 26 and 27. 

Table 26.  Crystal data and structure refinement for -allene complexes 14•½CH2Cl2, 

18•½CH2Cl2, and 19. 
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Table 27.  Crystal data and structure refinement for 21•CH2Cl2. 

 

 

 Additional structure refinement information for complex 19.  The propyl 

group of the non-coordinated allene C=C bond of 19 exhibited a conformational disorder. 

Atom C9 occupied a single position while atoms C7 and C8 occupied a second set of 

sites denoted as C7' and C8' respectively.  The occupancy for the major orientation was 

refined and normalized to 0.746(8). 
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Figure 76.  ORTEP drawing of 19.  Ellipsoids are at the 50% probability level and diene 

hydrogen atoms were drawn with arbitrary radii while other hydrogen atoms and 

counterion are omitted for clarity.  The atomic positions for the disordered propyl group 

are denoted with primed labels and are depicted as “hollow” ellipsoids. 
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Chapter 5 

 

 

Gold(I)-Catalyzed Intramolecular 

Hydroalkoxylation of Allenes:  Kinetics and 

Mechanism 

 

 

 

 

Portions of this chapter have been published:  Brown, T. J.; Weber, D.; Gagné, M. 

R.; Widenhoefer, R. A. J. Am. Chem. Soc. 2012, 133, 9134-9137. 

Dieter Weber assisted with the experimental setup and data reduction for 

incorporation of 14-d2 into the preformed bis(gold) 17.   

The X-ray crystal structures for mono(gold) complexes 16 and 19 were solved and 

refined by Dr. Paul D. Boyle. 
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5.1  Introduction 

 In contrast to the extensive development of the synthetic aspects of gold(I) -

activation catalysis, the mechanisms of these transformations remain poorly defined and 

are derived largely from computational analyses.  These include density functional theory 

(DFT) calculations for the intermolecular hydroamination of alkenes,
222

 alkynes,
223

 and 

allenes,
69

 hydroalkoxylation of allenes,
224

 and enantioselective hydroarylation of 

allenes.
225

  The most complete kinetic/mechanistic analysis of a gold(I)-catalyzed allene 

hydrofunctionalization is the combined kinetic/computational analysis of the 

intermolecular hydroamination of allenes with methyl carbazate catalyzed by 

(PPh3)AuNTf2, which was recently reported by Toste.
69 

 Kinetic analysis of the system 

employing 1,7-diphenyl-3,4-heptadiene (1) to form hydroamination product 2 was 

consistent with a first order dependence of the rate on (PPh3)AuNTf2 and allene and zero 

order dependence of the rate on nucleophile (eq 1).  Based on this kinetic data and DFT 

calculations, a two-step, no intermediate mechanism,
226

 which invokes turnover-limiting 

isomerization of a gold cis-η
2
-allene complex to a gold η

1
-allene transition state that is 

trapped by carbazate, was proposed.  Lacking is a more general understanding of the 

mechanisms of gold(I)-catalyzed hydrofunctionalization, including the effects of 

counterion, supporting ligand, and nucleophile on the reactivity and regio- and 

stereoselectivity of gold(I) π-hydrofunctionalization catalysis. 

 



 

247 

 Experimental evidence pertaining to the mechanisms of gold(I) -activation 

catalysis, notably the in situ detection and/or independent synthesis of potential catalytic 

intermediates, has also begun to emerge.  While much of this work has been reviewed,
227-

229
 a few examples are worth highlighting.  Hammond and co-workers reported the first 

examples of mono(gold) vinyl complexes, which were generated by reaction of 

PPh3AuCl/AgOTf (1:1) with allenoates.
82

  Of this eleven-member family of gold vinyl 

species, only complex 3 was amenable to solid state analysis by X-ray crystallography.  

The following year, Hashmi reported a similar mono(gold) vinyl complex 4 isolated from 

the 5-exo-dig cyclization of an N-propargyl carboxamide in the presence of 

stoichiometric (IPr)AuCl [IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene], 

AgOTs, and triethylamine.
230

  A single crystal X-ray diffraction study confirmed the 

structure of complex 4.  Likewise, Hashmi and co-workers extended this methodology to 

the trapping of vinylgold species 5 from an internal phenyl-substituted, ortho-

alkynylaniline and a similar phenol derivative in the presence of stoichiometric 

(IPr)Au(OTs) and triethylamine.
231 



 

248 

 

Figure 77.  Examples of isolated and structurally-characterized mono(gold) vinyl 

complexes reported by Hammond and Hashmi. 

 Concurrent to the reports above, Gagné and Weber provided significant insight 

into the mechanism of the gold(I)-catalyzed intramolecular hydroarylation of allenes 

through the trapping of mono(gold) and digold vinyl complexes 6 and 7, respectively.
156

  

It was found that the reaction of allene 8 with catalytic quantities (10 mol %) of the 

Gagosz catalyst (i. e., PPh3AuNTf2) rested at bis(gold) 7, while employment of 

stoichiometric amounts of the gold species and 2,6-di-tert-butylpyridine (DTBP) allowed 

for isolation of 7 (Scheme 1).  Subsequent flushing of isolated 7 through neutral alumina 

resulted in quantitative conversion to mono(gold) vinyl complex 6 that was analyzed 

structurally by X-ray diffraction.  Of particular significance, this report provided the first 

experimental evidence of a potential diaurated reaction intermediate, which to this point 

had only been predicted computationally.
131
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Scheme 1. 

 

Shortly after this initial report, the same working group demonstrated the 

formation of dinuclear gold-silver resting states of similar structure to digold 7, thereby 

showing that adventitious Ag
+
 is capable of intercepting key organogold intermediates.

232
  

Further, the rate of hydroarylation of 8 was significantly retarded in the presence of 

AgNTf2 relative to the silver free reaction (i. e., PPh3AuNTf2 conditions), revealing a 

unique reactivity of gold-silver intermediates that are potentially formed in (L)AuCl/AgX 

mediated transformations (L = supporting ligand; X = counterion).  Most recently, these 

authors demonstrated strong electronic and counterion effects on the formation of gem-

diaurated species through analysis of gold(I)‒aryl model complexes.
233

  In analyzing the 

equilibrium reactions of (PPh3)AuAr with (PPh3)AuX, it was determined that less 

coordinating counterions (X = OTs and NTf2) promote digold formation whereas 

coordinating counterions (X = OAc and OBz) favor mono(gold) species. 
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 Following the pioneering work of Gagne and Weber, a handful of gem-diaurated 

complexes bearing phosphine
157,234

 and NHC
234

 ligands have been structurally 

characterized.  Fürstner and co-workers obtained digold species 9 by hydroboration of 1-

ethoxypropyne using catecholborane followed by transmetallation of the resulting 

alkynylboronate 10 with Gagosz complex (PPh3)AuNTf2 in the presence of Cs2CO3 

(Scheme 2).
157

  An X-ray diffraction study of 9 revealed significant elongation of the 

C=C bond, shortening of the C‒O bond, and Au1‒C and Au2‒C bond lengths 

comparable to related mono(gold) vinyl species.  These observations suggest that the 

structure of 9 resembles an oxocarbenium cation flanked by a dimetalated center as 

opposed to a three-center, two-electron bonding arrangement.  X-ray diffraction of 

cycloproyl digold species 11, which contains no stabilizing heteroatom moieties, exhibits 

structural features more accurately described by a three-center, two-electron bonding 

motif described by Gagné and Weber (Figure 78).  Very recently, Hasmhi demonstrated 

the isolation and X-ray crystal structures of two gem-diaurated species observed in the 

gold(I)-catalyzed synthesis of benzofulvenes.
234

  The X-ray crystal structures of digold 

complexes 12 (IPr) and 13 (PPh3) likewise showed three-center, two-electron bonding 

similar to Fürstner’s cyclopropyl digold 11 (Figure 78). 

 

Scheme 2. 
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Figure 78.  Examples of structurally-characterized gem-diaurated complexes. 

 

Notwithstanding these literature precedents, the extent to which formation of 

bis(gold) species represent a general phenomenon in gold -activation catalysis remains 

unclear and lacking is information regarding the behavior of these complexes relative to 

mono(gold) vinyl complexes under catalytic conditions.  Within this chapter is reported 

the mechanistic investigation of the gold(I)-catalyzed intramolecular hydroalkoxylation 

of 2,2-diphenyl-4,5-hexadien-1-ol (14) to form 2-vinyltetrahydrofuran 15 (eq 2), which 

represents the first mechanistic analysis of gold-catalyzed hydroalkoxylation.  

Importantly, this investigation delineates the catalytic behavior and interplay of the 

mono(gold) and bis(gold) vinyl complexes generated under catalytic conditions and 

establishes the reversibility of C‒O bond formation. 
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5.2  Results and Discussion 

5.2.1  Synthesis of Gold Vinyl Intermediates 

 

 In an effort to intercept gold vinyl intermediates in the gold(I)-catalyzed 

conversion of 14 to 15, a toluene suspension of 14, (L)AuCl [L = P(t-Bu)2o-biphenyl], 

AgOTs, and triethylamine (1:1:1:2) was stirred at room temperature for 1.5 h.  Aqueous 

workup and crystallization from warm hexanes led to isolation of mono(gold) vinyl 

complex 16 in 87% yield as an air- and thermally stable white solid that was 

characterized by NMR spectroscopy, elemental analysis, and X-ray crystallography 

(Scheme 3).  The presence of an 
1
-bound gold fragment was established by 

disappearance of the allenyl proton resonances [ 4.73 (quin, J = 13.0 Hz, 1 H), 4.20 (d, J 

= 11.5 Hz, 2 H)] and emergence of 
31

P-coupled vinyl 
1
H NMR resonances [ 5.48 (dd, 

4
JHP = 14.5 Hz, 

2
JHH = 4.0 Hz, 1 H), 4.45 (dd, 

4
JHP = 7.0 Hz, 

2
JHH = 4.5 Hz, 1 H)] in the 

1
H NMR spectrum.  In addition, the tetrahydrofuranyl core structure was recognized by 

observation of mutually-coupled, oxygen-adjacent methylene resonances [ 4.57 (d, 
2
JHH 

= 8.5 Hz, 1 H), 3.98 (d, 
2
JHH = 8.5 Hz, 1 H)] and an oxygen-adjacent methine resonance 

[ 4.37 (td, J = 5.5, 10.5 Hz, 1 H)].  Lastly, the 
31

P NMR spectrum showed one signal at  

65.6, which is in accord with the chemical shifts of cationic gold(I) -complexes of 

alkenes (Ch. 2), alkynes (Ch. 3), allenes (Ch. 4), and dienes
211

 bearing this bulky 

phosphine ligand. 

 Treatment of 16 (31 mM) with (L)AuOTs (1 equiv) in CD2Cl2 at 0 °C led to 

immediate (≤5 min) formation of the bis(gold) vinyl complex 17 in 98 ± 5% yield by 
1
H 

NMR (Scheme 1).  Complex 17 persisted indefinitely in solution at this temperature but 
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decomposed when concentrated and was therefore characterized in solution.  Notably, the 

31
P NMR spectrum of 17 displayed a 1:1 ratio of resonances at  61.7 and 60.9, which 

established the presence of chemically inequivalent (L)Au fragments, while the large 

difference in the 
1
H NMR shifts of the vinylic protons of 17 [ 4.84 and 3.90] relative to 

those of 16 [ 5.48 and 4.45] established interaction of the vinyl moiety of 17 with both 

(L)Au fragments.   

 

Scheme 3. 

 In an effort to purify and potentially form X-ray quality crystals of a gold vinyl 

intermediate, mono(gold) vinyl complex 16 (80 mg) was slowly dissolved in lightly 

boiling hexanes (5 mL) with vigorous stirring.  Upon dissolution, the warm solution was 

sealed and stored at 4 °C for 3 days to give colorless crystals of 16 suitable for X-ray 

diffraction (Figure 79).  Bond lengths and angles for mono(gold) vinyl complex 16 are 

comparable to those of analogous vinyl gold complexes reported in the literature bearing 

PPh3 and IPr supporting ligands.   In particular, the ideal sp
2
 bonding geometry is 

maintained about the vinyl gold fragment for complex 16 with Au‒C2‒C1, Au‒C2‒C3, 

and C1‒C2‒C3 bond angles of 117 – 122°.  Despite repeated attempts toward 
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crystallizing bis(gold) complex 17 and 17•SbF6, we were unable to obtain X-ray quality 

crystals of a gem-diaurated vinyl complex. 

 

Figure 79.  ORTEP diagram of 16.  Ellispoids are shown at 50% probability and 

hydrogen atoms have been omitted for clarity.  Selected bond lengths (Å) and angles 

(deg):  Au1‒C2 = 2.048(7), Au1‒P1 = 2.3163(16), C1‒C2 = 1.333(11), C2‒C3 = 

1.518(10), C2‒Au1‒P1 = 174.3(2), C1‒C2‒Au1 = 120.5 (6), C3‒C2‒Au1 = 122.4(5), 

C1‒C2‒C3 = 117.0(7). 

 

5.2.2  Catalytic Relevance of Mono(gold) and Bis(gold) Complexes 

 

 To evaluate the relevance of vinyl gold complexes 16 and 17 in the gold-

catalyzed conversion of 14 to 15, we investigated the reaction of 14 with (L)AuOTs 

under stoichiometric and catalytic conditions.  Reaction of an equimolar solution of 14 

(55 mM) and (L)AuOTs in CD2Cl2 at ‒80 °C led to immediate (≤10 min) formation of a 

1:1 mixture allenyl alcohol 14 and bis(gold) 17 without generation of detectible quantities 
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of mono(gold) 16 or vinyl THF 15, which established the facility of both C‒O bond 

formation and aggregation relative to protodeauration (Scheme 4).  Warming this solution 

to ‒30 °C for 3 h led to formation of 15 in 94 ± 5% yield (
1
H NMR) with concomitant 

regeneration of (L)AuOTs.  When a solution of 14 (120 mM) and a catalytic amount of 

(L)AuOTs (5 mol %) in CD2Cl2 at ‒30 °C was monitored periodically by 
31

P NMR 

spectroscopy, resonances corresponding to 17 appeared immediately, persisted 

throughout 95% conversion as the only detectable organometallic species, and then 

disappeared with regeneration of (L)AuOTs ( 53.5).   

 

Scheme 4. 

 We likewise investigated the protonolysis behavior of vinyl gold complexes 16 

and 17.  Treatment of mono(gold) vinyl species 16 with TsOH (2 equiv) at 25 °C led to 

immediate (≤10 min) formation of vinyl tetrahydrofuran 15 in 99 ± 5% yield (
1
H NMR; 

Scheme 4).  However, 
1
H NMR analysis of the reaction of 16 with TsOH (1.3 equiv) at 

‒80 °C revealed immediate (≤5 min) retrocyclization/aggregation to form a ~1:1 mixture 
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of allenyl alcohol 14 and bis(gold) 17 in >90% combined yield, along with traces (~8%) 

of 15 (Scheme 4).  Warming this solution at 0 °C for 20 min led to complete (97 ± 5% 

yield by 
1
H NMR) conversion to 15 and (L)AuOTs (Scheme 4).  While reversible 

carbon‒nucleophile bond formation has not previously been documented for gold-

catalyzed allene hydrofunctionalization, Blum has documented the reversible cyclization 

of an allyl allenoate to form a gold -vinyl allyl oxonium complex
158,235

 and Toste has 

provided evidence for the reversible conversion of a -alkenyl urea to a -alkyl gold 

complex.
40

  

 

5.2.3  Kinetic Analysis of the Catalytic Conversion of 14 to 15 

 

 The formation of allenyl alcohol 14 and bis(gold) 17 (1:1) in the stoichiometric 

reaction and observation of 17 as the catalyst resting state species in the catalytic reaction 

of 14 with (L)AuOTs suggest a mechanism for hydroalkoxylation of 14 involving 

reversible C‒O bond formation followed by turnover limiting protodeauration of 17.  To 

better understand the factors that govern protonolysis of the Au‒C bond under catalytic 

conditions, we analyzed the kinetics for gold-catalyzed conversion of 14 to 15 and 14-O-

d to 15-d.  
1
H NMR analysis of a solution of 14 (116 mM) and a catalytic amount of 

(L)AuOTs (5 mol %) at ‒30 °C revealed an apparent first-order decay of 14 to ~3 half-

lives with an observed rate constant of kobs = 2.71 ± 0.05 × 10
‒4

 s
‒1

.  Comparison to the 

rate constant for cyclization of 14-O-d (kobs = 5.1 ± 0.1 × 10
‒5

 s
‒1

) under similar 

conditions revealed a deuterium KIE: kH/kD = 5.3 (Figure 80), suggesting a mechanism 

for hydroalkoxylation of 14 involving rate limiting protonation. 
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Figure 80.  Pseudo first-order plots for the conversion of 14 to 15 (◊) and 14-O-d to 15-d 

(○) catalyzed by (L)AuOTs in CD2Cl2 at ‒30 °C ([14]o = [14-O-d]o = 116 mM, 

[(L)AuOTs] = 5.8 mM). 

 To determine the dependence of the rate on gold concentration for the gold-

catalyzed conversion of 14 to 15, similar solutions were analyzed employing varying 

amounts of (L)AuOTs ([(L)AuOTs] = 2.8 – 11.3 mM) (Figure 81).  Plotting ln[14] vs. 

time produced first-order plots that deviated from linearity and provided first-order rate 

constants inconsistent with a first-order dependence on [(L)AuOTs].  Instead, comparison 

of the half-order rate constants (obtained by plotting √[14] vs. time) revealed the 

anticipated first-order dependence of the rate on [(L)AuOTs] (Figures 81 and 82).  To 

better understand the dependence on counterion identity, we evaluated the gold-catalyzed 

conversion of 14 to 15 in the presence of the more strongly coordinating acetate anion.  

Interestingly, 
31

P and 
1
H NMR analysis of a solution of 14 and a catalytic amount of 

(L)AuOAc (10 mol %) at 23 °C revealed mono(gold) vinyl complex 16 as the resting 

state species; a plot of [14] vs. time to ≥ 3 half-lives was linear with a zero-order rate 
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constant of kobs = 7.9 ± 0.3 × 10
‒7

 M s
‒1

.  It should be noted that there was no 

spectroscopic evidence for bis(gold) 17•OAc formation throughout full conversion. 

 

Figure 81.  Half-order plots for the conversion of 14 to 15 catalyzed by 2.5 mol % (○; 

k1/2 = 6.9 ± 0.2 × 10
‒4

 M
1/2

 s
‒1

), 5 mol % (□; k1/2 = 9.6 ± 0.2 × 10
‒4

 M
1/2 

s
‒1

), and 10 mol % 

k1/2 = 1.84 ± 0.04  × 10
‒3

 M
1/2 

s
‒1

) (L)AuOTs in CD2Cl2 at ‒30 °C. 

 

Figure 82.  Plot of k1/2 vs. [(L)AuOTs] ([(L)AuOTs] = 2.8 – 11.3 mM) with 0,0 point 

included. 
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Based on mechanistic studies and the calculated deuterium KIE for the tosylate 

system: kH/kD = 5.3, it seems most reasonable that conversion of 14 to 15 in the presence 

of tosylate proceeds through rate limiting protodeauration of bis(gold) 17 directly.  

Further, the observed dependence of the rate on [14] in the tosylate system suggests 

involvement of 14 in the rate limiting step of the overall transformation.  Conversely, 

observation of 16 as the resting state species and the zeroth-order dependence of the rate 

on [14] in the presence of acetate points to a mechanism involving rate limiting 

protodeauration of 16 with HOAc with no involvement of 14 in the rate limiting step.  

Notwithstanding the kinetic results, it is difficult to envision a mechanism for the Au‒C 

bond protonolysis of 17 that involves allenyl alcohol 14.  An intriguing alternative 

involves the establishment of a pre-equilibrium favoring bis(gold) complex 17 followed 

by rate limiting protodeauration of mono(gold) 16, which would be accelerated in the 

presence of coordinating ligands, such as 14 (Scheme 5). 

 

Scheme 5. 
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5.2.4  Protodeauration of Vinyl Gold Complexes 16 and 17 

 

5.2.4.1  Protonation of Mono(gold) Vinyl 16 with Various Acids 

 To better understand the protonation reactivity of mono(gold) vinyl complexes, 

we evaluated the protonation reaction of 16 with acidic species of varying pKa (Table 28).  

As described in the protonation reaction above, HOTs (52 mM) was added to a CD2Cl2 

solution of complex 16 (26 mM) at room temperature and immediately (≤ 10 min) 

analyzed by 
1
H NMR, showing full conversion to vinyl THF 15 in 99 ± 5% yield.  

Likewise, reaction of 16 with trifluoroacetic acid afforded full conversion to 15 (94 ± 5% 

yield) within 10 min at room temperature.  The reaction progressed at a markedly slower 

rate when acetic acid was used to protodeaurate 16, taking nearly 100 min at room 

temperature to achieve full conversion (85 ± 5% yield).  Further, mono(gold) complex 16 

and vinyl THF 15 were the only species observed through the full reaction course with no 

apparent formation of bis(gold) 17•OAc.  Interestingly, the use of HCl (4.0 M in dioxane) 

and thiolacetic acid resulted in only half conversion (49 ± 5% and 54 ± 5% 
1
H NMR 

yield, respectively) to 15 in addition to regeneration of allenyl alcohol 14 (~50%).  These 

observations point to an initial retrocyclization generating a 1:1 mixture of the allenyl 

alcohol 14 and diaurated complex 17•Cl, which undergoes irreversible protodeauration to 

yield 15 with concomitant formation of catalytically-inert (L)AuCl.  Lastly, reaction with 

methanesulfonic acid resulted in negligible product formation (~13% yield) and the use 

of TfOH and HBF4 provided only traces (≤5% yield) of 15 in addition to numerous 

decomposition products. 
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Table 28.  Protonation of mono(gold) 16 with acids of varying strength. 

 

 

5.2.4.2  Kinetic Analysis of Mono(gold) 16 Protonation with Acetic Acid 

 Acetic acid mediated protodeauration of mono(gold) 16 without retrocyclization 

and bis(gold) 17 formation provided an interesting opportunity to investigate the 

protonation behavior of mono(gold) vinyl complex 16.  To this end, we analyzed the 

room temperature reaction of 16 with acetic acid at varying concentrations and 

determined the deuterium KIE.  For example, mono(gold) 16 (38 mM) in CD2Cl2 was 

treated with HOAc (40 mM) at 25 °C and monitored periodically by 
1
H NMR.  Plotting 

Ln[16] vs. time over the initial 20% conversion was linear with a first-order rate constant 

of kobs = 1.53 ± 0.06 × 10
‒4

 s
‒1

 (Figure 83).  The rate of protodeauration was directly 

proportional to [HOAc] ([HOAc] = 40 – 302 mM); a plot of kobs vs. [HOAc] was linear 

and provided a second-order rate constant of 7.8 ± 0.1 × 10
‒3

 M
‒1

 s
‒1

 (Figure 84).  Direct 
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involvement of the acidic proton in the Au–C bond protonolysis was analyzed by 

comparing the rate constant for protonolysis of 16 with the deuterium isotopomer, DOAc.  

A similar experimental and data reduction strategy revealed a significantly retarded 

reaction rate constant (kobs = 4.8 ± 0.1 × 10
‒5

 s
‒1

) and a large deuterium KIE: kH/kD = 3.2.  

Taken together, these results suggest that the protodeauration step of the catalytic 

hydroalkoxylation of allenyl alcohol 14 may involve protonolysis of the mono(gold) 

vinyl complex 16. 

 

Figure 83.  First-order plots for the HOAc-mediated conversion of 16 to 15 ([16] = 38 

mM) with [HOAc] = 38 mM (◊; kinit = 1.53 ± 0.06 × 10
‒4

 s
‒1

), 76 mM (□; kinit = 4.1 ± 0.2 

× 10
‒4

 s
‒1

), 151 mM (; kinit = 1.06 ± 0.08 × 10
‒3

 s
‒1

), 302 mM (×, kinit = 2.16 ± 0.07  × 

10
‒3

 s
‒1

) and [DOAc] = 38 mM (○; kinit = 4.8 ± 0.1 × 10
‒5

 s
‒1

) in CD2Cl2 at 25 °C. 
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Figure 84.  Plot of kinit vs. [HOAc] ([HOAc] = 38 – 302 mM) with 0,0 point included. 

 

5.2.4.3  Kinetic Analysis of Bis(gold) 17 Protonation with Tosylic Acid 

 To gain insight into the role of the gem-diaurated species 17, we analyzed the 

kinetics of protodeauration of 17 with TsOH in CD2Cl2 at 5 °C (Table 29).  Plotting 

Ln[17] vs. time over the initial 20% conversion for the reaction of 17 (38 mM) with 

HOTs (1:1) was linear with a first-order rate constant of kobs = 3.5 ± 0.2 × 10
‒4

 s
‒1

.  Initial 

rate analysis of the consumption of 17 (38 mM) over a range of tosylic acid 

concentrations ([TsOH] = 38 – 152 mM) (Table 29) revealed an apparent zeroth-order 

dependence of the rate on [HOTs].  Protodeauration of 17 likewise exhibited no 

significant deuterium KIE (kH/kD = 0.92) for the reaction of 17 with DOTs (38 mM; kobs = 

3.9 ± 0.2 × 10
‒4

 s
‒1

) (Figure 85).  We also analyzed the effect of various ligands on the 

rate of bis(gold) 17 protodeauration.  Modest acceleration of the rate was observed in the 

cases of 3-methyl-1,2-butadiene and vinyl tetrahydrofuran 15, with 1.5 and 1.2 fold rate 
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increases, respectively.  There was also a modest deceleration of the rate with added 

Et4NOTs (3-fold decrease) and a slight deceleration in the presence of 1-phenylpropanol.  

Most striking was the rate deceleration effect of added (L)AuOTs; at [(L)AuOTs] = 152 

mM, the rate of protonolysis was diminished to roughly 18% of the rate in absence of 

excess (L)AuOTs.  Overall these observations point to a mechanism for the conversion of 

14 to 15 involving rate-limiting disproportionation of 17 into 16 and (L)AuOTs followed 

by rapid protodeauration of 16.   

 

Table 29.  Observed rate constants for the protodeauration of bis(gold) 17 with tosylic 

acid in CD2Cl2 at 5 °C. 
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Figure 85.  First-order plots for the reaction of bis(gold) 17 with HOTs (○) and DOTs 

(□) in CD2Cl2 at 5 °C ([17] = [HOTs] = [DOTs] = 38 mM). 

 

5.2.5  Equilibrium Binding Constants 

 

 To gain insight into the binding ability of the various species in the catalytic 

reaction to (L)Au
+
, the binding affinities of allenyl alcohol 14, vinyl tetrahydrofuran 15, 

OTs
‒
, and mono(gold) vinyl 16 were determined relative to the NCArF ligand of 

(L)AuNCArF [NCArF = 3,5-C6H3(CF3)2)] (Table 30).  Binding studies reveal OTs
‒
 and 

16 as the strongest binding ligands to gold, with 16 binding ~11.5 times more strongly 

than OTs
‒
 and ~700 times more strongly than 14 or 15.  The modest binding preference 

of 16 with respect to OTs
‒
 is not entirely consistent with the quantitative formation of 

bis(gold) 17 from 16 and (L)AuOTs, although the conditions for these equilibrium 

measurements are perturbed relative to catalytic conditions.  In combination with the in 

situ spectroscopy and kinetic experiments, these binding observations reinforce the 
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conclusion that bis(gold) vinyl 17 is an off-cycle resting state, which sequesters the 

catalytically-active mono(gold) 16. 

Table 30.  Equilibrium constants for the displacement of NCArF from [(L)Au(NCArF)]
+
 

SbF6
‒
 [L = P(t-Bu)2o-biphenyl] with catalytic species in CD2Cl2 at ‒60 °C. 

 

 

5.2.6  Mechanistic Discussion 

 

 The experimental observations described herein support a mechanism for the 

gold-catalyzed conversion of 14 to 15 involving rapid and reversible outer-sphere C‒O 

bond formation from the unobserved gold -allene complex I to form mono(gold) vinyl 

complex 16 with release of HOTs (Scheme 6).  Complex 16 undergoes turnover-limiting 

protodeauration with HOTs to form 15 and (L)AuOTs or, alternatively, 15 is reversibly 

sequestered by (L)Au
+
 to form gem-diaurated species 17 in an off-cycle pathway 

(Scheme 6).  All available evidence, notably the large deuterium KIE of catalytic 

hydroalkoxylation, points to turnover-limiting protodeauration, while the kinetics and 

KIE of the stoichiometric reaction of 17 with HOTs argues against the direct protonation 

of 17. 
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Scheme 6. 

 With a working mechanism in place, we sought to more fully delineate the 

interplay between mono(gold) and bis(gold) vinyl complexes during catalysis and to 

likewise evaluate the reversibility of C–O bond formation under catalytic conditions.  To 

this end we performed a deuterium-labeling experiment that allowed the evolution of 

bis(gold) vinyl complex 17 to be analyzed independently from on-cycle catalytic 

turnover.  Specifically, an equimolar mixture of 17 and HOTs (1.4 mM) was generated in 

situ from reaction of 14 and (L)AuOTs (1:2) at ‒78 °C in CD2Cl2 (Scheme 7).  This 

solution was treated with excess 1,1-dideuterio-2,2-diphenyl-4,5-hexadien-1-ol (14-d2; 29 

mM) at ‒78 °C, warmed to ‒45 °C, and monitored periodically by 
1
H NMR spectroscopy 

(Scheme 7).  During the initial 2 – 7% conversion (defined by 15 and 15-d2 formation), 

the rate of total product formation [15-dx; X = 0,2] was ~2.5 times greater than was the 
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rate at which 17 was consumed, which, in turn, was ~5 times greater than the rate of 

formation of 15 (Figure 86).   

 

Scheme 7.  Pathways for the consumption of 17 (1.4 mM) in the presence of 14-d2 (29 

mM) in CD2Cl2 at ‒45 °C. 

 



 

269 

 

Figure 86.  Concentration versus time plot for the cyclization of 14-d2 (29 mM) 

catalyzed by in situ generated 17 (1.4 mM) in CD2Cl2 at ‒45 °C from ~2 to ~7% 

conversion:  [15 + 15-d2] (); [15] (); [17 + 17-d2] (); [17] (). 

 

Two important conclusions were drawn from these observations.  Firstly, ~70% 

of catalyst turnover bypasses the bis(gold) vinyl complex 17-dx, which solidifies 

assignment of 17 as an off-cycle catalyst reservoir.  Secondly, ~80% of mono(gold) vinyl 

complex 16 generated via disproportionation of protio 17 undergoes cycloreversion and 

ligand exchange rather than protodeauration.   However, because cycloreversion without 

intermolecular ligand exchange (16 to 14) would not lead to dispersion of 14 into the 

reactant pool, the relative rates of cycloreversion and protodeauration from 16 may be 
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significantly greater than the ~4:1 ratio determined from this experiment.  Also worth 

noting was over the same conversion range noted above (2 – 7%), the total concentration 

of bis(gold) vinyl isotopomers [17-dx, X = 0,2] decreased by ~8%, which presumably 

reflects the approach to the steady-state distribution of (L)Au
+
 between 17-dx and on-

cycle mono(gold) complexes (Scheme 6). 

 

5.2.7  Stereochemistry of C‒O Bond Formation 

 

 In addition to the parent complex 16, reaction of the axially chiral allenyl alcohol 

(R,S)-2,2-diphenyl-4,5-heptadien-1-ol 18 with a stoichiometric amount of (L)AuCl, 

AgOTs, and triethylamine (1:1:2) in toluene provided the methyl-substituted mono(gold) 

vinyl complex 19 in 95% yield.  Complex 19 was likewise crystallized at 4 °C following 

dissolution in a mixture of boiling hexanes and methylene chloride (10:1).  Bond lengths 

and angles for this complex were comparable to those of the analogous sigma gold 

complex 16, including Au‒C1‒C2, Au‒C1‒C4, and C4‒C1‒C2 bond angles of 116 – 

123° (Figure 87).  Additionally, the structure of complex 19 clearly shows bonding of the 

gold phosphine on the same face of the vinyl gold fragment as the pendant methyl group, 

with Au1–C1–C2–C3 and C4–C1–C2–C3 dihedral angles of 0 and 178°, respectively.  

This cis-(Au, Me) configuration was confirmed in solution by 
1
H and 

31
P NMR analysis, 

which revealed the existence of a single diastereomer.  Formation of cis-(Au, Me)-19 is 

in accord with the previously established mechanistic proposal for catalytic 

hydroalkoxylation involving C–O bond formation from the gold -allene intermediate in 

which the (L)Au
+
 fragment coordinates cis to the proximal methyl group.

63 
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Figure 87.  ORTEP diagram of 19.  Ellispoids are shown at 50% probability and 

hydrogen atoms have been omitted for clarity.  Selected bond lengths (Å) and angles 

(deg):  Au1‒C1 = 2.058(2), Au1‒P1 = 2.3192(5), C1‒C2 = 1.345(3), C2‒C3 = 1.487(3), 

C1‒C4 = 1.509(3), C1‒Au1‒P1 = 175.92(6), C1‒C2‒Au1 = 122.68 (16), C4‒C1‒Au1 = 

121.58(14), C2‒C1‒C4 = 115.71(19), Au1–C1–C2–C3 = 0, C4–C1–C2–C3 = 178. 

  

While it had been previously determined that a mixture of (L)AuCl/AgOTs (5 mol 

%) in toluene catalyzes the hydroalkoxylation of 18 to afford tetrahydrofuran 20 favoring 

the trans isomer (~6:1),
63

 the methyl-substituted mono(gold) vinyl 19 was isolated as a 

single diastereomer (≥ 25:1 by 
1
H NMR) having a cis relationship between gold and the 

terminal methyl group.  To evaluate the diastereoselectivity for the protodeauration of 19, 

a CD2Cl2 solution of 19 (26 mM) was treated with HOTs (30 mM) leading to vinyl THF 

20 (13.5:1 E/Z) (Scheme 8).  In a similar manner, a CD2Cl2 solution of the bis(gold) 

complex 21 (generated in situ through reaction of 19 and LAuOTs) was treated with 
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HOTs, generating 21 as a 13.6:1 mixture of E and Z diastereomers.  We likewise 

evaluated the catalytic reaction of 18 with (L)AuOTs (5 mol %) in methylene chloride, 

which resulted in formation of the trans isomer of 20 in greater diastereoselectivity 

(12.2:1, E/Z) than the corresponding reaction in toluene.
63

  Taken together, these results 

point to initial catalyst aggregation, forming diaurated species 21, which must shed one 

equivalent of (L)Au
+
 prior to Au–C bond protonolysis of the mono(gold) vinyl species 

19. 

 

Scheme 8. 

 

5.2.8  Summary 

 

 The mechanism of the gold(I)-catalyzed conversion of 14 to 15 has been 

elucidated, which represents the first mechanistic analysis of gold-catalyzed 

hydroalkoxylation.  Two key conclusion can be drawn from these studies:  (1) bis(gold) 

vinyl complex 17 is an off-cycle catalyst reservoir and (2) C‒O bond formation is rapid 

and reversible under catalytic conditions.  The presence of an off-cycle intermediate 

provides both a target for improving catalytic efficiencies and a rationale for the 
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enhanced reactivity of sterically-hindered phosphine and carbene supporting ligands 

(relative to PPh3) in many gold(I)-catalyzed transformations.  Likewise, reversible C‒O 

bond formation has important implications regarding stereochemical control in gold(I)-

catalyzed enantioselective allene hydrofuctionalization.
64-66,74,75,77,78

  Specifically, this 

result suggests that extant mechanistic models invoking stereochemically determining 

carbon‒nucleophile bond formation may require re-evaluation in the context of 

stereochemically-determining protodeauration of an equilibrating mixture of 

diastereomeric gold vinyl complexes. 

 

5.3  Experimental 

5.3.1  General Methods 

 

 Reactions were performed under a nitrogen atmosphere employing standard 

Schlenk and glovebox techniques unless specified otherwise.  NMR spectra were 

obtained on a Varian spectrometer operating at 500 MHz for 
1
H NMR, 125 MHz for 

13
C 

NMR, and 202 MHz for 
31

P NMR in CD2Cl2 at 25 °C unless noted otherwise.  IR spectra 

were obtained on a Nicolet Avatar 360-FT IR spectrometer.  Elemental analyses were 

performed by Complete Analysis Laboratories (Parsippany, NJ).  Mass spectra were 

obtained on an Applied Biosystems Voyager-DE Pro MALDI mass spectrometer 

operating at a mass range of 500-4000u with a dihydroxyacetophenone matrix (10 mg/1 

mL CD2Cl2) and was calibrated with PEG1000. Methylene chloride was purified by 

passage through columns of activated alumina under nitrogen.  CDCl3 and CD2Cl2 were 

dried over CaH2 and distilled under nitrogen prior to use.  2,2-Diphenyl-4,5-hexadien-1-
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ol (14) and (R,S)-2,2-diphenyl-4,5-heptadien-1-ol (18) were synthesized using a 

published procedure.
63

  (L)AuCl [L = P(t-Bu)2o-biphenyl], p-toluenesulfonic acid 

monohydrate, AgOTs, and hexanes were purchased from major chemical suppliers and 

were used as received.  Anhydrous p-toluenesulfonic acid was obtained by heating p-

toluenesulfonic acid monohydrate under vacuum at 110 °C for 4 h followed by 

recrystallization from anhydrous ethyl acetate.
236

  Error limits for rate constants were 

determined by linear least squares analysis of the raw data plots.  NMR probe 

temperatures were calibrated using a neat methanol thermometer. 

 

5.3.2  Syntheses 

 

 p-Toluenesulfonic acid-O-d.  A solution of anhydrous p-toluenesulfonic acid 

(0.90 g, 5.2 mmol) was refluxed in D2O (5 mL) and concentrated under vacuum.  The 

sequence was repeated three additional times and the resulting solid (presumably 

DOTs•D2O) was heated under vacuum at 110 °C for 4 h and recrystallized from 

anhydrous ethyl acetate to give DOTs (~90% d). Deuterium incorporation was 

determined by integration of the proton resonance at  9.28 in anhydrous DMSO-

d6/CD2Cl2 (v/v = 5:95) and by comparison to the integration of an authentic sample of 

HOTs in anhydrous DMSO-d6/CD2Cl2 (v/v = 5:95). 

2,2-Diphenyl-4,5-hexadien-1-ol-O-d (14-O-d).  2,2-Diphenyl-4,5-hexadien-1-ol 

(14; 0.13 g, 0.52 mmol) was refluxed in D2O (3 mL) and concentrated under vacuum.  

The sequence was repeated two additional times and on the third iteration, the resulting 

mixture was extracted with anhydrous ether and dried under vacuum to give pure 14-O-d 
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(~94% d).  Deuterium incorporation was determined by 
1
H NMR integration of the 

hydroxyl resonance at  1.52 in CD2Cl2 and by comparison to the integration of the 

hydroxyl resonance of pure 14 in CD2Cl2. 

1,1-Dideuterio-2,2-diphenyl-4,5-hexadien-1-ol (1-d2).  A solution of methyl 2,2-

diphenylhexa-4,5-dienoate (0.38 g, 1.37 mmol) in ether (5 mL) was added dropwise to a 

suspension of LiAlD4 (107 mg, 2.74 mmol) in ether (25 mL) at 0 °C and the resulting 

suspension stirred for 1 h.  The reaction mixture was treated sequentially with water (0.14 

mL), aqueous NaOH (15 wt. %, 0.14 mL), and water (0.14 mL) at 0 °C.  The suspension 

was filtered through Celite, dried (MgSO4), and concentrated under vacuum to give 14-d2 

(330 mg, 95%) with ≥95% deuterium incorporation as determined by the absence of a 

detectable 
1
H NMR resonance at  4.2 corresponding to the C1 protons. 

 (L)AuOTs.  A suspension of (L)AuCl (100 mg, 0.19 mmol) and AgOTs (53 mg, 

0.19 mmol) in CH2Cl2 (3 mL) was stirred at room temperature for 1 h.  The resulting 

suspension was filtered through a plug of Celite and the filtrate was concentrated to ~1 

mL, diluted with hexanes (10 mL) and cooled at 4 °C overnight to give (L)AuOTs (104 

mg, 83 %) as a colorless powder.  
1
H NMR:    7.78 (t, J = 7.5 Hz, 1 H), 7.59 (d, J = 8.0 

Hz, 2 H), 7.50 ‒ 7.40 (m, 2 H), 7.31 ‒ 7.19 (m, 4 H), 7.14 (d, J = 8.0 Hz, 2 H), 7.05 (d, J 

= 7.5 Hz, 2 H), 2.30 (s, 3 H), 1.26 (d, J = 16.0 Hz, 18 H).  
13

C{
1
H} NMR:    150.1 (d, J 

= 12.0 Hz), 142.3 (d, J = 6.7 Hz), 142.0, 141.3, 133.4 (d, J = 3.9 Hz), 133.3 (d, J = 7.2 

Hz), 129.6, 129.1, 128.8, 128.5, 127.3 (d, J = 7.1 Hz), 126.7, 124.7 (d, J = 49.6 Hz), 38.2 

(d, J = 28.2 Hz), 30.9 (d, J = 6.2 Hz), 21.5.  
31

P{
1
H} NMR:    56.1.  Anal. calcd (found) 

for C27H34AuO3PS:  H, 5.14 (5.09); C, 48.65 (48.57). 
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(L)Au[
1
-C(=CH2)C4H7O (16).  A toluene solution of 2,2-diphenyl-4,5-

hexadien-1-ol (14) (30 mg, 0.12 mmol) and triethylamine (24 mg, 0.24 mmol) was added 

dropwise via syringe to a stirred suspension of (L)AuCl (64 mg, 0.12 mmol) and AgOTs 

(34 mg, 0.12 mmol) in toluene (2 mL), and the reaction mixture was stirred at room 

temperature for 1.5 h.  The resulting suspension was dissolved in ether and treated with 

aqueous Na2CO3 (15 mL).  The layers were separated, the aqueous layer was extracted 

with ether (2  10 mL), and the combined organic extracts were dried (MgSO4) and 

concentrated under vacuum.  The resulting solid was dissolved in boiling hexanes (10 

mL) and cooled at 4 °C for 48 h to form 16 (78 mg, 87 %) as colorless crystals.  
1
H NMR 

(25 °C, CDCl3):  7.81 (t, J = 6.5 Hz, 1 H), 7.37 (t, J = 7.5 Hz, 2 H), 7.29 (d, J = 7.5 Hz, 

3 H), 7.26 ‒ 7.03 (m, 13 H), 5.48 (dd, J = 4, 14 Hz, 1 H), 4.57 (d, J = 8.5 Hz, 1 H), 4.45 

(t, J = 5.5 Hz, 1 H), 4.37 (td, J = 5.5, 10.5 Hz, 1 H), 3.98 (d, J = 8.5 Hz, 1 H), 2.48 ‒ 2.35 

(m, 2 H), 1.32 (d, J = 14.5 Hz, 9 H), 1.27 (d, J = 14.5 Hz, 9 H).  
13

C{
1
H} NMR (25 °C, 

CDCl3):    182.7 (d, J = 103.8 Hz), 150.3 (d, J = 16.4 Hz), 147.6, 146.6, 142.5 (d, J = 

5.7 Hz), 135.1, 133.0, 129.8, 129.2 (d, J = 42.8 Hz), 128.5, 128.0, 127.6, 127.4, 126.2, 

125.9 (d, J = 28.9 Hz), 117.1, 88.23, 88.20, 56.0, 47.5, 37.3 (d, J = 18.3 Hz), 37.2 (d, J = 

19.1), 31.0 (d, J = 6.7 Hz), 30.7 (d, J = 6.8 Hz).  
31

P{
1
H} NMR (25 °C, CDCl3):    65.6.  

Anal. calcd (found) for C38H44AuOP:  H, 5.96 (6.06); C, 61.29 (61.14). 

{[(L)Au]2[C(=CH2)C4H7O]}
+
 OTs

‒
 (17).  Mono(gold) vinyl complex 16 (15 mg, 

0.02 mmol), (L)AuOTs (13.4 mg, 0.02 mmol), and 1,3-dimethoxybenzene (0.5 L; 3.8 

mol; internal standard) were combined in an NMR tube under nitrogen and dissolved in 

CD2Cl2 (0.5 mL) at 25 °C to form 17 in 98 ± 5% yield as determined by 
1
H NMR 
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analysis and as the exclusive phosphorous-containing species as determined by 
31

P NMR 

spectroscopy.  
1
H NMR (0 °C, CD2Cl2):    7.82 (t, J = 6 Hz, 2 H), 7.64 (d, J = 7.5 Hz, 2 

H), 7.52 (br. s, 4 H), 7.42 ‒ 7.06 (m, 24 H), 4.83 (d, J = 4 Hz, 1 H), 4.66 (d, J = 8.5 Hz, 1 

H), 4.27 (br. s, 1 H), 3.87 (d, J = 8.5 Hz, 1 H), 3.50 (d, J = 4.5 Hz, 1 H), 2.38 (dd, J = 5.0, 

11.5 Hz, 1 H), 2.31 (s, 3 H), 2.21 (t, J = 11.5 Hz, 1 H), 1.38 (d, J = 15.0 Hz, 9 H), 1.36 (d, 

J = 15.0 Hz, 9 H), 1.30 (d, J = 15.0 Hz, 9 H), 1.27 (d, J = 15.0 Hz, 9 H).  
13

C{
1
H} NMR 

(–60 °C, CD2Cl2):    148.4 (d, J = 14.7 Hz), 148.3 (d, J = 14.4 Hz), 145.7, 144,5, 143.1 

(d, J = 6.2 Hz), 143.0 (d, J = 5.3 Hz), 138.5, 134.2 (d, J = 20.7 Hz), 132.9, 130.6, 129.2 

(d, J = 9.1 Hz), 129.1, 128.5 (d, J = 24.4 Hz), 128.3, 128.1, 128.0, 127.2, 126.7 (d, J = 

12.5 Hz), 126.4 (d, J = 33.5 Hz), 125.7, 125.4, 125.1, 107.4, 85.8, 76.4, 55.5, 45.9, 37.4 ‒ 

36.7 (m, 4 C), 30.8 ‒ 29.7 (m, 12 C).  
31

P{
1
H} NMR (0 °C, CD2Cl2):    61.8, 60.9 (1:1).  

MALDI-MS calcd (found) for C58H71Au2OP2 (M
+
):  1239.4 (1240.2). 

(L)Au[
1
-C(=CH2Me)C4H7O (19).  A toluene solution of 2,2-diphenyl-4,5-

hexadien-1-ol (14) (34 mg, 0.13 mmol) and triethylamine (26 mg, 0.26 mmol) was added 

dropwise via syringe to a stirred suspension of (L)AuCl (68 mg, 0.13 mmol) and AgOTs 

(36 mg, 0.13 mmol) in toluene (3 mL), and the reaction mixture was stirred at room 

temperature for 12 h.  The resulting suspension was dissolved in ether and treated with 

aqueous Na2CO3 (15 mL).  The layers were separated, the aqueous layer was extracted 

with ether (2  10 mL), and the combined organic extracts were dried (MgSO4) and 

concentrated under vacuum.  The resulting solid was dissolved in boiling hexanes (10 

mL) and cooled at 4 °C for 48 h to form 19 (92 mg, 95 %) as colorless crystals.  
1
H NMR 

(25 °C, CDCl3):  7.90 (t, J = 6.5 Hz, 1 H), 7.50 – 7.42 (m, 2 H), 7.40 – 7.32 (m, 2 H), 
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7.31 – 7.14 (m, 13 H), 7.11 (br. s, 1 H), 6.28 – 6.14 (m, 1 H), 4.60 (d, J = 8 Hz, 1 H), 

4.56 – 4.48 (m, 1 H), 4.08 (d, J = 8.5 Hz, 1 H), 2.55 ‒ 2.42 (m, 2 H), 1.70 (d, J = 6 Hz, 3 

H), 1.40 (d, J = 14.5 Hz, 9 H), 1.34 (d, J = 14.5 Hz, 9 H).  
13

C{
1
H} NMR (25 °C, CDCl3):  

  174.9 (d, J = 102.1 Hz), 150.5 (d, J = 16.4 Hz), 147.9, 146.9, 142.7 (d, J = 5.8 Hz), 

135.1, 132.9 (J = 6.7 Hz), 129.7, 129.1, 128.7 (d, J = 10.6 Hz), 128.2, 128.0, 127.5, 

127.3, 127.2, 126.9, 126.2 (d, J = 3.9 Hz), 125.7 (d, J = 29.7 Hz), 117.1, 88.2, 56.3, 48.0, 

37.5 (d, J = 17.4 Hz), 37.4 (d, J = 18.3 Hz), 31.0 (d, J = 7.7 Hz), 30.7 (d, J = 7.7 Hz), 

21.3.  
31

P{
1
H} NMR (25 °C, CDCl3):    66.9.  Anal. calcd (found) for C38H44AuOP:  H, 

6.11 (6.02); C, 61.74 (61.58). 

{[(L)Au]2[C(=CH2Me)C4H7O]}
+
 OTs

‒
 (21).  Mono(gold) vinyl complex 19 (12 

mg, 0.016 mmol), (L)AuOTs (10.7 mg, 0.016 mmol), and 1,3-dimethoxybenzene (0.5 

L; 3.8 mol; internal standard) were combined in an NMR tube under nitrogen and 

dissolved in CD2Cl2 (0.5 mL) at 25 °C to form 17 in 88 ± 5% yield as determined by 
1
H 

NMR analysis and as the exclusive phosphorous-containing species as determined by 
31

P 

NMR spectroscopy.  
1
H NMR:    7.93 – 7.83 (m, 2 H), 7.70 (d, J = 8.4 Hz, 2 H), 7.58 – 

7.50 (m, 4 H), 7.48 – 7.06 (m, 22 H), 7.04 – 6.94 (m, 2 H), 5.22 – 5.12 (m, 1 H), 4.72 (d, 

J = 8.8 Hz, 1 H), 3.97 (br. s, 1 H), 3.86 (d, J = 8.4 Hz, 1 H), 2.44 – 2.36 (m, 2 H), 2.33 (s, 

3 H), 1.71 (d, J = 6 Hz, 3 H), 1.44 – 1.22 (m, 36 H).  
31

P{
1
H} NMR:    65.1, 64.1 (1:1). 
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5.3.3  Kinetics Analysis of the Catalytic Conversion of 14 to 15 

 

 A solution of 14 (15 mg, 0.06 mmol), (L)AuOTs (2.0 mg, 3.0 mol, 5.8 mM), and 

1,3-dimethoxybenzene (0.8 L, 6.1 mol; internal standard) in CD2Cl2 (0.40 mL) was 

generated in an NMR tube at –78 °C.  The contents of the tube were mixed thoroughly, 

placed in the probe of an NMR spectrometer precooled at –30 °C, and the solution was 

monitored periodically by 
1
H NMR spectroscopy.  The concentration of 14 was 

determined by integration of the -allenyl methylene resonance of 14 ( 2.92) relative to 

the methoxy resonance of 1,3-dimethoxybenzene ( 3.80).  A plot of ln [14] versus time 

was linear over ~3 half-lives with a pseudo first order rate constant of kobs = 2.71 ± 0.05  

10
–4

 s
–1

 (Figure 88).  An analogous experiment involving the reaction of 14-O-d (113 

mM) and (L)AuOTs (5.7 mM) at –30 °C to form 15-d1 (85% d) gave a pseudo first-order 

rate constant of kobs = 5.1 ± 0.1  10
–5

 s
–1

 (Figure 89), which corresponds to a deuterium 

KIE of kH/kD = 5.31 ± 0.03 (Figure 80).  The extent of deuterium incorporation into the 

internal vinylic position of 15-d1 was determined by 
1
H NMR integration of the internal 

olefinic resonance at  5.92 (eq 4).  The dependence of the rate on [LAuOTs] was also 

determined employing a similar experimental strategy over a LAuOTs concentration 

range of [LAuOTs] = 2.8 – 11.3 mM.  Plotting √[14] versus time provided the half-order 

rate constants for conversion of 14 to 15 (Figure 81) and revealed a first-order 

dependence of the rate on [LAuOTs] (Figure 82). 
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Figure 88.  Pseudo first-order plot for the conversion of 14 to 15 catalyzed by (L)AuOTs 

in CD2Cl2 at ‒30 °C ([14] = 116 mM, [(L)AuOTs] = 5.8 mM) (k1 = 2.71 ± 0.05 × 10
‒4

 

s
‒1

). 
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Figure 89.  Pseudo first-order plot for the conversion of 14-O-d to 15-d1 catalyzed by 

(L)AuOTs in CD2Cl2 at ‒30 °C ([14] = 116 mM, [(L)AuOTs] = 5.8 mM) (k1 = 5.1 ± 0.1 

× 10
‒5

 s
‒1

). 

 

 

Figure 90.  Half-order plot for the conversion of 14 to 15 catalyzed by (L)AuOTs in 

CD2Cl2 at ‒30 °C ([14] = 111 mM, [(L)AuOTs] = 2.8 mM) (k1/2 = 6.9 ± 0.2 × 10
‒4 

M
1/2 

s
‒1

). 
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Figure 91.  Half-order plot for the conversion of 14 to 15 catalyzed by (L)AuOTs in 

CD2Cl2 at ‒30 °C ([14] = 116 mM, [(L)AuOTs] = 5.8 mM) (k1/2 = 9.6 ± 0.2 × 10
‒4 

M
1/2 

s
‒1

). 

 

 

Figure 92.  Half-order plot for the conversion of 14 to 15 catalyzed by (L)AuOTs in 

CD2Cl2 at ‒30 °C ([14] = 113 mM, [(L)AuOTs] = 11.3 mM) (k1/2 = 1.84 ± 0.04  × 10
‒3

 

M
1/2 

s
‒1

). 
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Figure 93.  Zero-order plot for the conversion of 14 to 15 catalyzed by (L)AuOAc in 

CD2Cl2 at 25 °C ([14] = 145 mM, [(L)AuOAc] = 15 mM) (kobs = 7.9 ± 0.3 × 10
‒7

 M s
‒1

). 

 

5.3.4  Protonolysis Experiments 

 

 Room temperature reaction of 16 with HOTs.  p-Toluenesulfonic acid 

monohydrate (7.6 mg, 0.04 mmol) was added to an NMR tube containing a solution of 16 

(10 mg, 0.013 mmol) and 1,3-dimethyoxybenzene (0.5 L, 3.8 mol) in CD2Cl2 (0.5 mL) 

at room temperature.  The contents were mixed thoroughly and the tube was placed in the 

probe of an NMR spectrometer maintained at 25 °C.  
1
H NMR analysis of the resulting 

solution within 10 min revealed formation of 15 in 99 ± 5% yield and 
31

P NMR analysis 

revealed a single resonance at  56.0 corresponding to (L)AuOTs.  Similar reactions were 

conducted employing the following acids:  trifluoroacetic acid, acetic acid, 

methanesulfonic acid, thiolacetic acid, HCl, fluoroboric acid, and triflic acid (Table 28).  
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 Low temperature reaction of 16 with HOTs.  p-Toluenesulfonic acid 

monohydrate (5.0 mg, 0.026 mmol) was added to an NMR tube containing a solution of 

16 (15 mg, 0.02 mmol) and 1,3-dimethyoxybenzene (1 L, 7.6 mol) in CD2Cl2 (0.5 mL) 

at –78 °C.  The contents of the tube were mixed thoroughly and the tube was placed in 

the probe of an NMR spectrometer pre-cooled at –80 °C.  
1
H and 

31
P NMR analysis of 

the resulting solution within 5 min revealed resonances corresponding to 14 (~46%) [
1
H 

NMR:   4.59 (br. s, 2 H), 4.51 (quint, J = 7.0 Hz, 1 H)], 17 (~46%)  [
1
H NMR:    4.78, 

4.60 (d, J = 8.5 Hz), 4.14, 3.73 (d, J = 8.5 Hz), and 3.26;  
31

P NMR:    60.0, 58.9 (1:1)], 

and 15 (8%) [
1
H NMR:   5.82 (ddd, J = 5.2, 10.6, 17.4 Hz, 1 H), 5.15 (d, J = 17.6 Hz, 1 

H), 5.06 (d, J = 10.8 Hz, 1 H)].  Warming this solution at 0 °C for ~10 min led to 

complete consumption of 17 and formation of a 1:1 mixture of 15 and (L)AuOTs [
31

P 

NMR:    54.1] in 97 ± 5% yield by 
1
H NMR analysis.  

5.3.4.1  Kinetic Analysis of the Stoichiometric reaction of 16 with HOAc/DOAc.  

Acetic acid (1.1 L, 0.02 mmol) was added via syringe to an NMR tube 

containing a solution of 16 (15 mg, 0.02 mmol) and 1,3-dimethoxybenzene (0.5 L, 3.8 

mol; internal standard) in CD2Cl2 (0.5 mL) at 23 °C.  The contents of the tube were 

mixed thoroughly, placed in the probe of an NMR spectrometer maintained at 25 °C, and 

the solution was monitored periodically by 
1
H NMR spectroscopy.  The concentration of 

16 was determined by integration of the doublet at  3.94 corresponding to the 

tetrahydrofuranyl ring proton of 16 relative to the methoxy resonance of 1,3-

dimethoxybenzene ( 3.80).  The initial rate of reaction was determined from a plot of ln 
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[16] versus time over ~20% conversion where kinit = 1.53 ± 0.06 × 10
‒4

 s
‒1

 (Figure 94).  

Initial rates for the reaction of 16 with HOAc were determined as a function of [HOAc] 

from 38 – 302 mM, which established the first-order dependence of the rate on [HOAc].  

An analogous experiment involving the reaction of 16 and DOAc (1:1, 38 mM) at 25 °C 

to form 15-d1 (93% d) gave a pseudo first-order rate constant of kobs = 4.8 ± 0.1 × 10
‒5

 s
‒1

 

(Figure 98), which corresponds to a deuterium KIE of kH/kD = 3.2 ± 0.1 (Figure 83).  The 

extent of deuterium incorporation into the internal vinylic position of 15-d1 was 

determined by 
1
H NMR integration of the internal olefinic resonance at  5.92 (eq 5). 

 

 

 

Figure 94.  First-order plot for the reaction of 16 with HOAc in CD2Cl2 at 25 °C ([16] = 

[HOAc] = 38 mM) (kinit = 1.53 ± 0.06 × 10
‒4

 s
‒1

). 
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Figure 95.  First-order plot for the reaction of 16 with HOAc in CD2Cl2 at 25 °C ([16] = 

38 mM; [HOAc] = 76 mM) (kinit = 4.1 ± 0.2 × 10
‒4

 s
‒1

). 

 

 

Figure 96.  First-order plot for the reaction of 16 with HOAc in CD2Cl2 at 25 °C ([16] = 

38 mM; [HOAc] = 151 mM) (kinit = 1.06 ± 0.08 × 10
‒3

 s
‒1

). 
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Figure 97.  First-order plot for the reaction of 16 with HOAc in CD2Cl2 at 25 °C ([16] = 

38 mM; [HOAc] = 302 mM) (kinit = 2.16 ± 0.07 × 10
‒3

 s
‒1

). 

 

 

Figure 98.  First-order plot for the reaction of 16 with DOAc in CD2Cl2 at 25 °C ([16] = 

[DOAc] = 38 mM) (kinit = 4.8 ± 0.1 × 10
‒5

 s
‒1

). 
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5.3.4.2  Kinetic Analysis of the Stoichiometric reactions of 17 with HOTs/DOTs.   

A solution of anhydrous p-toluenesulfonic acid (3.8 mg, 0.022 mmol) in DMSO-

d6/CD2Cl2 (v/v = 5:95;  40 L) was added via syringe to an NMR tube containing a 

solution of 17 (0.02 mmol) [generated in situ from reaction of 16 (15 mg, 0.02 mmol) and 

(L)AuOTs (13.4 mg, 0.02 mmol) at –78 °C] and 1,3-dimethoxybenzene (0.5 L; 3.8 

mol; internal standard) in CD2Cl2 (0.50 mL) at –78 °C.  The contents of the tube were 

mixed thoroughly at –78 °C, placed in the probe of an NMR spectrometer precooled at 5 

°C, and monitored periodically by 
1
H NMR spectroscopy.  The concentration of 17 was 

determined by integration of the doublet at  3.92 corresponding to a tetrahydrofuranyl 

ring proton of 17 relative to the methoxy resonance of 1,3-dimethoxybenzene ( 3.78).  

The initial rate of the protodeauration of 17 was determined from a plot of ln [17] versus 

time over ~20% conversion where kinit = 3.55 ± 0.06  10–4 s
–1

 (Figure 99).  Initial rates 

for the reaction of 17 with HOTs were determined as a function of [HOTs] from 19 to 

152 mM, which established the zeroth-order dependence of the rate on [HOTs] (Table 

29).  Similarly, reaction of 17 (38 mM) with anhydrous DOTs (40 mM) at 5 °C to form 

15-d1 (79% d) gave an initial rate constant of kinit = 3.9 ± 0.1  10
–4

 s
–1

 (Figure 102, eq 6), 

which corresponds to a deuterium KIE of kH/kD = 0.92 ± 0.03 (Figure 85).  The extent of 

deuterium incorporation into the internal vinylic position of 15-d1 was determined by 
1
H 

NMR integration of the internal olefinic resonance at  5.92 (eq 6).  The dependence of 

the rate on catalytically-relevant and surrogate ligand species was determined employing 

an experimental and data reduction strategy similar to that described above (Table 29). 
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Figure 99.  Pseudo first-order plot for the reaction of 17 with HOTs in CD2Cl2 at 5 °C 

([17] = [HOTs] = 38 mM) (kinit = 3.5 ± 0.2 × 10
‒4

 s
‒1

). 

 

 

Figure 100.  Pseudo first-order plot for the reaction of 17 with HOTs in CD2Cl2 at 5 °C 

([17] = 38 mM; [HOTs] = 76 mM) (kinit = 3.4 ± 0.1 × 10
‒4

 s
‒1

). 
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Figure 101.  Pseudo first-order plot for the reaction of 17 with HOTs in CD2Cl2 at 5 °C 

([17] = 38 mM; [HOTs] = 151 mM) (kinit = 3.2 ± 0.4 × 10
‒4

 s
‒1

). 

 

 

Figure 102.  Pseudo first-order plot for the reaction of 17 with DOTs in CD2Cl2 at 5 °C 

([17] = [DOTs] = 38 mM) (kinit = 3.9 ± 0.2 × 10
‒4

 s
‒1

). 
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Figure 103.  Pseudo first-order plot for the reaction of 17 with HOTs and excess 3-

methyl-1,2-butadiene (DMA) in CD2Cl2 at 5 °C ([17] = [HOTs] = 38 mM; [DMA] = 113 

mM) (kinit = 4.6 ± 0.5 × 10
‒4

 s
‒1

). 

 

 

Figure 104.  Pseudo first-order plot for the reaction of 17 with HOTs and excess 3-

methyl-1,2-butadiene (DMA) in CD2Cl2 at 5 °C ([17] = [HOTs] = 38 mM; [DMA] = 760 

mM) (kinit = 5.3 ± 0.3 × 10
‒4

 s
‒1

). 
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Figure 105.  Pseudo first-order plot for the reaction of 17 with HOTs and excess 1-

phenylpropanol in CD2Cl2 at 5 °C ([17] = [HOTs] = 38 mM; [1-phenylpropanol] = 113 

mM) (kinit = 3.5 ± 0.2 × 10
‒4

 s
‒1

) (kinit = 3.3 ± 0.2 × 10
‒4

 s
‒1

). 

 

 

Figure 106.  Pseudo first-order plot for the reaction of 17 with HOTs and excess 

Et4NOTs in CD2Cl2 at 5 °C ([17] = [HOTs] = 38 mM; [Et4NOTs] = 95 mM) (kinit = 3.1 ± 

0.3 × 10
‒4

 s
‒1

). 
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Figure 107.  Pseudo first-order plot for the reaction of 17 with HOTs and excess 

Et4NOTs in CD2Cl2 at 5 °C ([17] = [HOTs] = 38 mM; [Et4NOTs] = 190 mM) (kinit = 1.12 

± 0.07 × 10
‒4

 s
‒1

). 

 

 

Figure 108.  Pseudo first-order plot for the reaction of 17 with HOTs and excess 

(L)AuOTs in CD2Cl2 at 5 °C ([17] = [HOTs] = [(L)AuOTs] = 38 mM) (kinit = 2.3 ± 0.2 × 

10
‒4

 s
‒1

). 
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Figure 109.  Pseudo first-order plot for the reaction of 17 with HOTs and excess 

(L)AuOTs in CD2Cl2 at 5 °C ([17] = [HOTs] = 38 mM; [(L)AuOTs] = 152 mM) (kinit = 

6.6 ± 0.02 × 10
‒5

 s
‒1

). 

 

 

Figure 110.  Pseudo first-order plot for the reaction of 17 with HOTs and excess vinyl 

tetrahydrofuran 15 in CD2Cl2 at 5 °C ([17] = [HOTs] = 38 mM; [15] = 113 mM) (kinit = 

4.2 ± 0.2 × 10
‒4

 s
‒1

). 
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5.3.5  Stoichiometric and Catalytic Reactions of 14 with (L)AuOTs 

 

 Stoichiometric reactions of 14 with (L)AuOTs.  A solution of 14 (7.5 mg, 0.030 

mmol) in CD2Cl2 (0.2 mL) was added to a solution of (L)AuOTs (20 mg, 0.030 mmol) 

and 1,3-dimethoxybenzene (1 L, 7.6 mol; internal standard) in CD2Cl2 (0.3 mL) in an 

NMR tube 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 analyzed 

periodically by 
1
H and 

31
P NMR spectroscopy.  Spectra recorded within 5 min revealed 

resonances corresponding to 14 (~48%) [
1
H NMR:   4.59 (br. s, 2 H), 4.51 (quint, J = 

7.0 Hz, 1 H)], 17 (~46%) [
1
H NMR:    4.78, 4.60 (d, J = 8.5 Hz), 4.14, 3.73 (d, J = 8.5 

Hz), and 3.26;  
31

P NMR:   60.0, 58.9 (1:1)], and 15 (≤ 5%) [
1
H NMR:   5.82 (ddd, J = 

5.2, 10.6, 17.4 Hz, 1 H), 5.15 (d, J = 17.6 Hz, 1 H), 5.06 (d, J = 10.8 Hz, 1 H).  The 

solution was warmed at –30 °C and monitored over the full reaction course (3 h) to form 

15 in 94% yield with concomitant formation of (L)AuOTs as the exclusive phosphorous 

containing species as determined by 
31

P NMR spectroscopy. 

 Spectroscopic analysis of 14 with catalytic (L)AuOTs.  A solution of 14 (15 

mg, 0.06 mmol, 116 mM), (L)AuOTs (2.0 mg, 3.0 mol, 5.8 mM), and 1,3-

dimethoxybenzene (0.8 L; 6.1 mol;  internal standard) in CD2Cl2 (0.4 mL) was 

generated in an NMR tube at –78 °C.  The contents of the tube were mixed thoroughly, 



 

296 

placed in the probe of an NMR spectrometer precooled at –30 °C, and the solution was 

monitored periodically by 
1
H and 

31
P NMR spectroscopy.  Analysis within 5 min (~5% 

conversion) revealed formation of 17 (~3.0 mM) as the exclusive phosphorous-

containing species.  Continued analysis of the solution revealed a constant concentration 

of 17 (~3.0 mM) throughout ~95% consumption of 14, after which time the resonances 

corresponding to 17 disappeared with appearance of a single resonance at   56.1 (
31

P 

NMR) corresponding to (L)AuOTs and with formation of 15 in 97 ± 5% yield as 

determined by 
1
H NMR integration. 

 

 

5.3.6  Analysis of Bis(gold) 17 and 17-d2 Under Catalytic Conditions 

 

 A solution of 14 (0.25 mg, 1.0 mol, 2.0 mM), (L)AuOTs (1.3 mg, 2.0 mol, 4.0 

mM), and mesitylene (0.12 mg, 1.0 mol) in CD2Cl2 (0.15 mL) was generated in an 

NMR tube at –78 °C.  The contents of the tube were mixed thoroughly, placed in the 

probe of an NMR spectrometer precooled at –60 °C, and the solution was analyzed by 
1
H 

NMR spectroscopy.  Analysis within 3 min revealed formation of 17 (84%) and 15 (16%) 

(Figure 5-35) as determined by integration of the 
1
H NMR resonances at  3.81 (17) and 

 4.03 (15) relative to the mesitylene peak at  6.70 (Figure 111).  The tube was removed 

from the spectrometer, cooled at –78 °C, and a solution of 14-d2 (5 mg, 20.0 mol, 29 

mM) in CD2Cl2 (0.20 mL) was added to the tube via syringe.  The resulting solution was 

mixed thoroughly at –78 °C and the tube was placed in the probe of an NMR 

spectrometer precooled at –60 °C, warmed at –45 °C, and analyzed at five-minute 

intervals for 195 min (7% conversion) by 
1
H NMR spectroscopy.  The concentrations of 
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17 and 15 were determined as described above and the concentrations of (17 + 17-d2) and 

(15 + 15-d2) were determined by integration of 
1
H NMR resonances at  3.38 and  5.09, 

respectively, relative to the mesitylene peak at  6.70 (Figures 112, 113, and 114).  Plots 

of [17], [17 + 17-d2], [15], and [15 + 15-d2] versus time produced initial rate values for 

the consumption of 17 (k17 = –3.84  10
–3

 mM/min), the consumption of 17 + 17-d2 

(k17(tot) = –0.61  10
–3

 mM/min), the formation of 15 (k15 = 0.74  10
–3

 mM/min) and the 

appearance of 15 + 15-d2 (k15(tot) = 9.11  10
–3

 mM/min) (Figure 115). 

 

 

Figure 111.  Partial 
1
H NMR spectrum for the reaction of 14 (2.0 mM) with L(AuOTs) 

(4.0 mM) in CD2Cl2 (0.5 mL) at –78 °C to form a mixture of 17 (84%; resonances 

indicated with ) and 15 (16%;  resonances indicated with ) (signal marked with  

corresponds to mesitylene). 
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Figure 112.  Partial 
1
H NMR spectrum of the reaction of 14-d2 (29 mM) with in situ 

generated 17 (1.4 mM) in CD2Cl2 (0.7 mL) at –45 °C for 3 min (~2% conversion) 

showing resonances used to determine the concentrations of 17 (), [17 + 17-d2] (), 15 

() and [15 + 15-d2] () relative to the methyl resonance of mesitylene (). 

 

 

Figure 113.  Partial 
1
H NMR spectrum of the reaction of 14-d2 (29 mM) with in situ 

generated 17 (1.4 mM) in CD2Cl2 (0.7 mL) at –45 °C for 95 min (~5% conversion) 

showing resonances used to determine the concentrations of 17 (), [17 + 17-d2] (), 15 

() and [15 + 15-d2] () relative to the methyl resonance of mesitylene (). 
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Figure 114.  Partial 
1
H NMR spectrum of the reaction of 14-d2 (29 mM) with in situ 

generated 17 (1.4 mM) in CD2Cl2 (0.7 mL) at –45 °C for 195 min (~7% conversion) 

showing resonances used to determine the concentrations of 17 (), [17 + 17-d2] (), 15 

() and [15 + 15-d2] () relative to the methyl resonance of mesitylene (). 
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Figure 115.  Concentration versus time plots for the cyclization of 14-d2 (29 mM) 

catalyzed by in situ generated 17 (1.4 mM) in CD2Cl2 at –45 °C from ~2% to ~7% 

conversion: [15 + 15-d2] ();  [15] ();  [17 + 17-d2] ();  [17] (). 

 

 Initial rate values extracted from Figure 5-39 as described in the previous 

paragraph were used to determine that ~80% of mono(gold) vinyl complex 16, generated 

via disproportionation of 17, that undergoes cycloreversion and 15/15-d2 ligand exchange 

(r–1) rather than protodemetallation (r2) by dividing the calculated rate of 17 consumption 

by the rate of 15 formation: 
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This ratio can be converted to the following percentages: 

 

 Likewise, these initial rate values were used to determine that ~70% of deuterated 

mono(gold) vinyl complex 16-d2 undergoes protodeauration to form 15-d2 (r3) without 

formation of bis(gold) vinyl complex 17-d2 (r4) by dividing the calculated rate of 15-d2 

formation by the calculated rate of 17-d2 formation: 

 

This ratio can be converted to the following percentages: 

 

 

5.3.7  X-ray Crystal Structures of Mono(gold) Vinyl Complexes 16 and 19 

 

 X-ray crystal structure of 16.  Crystals of 16 suitable for X-ray diffraction were 

obtained by cooling a concentrated hexanes solution of 16 at 4 °C.  The crystal was 

mounted on a Mitegen polyimide micromount with a small amount of Paratone N oil.  All 

X-ray measurements were made on a Bruker-Nonius Kappa Axis X8 Apex2 

diffractometer at a temperature of 110 K.  The unit cell dimensions were determined from 
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a symmetry constrained fit of 4663 reflections with 4.46° < 2 < 63.6°.  The data 

collection strategy was a number of  and  scans which collected data up to 75.86° (2).  

The frame integration was performed using SAINT.  The resulting raw data was scaled 

and absorption corrected using a multi-scan averaging of symmetry equivalent data using 

TWINABS.  During the initial indexing, it was determined that the crystal was non-

merohedrally twinned by a 180º rotation about the b* axis.  The orientation matricies for 

both components were determined.  The structure was solved by direct methods using the 

XS program.  All non-hydrogen atoms were obtained from the initial solution.  The 

hydrogen atoms were introduced at idealized positions and were allowed to ride on the 

parent atom.  The refinement included reflection data from both fractions.  The twin 

fraction of the first domain refined to a value of 0.4528(9). The refinement proceeded 

smoothly.  However, the esd's for molecular geometry were larger than expected due to 

the difference in the numbers of reflections between the single component data and the 

twinned data.  The structural model was fit to the data using full matrix least-squares 

based on F
2
. The calculated structure factors included corrections for anomalous 

dispersion from the usual tabulation. The structure was refined using the XL program 

from SHELXTL; graphic plots were produced using the NRCVAX crystallographic 

program suite. 

 X-ray crystal structure of 19.  Crystals of 19 suitable for X-ray diffraction were 

obtained by cooling a concentrated hexanes and CH2Cl2 (10:1) solution of 16 at 4 °C.  

The sample was mounted on a Mitegen polyimide micromount with a small amount of 

Paratone N oil.  All X-ray measurements were made on a Bruker-Nonius Kappa Axis X8 
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Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions were 

determined from a symmetry constrained fit of 9883 reflections with 6.0° < 2 < 75.6°. 

The data collection strategy was a number of  and  scans which collected data up to 

83.3° (2). The frame integration was performed using SAINT.   The resulting raw data 

was scaled and absorption corrected using a multi-scan averaging of symmetry equivalent 

data using SADABS.  The structure was solved by a Patterson search using the 

DIRDIF99 program.  Most non-hydrogen atoms were obtained from the initial solution.  

The remaining atomic positions were derived from subsequent difference Fourier maps.  

The hydrogen atoms were introduced at idealized positions and were allowed to ride on 

the parent atom.  The hydro-furyl moiety exhibited an orientational disorder.  All the 

atomic positions for the alternative orientation were found on a difference Fourier map.  

The occupancy of the major orientation was refined to 0.835(4).  The disorder can be 

described as an approximate mirror image of the hydrofuryl ring about a plane formed by 

atoms C4, C8 and C14.  The structural model was fit to the data using full matrix least-

squares based on F
2
.  The largest peaks in the final difference map were in the vicinity of 

the Au atom.  The calculated structure factors included corrections for anomalous 

dispersion from the usual tabulation. The structure was refined using the XL program 

from SHELXTL; graphic plots were produced using the NRCVAX crystallographic 

program suite. 
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Table 31.  Crystal and structure refinement data for mono(gold) vinyl complexes 16 and 

19. 
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Figure 116.  ORTEP drawing of 19 showing naming and numbering scheme.  Ellipsoids 

are at the 50% probability level and hydrogen atoms were omitted for clarity.  The 

disordered atomic positions from the hydrofuryl group are shown as “hollow” atoms and 

bonds. 

. 
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Appendix 

 

 

Platinum(II)–Alkyl Bond Protonolysis in the 

Intramolecular Hydroamination of Olefins with 

Secondary Alkylamines 
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A.1  Introduction 

 Transition-metal mediated hydroamination, the addition of an amine N‒H bond 

across a C‒C multiple bond, has attracted considerable attention in the construction of 

biologically relevant nitrogen heterocycles.
2,3

  Olefin hydrofunctionalization has typically 

been accomplished through the use of a stoichiometric amount of metal such as Hg(II) or 

selenium halide.
237

  However, poor atom economy and selectivity, the need for large 

quantities of toxic metal species, and the requirement for a separate reduction step have 

demanded the development of novel catalytic methods of hydroamination.  Some of the 

most reactive catalysts for hydroamination reactions contain lanthanides
238-244

 and group 

IV
 
transition metals,

245-249
 while complexes containing alkali,

250-253
 alkaline earth,

254
 as 

well as late transitional metal complexes
255-258

 have also been used.  While these metal 

complexes can function as powerful catalysts for the hydroamination reaction, their 

synthetic utility is limited by extreme oxophilicity, basicity, moisture sensitivity, and 

poor functional group compatibility of the catalysts. 

 

 Among these C‒N bond-forming reactions, the hydroamination of unactivated 

alkenes with alkylamines represents one of the most challenging transformations.  In 

response to this synthetic limitation, Widenhoefer and co-workers developed an effective 

Pt(II)-catalyzed protocol for the intramolecular hydroamination of amino olefins.
259

  For 

example, treatment of 4-pentenyl amine 1 with a catalytic 1:2 mixture of 
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[Pt(H2C=CH2)Cl2]2 (Zeise’s dimer) and PPh3 in dioxane at 120 
o
C for 16 hours afforded 

pyrrolidine 2 in 75 % yield (eq 1).  Until recently,
260

 this represented the only late 

transition metal-catalyzed protocol for the hydroamination of unactivated C=C bonds 

with alkylamines.
 
 This work was also expanded to the use of sterically-hindered mono 

phosphines as supporting ligands, which allowed for the intramolecular hydroamination 

of unactivated olefins with alkyl amines in as little as 10 hours at 60 
o
C,

261
 as well as 

gold(I)-catalyzed hydroamination of unactivated C=C bonds with alkylammonium salts.
38 

 

Scheme 1. 

Studies probing the mechanism of the Pt(II)-catalyzed hydroamination of 

unactivated alkenes with alkyl amines have been ongoing (Scheme 1).
259

  Formation of 

the Pt-amine complex trans-3 commences the catalytic cycle.  Irreversible intramolecular 

ligand exchange forms the Pt-olefin complex I which undergoes rapid outer-sphere attack 



 

309 

of the pendant amine to form the zwitterionic intermediate 4.  Rapid deprotonation and 

chloride displacement of 4 in the presence of exogenous base results in neutral 

platinacycle trans-5, the catalyst resting state.  Intermolecular protonolysis of trans-5 

affords pyrrolidine 2 and regenerates trans-3.  This most likely involves formation of the 

Pt(IV)-hydride intermediate II that undergoes reductive elimination followed by ligand 

displacement. 

 Alkylplatinum(II) complex protonolysis is the microscopic reverse of C‒H bond 

activation in Pt(II)-catalyzed alkane functionalization.  Pt(II) protonolysis chemistry is 

especially intriguing due to the problem of site attack selectivity.
262

  There are two 

alternative mechanisms of protonolysis (Scheme 2).  Protonation takes place either by (i) 

a stepwise oxidative addition at the Pt(II) center generating a Pt(IV)-hydrido species (IV) 

followed by reductive elimination (SE(ox) mechanism) or (ii) a concerted attack at the 

metal‒carbon bond (SE2 mechanism).   

 

Scheme 2. 

 Though there is no general consensus on a common mechanism of Pt(II)‒alkyl 

bond protonolysis based on previous research efforts, Bercaw
263-265

 and others
266-269

 have 
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demonstrated convincing evidence in favor of the SE(ox) mechanism for systems 

containing hard ligands.  This multistep mechanism does not necessarily apply to the 

protonolysis of all Pt(II) systems.  The nature of ancillary ligands and solvent may 

control not only the stability of the intermediates and transition states in the SE(ox) 

mechanism but also the operational mechanism of protonolysis.  In an effort to elucidate 

the protonolysis mechanism in the Pt(II)-catalyzed hydroamination reaction, kinetics and 

other mechanistic experiments were conducted on the stoichiometric intermolecular 

protonolysis of the Pt(II) heterobicyclic amine complex. 

 

A.2  Results and Discussion 

 Treatment of trans-6 with triethylamine hydrochloride at 75 
o
C in diglyme affords 

pyrrolidine (7) in 83 ± 5 % yield (> 95 % conversion) by 
1
H NMR analysis of the crude 

reaction mixture (eq 2).  Previous studies of the catalytic system suggested second order 

dependence of the rate on [Pt] and zero order dependence on [acid].  Therefore, 

protonolysis reactions were performed using DIEA•HBF4 (8) (DIEA = diisopropylethyl 

amine) as it replicates the catalytic system of protonation by an ammonium salt and BF4
‒
 

is a weakly-coordinating (non-interacting) counterion.   

 

 The pseudo first order rate constants (obtained by 
31

P NMR) for the protonolysis 

of trans-6 with 
i
Pr2EtN•BF4 (8) indicated little effect on the rate of protonolysis through 
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increasing acid concentration (entries 1-3, Table 32).  However, the solubility of salt 8 

was a concern, as the addition of 10 or 15 equivalents (entries 2 and 3, Table 32, 

respectively) resulted in an observable amount of insoluble salt throughout the reaction 

course.  Fortuitously it was discovered that Et3N•HBF4 (9) is completely soluble in the 

d8-dioxane/diglyme mixture at all concentrations studied.  While the protonolysis 

reactions exhibited a heightened dependence of the rate on [9] than was observed with 

salt 8 (entries 5-7, Table 32), we could not conclusively determine the order of the 

reaction with respect to ammonium salt concentration with the available data.   

Table 32.  Rate constants for screening reactions of trans-6 protonolysis. 

 

 Additional screening experiments were conducted to determine the dependence of 

the rate on counterion identity and concentration.  Protonolysis of trans-6 using 1.5 

equivalents of salt 8 in the presence of 8.5 equivalents of tetrabutylammonium 
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tetrafluoroborate (Bu4N•BF4) (entry 4, Table 32) resulted in a reaction rate approximately 

half that of the reaction with only 1.5 equivalents of salt 8 alone.  Similarly, reaction of 

trans-6 with salt 9 in the presence of 3.5 and 8.5 equivalents of Bu4N•BF4 (entries 8 and 

9, Table 32) exhibit rates approximately 0.7 times that of the reaction with 1.5 

equivalents of salt 9 alone (entry 5, Table 32).  A more dramatic effect was observed 

using 1.5 and 5.0 equivalents of triethylamine hydrochloride (entries 10 and 11, Table 

32).  The implied 1/[Cl
‒
] dependence was further probed through addition of 3.5 

equivalents of tetrabutylammonium chloride (Bu4NCl) (entry 12, Table 32).  The 

preliminary data suggest a first order dependence of the rate on [Pt], an indeterminate 

dependence on [acid], and 1/[Cl
‒
] dependence, while [BF4

‒
] exhibits only a slight inverse 

effect on the observed rate.  

Our preliminary data failed to provide unambiguously assignment of the reaction 

order with respect to [Pt], [R3N•HBF4], and [Cl
‒
] (Table 32).  Not only were the trends 

inconclusive but the rate of protonolysis seemed to slow with conversion to pyrrolidine 7.  

Reaction of trans-6 with salt 8 in the presence of Hünig’s base (DIEA) revealed that the 

formation of exogenous base (e. g., pyrrolidine 7) was responsible for this effect (entry 

13, Table 32) and furnished a means of observing the first 10 % conversion for initial 

rates analysis using 
31

P NMR spectroscopy. 
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Figure 117.  Plot of rate vs. [trans-6] ([9] = 45.2 mM, [DIEA] = 75.8 mM, [6] = 22.5 – 

67.2 mM). 

 A plot of the rate of trans-6 conversion vs. [Pt] was linear and the data consistent 

with first order dependence of the rate on [Pt] (kobs = 1.2 ± 0.1 × 10
‒5

 s
‒1

, G
‡
 = 28.56 ± 

0.04 kcal mol
‒1

) (Figure 117).  Plotting log(rate) vs. log[Pt] produced a slope of 1.0 ± 0.1 

which reinforces the first order dependence on [Pt].  On the other hand, the rate of trans-6 

conversion showed only a slight increase with increasing [R3N•HBF4] (Figure 118), and 

plotting log(rate) vs. log[R3N•HBF4] provided a slope = 6 ± 4 × 10
-2

; this information 

suggests zero order dependence on [acid].  Finally, a plot of the reaction rate vs. 1/[Cl
‒
] 

was linear and indicated that Cl
‒
 inhibits the rate of reaction (Figure 119).  This is 

consistent with previous reports of a preequilibrium between alkylplatinum(II) complexes 

(trans-6) and Cl
‒
 that hinders the protonolysis reaction.

270
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Figure 118.  Plot of rate vs. [Et3N•HBF4] ([trans-6] = 37.9 mM, [DIEA] = 75.8 mM, [9] 

= 37.9 – 292.7 mM). 

 

Figure 119.  Plot of rate vs. 1/[Cl
‒
] ([trans-6] = 37.9 mM, [9] = 75.8 mM, [DIEA] = 75.8 

mM, [Bu4NCl] = 0 – 41.4 mM). 

 

 Use of acetic acid in the protonolysis of trans-6 exhibited a decrease in the rate 

relative to the use of ammonium salt 9 (entries 1 and 2, Table 33).  It is possible that the 
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acetate ion formed upon dissociation of acetic acid in solution is responsible for this 

inhibitory effect, as was observed with Cl
‒
.  Following this result, we examined the 

protonolysis of trans-6 with HCl from ‒60 to 25 °C.  Upon warming the solution at 0 °C 

an unknown product began to emerge in the 
1
H NMR spectrum.  Further warming the 

solution to 25 °C resulted in quantitative formation of cis-10 via intermolecular 

protonolysis with retention of configuration (entry 1, Table 34).  For stereochemical 

comparison, treatment of pyrrolidine 7 with HCl (g) provided the pyrrolidinium 

diastereomer, trans-10 (entry 3, Table 34).  Finally, to assess the potential of the 

zwitterionic intermediate in the catalytic cycle to undergo protonolysis, the zwitterionic 

intermediate 11 was treated with HCl (g) which resulted in formation of cis-10 (entry 2, 

Table 34).  The relative stereochemistry of the pyrrolidinium diastereomers was 

determined by 2 D 
1
H–

1
H NOESY NMR analysis, and the diastereomeric relationship 

was established by 
1
H NMR analysis of pyridine-mediated equilibration of the kinetic 

cis-10 diastereomer to the thermodynamic trans-10 diastereomer. 

Table 33.  Dependence of the rate of trans-6 protonolysis on acid source. 
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Table 34.  Protonation reactions with HCl. 

 

The fact that zwitterionic complex 11 undergoes protonolysis with HCl (g) to 

form pyrrolidinium cis-10 suggested that an equilibrium may exist between the catalyst 

resting state trans-6 and zwitterionic intermediate 11, and that protonolysis may actually 

occur through 11 in the catalytic system (Path A, Scheme 3).  To evaluate this possibility, 

we studied the kinetics of intramolecular protonolysis of a CDCl3 solution of 11 at 63 
o
C 

(entry 1, Table 35).  This rate was then compared to protonolysis of 11 in the presence of 

excess ammonium salt 9 (entry 2, Table 35) and the intermolecular protonolysis of trans-

6 with salt 9 (entry 3, Table 35).  Two pieces of evidence discount path A.  First, it was 

observed that trans-6 forms quantitatively from 11 and Et2NH in less than 5 min at ‒90 

°C (
1
H NMR).  Secondly, no phosphorus resonance corresponding to 11 was observed 

during the protonolysis of trans-6, even with 10-fold excess of salt 9.  Thus the rate of 

protonolysis of 11 (k3) must be approximately 20 times faster than that of trans-6 with 9 
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(k2) in order for path A to be operative.  Path A can thus be ruled out as k3 = 2 × k2 (Table 

35); while 11 is the more reactive intermediate, it is irreversibly converted to trans-6 

which undergoes protonolysis in the catalytic reaction. 

 

Scheme 3. 

Table 35.  Kinetics of zwitterionic intermediate 11 protonolysis. 

 

 

By analogy to the cyclohexyl system, we propose that the diphenyl catalyst 

resting state complex trans-5 undergoes rate limiting ligand dissociation followed by 

rapid protonolysis of the transient 14 electron Pt(II) intermediate (V) to afford pyrrolidine 

7 and regenerate trans-3 (Scheme 3).  The ligand dissociation step (k1) could explain the 

1/[Cl
‒
] dependence as well as the slower rate of reaction observed with acetic acid, as 
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both Cl
‒
 and OAc

‒
 could coordinate to and diminish the reactivity of V.  On the other 

hand, HCl is a strong enough acid to directly and rapidly protonolyze trans-5, 

presumably through a Pt(IV)-hydride intermediate.  In the catalytic reaction, weaker 

ammonium salts are not strong enough to directly protonate trans-5 but require forcing 

conditions (e. g., heating) to promote ligand dissociation.  While a Pt(IV)-hydride has not 

been directly observed, we suggest that protonolysis operates through the SE(ox) 

mechanism.  A rate equation including chloride independent (k1) and dependent (k2) 

terms is proposed, where rate = k1[Pt] + k2[Pt]/[Cl
‒
].  Although the collected kinetic data 

supports this mechanistic proposal, we cannot rule out a mechanism involving reversible 

formation of trans-5 and trans-6 followed by intermolecular protonolysis of the 

zwitterionic intermediates 4 and 11, respectively. 
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Scheme 4. 

 Mechanistic studies of the Pt(II)-catalyzed hydroamination reaction were initiated 

to determine means to improve reaction conditions, expand the scope, and develop an 

enantioselective protocol.  Addressing these issues would make Pt(II)-catalyzed 

hydroamination methodology even more attractive in the synthesis of potential 

therapeutics containing aliphatic nitrogen heterocycles.  Earlier in the course of these 

studies it was demonstrated that the catalyst resting state complex undergoes 

epimerization, which eliminates the possibility of inducing asymmetry into the reaction.  

However, these studies contributed to the development of improved Pt(II)-catalyzed 

hydroamination methods,
261

 and will likely provide insights for the development of future 

Pt(II)-catalyzed protocols.  This report serves as a conclusion to mechanistic studies of 

the Pt(II)-catalyzed hydroamination reaction. 

 

A.3  Experimental 

A.3.1  General Methods 

 

Reactions were performed under a nitrogen atmosphere utilizing standard Schlenk 

and drybox techniques unless specified otherwise.  NMR spectra were obtained on 

Varian spectrometers operating at 400 MHz for 
1
H NMR, 202 MHz for 

31
P NMR, and 

101 MHz for 
13

C NMR in CDCl3 at 25
 
°C.  IR spectra were obtained on a Nicolet Avatar 

360-FT IR spectrometer.  Gas chromatography was performed on a HP 5890 gas 

chromatograph equipped with a 15 m or 25 m polydimethylsiloxane capillary column and 
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FID detector.  Column chromatography was performed employing 230-400 mesh silica 

gel (Sorbent Technologies or Silicycle).  Elemental analyses were performed by 

Complete Analysis Laboratories (Parsippany, NJ).  Thin layer chromatography (TLC) 

was performed on silica gel 60 F254 (EMD Chemicals Inc.).  All compounds were isolated 

as colorless oils unless noted otherwise.  Room temperature is 22 ‒ 24 °C.   

 Triphenylphosphine oxide (Aldrich), glacial acetic acid (Aldrich), triethylamine 

hydrochloride (Aldrich), and d8-dioxane (Cambride Isotope Laboratories, Inc.) were used 

as received. Tetrahydrofuran (THF) and diethyl ether were distilled from 

Na
0
/benzoquinone, dichloromethane and CDCl3 were distilled from CaH under N2.  Di--

chloro-1,3-dichloro-2,4-bis(triphenylphosphine)diplatinum(II), [PtCl2(PPh3)]2, was 

synthesized employing a previously published procedure.
271

  All other solvents and 

reagents were purchased from major chemical suppliers and were used as received.  
 

 

A.3.2  Synthesis of Platinacyclobutane 

 

1-allyl-cyclohexanecarbonitrile (12).  Cyclohexanecarbonitrile (7.8 g, 71.5 

mmol) was added to a solution of LDA [generated in situ from n-BuLi (30 mL, 2.5 M, 75 

mmol) and diisopropylamine (7.204 g, 71.3 mmol)] in THF (120 mL) at -78 °C and 

stirred for 1 hour.  To the resulting solution was added allyl bromide (12.4 mL, 143.3 

mmol), and warmed to room temperature overnight with stirring.  CH2Cl2 (75 mL) was 

added and the resulting biphasic mixture washed with water (3 x 150 mL), dried 

(MgSO4), and concentrated.  The residue was distilled under reduced pressure to give 

(12) (8.476 g, 86%).  TLC (EtOAc–hexanes = 1:12):  Rf = 0.36.  
1
H NMR:    5.88 (tdd, J 
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= 7.3, 10.3, 16.7 Hz, 1 H), 5.13-5.21 (m, 2 H), 2.27 (d, J = 7.3 Hz, 2 H), 1.94 (d, J = 

13.3 Hz, 2 H), 1.55-1.73 (m, 5 H), 1.11-1.27 (m, 3 H).  
13

C{
1
H} NMR:    132.0, 123.4, 

119.7, 44.7, 38.9, 35.4, 25.4, 23.0.  IR (neat, cm
–1

):  3079, 2859, 2230, 1449, 922, 714.  

Anal. calcd (found) for C10H15N:  H, 10.13 (9.96);  C, 80.48 (80.24);  N, 9.39 (9.35). 

(1-allyl-cyclohexyl)-methylamine (13).  12 (7.384 g, 49.5 mmol) is added to a 

suspension of LiAlH4 (7.522 g, 198.2 mmol) in ether (75 mL) at 0 °C and then warmed 

slowly to room temperature and stirred overnight.  The resulting suspension was cooled 

to 0 °C and quenched by slow addition of 6 M NaOH (200 mL).  The resulting mixture 

was extracted with ether (4  100 mL) and the combined ether extracts were dried 

(MgSO4) and concentrated to give (13) (6.01g, 79%) as a pale yellow oil.  
1
H NMR:    

5.79 (tdd, J = 7.5, 10.6, 16.4 Hz, 1 H), 5.02-5.06 (m, 2 H), 2.51 (s, 2 H), 2.06 (d, J = 7.5 

Hz, 2 H), 1.22-1.43 (m, 10 H), 0.95 (br. s, 2 H).  
13

C{
1
H} NMR:    135.2, 116.9, 49.0, 

40.0, 37.2, 33.4, 26.6, 21.6. 

 (1-allyl-cyclohexylmethyl)-benzylamine (14).  A solution of 13 (1.994 g, 13.0 

mmol) and benzaldehyde (1.373 g, 12.9 mmol) in MeOH (25 mL) was stirred at room 

temperature for 3.5 h, treated with NaBH4 (992 mg, 26.2 mmol) and stirred overnight.  

The resulting mixture was treated with water (100 mL) and 1 M NaOH (30 mL), 

extracted with CH2Cl2 (3  60 mL), and washed with brine (70 mL) and 1 M NaOH 

(30mL).  The combined organic extracts were dried (MgSO4) and concentrated.  The 

resulting oily residue was chromatographed (EtOAc–hexanes = 1:6) to give (14) (2.21 g, 

70%).  TLC (EtOAc–hexanes = 1:6):  Rf = 0.40.  
1
H NMR:    7.20-7.33 (m, 5 H), 5.77 

(tdd, J = 7.5, 10.1, 16.9 Hz, 1 H), 4.97-5.03 (m, 2 H), 3.76 (s, 2 H), 2.41 (s, 2 H), 2.10-
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2.12 (m, 2 H), 1.30-1.40 (m, 10 H), 1.11 (br s, 1 H).  
13

C{
1
H} NMR:    141.2, 135.5, 

128.4, 128.1, 126.8, 116.7, 56.0, 54.9, 40.8, 36.8, 34.1, 26.6, 21.7.  IR (neat, cm
–1

):  3067, 

2922, 2851, 1451, 910, 733.  Anal. calcd (found) for C17H25N:  H, 10.35 (10.33);  C, 

83.89 (83.96);  N, 5.75 (5.67). 

  Pt(II) heterobicyclic amine complex (trans-6).  A solution of [PtCl2(PPh3)]2 

(2.01 g, 1.90 mmol) and 14 (918 mg, 3.77 mmol) was stirred at room temperature for 2.5 

hours in a capped round bottom flask.  To the mixture was added diethylamine (1.60 mL, 

15.4 mmol) with stirring for another 2 hours.  Washed the resulting solution with 1 M 

HCl (4 x 50 mL) and brine (50 mL), and dried (MgSO4). Concentrated the organic 

extracts to 50 mL, added 50 mL pentane, and filtered through celite to remove black 

substance.  The pentane addition – filter cycle was repeated 3 × more.  Concentration of 

the light amber solution under high vacuum provides trans-6 (2.77 g, 80%) as a light 

yellow solid.  trans-6 was characterized by 1 D 
1
H, 

1
H{

31
P}, and 

31
P{

1
H} NMR 

spectroscopy, by 2 D 
1
H–

1
H COSY and 2 D 

1
H–

1
H NOESY NMR

 
spectroscopy, and by 

FAB mass spectrometry.  
1
H NMR:  7.26-7.89 (m, 20 H), 5.16-5.22 (ddt, J = 2.8, 5.6, 

8.4 Hz, 1H), 4.61 (d, J = 12.1 Hz, 1 H), 4.07 (dd, J = 3.6, 11.6 Hz, 1 H), 3.77 (dd, J = 7.0, 

12.1 Hz, 1 H), 2.73 (dd, J = 6.2, 11.8 Hz, 1 H), 2.66 (br s, 1 H), 2.01-2.07 (m, 1 H), 1.88 

(dd, J = 8.5, 12.8 Hz, 1 H), 1.27-1.65 (m, 9 H), 0.22 (dt, J = 1.2, 8.5 Hz, 1 H), -0.25 (ddd, 

J = 3.1, 4.4, 9.2 Hz, 1 H).  
1
H{

31
P} NMR (500 MHz, CDCl3, only affected protons 

listed):    4.07 (d, J = 12 Hz, 1 H), 3.77 (d, J = 12 Hz, 1 H), 2.73 (d, J = 11.5 Hz, 1 H), -

0.25 (d, J = 9.5 Hz, 1 H).  
31

P{
1
H} NMR:    12.14 (s, JPtP = 4396 Hz).  FAB-MS, calcd 

(found) for C35H39NPClPt:  735.3 (735.2). 
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Zwitterionic Pt(II) Intermediate (11).  A solution of [PtCl2(PPh3)]2 (111 mg, 0.1 

mmol) and 6 (50 mg, 0.21 mmol) was stirred at room temperature for 2.5 hours in a 

capped round bottom flask.  The resulting solution was concentrated in vacuo to provide 

10 (152 mg, 94 %) as a tan solid.  10 was characterized by 1 D 
1
H, 

1
H{

31
P} (no affected 

protons), and 
31

P{
1
H} NMR spectroscopy, and by 2 D 

1
H–

1
H COSY and 2 D 

1
H–

1
H 

NOESY NMR
 
spectroscopy.  

1
H NMR:    9.64 (br. s., 1 H), 7.30 – 7.86 (m, 20 H), 5.83 

(dd, J = 2.8, 12.4 Hz, 1 H), 3.38 (dd, J = 6.4, 12.0 Hz, 1H), 2.64 (dd, J = 6.4, 12.0 Hz, 

1H), 2.26 – 2.50 (m, 1 H), 1.89 (t, J = 11.6 Hz, 1 H), 1.50 – 1.66 (m, 3 H), 1.16 – 1.46 

(m, 10 H).  
31

P{
1
H} NMR:    16.94 (s, JPtP = 4870 Hz). 

2-Benzyl-3-methyl-2-aza-spiro[4.5]decane (7).  A suspension of 14 (124 mg, 

0.509 mmol) and [PtCl2(PPh3)]2 (7.4 mg, 0.013 mmol) was heated at 120 °C 2 h.  The 

resulting mixture was filtered through a short plug of Celite, which was eluted with 

CH2Cl2 (3 mL).  The resulting solution was treated with acetic anhydride (1 mL, 10 

mmol), stirred for 2.5 h, and concentrated under vacuum.  The resulting residue was 

dissolved in ether/EtOAc (1/1;  4 mL) and extracted with 1 M HCl (5  1.5 mL).  The 

combined aqueous extracts were basified (pH > 12) with 6 M NaOH and extracted with 

CH2Cl2 (5  3 mL).  The combined CH2Cl2 extracts were dried (MgSO4), filtered through 

a short plug of Al2O3, which was eluted with EtOAc (5 mL), and concentrated to give 

pure 38 as a pale yellow oil (102 mg, 82%).  TLC (EtOAc–hexanes = 1:6):  Rf = 0.45.  
1
H 

NMR:   7.21-7.34 (m, 5 H), 4.01 (d, J = 13.3 Hz, 1 H), 3.09 (d, J = 13.3 Hz, 1 H), 2.77 

(d, J = 9.2 Hz, 1 H), 2.44-2.52 (m, 1 H), 1.86 (d, J = 9.2 Hz, 1 H), 1 H (dd, J = 7.0, 12.5 

Hz, 1 H), 1.25-1.45 (m, 11 H), 1.14 (d, J = 6.0 Hz, 3 H).  
13

C{
1
H} NMR:    140.1, 
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128.8, 128.2, 126.7, 66.8, 59.1, 58.1, 47.1, 39.4, 38.6, 26.2, 23.8, 23.6, 19.4.  IR (neat, 

cm
–1

):  2922, 2851, 2783, 1449, 1373, 735.  Anal. calcd (found) for C17H25N:  H, 10.35 

(10.54);  C, 83.89 (83.77);  N, 5.75 (5.92). 

Pyrrolidine•HCl (cis-10).  HCl (g) was bubbled into a CDCl3 solution of trans-6 

(20 mg, 0.027 mmol) in an NMR tube.  Complete conversion to cis-11 resulted within 5 

min by 
1
H NMR.  The solution was then treated with DBU, which resulted in formation 

of pyrrolidine 7 in 101 ± 5 % yield vs. n-hexadecane by GC.  Pyrrolidine•HCl (cis-10) 

mixture was characterized by 1 D 
1
H and 

31
P{

1
H} NMR spectroscopy, and by 2 D 

1
H–

1
H 

NOESY NMR
 
spectroscopy.  

1
H NMR:    9.58 (br. s., 1 H), 7.65 – 7.80 (m, 5 H), 4.43 

(dd, J = 4.6, 13.5 Hz, 1 H), 4.28 (dd, J = 4.6, 13.5 Hz, 1H), 3.71 (dd, J = 6.7, 12.0 Hz, 

1H), 3.29 – 3.37 (m, 1 H), 2.67 (dd, J = 7.7, 12.1 Hz, 1 H), 1.90 (dd, J = 6.0, 13.3 Hz), 

1.80 (t, J = 12 Hz, 1 H), 1.5 – 1.7 (m, 3 H), 1.45 (d, J = 6.4 Hz, 3 H), 1.1 – 1.4 (m, 7 H).  

31
P{

1
H} NMR:    7.20 (s, JPtP = 4043 Hz; corresponds to [PtCl2(PPh3)]2). 

Pyrrolidine•HCl (trans-10).  HCl (g) was bubbled into a CDCl3 solution of 

pyrrolidine 7 (10 mg, 0.04 mmol) in an NMR tube.  Complete conversion to trans-11 

resulted within 5 min by 
1
H NMR.  Pyrrolidine•HCl (trans-10) was characterized by 1 

D 
1
H and 

13
C{

1
H}, and by 2 D 

1
H–

1
H NOESY NMR

 
spectroscopy.  

1
H NMR:    11.31 

(br. s., 1 H), 7.35 – 7.56 (m, 5 H), 4.40 (dd, J = 3.9, 13.3 Hz, 1 H), 4.02 (dd, J = 6.1, 13.3 

Hz, 1H), 3.42 – 3.38 (m, 1 H), 3.24 (dd, J = 6.1, 12.0 Hz, 1H), 2.67 (dd, J = 8.0, 11.8 Hz, 

1 H), 2.02 (dd, J = 6.3, 13.5 Hz, 1 H), 1.87 (t, J = 12.1 Hz, 1 H), 1.6 – 1.8 (m, 1 H), 1.56 

(d, J = 6.4 Hz, 3 H), 1.14 – 1.46 (m, 9 H).  
13

C NMR:    131.1, 129.9, 129.1, 128.7, 62.7, 

62.2, 55.6, 43.9, 39.4, 37.3, 37.2, 29.5, 25.0, 23.1, 23.0, 15.0. 
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A.3.3  Mechanistic and Kinetic Experiments 

 

Sample volumes for kinetics reactions employing NMR were calculated based on 

the solvent height in tube at the reaction temperature.  NMR temperature for kinetic 

reactions were verified by a single scan of a neat ethylene glycol sample equilibrated for 

20 min at temperature.  All rates obtained from linear regression analysis over 3 half-

lives unless stated otherwise.  Reported errors for observed rates represent one standard 

deviation obtained by least squares analysis of the relevant data and do not reflect 

systematic experimental errors.  

For Hünig’s base•HBF4 (8).  HBF4•Et2O (5.4 mL, 39.2 mmol) was added to a 

solution of Hünig’s base (3.40 mL, 19.5 mmol) in ether (50 mL) at room temperature.  

The resultant suspension was stirred vigorously for 5 min and the white precipitate 

isolated by vacuum filtration, washed with ether (10 mL), and dried to give Hünig’s 

base•HBF4 (2.36 g, 56%) as a white powder.  
1
H NMR:    6.48 (br. s, 1 H), 3.69 (d, 

septet, J = 4.3, 6.5 Hz, 2 H), 3.16 (dq, J = 4.2, 7.3 Hz, 2 H), 1.38-1.45 (m, 15 H). 

For Triethylamine•HBF4 (9).  HBF4•Et2O (5.4 mL, 39.2 mmol) was added to a 

solution of triethylamine (2.70 mL, 19.5 mmol) in ether (50 mL) at room temperature.  

The resultant suspension was stirred vigorously for 5 min and the colorless precipitate 

was isolated by vacuum filtration, washed with ether (20 mL), and dried to give 

triethylamine•HBF4 (2.9 g, 78%) as a colorless solid.  
1
H NMR:  6.94 (br. s, 1 H), 3.18 

(dq, J = 4.5, 7.5 Hz, 6 H), 1.32 (t, J = 7.3 Hz, 9H). 

Formation of pyrrolidine (7) from trans-6 and salt 9.  A solution of trans-6 (20 

mg, 0.027 mmol) and 1,3-dimethoxy benzene (1.38 mg, 0.01 mmol) in 15 % 
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dioxane/diglyme mixture (NMR tube) was warmed to 78 °C in an NMR spectrometer.  

An initial 
1
H NMR spectrum was acquired.  To the solution was added 9 (5.7 mg, 0.03 

mmol), the solution well mixed, and returned to the spectrometer to react for 12 hours.  

1
H NMR analysis of the resulting mixture revealed formation of 7 (5.4 mg, 0.022 mmol, 

82.8 ± 5.0 % yield) by integration of the pyrrolidine resonance at 4.01 (d, 1 H) vs. the 

methoxy resonance of 1,3-dimethoxy benzene at  3.81 (s, 6 H). 

 Protonolysis of trans-6.  6 (36.7 mg, 0.05 mmol), d8-dioxane (100 μL), and 

diglyme (500 μL) were combined in an NMR tube and equilibrated to 79 °C in the NMR 

for 20 minutes.  8 (16.3 mg, 0.075 mmol) was added with thorough mixing and the 

sample was returned to the spectrometer to equilibrate for 5 min after which time data 

collection was initiated.  Data points (nt = 48) were acquired every 328 sec for the first 

2.8 hours, every 698 sec for the next 2.7 hours, and every 1058 sec for the last 5.9 – 8.8 

hours; the duration of the last block was varied depending on the experiment.  

Disappearance of trans-6 was analyzed by integrating the phosphorus resonance of trans-

6 at  12.14.   

 Similar reactions were performed using varying amounts of 8, 9, triethylamine 

hydrochloride, acetic acid, as well as mixtures of the ammonium salts with 

tetrabutylammonium tetrafluoroborate, tetrabutylammonium chloride, and Hünig’s base.  

All rates were determined by linear regression analysis over 3 half-lives (table 32).   

Protonolysis of trans-6 to evaluate dependence of the rate on [Pt].  6 (12.0 mg, 

0.016 mmol), triphenylphosphine oxide (4.3 mg, 0.015 mmol), triethylamine (9.1 μL, 

0.065 mmol), d8-dioxane (100 μL), and diglyme (500 μL) were combined in an NMR 
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tube and equilibrated to 79 °C in the NMR for 20 minutes.  9 (6.2 mg, 0.033 mmol) was 

added with thorough mixing and the sample was returned to the spectrometer to 

equilibrate for 5 min after which time data collection was initiated.  Data points (nt = 48) 

were acquired every 328 sec.  Disappearance of trans-6 was analyzed by integrating the 

phosphorus resonance of trans-6 at  12.14 relative to the phosphorus resonance of 

triphenylphosphine oxide at  25.1. 

 Reactions to determine the dependence of the rate of trans-6 protonolysis on [Pt] 

were performed in the above manner, employing varying trans-6 loadings ([trans-6] = 

22.5, 28.2, 33.5, 45.2, 56.8, and 67.2 mM) with all rates being determined by linear 

regression analysis over 10 – 18 % conversion (Table 36). 

Table 36.  Rate vs. [trans-6] data. 

 

Protonolysis of trans-1 to evaluate dependence of the rate on [R3N•HBF4].  6 

(20 mg, 0.027 mmol), triphenylphosphine oxide (6.0 mg, 0.022 mmol), triethylamine (7.6 

μL, 0.054 mmol), d8-dioxane (100 μL), and diglyme (500 μL) were combined in an NMR 

tube and equilibrated to 79 °C in the NMR for 20 minutes.  9 (5.1 mg, 0.027 mmol) was 

added with thorough mixing and the sample was returned to the spectrometer to 

equilibrate for 5 min after which time data collection was initiated.  Data points (nt=48) 

were acquired every 328 sec.  Disappearance of trans-6 was analyzed by integrating the 
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phosphorus resonance of trans-6 at  12.14 relative to the phosphorus resonance of 

triphenylphosphine oxide at  25.1. 

 Duplicate reactions to determine the dependence of the rate of trans-6 

protonolysis on [Et3N•HBF4 (9)] were performed in the above manner, employing 

varying loadings of 9 ([9] = 37.9, 75.8, 150.2, 292.7 mM) with all rates being determined 

by linear regression analysis over 10 – 15 % conversion (Table 37). 

Table 37.  Rate vs. [Et3N•HBF4 (9)] data. 

 

Protonolysis of trans-6 to evaluate dependence of the rate on [Cl
‒
].  6 (20 mg, 

0.0272 mmol), triphenylphosphine oxide (5.0 mg, 0.018 mmol), triethylamine (7.6 μL, 

0.054 mmol), d8-dioxane (100 μL), and diglyme (500 μL) were combined in an NMR 

tube and equilibrated to 79 °C in the NMR for 20 min.  9 (10.2 mg, 0.054 mmol) and 

Bu4NCl (7.6 mg, 0.0272 mmol) were added with thorough mixing and the sample was 

returned to the spectrometer to equilibrate for 5 min after which time data collection was 

initiated.  Data points (nt=48) were acquired every 328 sec.  Disappearance of trans-6 
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was analyzed by integrating the phosphorus resonance of trans-6 at  12.14 relative to the 

phosphorus resonance of triphenylphosphine oxide at  25.1. 

 Reactions to determine the dependence of the rate of trans-6 protonolysis on [Cl
‒
] 

were performed in the above manner, employing varying Cl
‒
 loadings ([Cl

‒
] = 0, 9.5, 

18.9, 28.4, 37.9, 56.3 mM) with all rates being determined by linear regression analysis 

over 7 – 13 % conversion (Table 38). 

Table 38.  Rate vs. [Cl
‒
] data. 

 

Protonolysis of trans-6 to evaluate dependence of the rate on acid source.  6 

(25 mg, 0.034 mmol), triphenylphosphine oxide (6.6 mg, 0.024 mmol), d8-dioxane (100 

μL), and diglyme (500 μL) were combined in an NMR tube and equilibrated to 79 °C in 

the NMR for 20 min.  Acetic acid (3.1 mg, 0.051 mmol) was added with thorough mixing 

and the sample was returned to the spectrometer to equilibrate for 5 min after which time 

data collection was initiated.  Data points (nt=48) were acquired every 328 sec.  

Disappearance of trans-6 was analyzed by integrating the phosphorus resonance of trans-

6 at  12.14 relative to the phosphorus resonance of triphenylphosphine oxide at  25.1. 

 Reactions to determine the dependence of the rate of trans-6 protonolysis on acid 

strength were performed in the above manner, employing varying [acid] loadings 
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([AcOH] = 76.5 and 510 mM, [9] = 76.5 and 510 for rate comparison) with all rates 

being determined by linear regression analysis over 3 half-lives (Table 33). 

Kinetic Analysis of zwitterion 11 protonolysis.  11 (16.5 mg, 0.0214 mmol), 

triphenylphosphine oxide (2.1 mg, 0.008 mmol), and CDCl3 (500 μL) were combined in 

an NMR tube and equilibrated to 62 °C in the NMR for 5 min after which time data 

collection was initiated.  Data points (nt=48) were acquired every 328 sec.  

Disappearance of 11 was analyzed by integrating the phosphorus resonance of 11 at  

16.94 relative to the phosphorus resonance of triphenylphosphine oxide at  25.1. 

 A reaction to determine the dependence of the rate of zwitterion 11 protonolysis 

was performed in the above manner employing salt 9 ([9] = 77 mM) and was compared 

to the protonolysis of trans-6 with salt 9 under identical conditions (Table 35). 

 For cyclohexyl Pt-amine complex 15.  A frozen cloudy brown suspension of 14 

(7.4 mg, 0.03 mmol), PhSiMe3 (0.32 mg, 2.1 × 10
-3 

mmol), and [PtCl2(PPh3]2 (16 mg, 

0.015 mmol) in CDCl3 (0.6 mL) at ‒78 °C was thawed briefly to form a clear light brown 

solution that was placed into the probe of an NMR spectrometer pre-cooled at ‒40 °C.  

1
H NMR analysis of the resulting solution after 5 min revealed quantitative complexation 

of the free amine to platinum in 91 ± 5% yield as was determined by integrating the 

olefinic resonances of Pt-amine 15 at  5.85 ‒ 5.65, 5.24, and 5.06 relative to the methyl 

resonance of PhSiMe3 at  0.02.  Thermally-unstable Pt-amine complex 15 was 

characterized by 1 D 
1
H, 

1
H{

31
P}, and 

31
P NMR spectroscopy.  

1
H{

31
P} NMR (500 MHz, 

‒40 °C):    7.90 ‒ 7.25 (m, 20 H), 5.85 ‒ 5.65 (m, 1 H), 5.24 (d, J = 17 Hz, 1 H), 5.06 (d, 

J = 10 Hz, 1 H), 4.59 (dd, J = 7.5, 12.5 Hz, 1H), 4.25 ‒ 4.05(m, 1 H), 3.74 (dd, J = 5.5, 
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12.5 Hz, 1 H), 3.43 (br. s, 1 H), 2.7 ‒ 2.2 (m, 2 H), 2.32 (d, J = 12 Hz, 1 H), 1.86 ‒ 0.76 

(m, 10 Hz).  
31

P{
1
H} NMR (202 MHz, -40 

o
C):    5.21 (s, JPtP = 3512 Hz).  
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Figure 120.  First order plot of the protonolysis of trans-6 with DIEA•HBF4 (8) at 78 °C 

through 3 half-lives ([6] = 69 mM, [8] = 104 mM) (kobs = 8.5 ± 0.2 × 10
‒5

 s
‒1

). 

 

 

 

Figure 121.  First order plot of the protonolysis of trans-6 with DIEA•HBF4 (8) at 78 °C 

through 3 half-lives ([6] = 61 mM, [8] = 635 mM) (kobs = 9.4 ± 0.2 × 10
‒5

 s
‒1

). 
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Figure 122.  First order plot of the protonolysis of trans-6 with DIEA•HBF4 at 78 °C 

through 3 half-lives ([6] = 63 mM, [8] = 937 mM) (kobs = 1.17 ± 0.02 × 10
‒4

 s
‒1

). 

 

 

Figure 123.  First order plot of the protonolysis of trans-6 with DIEA•HBF4 (8) in the 

presence of Bu4NBF4 (531.2 mM) at 78 °C through 3 half-lives ([6] = 62 mM, [8] = 94 

mM, [Bu4NBF4] = 531 mM) (kobs = 4.9 ± 0.2 × 10
‒5

 s
‒1

). 
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Figure 124.  First order plot of the protonolysis of trans-6 with Et3N•HBF4 (9) at 78 °C 

through 3 half-lives ([6] = 67 mM. [9] = 101 mM) (kobs = 4.5 ± 0.1 × 10
‒5

 s
‒1

). 

 

 

 

Figure 125.  First order plot of the protonolysis of trans-6 with Et3N•HBF4 (9) at 78 °C 

through 3 half-lives ([6] = 65 mM, [9] = 336 mM) (kobs = 8 ± 1 × 10
‒6

 s
‒1

). 



 

335 

 

Figure 126.  First order plot of the protonolysis of trans-6 with Et3N•HBF4 (9) at 78 °C 

through 3 half-lives ([6] = 64 mM, [9] = 640 mM) (kobs = 1.31 ± 0.01 × 10
‒4

 s
‒1

). 

 

 

Figure 127.  First order plot of the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Bu4NBF4 at 78 °C through 3 half-lives ([6] = 64 mM, [9] = 96 mM, 

[Bu4NBF4] = 224 mM) (kobs = 3.3 ± 0.1 × 10
‒5

 s
‒1

). 
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Figure 128.  First order plot of the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Bu4NBF4 at 78 °C through 3 half-lives ([6] = 60 mM, [9] = 90 mM, 

[Bu4NBF4] = 511 mM) (kobs = 3.0 ± 0.1 × 10
‒5

 s
‒1

). 

 

 

Figure 129.  First order plot of the protonolysis of trans-6 with Et3N•HCl (103 mM) at 

78 °C through 3 half-lives ([6] = 66 mM, [Et3N•HCl] = 103 mM) (kobs = 2.9 ± 0.1 × 10
‒5

 

s
‒1

). 
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Figure 130.  First order plot of the protonolysis of trans-6 with Et3N•HCl at 78 °C 

through 3 half-lives ([6] = 66 mM, [Et3N•HCl] = 331 mM) (kobs = 2.0 ± 0.1 × 10
‒5

 s
‒1

). 

 

 

Figure 131.  First order plot of the protonolysis of trans-6 with Et3N•HCl in the presence 

of Bu4NCl at 78 °C through 3 half-lives ([6] = 66 mM, [Et3N•HCl] = 99 mM, [Bu4NCl] = 

232 mM) (kobs = 7.1 ± 0.1 × 10
‒6

 s
‒1

). 
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Figure 132.  First order plot of the protonolysis of trans-6 with DIEA•HBF4 in 

the presence of DIEA at 78 °C ([6] = 61 mM, [8] = 331 mM, [DIEA] = 331 mM) (kobs = 

8.3 ± 0.1 × 10
‒6

 s
‒1

). 

 

 

Figure 133.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 12% conversion ([6] = 23 mM, [9] = 45 mM, [Et3N] = 

90 mM) (rate = 2.3 ± 0.2 × 10
‒4

 M s
‒1

). 
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Figure 134.  .  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 17% conversion ([6] = 28 mM, [9] = 45 mM, [Et3N] = 

90 mM) (rate = 3.8 ± 0.2 × 10
‒4

 M s
‒1

). 

 

 

Figure 135.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 14% conversion ([6] = 34 mM, [9] = 45 mM, [Et3N] = 

90 mM) (rate = 4.2 ± 0.2 × 10
‒4

 M s
‒1

). 
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Figure 136.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N (90.3 mM) at 78 °C through 14% conversion ([6] = [9] = 45 mM, 

[Et3N] = 90 mM) (rate = 4.9 ± 0.2 × 10
‒4

 M s
‒1

). 

 

 

Figure 137.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 14% conversion ([6] = 57 mM, [9] = 46 mM, [Et3N] = 

91 mM) (rate = 7.1 ± 0.2 × 10
‒4

 M s
‒1

). 
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Figure 138.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 13% conversion ([6] = 67 mM, [9] = 45 mM, [Et3N] = 

90 mM) (rate = 7.7 ± 0.3 × 10
‒4

 M s
‒1

). 

 

 

Figure 139.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 in the 

presence of Et3N at 78 °C through 12% conversion ([6] = 38 mM, [9] = 8 mM, [Et3N] = 

76 mM) (rate = 4.2 ± 0.2 × 10
‒4

 M s
‒1

). 
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Figure 140.  Zeroth order plot for the protonolysis of trans-6 with Et3N•BF4 (9) in the 

presence of Et3N at 78 °C through 13% conversion ([6] = 38 mM, [9] = 8 mM, [Et3N] = 

76 mM) (rate = 4.5 ± 0.1 × 10
‒4

 M s
‒1

). 

 

 

Figure 141.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 13% conversion ([6] = 38 mM, [9] = 15 mM, [Et3N] = 

76 mM) (rate = 3.5 ± 0.4 × 10
‒4

 M s
‒1

). 
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Figure 142.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 15% conversion ([6] = 38 mM, [9] = 15 mM, [Et3N] = 

76 mM) (rate = 5.2 ± 0.1 × 10
‒4

 M s
‒1

). 

. 

 

Figure 143.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 9% conversion ([6] = [9] = 38 mM, [Et3N] = 76 mM) 

(rate = 3.8 ± 0.1 × 10
‒4

 M s
‒1

). 
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Figure 144.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 13% conversion ([6] = [9] = 38 mM, [Et3N] = 75 mM) 

(rate = 3.6 ± 0.2 × 10
‒4

 M s
‒1

). 

 

 

Figure 145.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 18% conversion ([6] = 38 mM, [9] = [Et3N] = 76 mM) 

(rate = 4.0 ± 0.4 × 10
‒4

 M s
‒1

). 
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Figure 146.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 16% conversion ([6] = 38 mM, [9] = [Et3N] = 76 mM) 

(rate = 4.6 ± 0.2 × 10
‒4

 M s
‒1

). 

 

Figure 147.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 17% conversion ([6] = 38 mM, [9] = 150 mM, [Et3N] 

= 75 mM) (rate = 4.3 ± 0.3 × 10
‒4

 M s
‒1

). 
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Figure 148.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 15% conversion ([6] = 37 mM, [9] = 148 mM, [Et3N] 

= 74 mM) (rate = 4.0 ± 0.3 × 10
‒4

 M s
‒1

). 

 

 

Figure 149.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 10% conversion ([6] = 37 mM, [9] = 293 mM, [Et3N] 

= 73 mM) (rate = 6.0 ± 0.8 × 10
‒4

 M s
‒1

). 
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Figure 150.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 20% conversion ([6] = 36 mM, [9] = 286 mM, [Et3N] 

= 72 mM) (rate = 5.8 ± 0.4 × 10
‒4

 M s
‒1

). 

 

 

Figure 151.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N at 78 °C through 16% conversion ([6] = 38 mM, [9] = [Et3N] = 76 mM, 

[Et4NCl] = 0 mM) (rate = 1.34 ± 0.05 × 10
‒5

 M s
‒1

). 
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Figure 152.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N and Bu4NCl at 78 °C through 17% conversion ([6] = 38 mM, [9] = 

[Et3N] = 76 mM, [Bu4NCl] = 10 mM) (rate = 1.5 ± 0.1 × 10
‒5

 M s
‒1

). 

 

 

Figure 153.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N and Bu4NCl at 78 °C through 11% conversion ([6] = 38 mM, [9] = 

[Et3N] = 76 mM, [Bu4NCl] = 19 mM) (rate = 8.1 ± 0.6 × 10
‒6

 M s
‒1

). 
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Figure 154.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N and Bu4NCl at 78 °C through 9% conversion ([6] = 38 mM, [9] = 

[Et3N] = 76 mM, [Bu4NCl] = 28 mM) (rate = 1.1 ± 0.1 × 10
‒5

 M s
‒1

). 

 

 

Figure 155.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N and Bu4NCl at 78 °C through 7% conversion ([6] = 38 mM, [9] = 

[Et3N] = 76 mM, [Bu4NCl] = 38 mM) (rate = 5.1 ± 0.5 × 10
‒6

 M s
‒1

). 
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Figure 156.  Zeroth order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in the 

presence of Et3N and Bu4NCl at 78 °C through 8% conversion ([6] = 38 mM, [9] = 

[Et3N] = 75 mM, [Bu4NCl] = 56 mM) (rate = 6.2 ± 0.5 × 10
‒6

 M s
‒1

). 

 

 

Figure 157.  First order plot for the protonolysis of trans-6 with glacial HOAc at 68 °C 

through 1 half-life ([6] = 51 mM, [HOAc] = 77 mM) (kobs = 1.44 ± 0.02 × 10
‒5

 s
‒1

). 
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Figure 158.  First order plot for the protonolysis of trans-6 with glacial HOAc at 

68 °C through 65 % conversion ([6] = 51 mM, [HOAc] = 510 mM) (kobs = 1.61 ± 0.02 × 

10
‒5

 s
‒1

). 

 

 

Figure 159.  First order plot for the protonolysis of trans-6 with Et3N•HBF4 at 68 °C 

through 3 half-lives ([6] = 51 mM, [9] = 510 mM) (kobs = 4.99 ± 0.07 × 10
‒5

 s
‒1

). 
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Figure 160.  First order plot for the protonolysis of trans-6 with Et3N•HBF4 at 68 °C 

through 3 half-lives ([6] = 51 mM, [9] = 77 mM) (kobs = 3.04 ± 0.04 × 10
‒5

 s
‒1

). 

 

 

Figure 161.  First order plot for the protonolysis of 11 at 54 °C through 3 half-lives ([11] 

= 50 mM, [9] = 0 mM) (kobs = 3.50 ± 0.05 × 10
‒5

 s
‒1

). 
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Figure 162.  First order plot for the protonolysis of 11 with Et3N•HBF4 (9) at 54 °C in 

CDCl3 through one half-life ([11] = [9] = 50 mM) kobs = 8.3 ± 0.3 × 10
‒6

 s
‒1

). 

 

 

Figure 163.  First order plot for the protonolysis of trans-6 with Et3N•HBF4 (9) in CDCl3 

at 54 °C through 2 half-lives ([6] = [9] = 50 mM) (kobs = 1.76 ± 0.04 × 10
‒5

 s
‒1

). 
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