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Abstract

The alility of gold(l) 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(l), carbambon and carbdheteroatom
bond forming processeseapf particular interest for the fields of organic synthesis and
pharmaceutical development. Discussed herein are goh@)yzed methods for the
intra- and intermolecular functionalization of alkenes, alkymaesl allenes with nitrogen
and oxygerbaselnucl eophil es | eading to new C X bon

Approxi mat el y -2alenecarplexeshdortainiggeither [T =
1,3-bis(2,6-diisopropylphenyl)imidazeR-ylidene] or P¢-Bu),0-biphenyl ancillary
ligands, were isolated or generated and somplexes were analyzed by-ray
crystallography. Spectroscopy;rdy crystallography, and alkene binding studies are in
accord witah kaen@9l din( 'er a cdomaton frothdhe alkeaettee d by
gold. Kinetic analyses of degenerate isobutylexehange 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)AuClI [L = BBu),0-biphenyl or IPr] and AgShf
with internal akynes led to isolation of the corresponding cationic,-beordinate gold
p-al kyne complexes in 0O90% yield. Equilibr
affinities of alkynes to gold(l) are strongly affected by the electron density of the alkyne

and to a lesser extent on the steric bulk of the alkyne. Treatment of asaspef



(IPr)AuCl and AgSbFk with terminal arylacetylenes led to the formation of thermally
unst ab |-akyng complexes of the form [(IPNMAAHCI CABHR|i n 086 N
5% vyield, which were characterized by spectroscopy without isolation. Warmisg the
complexesto0°CledtoC(§y bond <cl eavage and for-mati on
acetylide complexes of the form {[(IPr)Agh,h>C [ C ArSpR', three of which were
isolated in 99% yield and one of which was characterized-bgy>crystallography

A family of 7 cationic gold(l) p-allene complexes were isolated and fully
characterized in solution, and in threases by Xray crystallography. Degenerate
intermolecular allene exchange kinetic studies for three of the allene complexes are in
accordwith a twoterm rate law of the form rate ki[complex] + k;[complex][allene]
with energy barriers dbGY; = 17.4i 18.8 kcal mof andDG, = 15.2i 17.6 kcal motf.

Variable temperature NMR analysis of these complexes established facile intramolecular
p-face exchange throudit-allene intermediates or transition states with barrie3Gf
=8.9i 10.9 kcal mof for phosphinend 9.5 12.2 kcal mot for IPr complexes.

Mechanistic  investigation of gold(atalyzed intramolecular allene
hydroalkoxylaion established a mechanism involving rapid and reversib@ Gond
formation followed by turnovelimiting protodeauration from a mono(gold) vinyl
complex. This oftycle pathway competes with catalyst aggregation and formation of an

off-cycle bis(gold) inyl complex.
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Chapter 1

Carbophilic Gold(l) and Its Niche in

Homogeneous TransitioAMetal Catalysis



1.1 Introduction
1.1.1 Significance of Transition Metal Catalysis

Homogeneous transition metal catalysis has become an increasahgiple tool
in the medicinal chemistry community for its applications in pharmaceutical development
and drug discovery. In many cases, transition metal catalysts facilitate organic
transformation that may otherwise be impossible and impart a higeadefiselectivity
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, includingma conmercial drugs (Figure
1).>* 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 cmcattracemic metal complexes as
catalysts. This, coupled with the limitations associated with traditional methodsXof C
(X = N, O) bond formatiori® has stimulated considerable interest in the development of
new and more efficient transition metal catag methods for the synthesis of these

important molecular subunits.



Plavix
N
HO Me
Me
Ph CO,H 0Ny
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Leucascandrolide A

Figure 1. Examples of commercial drugs and natural products that contain aliphatic
nitrogent and oxygerheterocycles.

1.1.2 Background on Cationic Gold(l)
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(l) complexes are
efficient catalysts for the functionalization ofi C multiple bond with a variety of
carbon and heteroatom nucleophifé®. A diverse array of reactions employing
nucl eophilic additions to alkenes, alkynes
superior ability to activate i@ multiple bonds relative to othdate transition metal
complexes. Gold(l) is also exceeding mild, +toric, and lends itself to straightforward
experimental setups, having exceptional air and moisture toleracitaracteristics that

distinguishing it from many alkali and lanthanide aletomplexes. In combination with



A

these desirable attributes, gol dés broad f
stability has resulted in the development of unique organic transformations that rely on
cationic gold(l) complexes for optimumtedytic activity. For this introductory review,

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

an XiH bond (X = N, O) across thei C multiple bond of an alkene, alkyne, or allene
(hydrofunctionalization). The swey will conclude with a description of this

di ssertationds strategry for wultimately ex

catalysis in generating syntheticafliglevant molecular frameworks.

1.1.2.2 Bonding Modes in Gold(lp-Complexes

The hattDewarDuncanson model is typically invoked in describing the
covalent bonding interaction between a transitiwgtal complex and hydrocarbyl ligand
(alkene, alkyne, allene, et¢%?* This model assumes thatsabond is formed through
overlap of thehydrocarbyl ligandp system with an empty metal orbitaf suitable
symmetry (Figure2). Alternatively, ap interaction results from baa#onation of
electron density from a filled metal orbital into an antibonding* orbital of the
hydrocarbyl ligand. Thes-sy mmet ri ¢ AuYL bon g-Bymmetric nt er a
Au YL Wenatikn are the dominant bonding interactions for gebmplexes and
result from overlap of the iplanep, orbitals with the goldio r b i t a | g-donatioA u Y L
can also occur througthe orthogonal, oubf-plane p~ orbitals, although this minor
interaction is strongest for alkyne complexes in which the ligand serves asedeftiuon

donor. Overlap of an occupielbrbital on gold with the empty~* orbital of the alkyne

4



ligandcane s ul t i n -dAnatidrhawingl syknmetry, therefore representing only

a weak interaction.

Au Alkyne
* 5
dyy 8 % T Au ----- - L
T
dy, > @) g TL Au <----- L
d * )
Xz % T[|| Au —> L
dzz C:G:) TC|| Au 46_ L

Figure 2. Qualitative orbital digram adapted from Fiirstner and Daves.

The relative contributions of electrostatic vs. covalenbital) components to the
overall bonding intedaoctit opopn pabackdortdton, as
with regard to the latter component, have been heavily debated in the literature. A
number of computational investigations have been conductpdrse the covalent and
electrostatic contributions to the overall gpldbonding interactioi®?®> Early theoretical
studies of coinage metal (Cu, Ag, Au) complexes of ethylene and acetylene suggested
that the interaction is mainly electrostatic with omlggligible covalent contributions.
Indeed, computational analyses by Frenking andiaxkers revealed that the character of
ethylene/acetylengold(l) bonds is more electrostatic than covalent; however, the
covalent portion potentially accounts for #84% of the overall attractive interactiof{s.

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

approach 43% for Awethylene and 42.2% for Aacetylene. Considering only the
5



covalent bonding term, it is generally accepd t hat goadtivhiios benaaar k e d
relative to other transiti osndonatertamdalya s a
smal | , or ev e np hackdohation.i Patamelli employed computational

methods to refute this assumption, shayvihat both components could play comparable

roles in bonding® Here, charge displacement studies on realistic neutral and cationic
gold-ethylene/acetylene complexes bearing catalytigallgvant ancillary ligands, CL)

and anN-heterocyclic carbeng), revealed a covalent bonding picture in whichack

donation accounts for 25 50% of trke orbital interaction (Figure8). Thorough
experimental evidence will be required before global generalizations regarding the nature

of gold(l) p-activation can be established.

H H
N @&
CI—Au—:[ [ %Au—:[
H N H

1 2

H

H

Figure 3. Charge displacement complexes-j&il-ethylene] (1) and [NHEAuU-
ethylene] (2) from Tarantell?®

1.1.2.3 TweCoordinate Geometry

Gold(l) typically maintains a linear, tweoordinate geometry in both its neutral
and cationic complexes, which impartsique reactivity to numerous gold{datalyzed
transformations. In fact, gold(l) is the least predisposed of the Group 11 elements to
expand its coordination number beyond two. As an example,-tlag Xrystal structure

of [AuCI(PPh)] (3) is in accord wth an essentially lineariR u  C| bond angl e ¢



(Figure 4)?® Examination of the structure corresponding to its tw@erdinate
counterpart [AuCI(PP] (4) reveal s a short Au P1 bond
relatively | onger23MulA B= 008y sufgesting that the f
second AuPPhmoiety is only weakly bound to gofd. More strikingly, the computed
structure of the parent complex [AuCI(BH (5) consists of a nearly lineari Rui Cl

entity that loosely associates with themed phosphine ligand,and it is known that
introduction of electron rich phosphine ligands can lead to chloride expulsion from the
first coordination sphere forming cationic, tgoodinate bis(phosphine) complexes. For
the purposes of homogeneous gqglddtalysis, complexes containing stericdlipdered
o-biarylphosphine and#ll-hetereocyclic carbene ancillary ligands are known to exist only
as linear, twecoordinate species in solution and the solid state.

PPh; PH3

PhsP—Au—Cl
s Cl_AU\pph3 Cl—Au—PH;

3 4 5

Figure 4. Structurdly- and computationalkanalyzed tweand threecoordinate gold(l)
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 particularlyreng with gold species in comparison to other coinage
metal complexed’ For gold, the relativistic contraction of thes 6rbital leads to
expansion of the atomatandf orbitals due to enhanced shielding by the contracted core.

This contraction of thé&s and & orbitals results in greatly strengthened and contracted
7



AuiL bonds and is the primary wunderpinning
Lewis acidity?>*® These bond contractions are sensitive to the nature and
electronegativity ofthé¢ i gand such that softer phosphi n
more effective orbital overlap andtronger bonslthan harder chloride ligands. On the
other hand, the altered intrinsic energies and diffuse character ofl thibitals
gualitatively exphin the chemicalhsoft and carbophilic character of gold(l). In
compari son deakectrans, gheaeticalsstudiges regarding relativistic effects
i ndi cat e dlladronsgarel eeld svith Jyreater energy, resulting in more
electrophilic metalspecies that do not generally undergo oxidative addition. These
observations are consistent with goldds p
oxygen tolerance. Finallyyjuar ophi I i ci t vy, the tendency fo
stabilizing on the order of hydrogen bonds, likely stems from relativistic effects and has
led to intriguing reactivity in a number of getéitalyzed organic transformations.

While computational anadgs of theoretical gold(l) complexes and correlations to
related transition metal species have aided our understanding efimtdrantermolecular
bonding interactions, valuable experimental evidence for catalytically relevant complexes
is lacking. One ian 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.



1.2 Organic Reactions of Alkenes, Alkynes, and Allenes
Catalyzed by Gold(l)

1.2.1 Reactions of Alkenes
1.2.1.1 @GN Bond-Forming Reactions

The addition of an NH bond across ai@ multiple bond (hydroamination) in an
intramolecular fashion utilizing ustivated alkenes has received considerable attention
as an attractive and expedient route for the synthesis of functionalized nitrogen
heterocycles. In 2006, several reports of goldéalyzed intramolecular
hydroaminations of unactivated alkenes withagiety of tethered nucleophiles appeared,
allowing for the synthesis of pyrrolidine @npiperidine derivatives (eq 1 4).
Widenhoefer published one of the first reports in this series, which utilized a highly
efficient precatalyst [R{Bu),0-biphenyl]AuCl (6) bearing a stericaltpindered, electron
rich phosphine supporting ligaritl. For example, treatment of alkenyl carbamatgith
a catalytic mixture o6 and AgOTTf (5 mol %) in dioxane at 60 °C for 18 h afforded the

substituted pyrrolidin® in excdlent yield (eq 1).

NHCbz 6/AgOTf (5 mol %) ﬁbz
: - Me (eq 1)
Ph dioxane, 60 °C, 18 h
N 97% Ph
Ph o
7 8

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 oftbetdnyl chain, but

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



encouraging levels of diastereoselectivity and effectively cyclized an unsubstituted 4
pentenyl derivative. Based on mechanistic studiesterdochemical analyses of related
reactions with alkynes (section 1.2.2), it is proposed that gald{§lyzed
hydroamination of7 involves outersphere attack of the carbamate nitrogen atom at the
gold-complexed olefin ofi coupled with loss of HCI tdorm the neutral alkygold
complex Il (Scheme 1). Protonolysis of the 1At bond ofll would then release

pyrrolidine8 and regenerate the cationic monophosphine gold catalyst.

NHCbz NHCbz

gj*

Concurrent with the work above, He reported both interd intamolecular

Scheme 1.

gold(l)-catalyzed hydroaminations of unactivated alkenes with sulfonafhiaesvell as

the intermolecular hydroamination of idBnes with carbamaté$. Focusing on the
former, a variety of sulfonamide nucleophiles effectively added to acytkenes and
monosubstituted alkenes; modest to poor yields of the substituted amine adducts were
obtained upon reaction of acyclic idRand trisubstituted alkenes. Also examined was

intramolecular alkene hydroamination, such as the reactidhto$ylatedg-amino olefin

10



9 with a catalytic mixture of (PRJAuUCI and AgOTf (5 mol %) in toluene at 85 °C to
provide bicyclic pyrrolidinel0 in 95% vyield (eq 2). Theis relationship of the two
adjacent protons 10, which was conclusively assigned based Igabe the measured
coupling constant, suggested that the sulfonamide attacks from the opposite face of the
gold(l)-bound olefin to give theransaddition product. However, it was recently
demonstrated that catalytic amounts of trifluoromethane sulfandqldOTf) effects this
transformation stereoselectively in comparable yield (eif 2s a result of these and
similar observations in the literature, there is growing concern that a number of metal
based hydrofunctionalizations, particularly those erwyiplp electrophilic metal
complexes or metal triflates in combination with mildly basic nucleophiles, may be

catalyzed byn situgenerated strong Brgnsted acid under reaction conditions.

Ph_ Ph

¥ (PPh3)AUOTF (5 mol %) HD Ph pp,
" Ts HOTf (5 mol ¢ ;
D or (5 mol %) . H (eq 2)
toluene, 85 °C, 15 h bl )
96% N
D 9 10 “Ts

Expanding the optimized procedure for the hydroamination of alefuith
carbamates, Widenhoefer reported a complementary intramolecular cyclizatlén of
pentenyl carboxamides. Here, treatmenibfvith a catalytic mixture o6 and AgOTf
(5 mol %) in dioxane at 80 °C for 7 h led to isolation of pyrrolidi@en 97% yeld (eq
3)% In a related study, Widenhoefer developed the room temperature intramolecular
hydroamination of alkenyl urea substrates employind\theterocyclic carbene complex
(IPr)AuCl [IPr = 1,3bis(2,6diisopropylphenyl)imidazol-ylidine] activatel by
AgOTf.3® This pair of reactions achieved a substrate scope comparable to that observed

11



for the intramolecular reaction with carbamates. Finally, Che developed an
intramolecular hydroamination of alkenes under thermal and micreassisted
conditiors®” 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,
(PPR)AUCI/AgOTT (5 mol %9 effectively catalyzed the intramolecular hydroamination
of alkenyl tosylamidd.3in toluene at 80 °C to furnish indolidd in 99% yield (eq 4).

OYCy OYCy

NH 6/AgOTf (5 mol %) N Me
> (eq 3)

dioxane, 80 °C, 7 h
97%

(PPh3)AuCI (5 mol %)

=
@(\/ AgOTF (5 mol %) " (eq 4)
> e
NHTs toluene, 80 °C, 12 h N

99% Ts

While development continued in the area of goldéalyzed €N bondforming
reactions, thosenvolving additions to unactivated alkenes were not as forthcoming.
Further, extension of gold¢batalyzed alkene hydroamination using alkylamines had not
been demonstrated at this point, presumably due tepramuctive displacement of the
alkene by thebasic amine and/or inefficient protodeauration with weakly acidic
ammonium salts.  Therefore, Widenhoefer andwodkers employed protonated
alkylamines tethered to unactivated alkenes in a mild and efficient intramolecular

hydroamination procedure to yiepyrrolidines®® For example, conversion df SHRF,

12



to 16 was effectively catalyzed by a mixture oL7JAuCl [17 = PCw{2-[2,6-

CeH3(OMe)]CeH4}] andAgOTf (5 mol %) in toluene at 80 °C (eq 5).

— Bn
NH2BN"BF4™ 1) (17)AuCAgOT (5 mol %) N Me
t e (¢a’)
ﬁ/\& oluene, 60 °C
2) NaOH
15 16

Considering the inherent challenges of intermolecularedkhydroamination, it is
not surprising that sulfonamides were the only known nucleophiles for goatélyzed
processes for nearly three years and enantioselective intermolecular hydroamination of
unactivated alkenes remained elusivia response tdhts deficiency, Widenhoefer and
co-workers investigated the use of cyclic ureas as nucleophiles in the hydroamination of
ethylene and -hlkenes, which ultimately led to an unprecedented enantioselective
reaction of alkenes with up to 78% enantiomeric egs (eeJ? As an example of the
achiral reaction, treatment ofriethytimidazolidin-2-one (8) with ethylene (120 psi)
and a catalytic 1:1 mixture & and AgOTf (5 mol %) in dioxane at 100 °C for 20 h led

to isolation of tethyl3-methytimidazolidin2-one (9) in 99% vyield (eq 6).

0] (0]
6/AgOTf (5 mol %), ethylene (120 psi) Me
MeN)kNH : ° - MeN)kN_/ (eq 6)
\/ dioxane, 100 °C, 20 h, 99% \
18 19

Although not catalytic in nature, the intramolecular aminoauration of unactivated
alkenes reported by Toste provided welcomed mechanistic insights into -goéd{idted
hydroamination4® Demonstrated was the room termaere isolation oft{-amino)alkyl

gold complexes fronN-g-alkenylureas with the goldxo trimer [(PPBAU)3;O]BF, in the

13



presence of triethylamine for proton sequestration. Deuterium labeling studiesrapd X
crystal structures provide support for a mechanism invohang-addition of the
nucleophile to a golg-alkene complex (Scheme 2), which was verified using DFT
calculations. Toste also demonstrated that thanfino)alkyl gold complexes initially
undergo cycloreversion to tié-galkenylureas upon treatment with TsOélldwed by

slow protodeauration due to the electron deficientsHEénd employed in this study.

O>_ o
NHt-Bu
NH )]\

Ph [(PPh3Au)30]BF4 (0.4 equiv) Ph N~ “NHt-Bu
N R
Ph NEt; (2 equiv), CHCI3, RT Ph /R
N_Rr H
AuPPhg
R

21a:R=D (98%),R'=H

- = 0, l=
20a: R=D (98%),R'=H 21b: R=H, R'=D (80%)

20b: R=H, R' = D (85%)
Scheme 2.

Within the past year, Widenhoefer and Toste have each reported interesting
reactions involving gold(hmediated additions to alkenes and diemespectively'!*?
Widenhoefer developed a novel synthesis of substituted, monocyclic imidazbhbdies
through intramolecular hydroamination Nfallylic ureas!’ For example, a mixture
and AgPF catalyzed the conversion @P to 23 at loadingsas low as 1 mol % at room
temperature within 15 h (eq 7). Later, Toste demonstrated the phosphinegold(l)/menthol
catalyzed intramolecular enantioselective hydroamination eflief3es with a variety of
tethered nitrogedased nucleophilé$. Cyclization of 24 was realized with a catalytic
mixture of [R)-25Au.Cl, [25 = DTBM-Segphos] and AgBfFin dichloromethane at

room temperature for 6 h to provide an enantiomerigatiyched mixture of pyrrolidines

14



26 and27 (eq 8). Specific formation of vinyl pyrlidine 26 was accomplished through
(1) r e mo v amentholfadditive er (2] adglition of proton sponge (20 mol %).
These results point a dual reaction mechanism: formatioB6ahvolves traditional
coordination, nucleophilic addition, and protodesion; formation of27 proceeds via a
Bregnsted acid catalyzed pathway in which the gold compfeacts as a Lewis acid by

binding to menthol, thus increasing its Brgnsted acidity.

Ji§ 2
Cy~ PNP
N N~ 6/AgPFg (1 mol %
H 9PFs { o), Cy\NJ\N’PNP (eq7)
CHCl3, 25°C, 15 h \
ﬁ 100% "
23 ©

22 (PNP = 4-NO,CgHa)
oh (R)-25[Au,Cl5] (3 mol %)

Ph N AgBF4 (6 mol %) Ph 5
j\/\/ (-)-menthol (2 equiv) (eq 8)
CH,Cl,, RT P Me

(@) NHTs
24 99% Y, 94% ee
26:27 = 1:1.53 26 27 E/Z = 50:1

0
.

o PAr,

o PAr,
<o O (R)-25

Ar = 3,5-di-tert-butyl-4-methoxyphenyl
(R)-DTBM-Segphos

e
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1.2.1.2 GO Bond-Forming Reactions

In 2005, He reported the gold{dgtalyzed intermolecular addition of phenols and
carboxylic acids to olefin§ This work constituted the first goichtalyzed formation of
carborn heteroatom bonds, specificallyi O bonds, through activation of inert olefins.
As a key example, treatment &phenyll-butene and phenol with catalytic amounts of
(PPR)AUCI and AgOTf (2 mol %) in toluene at 85 °C for 15 h led to isolation of
regioisomeric ether produc#8a and 28b (15:1) in 80% combined yield (eq 9). This
results suggested thatphenytl-butene may be undergoing a double bond migration
prior to Q O bond formation. Treating-ghenytl-butene with 1 mol % of the catalytic
mixture under reaction conditions resulted in 75% conversion of the terminal alkene to 4
phenyt2-butene (2.2:1E:Z), thus rationalizing the product distribution &8. The
proposed mechanism for this transformation involves initial coordination of the alkene
forming the goldp-complex 1l followed by nucleophilic addition of the phenol or
carboxylic acid (Scheme 3). A swugient proton transfer/protodeauration step affords
the major ether produ@8a The gold catalyst also promotes double bond migration to

the regioisomeric intermediake , which allows for formation of the minor prodigb.

Ph
O/
PPh3)AUCI/AGOTS (2 mol %)
Ph” "X + PhOH (PPhs) 9 o), /\)\ + thVMe (eq 9)
28b

toluene, 85 °C, 15 h, 80%
28a:28b = 15:1
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Ph.
/\j\ ® Ph” X
Ph Me PPhzAu o-Fn
28a >/ \( Ph\)\/Me + 28a
28b
®

Fh \(C;)H
AuPHPh3
/ PhOH
Ph/\)\/AuPPhg Ph/\/\ m \
=
Ph” N

v ® AuPHPhg

PhOH

Scheme 3.

Following the sminal work by He, very few reports on gold¢gtalyzed CO
bond formations with alkenes appeared. In 2007 Sukurai demonstrated the Lewis acidic
character of zerwalent gold nanoclusters for the intramolecular addition of thel O
bonds of alcohols acre<) C multiple bonds (hydroalkoxylation) of alkerfésUse of 10
atom % Au:PVP [PVP = poli{-vinyl-2-pyrrolidone)] effected the aerobic cyclization of
g-hydroxyalkene29 to generate the substituted tetrahydrofud@rn good vyield (eq 10).
The following year Corma published a study on the addition of alcohols to unactivated
alkenes using Au(lll) stabilized by CuClwhich expanded the substrate scope of
intermolecular hydroalkoxylations to includeottene and methanol as substratesn
2009, Tokunagaeported the enhancement of hydroalkoxylation efficiency employing
functionalized alcohols in a homogeneous goldétalyzed proces§. Using the
optimized procedure, thei® bond of chloroethanol effectively added across th€ C
double bond of dcteneusing 3 mol % of the catalyst mixtur81jAuCI/AgOTf [31 =

P(GsFs)3] in toluene at 85 °C for 24 h to generate ether pro8¢eq 11).
17



OH Au:PVP (10 atom %) Ph. o
Ph 00 mol % DBU Ph

Ph H,O/DMF, 50 °C, 16 h
29 87% 30
(31)AuCI (3 mol %) o>
AgOTf (3 mol %)
HsC o~~~ + ~_Cl > H3C\/\/\)\ eq 11
S 7 HO toluene, 85 °C, 24 h CHs (eq 1)

1.2.2 Reactions of Alkynes

1.2.2.1 GN Bond-Forming Reactions

The use of cationic gold(l) complexes for catalytiydroamination of alkynes
was first reported by Hayashi in the addition of aniline nucleophiles to terminal and
internal alkyned’ Neutral goldalkyl complex (PPYAuCH; was employed as the
precatalyst in this system, which necessitated the use dfidic promoter to generate
the catalyticallyactive cationic gold species. The solvémee reaction of aniline and
phenylacetylene, using 0.2 mol % (BAuUCH; and 1 mol % HPW;,04 as the acidic
promoter, proceeded to giwe(a-methylbenzylidene)anilind83in 98% yield (eq 12). It
was found that the reaction proceeds more smoothly when the amine substituent is
electronwithdrawing and the alkyne substituent is electron donating, pointing to an
innersphere mechanism involving the three coordinate goliggrmediateV for

intermolecular €N bond formation (Scheme 4).

PPh3)AuCH3 (0.2 mol % ©\
H3PW12040 (1 mol %) /©
3

98% HyC
3

18



BT

Ar\ /H

® ®
A o

o e

L— Au—H
'

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 nurhber of fascinating reactions involving the activation of alkynes towéhd C
bond formation have been demonstrated. For example, Bertrand showed that the gold(l)
cyclic (alkyl)(amino)carbene comple3d effects the intermolecular hydroamination ef 3
hexyne with ammonia to generate the primary imine prod@6t(eq 13)*® This
intermolecular reaction was also extended to the synthesis of heterocycles from diynes
and ammonia. Here, treatment of the-diyhe 36 with ammonia and a catalytic quantity
of complex34led to formation of fiveand sixmembered heterocycl& and38in 88%
yield (3:2, respectively) (eq 14). A brief mechanistic analysis of thexyne/NH
system identified the Werner complex [(CAAC)Au(§H as the resting state species,

pointing b an insertion mechanism similar to that proposed by Hayashi (Schéfme 4).
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NH
34 (1 mol %
Et—=——FEt + NHs ( . /—4 Dipp— N (eq 13)
CeDe, 160 °C, 14 h  Et Et o
0 35 Au ©
95% 34 | B(CeFs)a
NH3
NHs
34 (10 mol %) (eq 14)
7 N\ Cebs 165°C, 18h Ph A Jpp * |
Ph Ph  88%, 37:38 = 3:2 N Ph” N7 “Ph
36 37 38

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(l)-catalyzed intramolecular cyclization of@kyne1,2-diols (section 1.2.2.2) and 1
amino3-alkyn-2-ols*® Stradiatto employed a gold complex bearing the -BalPhos
ligand as a highly effective catalyst for the steraod regioselective hydroamination of
internal aryl alkynes with dialkylamines leading to enamines containing a diverse range
of functional groups’® An interesting pair of reactions involving direct
hydroamination/hydroarylation and double hydroamination of terminal alkynes were
reported by P#tand coworkers™® As examples, (PRJAUNTf, catalyzed both the
tandem intermolecular hydroamination/intramolecular hydroarylationcatdne with 2
aminophenylpyrrole39) furnishing40 (eq 15) as well as the double hydroamination of
phenylacetylenavith 2-aminobenzamide4(l) to afford42 (eq 16). Likewise, Asensio
selectively accessed ae&o-dig heterocyclization pathway for-(b-ethynylaryl)ureas
using the bulky NHC complex (IPr)AuCl as a precatal§stHydroamination of the

terminatalkynylurea 43 using a catalytic mixture of (IPr)AuCl/AgSbH5 mol %)
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resulted in formation of quinazol-one derivatived4 as the sole product in 84% vyield

(eq 17).

©\NH2 + |

@ 39 nHex

(0]
ol |
NH, Ph

41

90%

(PPh3)AuNTf, (5 mol %)

85%

(IPr)AuCI (5 mol %)
AgSbFg (7.5 mol %)

=
& ;
NJJ\N/Ph DMF, 60 °C, 5 h > /&

H H N
43 44

\ (PPh3g)AUNTY, (2 mol %) ©\NH
toluene, 100 °C, 24 h N nHex
\ /| Me 40

@)
- NH
toluene, 100 °C, 24 h N/IVME
h

H P
2

(eq 15)

(eq 16)

(eq 17)

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

intramolecular hydroamomiumation of alkynes

as well as

intermolecular

hydroamination using hydrazifig® In an attempt to isolate a tricoordinate gold(l)

complex of typeV (Scheme 4), which was proposed as a key intermediate in the gold(l)

catalyzed hydroamination of alkynesth ammonia*® two new catalytic reactions were

revealed: the intramolecular hydroammoniumation using tertiary ammonium salts and the

aminomethylation of alkyne§. Key t o t he

aut hor so

unMd-er st an

methyt2-(2-phenylethynylanilie @5) with catalytic and stoichiometric quantities of

[(CAAC)Au(h®toluene)l B(CsFs)s complex é6) (Scheme 5). Treatment 46 with a

stoichiometric amount 046 (1 equiv) did not result in a tricoordinate species; rasher
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alkenyl complex47 was obtained in approximately 95% yieltH(NMR). Generation of

this spetes presumably occurreda coordination of the hydroamination prodd@ to

gold. Indeed, treatment of indo#8, isolated from the catalytic reaction 45 with
complex 46, with a stoichiometric amount o6 quantitatively generated-alkenyl
complex47. 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 ofilkynes with parent hydrazine to generate hydrazone protucts.

Au(CAAC)
Ph 46 (1 equiv)

é CDCl3, RT, 5 min N\@ . o
47 (> 95%) Me D89N

NH
I 46 (5 mol % i
45 Me (5 mol %) . N\ Ph 46 (1 equiv)
CDCl3, RT, 5 min N

48 (>90%) Me

D i (N —

Scheme 5.

1.2.2.2 GO Bond-Forming Reactions

Teles established the first intermolecular hydroalkoxylation protocol for internal
alkynes using gold(l), thus providing a practicable altévadb traditional stoichiometric
Hg-mediated process&d. Using (PPBAUCH; as a precatalyst (5 mol %) and a
stoichiometric amount of methanesulfonic acid activator, propyne underwent
intermolecular hydroalkoxylation with methanol to give acéfaleq 18). Proposed is an
innersphere mechanism for the gold¢@talyzed intermolecular addition of alcohols to

alkynes though tricoordinate intermediates of typg&cheme 4) on the basis of ab initio
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calculations, although experimental evidence supportimgy gloposal is lacking. In
2002, Hayashi and eworkers reported a highly efficient gold@atalyzed hydration of
terminal and internal alkynes using the catalyst system of TeleBor example,
treatment of dhexyne with (PPYAUCHS; (0.2 mol %) and stiric acid (50 mol %) in
agueous methanol affordedh2xanone in 99% vyield (eq 19). Shortly thereafter, Liu
disclosed the gold(dgatalyzed cyclization of Z)-2-en4-yn-1-ols such as50 in the
synthesis of fully substituted dihydrofurans (edl) and fuans, although the gold(IH)
catalyst system exhibited superior reactivity for many of the reported subsfrates.
Noteworthy is that the geometrical configuration of the substituent on the exocyclic
double bond, which was unambiguously established by RIR Idpectroscopy and an-X
ray diffraction study, is in accord with a highly selectaveti-addition of the oxygen
nucleophile on the goldctivated alkyne (Scheme 6), a conclusion that directly
contradicts computational analyses for the intermolecular hjjdmylation of alkynes?

(PPh3)AuCHj3 (5 mol %)

CH3S0O3H (1 equiv MeO_ OMe
Me—=——H + MeOH 35O0:H (Tequiv) p%e (eq 18)
40°C Me” “Me
49
(PPh3)AuCHS3 (0.2 mol %) o

H>SO4 (50 mol %
nBu—=——H + H,0 2504 ( ) - )J\ (eq 19)

MeOQH, 70 °C, 99% nBu CHj;
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Ph

Ph Ph Ph
__ Cl (PPh3)AuCI (1 mol %)
y AgOTf (1 mol %) o
4 HO THF, 3 h, 82% PH 0
Ph Ph
(PhsP)Au” | (PhsP)Au — H*
Ph

0]

Vi Cl

Scheme 6.

Employing the (PP)AU*-TsOH dual catalyst system, Krause demonstrated the
tandem intramolecular gold{Batalyzed cycloisomerization/intermolecular acid
catalyzed hydroalkoxylation of homopropargyl alcob@lto generate tetrahydrofuranyl
ether53 (eq 20)°® 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 furabb using the (PPHAUCI/AgOTT catalyst mixture (eq
21)* The optimized conditions were applicable to various alkynyldiols bearing proton,

aromatic, and heteroaromatic ring substituents on the acetylene functionality.

OH

P EtO
= PPh3)AUCI/AgBF4 (2 mol %
(PPh3)AuCI/AGBF4 (2 mol %) o (eq 20)
p-TsOH (10 mol %), EtOH, RT, 1h
Br 76% Br
52 53
HO Ph Ph
Ph (PPh3)AUCI/AgNTf; (0.1 mol %) (eq 21)
> e
A toluene, RT, 10 h Ph /N a
OH H 91% o
54 55
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Following publication of these intramolecular procassdlolan and Corma
demonstrated intermoleculari O bond forming reactions of alkyngs® Using the
(IPr)AuCI/AgSbks catalyst system, Nolan reported an intermolecular hydration of
internal aryl and alkyl alkynes as well as terminal alkyfie&s an examle, hydration of
diphenylacetylene was effected using 0.1 mol % (1000 ppm) of the catalyst mixture in
1,4-dioxane/H0O (2:1) at 120 °C for 18 h to an encouraging yield of ketahéeq 22).
Likewise, Corma demonstrated regio and stereoselective intermoldar
hydroalkoxylation of simple alkynes, such as phenylacetylene,nABhOH to give enol
ether 57 or acetal58, depending on the electronic nature of the phosphine ligand
employed (eq 23§?°
(IPr)AUCIAGSbFg (0.1 mol %) -

o)
Ph—=—=—Ph )J\/ eq 22
1,4-dioxane/H,0 (2:1) Ph Fh eaz®)
120 °C, 24 h, 77% 56

OBu

_ BuO_ OBu
Z Au(l) catalyst (2 mol %)
u
+ n-BuOH Y o . (eq 23)
CH.Cl,, RT, 24 h
57 58

Most recently, Toste reported two interestingQCbondforming reactions. The
first involved the synthesis of chiral racemic and enantiomerieaihched cyclic
carbamimidates via a thr@®mponent reaction of imines, terminal alkynes, and
toluenesulfonylisocyanate using monophosphine gold(l) cat&fyststter determining
the competence of the three necessary transformations (alkynylation, acylation, and
cyclization), the ongot multicomponent coupling reaction between phenylacetylene,

imine 59 and isocyanat®0 was developed to efficiently generate carbaidates6la
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and61b (15:1) (eq 24). The proposed mechanism for this transformation involves initial
gold(l)-acetylide formation followed by addition to imirs® and subsequent trapping
with p-TsNCO to generate the gold coordinated acyclic urea conllex Outersphere
anti-addition of the carbonyl oxygen onto the activated alkyne throughero8ig
cyclization pathway forms the vinyl gold carbamimidinium compMil , which

undergoes intermolecular proton transfer/protodeauration to afford the prétact

(Scheme 7).

_Ph Ph (PPh3)AUCI/AgNTf; (5 mol %)

NI N \\ + p-TsNCO
/k CDCl3, RT, 48 h
Ph . H H 60 89%, 61a:61b = 15:1
(eq 24)
N _Ts N _Ts
| |
PhN 0] + PHN @)
>N e =
Ph Ph Ph
61a 61b
NHTSs HO Ts N7
Ph . outersphere C-O J\ )|\
)N\O bond formation = phN” O protodeauration _ phN” YO
Ph
. N N\\_Ph th
PhsP)A / Fh 5 "
(PhsP), . (PhaP)AU 61a
viil

Scheme 7.

Toste also demonstrated the gold@talyzed kinetic dynamic asymmetric
transformation of propargyl esters using chiral (acyclic diaminocarbene) comfiexes.
Through this transformation, the highly enantioselective syrghesi 2substituted
chromenyl pivalates was realized in moderate to excellent yields. As an example,

treatment of propargyl esté&2 with the gold complex bearing carbene ligabilin
26



chloroformd at 0 °C led to formation 064 in 85% vyield and 91% enanti@eric excess

(eq 25).
OH 63(AuCl), (5 mol %)
& Ph AgOTf (10 mol % | (eq 25)
CDCl3, 0 OPiv
62 85%, 91% ee

1.2.3 Reactions of Allenes

1.2.3.1 GN Bond-Forming Reactions

For more than a decade, intramolecular allene hydroamination reactions have
been extensively studied using organolanthanides, Group 4 early transgiah
compkexes, and late transitiemetal 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 cevorkers developed the gold{¢atalyzed intramoleculaexc
hydrofunctionalization of allenes with nitrogen, oxygen, and carbon nucleophiles using
the o-biphenylphosphine comple&x®® Transformation of enantiomericalnriched 4,5

hexadieny carbamate 9-65 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 forBoc and FmoeubstitutedN-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 goldétplyzed transformations and the
sterespecific conversion of §-65 to (R)-66, Widenhoefer proposed a mechanism
involving nucleophilicanti-attack of the carbamate nitrogen atom on a-goluplexed
allene (Scheme 8). Highly selective formation of Bialkene is preceded by rapid and
reversble formation of intermediatecis-IX, which cyclizes to form ammonium
intermediateX. Deprotonation oK followed by protodeauration ofl with retention of

configuration would releas&6 with regeneration of the catalyticalactive gold

complex.
NHCbz
9 Cb
6/AgOTf (5 mol %) . S ZoH/ Me (eq 26)
\ dioxane, 25 °C, 45 min .
96%
Me
(S)-65 (<84% ee) (R)-66 (<74% ee)
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NHCbz ®
NHCbz

L/X AuL
(S)-65
cis-IX
NHCbz

H Cbz
@)
/ Wn-Pro=— AuL® N, / n-Pr
LAu )

@ transIX X AuL
Cb
lc\l:bz H N Z“\H n-Pr
AuL
(R)-66 H XI

Scheme 8.

Not long after this initial report, Toste demonstrated a highly enantioselective
intramolecular hydroamination of allenes with sulfonamftfeAs an example, treatment
of gtosylamino allené7 with preformed bis(gold) catalysR)-68 AuUOPNB], [(R)-68 =
(R)-xylyl-BINAP; OPNB =p-nitrobenzoate] led to isolation of pyrrolidi®® in excellent
yield and enantiomeric excess (eq 27). Although the reported substrates reddigdcyc
in the absence of geminal disubstitution at the C2 position of the alkyl tether, effective
hydroamination was restricted t¢-allenyl sulfonamides that possessed a terminally
disubstituted allenyl moiety. Subsequently, Widenhoefer expanded the sfope
enantioselective intramolecular hydroamination employing the bis(gold) complex bearing
(9-3,5t-Bu-4-MeO-MeOBIPHEP, ©-70, and carbamatkased nucleophiles.
Reaction of71 with a catalytic mixture of )-70]AuCl, and AgCIQinmx y |l ene at
°C for 24 h afforded2in 97% yield with 81% ee (eq 28). Widenhoefer andvookers

further extended this chemistry in the development of a getd¢glyzed dynamic kinetic
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enantioselective intramolecular hydroamination using differéptiasubstituted allenes

with tethered carbamate nucleophiles and the catalytic mixt®e7{Au.Cl, and

AgClO,.%°
NHT M N
s e - 9
w (R)-68[AUOPNBY, (3 mol %) l/_>7 (eq 27)
DCE, 23 °C, 15 h A\
Me 98% Me
67 Me

69 (99% ee)

9®
PAr2
PAr; Ar = -% OMe
T s
(AI’ = 3,5—06H3(CH3)2
Cbz
NHCb
z [(S)-70]Au,Cl, (2.5 mol %) N N (04 28)
> e
Ph AgClO4 (5 mol %), m-xylene, —40 °C g\ a
PH 97% Ph

Ph

" 72 (81% ee)

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

began to emerge coupling allenes to a variety of gendased nucleophilic partners in
an intermolecular fashion. The first such report described the- ragibstereoselective
hydroamination employing\-substituted carbamates as ammonia surroates,3

disubstituted allen&’3 underwent exclusive attackf benzyl carbamate at the more

electron rich allene terminus to givd in good yield, with highe-selectivity (eq 29). In

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

allenes with ammonia (Section 1.2.2%4)and exended this work to include the

hydroamination of allenes using primary, secondary (alkyl)(@ry@nhd secondary
30



dialkylamines®® As an example, treatment ofi8ethyl1,2-butadiene and dibenzylamine

with (CAAC)AUCI and KB(GFs)4 (5 mol %) inds-benzene dbrded allylic amine75 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 alléAé$. Corcurrently, an
analogous hydroamination reaction of allenamides with arylamides was reported by

Kimber.!

(IPr)AuCI/AgOTf (5 mol %) — NHCbz
Me + NH,Cbz > (eq 29)
BZO/\/\ 2 dioxane, 23 °C, 5h BzO/\/Y

73 84% (E:Z = > 50:1) 74 Me

Me (CAAC)AUCI (5 mol %)
KB(CgF5)4 (5 mol % — CHyPh
+ (PhCHy),NH (CoFs)a ( e >_LN’ : (eq 30)
Me CgDg, 90 °C, 12 h \

99% s CH,Ph

Apart from single nucleophilic additions, diamination of the carbon framework of
allenes has also been demonstrated. Indeed, Widenhoefer repertiedramolecular
dihydroamination of N-g0 and N-d-allenyl ureas providing access to polycyclic
imidazolidin2-ones’® For example, reaction di-d-allenyl urea76 with a catalytic 1:1
mixture of (IPr)AuCl and AgP# at room temperature for 2 h led to id@ma of
imidazolidin2-one 77 in 93% vyield with exceptional diastereomeric purity (eq 31). In
addition top-nitrophenyl, allenyl ureas possessimgnethoxyphenyl, phenyl, and benzyl
groups also underwent gold@atalyzed dihydroamination. Further, theaction was
tolerant of substrates lacking substitution at the C2 position of the heptadienyl chain,
forming imidazolidin2-ones in good yield as single diastereomers.
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0]

0
Ph P (IPPAUCI (5mol %)  Ph i
Ph N™ NHAr  AgPFg (5 mol % Ph N
H gPFe (5 mol %) NAr (eq 31)
CHaCly, 23 °C, 2 h
93% (50:1) H Mo
76 Ar = 4-CgH4(NO,) 7

Reports describing the synthesis of heterocycles containing multiple heteroatoms
through gold(l}catalyzed hydroamination of allenes have also been disclosed. Krause
demonstrated an interestingndo cycloisomerization of allenes with two adjacent
heteroatoms, such as the cyclization ©oFhydroxy-a-aminoallene 78 to N-
hydroxypyrroline79 with complete axigo-center chirality transfer in the presence of 5
mol % of the neutral gold(l) complex AuCl (eq 32)For allenic substrates in which the
heteroatom positions were exchanged, the nitrogen atom continued to act as the
nucleophile forminglihydro-1,2-oxazines and dihydroisoxazoles. Toste andvodkers
expanded the scope of enantioselective -gakdlyzed intramoleculaexoselective
hydroaminations to allenic hydrazines and hydroxylamifiesUsing the optimized
procedure, reaction oN-Boc-protected hydroxylaming0 with the DTBM-Segphos
catalyst R)-25(AuOPNB), led to formation of isoxazolidin81 in 93% yield with 93%
ee (eq 33). Reported concurrently was an enantioselective intramolecular
hydroamination oN-allenyl ureas forming pyolidine derivatives in good yield with up

to 93% ed?
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Me
CH20Bn  Aucl (5 mol %)
nBu,, a LCT(S mol %) scHio8n (eq 32)
CH,Cl,, RT, 80%  n-Bu™
1 NH

-

79

O~
_NHBoc (R)-25(AUOPNBY), (3 mol %) NBoc

(eq 33)
CHyCl,, 23°C, 24 h
93% Y, 93% ee |
81

1.2.3.2 G O Bond-Forming Reactions

Gevorgyan broke ground on the area of gold{fdiated €O bond formation
from allenes with the cyclization of haloallenylketones in the synthesis of halof§rans.
Regioisomeric products were obtained depending on the oxidation state of the gold
catalyst employed. Coordination of the more carbophilic gold(l) species, AUPEO
the distal double bond of bromoallenyl ket@8deads to allene activation (coieg XII )
with concomitant attack of the pendant carbonyl oxygen. Subsequent tautomerization
leads to gold carbenoid speci€Bl , which undergoes a [#dride shift to furnish 2
bromofuran84 (Scheme 9). The Auglmediated pathway, on the other hanégelly
proceeds through initial coordination of the oxygen atom followed by dadldgen

migration to generate the regioisomeric halofuran.

Br Br Alu Au
T g LS ey
CgH r
S gH17 k:o gH17 8”0 CgHq7 (0] 817
82 Xl Xl 83
Scheme 9.
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Along with the hydroamination of allenes (Section 1.2.3.1), Widenhoefer also
demonstrated the intramoldau exahydroalkoxylation ofg- and d-hydroxyallenes to
form vinyl tetrahydrofurans and tetrahydropyrans, respectf7elhile hydroamination
formed theE-alkene products exclusively, hydroalkoxylation of axialhjiral allenyl
alcohols formed mixtures oE and Z-alkenes. Despitehis observation, the gold
catalyzed hydroalkoxylation of axially chiral allenyl alcoh8)-84 also occurred with
transfer of chirality from the allenyl moiety to the newly generated stereogenic carbon
atom of85 (eq 34). Here,H)- and g)-85 arise fromanti-addition of the pendant oxygen
nucleophile onto alleng-complexes similar tacis and trans1X (Scheme 9). The
following year, Widenhoefer and amorkers extended this reaction to the
enantioselective synthesis of tetrahydrofurans or tetrahydropyrans employing chiral
enantiomericallyenriched phosphine goldomplexes! In the presence of bis(gold)
methoxyBiphep complex®-70Au.Cl;; and AgOTs at 20 AC, rac
form cyclization products amixtures of E/Z-isomers with high enantioselectivities in
most cases. Toste reported an alternatatalytic system, taking advantage of a chiral
counterion’® As an example, treatment ghydroxy alleneB6 with catalytic amounts of
achiral 1,1bis(diphenylphosphino)methane (dppm) gold precatalgd 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 conversiom-tfydroxyallenes to 5;8ihydro-2H-pyrans

in the presence of gold(l) catalyéfs.
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OH

6/AgOTs (5 mol %)
> (eq 34)
Ph toluene, 25 °C, 5 min
Ph 92% (E:Z =5.5:1)

R R = n-pentyl
(R)-84 (R),(E)-85 (>90% ee) (S),(2)-85 (290% ee)

Ar
OH H O o. P
dppm(AuCl), (2.5 mol %) G0 P o
> 0" "o (eq 35)
[(R)-871Ag (5 mol %)
benzene, RT
Ar

86 90% 88 (97% ee)

(R)-87
Ar = 2,4,6-CgHa(i-Pr)s

Interesting rearrangements and intermolecular reactions have also been reported
for gold(l)}mediated €O bond formation. Gagosz and-workers generated 1,3
butadien2-ol esters from allenyl carbinol esters; for example, in the presence of catalyst
89, allenyl ester90 rearranges to dier@l at room temperature (eq 38).The following
year, Widenhoefer and amorkers disclosed the first general, regiand stereoselective
gold(l)-catalyzed protocol for the hydroalkoxylation of allenes to form alkyllially
ethers As an example, reaction of allen®-02 (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)-93in 79% ee and solely as tBealkene (eq 37). It was also foundhthhe loss of
chirality from the enantiomericallgnriched allene§)-94 resulted from racemization of
the allene under reaction conditions. In accordance with these results and deuterium

labeling studies, a mechanism involving outersphere attack @il¢bbol on the golgb-

allene intermediatXIlV to form gold(l)s-vinyl XV was invoked (Scheme 10). It was
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postulated that racemization &){92 occurs via formation of a golsl-allyl cation such

asXVl.
Me (0] Cy\
PN )J\ CY~p—Au—NTf,
0" "0 90 (1 mol %) 26
_90(1mol%) .
CH,Cl,, RT, 3 h A Ar (eq 36)
98% 89
Ar = 2,4,6-CgHo-i-Pr
OBz (IPr)AUCI (5 mol %) Me
H/\/ + BrOH AgOTf (5 mol %) _ : P OBz (eq 37)
toluene, RT, 20 min BnO~ N7
Me 83%
(S)-92 (97% ee) (R),(E)-93 (79% ee)
0Bz OBz =—= & o8z
H,, H,, /V Me/\(\/
' Nl ® AuL XV
uL
Me Me BnOH
(S)-92 XIV n
AuL
H®
A/\/ OBn
H: MOBZ
(R),(E)-93 Mé
AuL  xv
Scheme 10.

Significant insight into the meamism of gold(Hcatalyzed cyclizations was
gained by Hammond and -weorkers, who isolated several stabgevinyl gold
compounds from allenic esters and stoichiometric amounts ofRIDITE.2*> Treatment
of a-methylg(n-hexyl)allenoate94 with a stoichometric mixture of (PPHAuUCI and
AgOTf in dichloromethane at room temperature gave the desired cor@plex 85%

yield (Scheme 11). The isolated complexes were characterized by NMR spectroscopy
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and, in one case, by-My crystallography. Mechanistic eeqments were also
conducted to suppod-vinyl complexes (e.g.95) as intermediates in gold{tatalyzed

cyclizations: in the presence of triflic acid or molecular iodine, vinyl @ldnderwent

protodeauration or iododeauration to the corresponding buten8bd&sheme 11).

Me (PPhsAuCl (1 equiv)  (PhsP)AU Me
AgOTf (1 equiv) TsOHeH,O or I,
CeH1s CO,Et > -

CH5Cl,, RT, 10 min

H 94 85% et 95" ?
X Me
C6H13/:&0
96 (X = H, )
Scheme 11.

These seminal reports of gold(hediated CO 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 6rming reactiorf> For example, treatment of allenic epoxyalcoB@l
with a catalytic 1:1 mixture of (Ph{PAuCI and AgOTTf in dichloromethane for less than
30 minutes led to a diastereomeric mixture of py@Bsand98b (2:1) in 65% combined
yield (eq 38. In addition, 7exotrig and unusual “@ndetrig cyclization products were
obtained depending on the nature of the substituents on the alkyl tether. More recently,
in conjunction with theirexoselective hydroaminations of allenic hydrazines and
hydroxylamines (section 1.2.3.1), Toste andveorkers developed an intramolecular
hydroalkoxylation of allenyl hydroxylamin€$. In an effort to lower the coordinating

ability of the associated counteriof(S-99/Ag was employed in combination with
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[dppm(AuCl)] for the conversion of substrai®0to isoxazolidinel01in high yield and

enantiomeric excess (eq 39).

PhO,S HO PhO,S SO,Ph PhO,S SO,Ph
(Phs0)PAUCI (5 mol %)
PhOS™ o AgOTF (5 mol %)
(eq 38)
Me CH,Cly, RT, <30 min
o7 65% (2:1)
_OH
BocN dppm(AuCl); (3 mol %)  BOSN-0
- o,
(S)-(99)Ag (3 mol %) (eq 39)
toluene, 23 °C, 15 h |
Me 98% Me Me
100 101 (98% ee) (S)-99

Ar = 2,4,6-CgHy-i-Pr

1.3 Conclusions

While transformations involving icX (X = N, O) bond formation from alkenes,
alkynes, and allenes are diverse and numerousjngber 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 goldfhatalysis, and late transitionetd 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{tatalyzed reactiondf may be possible to rationatly

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 intraand intermolecular gold@gatalyzel transformations involving
the activation of CC multiple bonded systems. The first three chapters describe detailed
studies of putative gold(Ip-complexes of alkenes, alkynes, and allenes. The final
chapter employs the acquired understanding of tipesemplexes to the mechanistic
study of the intramolecular hydroalkoxylation of allenes as a model for parsing the key
elementary steps of gold{tatalyzed transformations in general. Ultimately, this work
will serve as the foundation for rationally dgsing the next generation of general,
efficient, and selective gold(l) catalysts for the hydrofunai@ation of GC multiple

bonds.
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Chapter 2

Cationic, Two-Coordinate Gold(l) p-Alkene

Complexes: Synthesis and Solution Behavior

Porions of this chapter have been published: a) Brown, T. J.; Dickens, M. G.;
Widenhoefer, R. A.J. Am. Chem. So2009 131, 63566351. b) Brown, T. J.; Dickens,
M. G.; Widenhoefer, R. AChem.Commun2009 645%16453.

X-ray crystal structures of corgxes 18A 2 GG, 19, 20A 2 GG, 31,

35A C.Bl, and38were 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 ingére organogold complexes with the first being
synthesized over a century ago by Gibson and Popre this seminal report, reaction of
magnesium ethyl bromide with auric bromide produces diethylauric bromide
[(C.Hs).AuBr], a moderately stable crystakircompound. 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 digthuric bromide with dilute aqueous
ammonia provided the first reported amicmmpound of gold, having a molecular
formula of [(CoHs),Au(NH3)]" Br. More than 50 years later the first organogold(l)
compounds were synthesizZEdpllowed very shortly by té first gold(l) alkene complex
in 1964%° Here, Chalk provided insights into the Lclooctadiene complexes of
gold(lll) and gold(l), which were isolated from tetrachloroauric acid either separately or
as a mixture, depending on the nature of the macatiedium and temperature. These
early reports undoubtedly piqued interest in the study of golg@pmplexes, but

development of this field initially progressed at a slow pace.

2.1.1.1 Neutral TweCoordinate Gold(l) Complexes

Following the groundbreaking work of Chalk and-workers, new gold(l)p-
olefin complexes were generated by direct reactibnthe olefin with AuCI®"®

However, more recent studies have greatly contributed to our understangibgmding
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interactionsin gold(l) complexes (Figure)5*°* In 1987, Shrahle described competition
studies between olefins and carbon monoxidetiier coordination sphere of gdid.
Using a gas volumetric technique, the reaction of AuCI(CO) with norbornene provided an
equilibrium constant oKeq = 4 * 1 favoring formation of the norbornene complefeq

1). In addition, a crystal structure of Ay{€lk-cyclooctene) Z) was obtained from
material isolated via reaction of AuCI(CO) with the free olefin i,ChLl More recently,
Hakansson and eworkers prepared a gold(P-complex of endedicyclopentadiene,
which was prepared from AuCI(CO), as described previolislyCrystallographic
analyses show that the liganchisbonded to gold(l) via the C=C bond in the norbornene
ring and the [AuCl(GH12)] (3) moiety undergoes aophilic association to form a
[AuCI(C10H12)]2 dimer. Employing a direct approach in which AuCl is reacted with 3
hexyne Dias and Kroll reportethe X-ray crystal structure of theear gold(l) complex

4 featuing a simple, unstrained alkyrie Density Functional Theory (DTF) calculation

are in accord with a goi@lkyne binding interaction in whick donation from the alkyne

to gold dominates over gold to alkypdackdonation.

Koq=4 %1
AuCI(CO) + ﬂb < C|—Au—£b + CO (eq 1)
CI—AU—O cl—Au—|| cl—Au—]||
H

2 3 4

Figure 5. Examples of neutral twooordinate gold(Ip-complexes
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2.1.1.2 Neutral ThreeCoordinate Gold(l) Complexes

Valuable information regding the olefin orientation relative to the coordination
plane of the gold complex was obtained from the first neutral, -ttoesdinate gold(l)
complex isolated by Fackler and-amrkers?® In this report, reaction of NEVINT)
(MNT = 1,2dicyanoethend,2-dithiolateS , )Swith dppee[AuCl} (dppee = cis-
bis(diphenylphosphinekthylene) afforded AMNT)(dppee)Cl, (5). Further, an Xay
crystal structure ob showed the gold atom of the [Au(MNT)] moiety coordinated to the
olefinic center of one of the gpe ligands in a coplanar fashion (dihedral angle between
the planes defined byi8ui'S and CAuiC = 6.4°). Later, Behrens reported on the
strong coordination of cycloheptynes by gold(l) chloride; for example, contpleas
prepared by reaction of [AuCIfh (tht = tetrahydrothiophene) with an equivalent
amount of 3,3,68etramethyll-thiacyclohep#-yne-1,1-dioxide. The gold(l) atoms of
these complexes existed in a trigepkdnar environment Most recently, Dias has
contributed structural data redarg unprecedented thermahyable gold(l) ethylene
adducts 7 and 8 bearing tris(pyrazolyl)borate and -¢haped polyhalogenated
triazapentadienyl supporting ligands, respectivéRy. It was also found that complek
mediates efficient carbene unit tréars from ethyl diazoacetatéo saturated and

unsaturated hydrocarbons such as cyclopentane, styrene, and benzene.
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Me
S\ /S Me Me Me
A R
Ph._/=—\__Ph 0,8 H—Au\ Au—|| SO,
Cl pph—P P~pnh Cl
Au Au Au Me Me
Ph—p p-Ph & Me 6 Me
Ph”™ \=—/ "Ph

7 (R = Ph, CFj3)

Figure 6. Examples of neutral three coordinate golgédomplexes.

2.1.1.3 Cationic ThreeCoordinate Gold(l) Complexes

In an effort to show alkene oxidation by oxygen atom transfer from gold(lll) oxo
complexes, Cinellu and emorkers generated a number of cationic, threerdinate
gold(l) p-alkene compless® It was observed thamcomplexes [AuBipy")(m
O),][PF¢]2 (R = Me, CHMe, CHMe, CH,CMe3) react with excess alkene in acetone or
acetonitrile to give the unexpected alkene adducts [Aulbiaikene)][Pk] (alkene =
styrene a-methylstyrene, ethylen and norbornene) in moderate to low yield in addition
to oxygenated olefin derivatives. The-rXy crystal structure of [Au(bify(h*
CH,=CHPh][PR] (9; bipy” = 6-isopropyt2 , -Bigyridine) was also obtained in this

initial report. In the following yar, the same working group isolated another series of
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alkene complexes bearing strained cyclic alkenes, such as norbornene and 2,5
norbornadienel(0).” Interesting auraoxacyclobutanes, which are proposed intermediates
in gold(lll)-mediated olefin oxidadin reactions, were obtained as minor products in the
reactions of gold(lll) oxo complexes with norbornene. Mechanistic experiments revealed
that the oxygenated organic products and golpg{glkene complexes originate from
these auraoxacyclobutanes. In 2006, this working group further extended the scope of
isolated gold(l)p-complexes and compared their spectroscopic properties to theoretical
hybrid-DFT calculations, both showing a substaintontribution ofp-backdonation to

the goldolefin bond in these three coordinate spetieslthough gold(l) is predisposed

to forming twecoordinate species in the absence of chelating ligands, Dias reported the
surprising isolation and structuraharacterization of the gold(l) tris(ethylene) complex
[Au(C2H,)3][SbFe] (11) from an ethylenesaturated dichloromethane suspension of AuCl

and AgSbE as an aksensitive crystalline solitf

i-Pr _ |—| 2 PFg

'\
\ N N / N N
N N 4
Au i-Pr /Au—/ —Au\
| N N7 |
/79
Ph 10 PN
SbFg
/N /\\—I

Figure 7. Examples of cationic, thremoordinate gold(Ip-complexes.
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2.1.1.4 Cationic, TweCoordinate Gold(l) Complexes

There has been a recent growing interest in understanding the bonding nature of
cationic, twoecoordinate gold(l)p-complexes due to the strong catalytic activity of
cationic gold(l) complexe for the functionalization of I multiple bonds. In an
attempt to determine the proximity of the arene ring parallel to thié> Awnds in bulky
biphenylphosphine gold complexes, Echavarren fortuitously isolated the first gold(l)
complexes of simple ares in accord witth?-coordination. For example, crystallization
of {[P(Cy).0-biphenyl]JAu(NCMe)} SbFs from p-xylene led to isolation of arene
complex121% Alternatively, Bertrand has isolated catalyticadigtive gold(l)p-arene
and p-alkyne complexes bearing the cycl{alkyl)(amino)carbene (CAAC) ligand®
Toluene complexl3 was structurallycharacterized and effectively catalyzed the cross
coupling of masked carbenes and vinylidenes to form afl®nasd hydroamination of
alkynes and allenes with ammofifa.

Toske has reported the -y crystal structures of multimeric, cationic, two
coordinate gold(l)p-alkyne (4) and p-alkene complexes, but solutistate analysis,
particularly in the case of the-alkene complex, was complicated by facile
disproportionatiort®? In studying the mechanism of alkyne hydrofluorination, Sadighi
synthesized another exarapbf a monomeric, cationic, twmordinate gold(lp-alkyne
complex [(SIPAUb®*Et CI CBbR [15), although a fullyrefined X-ray crystal
structure could not be obtained due to crystal twinffigMore recent examples of

cationic gold(l) olefin comigxes bearing phosphine ahldheterocyclic carbene ligands
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have been reported by Tarantelli and MaccHfrand Nolar'®® but solidstate and

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

| B(CoFs
cy | 'sbFs

t

12 ®_ 13

Ar = 2,6-CGH3(i-Pr)2
| 2s0Fs
TIPS ——
;_/\/? \ _l BF4
| Ph~p—Ph
Au [

Ar— N N ~Ar
Au Y

|
Ph—P~Ph | Alu
é/\/:TIPS Et—=—=—Et
14 15

Figure 8. Examples of ationic, twacoordinate gold(Ip-complexes.

2.1.2 Project Goals and Scope

Despite the central role played by 14 electron, cationic gge¢mplexes in the
gold()-catalyzed hydrofunctionalization ofiC multiple bonds, surprisingly little is
known about the structure, stabilitgnd reactivity of these complexes. A thorough
investigation of these complexes is imperative not only to better understand the
mechanisms of gold@¢atalyzed transformations but for the continued development of
new processes. Therefore, the goal of giggect was to synthesize and study cationic,
14 electron gold(lp-alkene complexes employing variable temperature nuclear magnetic

resonance (NMR) spectroscopy, kinetic analysis, isotopic labeling, andy X
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crystallography. In particular, we were interested in understanding the nature of the
goldi alkene binding intexction and its implications for the reactivity of these species
under catalytic conditions. As the chemistry of golgdactivation continues to attract

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

2.2 Results and Discussion

2.2.1 Monomeric, Cationic, TweCoordinate Gold(l) p-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 electrond(®l p-alkene complexes containing electron
rich, stericallyhinderedN-heterocyclic carbene ligands, which are common supporting
ligands in gold(l) catalysi§*® This was approached through treatment of cationic gold
complex [(IPr)AuNCAE]" SbR [16; IPr = 1,3bis-2,6-(diisopropylphenyl)imidazep-
ylidine; NCArr = 3,5CgH3(CFR3);] possessing a labile dative ligand (NGAmwith
alkenes, followed by variable temperattrfeNMR analysis of the resulting gold alkene
complexes. For exampl&d NMR analysis ba CD,Cl, solution of16 with 1-hexene at
room temperature confirmed formation of free NE€Ad 8.15, 8.14 (2:1)] and
considerable broadening of the olefinic resonancesh&ixene, consistent with rapid and
reversible binding of hexene to the gol d(1) center.
revealed resonances corresponding to both free and Aeuexkene with formation of the

static gold(l) alkene complex (IPr)And-(H,C=CHCH.CH,CH,CHs)]* SbR (17) (eq 2).
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Ar Ip\r CH3
! CH
N ® NN N @
[ >—Au—NCArE =< ~ [ >—Au—) (eq 2)
N NCArE N
\ 16 \Ar 17

Ar Keq = 25 at —60 °C

= -1
Ar = 2,6-CgHs(i-Pr), AG = 1.6 kcal mol

Coordination of the alkene to gold was established by the slight downfield shift of

the internal olefinic proton df7[d 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 protoshd.B3 (d,J =9

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

= 17.5 Hz)] in the'H NMR spectrum (Figure P Integration of the resonances
corresponding to the bound and free internal olefinic proton-leéxene and aromatic
protons of NCAg provide an equilibrium constant for the conversiod ®f- 1-hexene to

17 + NCArr of Kegg= 25 N60 IC (eqt2). Given the favorabke, for in situ

formation of these complexes, we sought to isolate them free of INCAr

pPPm

Figure 9. *H NMR spectrum of the bound and freble x ene equi | i brium m
°C. Resonancesdenoted t h a (6) <c eéhexene.spond to fr
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2.2.1.2 Synthesis and Characterization

Isobutylene was initially used to develop a method for isolating ggtdélkene
complexes due to the simplicity of itsi and **C NMR spectra and the commercial
availability of **C-labeled isobutylene. It was found that treatment of a methylene
chloride suspension of (IPr)AuCl and AgSi{E:1) with isobutylene at room temperature
for 12 h led to isolation of [(IPr)Alé-H,C=CMe)]" SbRs (18) in 98% yield as an air
and themally-stable white solid that was characterized by NMR, MAINDS,
combustion analysis, and-ay crystallography. Complexation of isobutylene to gold in
solution was established by NMR, in particular by the large difference iFGhBIMR
shifts of the afinic carbon atoms of bound [L55.2 (s), 88.2 (t)] and freel [L42.4 (s),
110.5 ()] isobutylene. Th#lc-c coupling constant of the isobutylene ligand of tf@-
isotopomer (IPr)Auf%-H,*C=CMe, (18**C)) (*Jc-c = 66 Hz) was diminished only
slightly relative to free isobutylenéJt-c = 71 Hz), pointing to minimal deviation of the
bound isobutylene from ideal spybridization'%

In addition to18, gold p-alkene complexes [(IPr)Ab¢-alkene)] SbFs [alkene =
norbornene X9), 2,3dimethyt2-butene 20), 2-methyt2-butene 21), mehylenecycle
hexane 22), cis-2-butene 23), 1-hexene 17), and 4methylstyreneZ4)] were isolated in
084 % vyi e lra fullp ohdracteriged (Tabld). Alternatively, gold p-alkene
complexes [(IPr)Auf*-alkene)] SbR [alkene =trans-2-butene 25), prapene P6), 4
vinylanisole @7), styrene 28), 4-bromostyrene29), and 4trifluoromethylstyrene 30)]
were generatedn situ from NCAr= complex 16 and the corresponding alkene and

characterized byH and*c NMR a't ®p AC (Tabl e
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Table 1. *H and™C NMR data for the olefinic resonances of cationic gelikene
complexes. Free alkene resonances are shown in parenthesis for comparison.

A
' ) AgSbFe f‘r

[ >—Au—cl 2) alkene [ >—Au—(n _alkene)

Ar Ar
Ar = 2,6-C6H3(i-Pr)2

Complex H,C= R,C= H,C RHC= RHC=

IPr—AE\?J— 5882 §155.2 54.38

(3110.5) (5 142.4) (5 4.60)
Me Me
18 (98%)
§123.5 §5.71

'PF_A“— / (5135.2)  (55.95)

19 (98%)
M M
@O 5122.1
IPr—Au— | (6123.7)
Me Me
20 (95%)
® Me
IPr—Au—JI 51372 5105.3 55.07
§132.0 5118.0 §5.12
e (51320) (1180)  (55.12)
21 (99%)
@
IPr—Au— 586.0 5161.3 §4.37
(3106.4)  (5150.0) (5 4.55)
22 (95%)
5115.9 §5.64

'Pr—A“_ [ (5124.9)  (55.41)
23 (95%)

P _A o 594.4 §4.83,4.57 §135.4 §6.06
r—Ad L (5 116.0) (54.87,4.95)  (5139.0) (55.78)
17 (91%)

IPr—ACz— | 584.3 §4.96, 4.86 5128.8 §6.49

(65112.7) (54.70,5.16) (5 136.7) (5 6.65)
24 (84%)
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Table 2. *H and™C NMR data for the olefinic resonanceinfsitu generated cationic
gold p-alkene complexes. Resonances corresponding to free alkene are shown in
parentheses for comparison.

Complex H,C= H.C RHC= RHC=

Me
IPr—AG\?J— | 8117.2 8 5.27
(6 126.2) (65.39

Me
25
IPr—A@iJ— | 31141 54.87,4.60 81325 5 5.89
L (5 (116.1) (6 4.87, 4.98) (6 134.0) (5 5.82)
26 Me

,Pr_Au_ | §81.5 §4.82,4.73 $5128.8 §6.50
(5 111.5) (5 5.61, 5.09) (5 136.2) (5 6.62)

,Pr_Au_ 5 86.1 $5.00, 6.50 §129.3 §6.88
(5113.8) (55.77, 5.22) (5 137.0) (5 6.68)

,Pr_Au_ | $5.09, 4.99 5 6.46
(55.77, 5.27) (5 6.62)

@
IPr—Au— || §5.23,5.14 5 6.52

(5 5.90, 5.39) (5 6.78)
30

Slow diffusion of hexanes into a GEl, solution of 18 at 4 °C gave colorless
crystals of18A 2 GG, suitable for Xray analyss (Figure 1). Complex18 adopts a
slightly distorted linear conformation with ac&mene) AuT alkengeentroidy angle of 172°.

The C=C bond of the isobutylene ligand is rotated by 52° relative to the carb&n& N
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plane, which positions one isobutylenesthyyl group near the carbene plane and the
second in the quadrant opposing the methylene group across the carbene plane. In accord
with the measurelllc-c, there is no significant elongation of the isobutylene C=C bond,

but isobutylene is bound unsymmedily to gold with a short AuCH, and a long At

CMe;, interaction Dd = 0.086 A).

Figure 10. ORTEP diagram of8A 2 GG#b. Ellipsoids are shown at 50%. Solvent,
counterion, and hydrogen atoms are omitted for claBiglected bnd lengths (A) and
angles (deg): QXC2 = 1.331, AuC1 = 2.199, AilC2 = 2.285, AilCnrc) = 2.006,
C:C(centroid.f Aui C(NHC) =171.8.

Crystals of the norbornene complé® and the 2,&limethyl2-butene solvate
complex20A 2 GG were also analyzetly X-ray difraction (Figure 11 and 32 In
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comparison to isobutylene complé8, complexesl9 and 20 displayed less deviation
from linearity and more symmetric binding of the alkene to gbidl < 0.025 A). In
contrast t018, the C=C bond of coordinated norbornene in comgd®@xs positioned
perpendicular (88.5°) to the carbeneIN plane, whereas the C=C bond of coordinated
2,3-dimethyt2-butene in20A 2 GG lies very near (< 5°) the carberplane. These

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

Figure 11. ORTEP diagram 019. Ellipsoids are shown at 50%. Solvent, counterion,

and hydrogen atoms are omitted for clariSelected bond lengths (A) and angles (deg):

C1iC2 = 1.374, AUC1 = 2.224, AUC2 = 2.248, AUCNHc) = 1.996, C=Ceentroiaf AUl
C(NHC) =174.8.
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Figure 12. ORTEP diagram 020A 2 GG#. Ellipsoids are shown at 50%. Solvent,
counteion, and hydrogen atoms are omitted for clarB®elected bond lengths (A) and
angles (deg): QIC2 = 1.346, AuC1 = 2.239, AiIC2 = 2.230, AilCnHc) = 1.998,

C=Ccentroidf AUT Cnuey = 176.8.

2.2.1.3 Relative Binding Affinities of Alkenes

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

of transition metal complexé€’ including a handful of insightful studies involving

platinum(ll)

108111 cationic gold(l) complexes are not among them. Furthermore, the

unusual combinatiorof low electron count, cationic nature, linear geometry, and

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

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

binding affirities of alkenes to the iQectron gold fragment [(IPr)Al] we determined
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the equilibrium constants for the displacement of NCitom [(IPr)Au(NCATr)]" SbF

(16) with alkenes in CBCl, a t 6 0 A C'H BIMRpanalyyis. Ke,glecreased by a
factor of ~13 in the order nmeethyidbutenreecycl ol
2,3-dimethyl2-butene >cis-2-butene > fhexene >rans-2-butene > propene (TabB).

Table 3. Equilibrium constants for reaction of alkenes and vinyl areneshgith
CDClya t 60 AC.

® CD,Cl, ®
IPr—Au—NCArg + alkene IPr—Au—(n2-alkene) + NCArg
16 -
alkene Keq® vinyl arene Keg®
methylenecyclohexane 90 +7 H,C=CH-4-CzH,OMe 58+0.2
isobutylene 67 +4 H,C=CH-4-CgH,Me 27+0.3
2-methyl-2-butene 64 +4 H,C=CH-4-CgH,4H 1.7+04
2,3-dimethyl-2-butene 50+3 H,C=CH-4-CgzH,Br 0.27 +0.03
cis-2-butene 38+2 H,C=CH-4-C¢H,CF;  0.07 £ 0.01
1-hexene 25+1
trans-2-butene 125+04
propene 6.8+0.3

2 K¢ determined by "H NMR spectroscopy.

To evaluate the effect of alkene electron density on binding affinity, we
determinedKcq for the displacement of NCArfrom 16 with 4-substituted styrene
derivatives HC=C-4-CsHsX (X = OMe, Me, H, Br, CE). K¢qdecreased with decreasing
electron dengy by a factor of ~80 (Tabl8). A plot of logKx/Ky) versus the Hammett
s-parameter was linear with = 2. 4 Ne 13, vhich(iF donsiderably more

negative than the values obtained for the binding-siilgstituted styrenes to Agns

02 @r7citionic, 16 electron Pt(ll)r (= 1M ar3pPd(l) ¢ = 134 4)
complexes. These data are consistent with the mor®pnceds-donating nature of the

gold(p-alkene) bond relative to these related electrophilic complexes.
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60 rAC 2.4 N 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 witas a function bfisobutylene] in CDC at 45
°C employing'H NMR line broadening techniqué¥’ A plot of koysVversus [isobutylene]
over the concentration range @40 mM was linear with a secomder rate constant
for isobutylene exchange &f,= 64 + 3 M*s* (DG’ = 16.0 + 0.1 kcal mot) (Table 4,
Figure 14. Seconebrder rate constants for isobutylene exchange W&hwvere also

determined at 25k}, = 17 + 1 M*s ! (DG' = 15.8 + 0.1 kcal mat)] and 63 °C ke = 81

+8 M?'s! (DG’ = 16.8 + 0.1 kcal mol)]. An Eyring plot of these data provided the

activation parametersbH’ = 8 + 1 kcal mol* andDS' = 27 N 4 eu. These

an associative pathway for isobutylene exchange with an energy barrier that is
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comparable to the values obtained for the @iasiwe exchange of substituted alkenes at
square planar Pt(ll) complex&s.

Table 4. Observed rate constants for the exchange of the isobutylene ligh8¢ 8] =
40 mM) with free isobutylene at 25, 45, and 63 °C.

entry [isobutylene] (mM)? temp (°C) Kops (51
1 15 25 1.8
2 51 25 2.6
3 101 25 3.2
4 145 25 4.0
5 22 45 6.4
6 53 45 8.3
7 90 45 11
8 140 45 14
9 36 63 7.8
10 64 63 11
11 100 63 14
12 160 63 18

@ Concentration of free isobutylene was determined relative
to 1,3-dimethoxybenzene internal standard.

20
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Figure 14. Plots ofkpsVversus [isobutylene] for the exchange of the isobutylene ligand
of 18 ([18] = 40 mM) with free isobutylene at 63 °C (%), 45 °§),(and 25 °CDD).
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2.2.1.5 Summary

In summary, a family of cationic, linear gotdalkene complexes that contain an
N-heterocyclic carbene supporting ligand have been synthesized and fully characterized
in solution and, in three cases, byray crystallgraphy. All of our experimental
observations, including the lardé:-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 namal contribution ofp-backbonding to

the gold alkene bonding interaction.

2.2.2 Monomeric, Cationic, TweCoordinate Gold(l) p-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@talyzed hydroamination and
related gold(Pcatalyzed transformatioda® However, with the exception of one report
by Russell describing golg-alkene comfexes that contain a ttert-butylphosphine
ligand, limited information exists regarding the structure and reactivity of cationic gold
p-alkene complexes bearing phosphines, and no information exists for complexes
containing these catalyticallglevant o-biphenylphosphine ligands. Employing the
strategy for generating NH@old p-complexes, we were able to isolate 11 cationic; two

coordinate gold(Ip-alkene complexes with thetF§u),o0-biphenyl supporting ligand.
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t-Bu

ull t-Bu—g 2
P—Au—Cl 2) alkene P—Au—(n“-alkene)
—_— (eq3)

For example, treatment of a methyerchloride suspension of [FBu).0-

t-B 1) AgSbFg

biphenyl]AuCl and AgSb§ (1:1) with methylene cyclohexane (4 equiv.) at room
temperature for 6 h led to isolation of {fFBu).0-biphenyl]Auh®H,C=C(CH)s]} *
Sbk (31) in 99% vyield (Tableb) as an airand thermallystable white solid that was
characterized by NMR, combustion analysis, arg)crystallography. The presence of
a goldp-alkene bond in solution was established by the large difference GH¢MR
resonances of the olefinic carbon atoms of bouhtbp.4 (s), 91.8 (t)] and freed[150.0
(s), 106.4 (t)] methylene cyclohexane. The downfield shift of the Cddebon and
upfield shift of the CH carbon point to unsymmetric binding of the alkene to gold with
enhanced gold-donation to the unsubstituted afie terminus.

In addition to31 gold p-alkene complexes {[RBu).0-biphenyl]Auh?-alkene)}
Sbk; [alkene =cis-2-butene 82), isobutylene §3), 1-hexene 84), 2,3-dimethyl2-butene
(39), trans-2-butene 86), 2-methyt2-butene 87), 4-methylstyrene 38), styrene 39), 4-
bromostyrene40), and 4trifluoromethylstyrene4l) wer e i sol ated i
were fully characterized (Table-®). Alternatively, goldp-alkene complexes {[R(
Bu),0-biphenyl]Auh?-alkene)} Sbk, [alkene = propene 4Q), propene and 4
vinylanisole 43) were generateth situ from {[P(t-Bu),0-biphenyl]Au(NCAR)}* SbF
(44) and the corresponding alkene and characterizétip{’C, and*» NMR a't

(Tableb).
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Table 5. *H and™C NMR data for olefinicesonances of isolated aimdsitu generated
gold p-alkene complexes. Resonances corresponding to free alkene are shown in
parentheses for comparison.

Complex HoC= RoC= H>C RHC= RHC=

®
P—Au— 591.8 5 169.4 6 3.93

(5106.4)  (5150.0) (5 4.55)

31 (99%)

e

M

b | 5110.0 55.37
u (5 124.9) (5 5.41)

Me

)

32 (94%

@

P—Au— 595.1 5 163.3 §3.92
(8 110.5) (5 142.4) (5 4.60)
Me Me

33 (93%)

© t $100.1 54.39, 4.36 5141.9 56.15

P=Au— . (5 116.0) (54.87,4.95)  (3139.0)  (35.78)
n-bu
34 (95%)

Me Me
® §125.2
P—Au— || (5123.7)
Me Me
35 (94%)

Me
b | §123.9 §5.23
u (8 126.2) (8 5.39)
Me
36 (92%)

Me

P_fﬂ_i 5 146.1 5111.4 54.20
51320 5118.0 55.12
Me”™ “Me ( ) ( ) ( )

37 (98%)

® |L 5 100.6 54.26,4.10 5136.8 56.16

P=Au— " (6 116.1) (54.87,4.98)  (5134.0) (5 5.82)
e
42
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Complex H,C= H.C RHC= RHC=
P—A%— 5 86.0 8 4.57,4.07 5135.8 56.76
(6111.5) (6 5.61, 5.09) (6 136.2) (6 6.62)
43
OMe
P—ﬁj— | 5 89.5 84.75,4.32 81355 56.82
(8112.7) (64.70, 5.16) (5 136.7) (5 6.65)
38 (96%)
Me
P_Aerij_ | 391.1 54.84,4.42 8132.3 56.84
(5113.8) (6 5.77, 5.22) (8 137.0) (5 6.68)
39 (91%)
P—A?J— | 591.0 54.68, 4.23 5135.1 56.71
(8 114.5) (6 5.77, 5.27) (86 136.4) (6 6.62)
40 (90%
(80%) Br
P—AG\?J— | 593.3 84.82,4.31 3135.9 86.52
(5116.2) (86 5.90, 5.39) (5 135.6) (566.78)
41 (93%)
CF3

Slow diffusion of hexanes into a GEl, solution of methylene cyclohexane
complex31at 4 °C gave @orless crystals 081 suitablefor X-ray analysis (Figure 35
Complex31 adopts a distorted linear conformation with i2ABRT alkenggentoiay angle of
165° with the coordinated C=C bond displaced away from the protruding phenyl group of
the o-biphenyl noiety. Compared to the [(IPr)At-alkene)] complexes [Garbend) AUT
alkengeentoiqy = 1727 178°], these phosphine complexes exhibited significantly more

deviation from linearity due to the steric effect of the protruding phenyl group. The C=C
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bond of methylene cyclohexane is bougthmetrically to gold with a short A«CH, and

a long Ali CR; interaction Dd = 0.155 A) (Figure 1p

Figure 15. ORTEP diagram 081. Ellipsoids are shown at 50%. Counterion and
hydrogen atoms are omitted for clarity. Selecteddlengths (A) and angles (°) for 31:
C1iC2 =1.369, AuC1 = 2.210, AuC2 = 2.365, AuP = 2.299, PAui C=C(centroid) =

165.1.

Crystals of 2,aimethyl2-butene solvate comple85A C.Bl, (Figure 1§ and 4
methylstyrene comple88 (Figure 17 were also arlgzed by Xray diffraction. These
complexes also displayed a distorted linear geometry WiuPalkengentroiay angles of
~162°.  The 23limethyt2-butene ligand of complex35A CJ8l, is bonded
symmetrically to gold whereas the C=C bond of vinyl areompiex 38 is bonded
unsymmetrically to gold with a shorter AMOH, and longer AUC(H)Ar interaction Dd =

0.11 A). In all three cases, there is minimal perturbation of the C=C bond length relative
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to a free spbonded system (~1.33) and negligible pyrariidéion of the alkene
substituents, which was also the case for the alkene complexes bearing IPr. A significant
p-back donation component is typically manifested by C=C bond elongation and obvious
Abemalcko of the ol efin dionbupon dléfin @ordingtiond ue t o
our collected soligstate data for these two ligand systems are in accord with strenger

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

Figure 16. ORTEP diagram o85A C.8l,. Ellipsoids are shown at 50%. Counterion,
solvent, and hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles (°) for 35: Q1C2 = 1.325, AuC1 =2.292, AiC2 = 2.293, AuP =2.287, P
Aui C=C(centroid) = 162.5.
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Figure 17. ORTEP diagram 088. Ellipsoids are shown at 50%. Counterion and
hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (°) for 38:
CliC2 =1.319, AuC1 = 2.199, AuC2 = 2.308, AP = 2.286, PAui C=C(centroid) =

161.9.

2.2.2.2 Relative Binding Affinities of Alkenes

Equilibrium constants for displacement of NGArfrom {[P(t-Bu),0-
biphenyl]Au(NCARK)}" SbFs (44) with alkenes were determined in &I} a t 60 AC
employing'H NMR analysis to evaluate the effect ditene substitution on the binding
affinity of alkenes to the 12 electron cationic gold fragmentt{fR().0-biphenyl]Au}".
Keqdecreasd by a factor of ~350 (Tab®) in the order anethyl2-butene > isobutylene
a -hkxene >cis-2-butene > propene trans-2-butenel 2,3-dimethyl2-butene. The
equilibrium constants for reaction of alkenes wAéhwere generally larger than those

observed for the corresponding reactions with the NHC derivative [(IPr)Au(NCAr
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SbRk (16). One notable exception to thisnteis 2,3dimethyl2-butene, which was
among the strongest binding alkenes in the case of [(IPr&uy} = 50 + 3), but was the
weakest binding aliphatic alkene in the case {[#(t-Bu).0-biphenyl]Au}’. This
observation is most likely the results of ddslizing interactions between the
coordinated alkene and the protruding phenyl group obthiphenylphosphine moiety,
which has no counterpart in the case of the IPr ligand. Alternatively, trisubstituted
alkenes can effectively minimize this unfavoedteric interaction through rotation
about the Auialkene bond and thus showed one of the strongest binding affinities for

both {[P-Bu).0-biphenyl]Au}" (Keq= 156 + 8) and(IPr)Au]” (Keq= 64 * 4).

Table 6. Equilibrium constaret for reaction of aliphatic alkenes and vinyl arenes #ith
in CD,Cl,a t 60 AC.

@ CD,Cl, ®
L—Au—NCArg + alkene L—Au—(n%-alkene) + NCArg
44 —60 °C
[L = P(t-Bu),0-biphenyl]

alkene Keg® vinyl arene Keg®
2-methyl-2-butene 156 + 8 H,C=CH-4-C¢qH,OMe 32 +2
isobutylene 136 £7 H,C=CH-4-CgH,Me 94+1.8
1-hexene 133+10 H,C=CH-4-CgH,H 23+0.2
cis-2-butene 126 + 9 H,C=CH-4-CzH,Br 0.47 +0.05
propene 32+2 H,C=CH-4-CzH,CF;  0.05 +0.01
trans-2-butene 141+04 — —
2,3-dimethyl-2- 0.44 +0.02 — —
butene

a Keq determined by "H NMR spectroscopy.
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Figure 18. Plot of logKx/Ky vs. the Hammets-parameter (X = OMe, Me, Br, Gfor
the reaction of vinyl arenes withtin CD,Cl, a t e AG.¢4¢ N 0.2).

To evaluate the effect of alkene electron density omibg affinity to {[P¢-
Bu).0-biphenyl]}’, Keq for displacement of NCArfrom 44 with 4-substituted styrene
derivatives HC=CH4-CgH,X (X = OMe, Me, H, Br, Ck) were determined. The
equilibrium constants decreased with decreasing electron densityfdiyoa of ~640
(Table6) and a plot of lod{x/Ku) versus the Hammett-parameter was linear with =

3.4 N 0.)Y2 THKisFvalue usrcensider@bly more negative than was the value
obtained for binding of 4ubstituted styrenes to the cationic [(IPr)Afthgment ¢ = 2.4
+ 0.2), which in turn was substantially moregagve than the values obtained for related
cationic, electrophilic transition metal complex8s™ 9112113 |n hoth ligand series, but
particularly theo-biphenylphosphine system, the pronounced electronic dependence of

the alkene binding affinity to([)Au]® points to a golehlkene interaction that is
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domi nat ed by s-ddnadtienramd/orlecyastatid interactions at the expense

of gol d pYonationk e n e

2.2.2.3 Degenerate Isobutylene Exchange
As a comparison for the IPr system, the kineticssobutylene exchange wi88
as a function of [isobutylene] was studied in £ at 25 °C employingH NMR line

broadening techniqueg¢Table 7)'**

A plot of kys Vvs. [isobutylene] over the
concentration range 3 71 mM was linear with a secomder rateconstant for
isobutylene exchange &, = 75 + 3 M's* (DG’ = 14.9 + 0.1 kcal mal) (Figure 19)
Secondorder rate constants for isobutylene exchange 38tvere also determined at 11

°C [kex= 53+ 1 M*s? (DG’ = 14.4 + 0.1 kcal mot)] and 40 °C ke = 135 + 8 M's !

(DG' = 15.3 + 0.1 kcal mob)]. Eyring analysis of the secomuder rate constants for
isobutylene exchange from 11 to 40 °C provided the activation paraméle¥s: 5 + 1

kcal mol! and DS = 33 N 4 eu. These data supporl
isobutylene exchange, presushavia the cationic bis(alkene) intermediate {{f&u),0-
biphenyl]Auh®*H,C=CMe),}* SbFR . Isobutylene exchange witB3 occurs with a

lower enthalpy of activation and a larger negative entropy of activation than did
isobutylene exchange in the IPr systthrough the 16 electron intermediate [(IPr)A(
H,C=CMe),}* Sbr; (DH’ = 8 + 1 kcal mol* andDS' = 27 N 4 eu). The
of activation in the case d83 may be a result of diminished alkéhigand steric

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

electrophilicity of the gold center BB relative to {(IPr)Auh>*H,C=CMe,)}* Sbks (18).
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Table 7. Observed rate constants for the exchange of the isobutylene ligaB¢ 88| =
40 mM) with free isobutylene at 11, 25, and 40 °C.

entry [isobutylene] (mM)? temp (°C) Kops (871
1 6 11 0.6
2 13 11 1.0
3 27 11 1.8
4 40 11 2.4
5 62 11 3.5
6 74 11 4.3
7 3 25 1.3
8 8 25 1.8
9 15 25 2.5
10 21 25 3.0
11 48 25 4.9
12 71 25 6.4
13 6 40 5.8
14 17 40 7.0
15 26 40 8.7
16 52 40 11.3
17 70 40 14.7

@ Concentration of free isobutylene was determined relative
to 1,3-dimethoxybenzene internal standard.
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Figure 19. Plots ofk.ysversus [isobutylene] for the exchange of the isobutylene ligand
of 33([33] = 40 mM) with free isobutylene at 40 °C (x), 25 °§),(and 11 °CDD) in
CD.Cl,.
2.2.2.4 Summary
In summary, a family of cationic, linear gopdalkene complexes that contain a

stericallyhindered R¢Bu),0-biphenyl ligand have been synthesized and fully
characterized, in three cases byray crystallography. All of the x@erimental
observations, including NMR spectroscopyra¥ crystallographic data, and equilibrium
binding data, point to nominal contribution@backbonding to the gol@lkene bonding
interadion. Further, the biawards-donation in these-biphenyphosphine complexes

exceeds that of the analogous [(IPr)At@lkene)[ complexes, consistent with the

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

ligands*®t’
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2.3 Experimental Section
2.3.1 General Methods

Reacions were performed under a nitrogen atmosphere employing standard
Schlenk and glovebox techniques unless specified otherwiN&IR spectra were
obtained on a Varian spectrometer operating at 500 MHAH&NMR and 125 MHz for
13 NMR in CDC} at 25 °C unless noted otherwise. IR spectra were obtained on a
Nicolet Avatar 366FT IR spectrometer. Elemental analyses were performed by
Complete Analysis Laboratories (Parsippany, NJ). Mass spectra were obtained on an
Applied Biosystems VoyagddE Pro MALDI massspectrometer operating atrnaass
range of 5004000u 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. CD£and CDCI, were dried over Cajand distilled under N
prior to use. (IPr)AuCl [IPr = 1,3bis(2,6diisopropylphenyl)imidazeR-ylidine] was
purchased from Strem Chemicals and used as received. HexanesgAg&nRylene,
propene, ethylene, methylenecyclohexaBanethyt2-butene, 2,3limethyl2-butene,
cis-2-butene, ihexene, 4methylstyrene, norbornendrans-2-butene, 4vinylanisole,
styrene, 4bromostyrene, and -#ifluoromethylstyrenewere purchased from major
chemical suppliers and used as received. Isobngy@1-°C, was purchased from CDN

isotopes and was used as received.
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2.3.2 Synthesis oN-Heterocyclic Carbene Gold(l) Complexes

[(IPP)AUNCAr ¢]* SbFRs (16). A suspension of (IPr)AuCl (200 mg, 0.323
mmol), AgSbk (110.8 mg, 0.323 mmol), and 3bis(trnfluoromethyl)benzonitrile (77.2
mg, 0.323 mmol) in CkCI, (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 unrestt(IPr)AuCl. The suspension was
filtered and the filtrate was evaported under vacuum to olitaems a colorless powder
(322 mg, 91 %).*H NMR: d 8.30 (s, 1 H), 8.27 (s, 1 H), 7.62Jt= 8 Hz, 2 H), 7.43 (d,
J=8.5Hz, 4 H), 7.41 (s, 2 H), 2.51 (septkt 7 Hz, 4 H), 1.35 (dJ = 6.5 Hz, 12 H),
1.28 (d,J = 7 Hz, 12 H). ®*C{*H} NMR: d 165.6, 146.2, 134.3, 133.5, 131.7, 130.2,
125.5, 125.0123.2, 121.1, 116.4, 110.2, 29.3, 24.9, 24.1. Anal. calcd (found) for

CagHagNsF2AUSh: H, 3.71 (3.64); C, 40.77 (40.65); N, 3.96 (3.91).

2.3.2.1 Synthesis dil-Heterocyclic Carbene Gold(l)p-Alkene Complexes

(IPr)Au[ h?-H,C=CHCH,CH,CH,CH3]* SbFs (17). A suspension of (IPr)AuCl
(40 mg, 0.065 mmol) and AgSPE22.2 mg, 0.065 mmol) in Ci€l, (2 mL) was stirred
at room temperature for 5 min-Hexene (11 mg, 0.13 mmol) was added to the resulting
suspension via syringe and the resulting mixture stirfredcsn 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 iv€53 mg, 91 %) as a colorless
solid. *H NMR: d 7.58 (t,J = 8.0 Hz, 2 H), 7.44 (s, 2 H), 7.36 (#= 8 Hz, 4 H), 6.05
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(tdd,J=4.5,9, 17 Hz, 1 H), 4.83 (d,= 9 Hz, 1 H), 4.57 (dJ = 17 Hz, 1 H), 2.40 (octet,
J=7Hz, 4 H), 2.061..98 (m, 1 H), 1.931.85 (m, 1 H), 1.64 (§ = 13 Hz, 1 H), 1.8 -

1.22 (m, 24 H), 1.19.98 (m, 3 H), 0.76 (t) = 7 Hz, 3 H). *C{’H} NMR: d 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 gzHasN-Au (M*): 669.8 (669.2).

(IPr)Au[ h®-H,C=C(CH3),]* SbFs' (18). A solution of (IPr)AuCl (40 mg, 0.065
mmol) and AgSb§ (22.2 mg, 0.065 mmol) in Ci€l, (2 mL) was stirred at room
temperature for 5 min. Isobutylene was bubbled into the resulting suspension for 20 s
using a stainless steel syringeedle and the resulting suspension was stirred in a sealed
flask at room temperature for 12 hour¥he resulting suspension was filtered and the
filtrate concentrated to ~2 mL, diluted with hexanes (2 mL), and cooled at O °C for 24 h
to form 18 (56 mg, 8%) as a white solid'H NMR: d 7.55 (t,J = 7.5 Hz, 2 H), 7.46 (s,

2 H), 7.32 (dJ = 8 Hz, 4 H), 4.40 (s, 2 H), 2.43 (septkt 7 Hz, 4 H), 1.8 (s, 6 H), 1.24
(d,J=7.0 Hz, 12 H), 1.23 (dl = 6.5 Hz, 12 H).**C{*H} NMR: d 178.4, 155.2, 145.6,
132.9, 131.5, 125.1, 124.6, 88.2, 28.8, 27.4, 24.7, 23.9. MAL®Icalcd (found) for
CaiHaN2AU (MY): 641.7 (641.2). Anal. calcd (found) for@aNoFsAuSb: H, 5.06
(4.98); C, 42.43 (42.31); N, 3.19 (2.97).

(IPr)Au[ h3-H,"C=C(CH3),]* SbR (18'°C,). A suspension of (IPr)AuCi40
mg, 0.065 mmol) and AgSBkK22.2 mg, 0.065 mmol) in Ci€l, (4 mL) was stirred at
room temperature for 5 min. The mixture was cooled to 77 K with liquid nitrogen and
H,"*C=C(CHs), (19.4 mg, 0.34 mmol) was condensed inte ftask. 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 fdr&°C, (57 mg, 100%) as a white solid.
13C{H} NMR: d 88.5 {Jc-c= 66.2 Hz).

(IPrAU[ h*-C7H1g]* SbRs' (19). Complex19was isolated in 88% vyield as white
crystals from reaction of norbornene with a mixture of (IPr)AuCl and Ag8bfploying
a procedure similar to that used to synthesize’H NMR: d 7.52 (t,J = 8.0 Hz, 2 H),

7.43 (s, 2 H), 7.29 (dl = 7.5 Hz, 4 H), 5.71 (s, 2 H), 2.90 (s, 2 H), 2.40 (septet7.0

Hz, 4 H), 1.67 (dJ = 9 Hz, 2 H), 1.23 (dJ = 6.5 Hz, 12 H), 1.22 (d] = 6.5 Hz, 12 H),

0.74 (dd,J = 2.0, 8.0 Hz, 2 H), 0.39 (d,= 10.0 Hz, 1 H);0.02 (d,J = 10.5 Hz, 1 H).
13C{lH} NMR: d 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. MALDIMS calcd (found) for €HseN-Au (M): 679.8 (678.9).

(IPr)Au[ h?(CH3),C=C(CHs),]* SbFs' (20). Complex20 was isolated in 95%
yield as colorless crystals froneaction of2,3-dimethyt2-butene with a mixture of
(IPr)AuCl and AgSbgemploying a procedure similar to that used to syntheisize'H
NMR: d 7.55 (t,J=8.0 Hz, 2 H), 7.46 (s, 2 H), 7.32 = 7.5 Hz, 4 H), 2.42 (septet,
= 7.0 Hz, 4 H), 1.61 (s12 H), 1.24 (dJ = 6.5 Hz, 12 H), 1.23 (d] = 12 H). **C{*H}

NMR: d 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 gzHssN-Au (M¥): 669.8 (669.1). Anal. calcd (found) for
CaaHagNoFsAUSh: H, 5.355.17); C, 43.77 (43.63); N, 3.09 (3.26).

(IPr)Au[ h>(CH3)CH=C(CH3),]* SbFs (21). Complex21 was isolated in 99%

yield as colorless crystals from reaction Bimethyt2-butene with a mixture of

(IPr)AuCl and AgSbkemploying a procedure similar that used to synthesiz&. 'H
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NMR: d 7.56 (t,J = 7.5 Hz, 2 H), 7.45 (s, 2 H), 7.34 @= 8.0 Hz, 4 H), 5.07 (quartet,
J=6.0 Hz, 1 H), 2.33 (septet,= 6.5 Hz, 4 H), 1.64 (s, 3 H), 1.56 (s, 3 H), 1.41)d,
6.0 Hz, 3 H), 1.22 (dJ = 7.0 Hz, 12 B, 1.21 (d,J = 6.5 Hz, 12 H). ®*C{*H} NMR: d
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 gHseN2Au (M¥): 655.8 (654.9). Anal. calcd (found) for
CasHagN2FsAUSh: H, 5.21 (4.8); C, 43.11 (42.98); N, 3.14 (3.05).

(IPr)Au[ h3-H,C=C(CHy)s]* SbRs' (22). Complex22 was isolated in 99% yield
as white solid from reaction ehethylenecyclohexane with a mixture of (IPr)AuCl and
AgSbR employing a procedure similar to that used to sgsite17. *H NMR: d 7.53
(t, J=7.5Hz, 2 H), 7.46 (s, 2 H), 7.30 @iz 7.5 Hz, 4 H), 4.35 (s, 2 H), 2.44 (septkt
7.0 Hz, 4 H), 2.12.02 (m, 2 H), 1.98..84 (m, 2 H), 1.47.22 (m, 6 H), 1.21 (d] = 7.0
Hz, 24 H). *C{*H} NMR: d 179.3, 1613, 145.5, 132.9, 131.4, 125.1, 124.5, 86.0, 37.7,
28.7, 27.8, 24.7, 24.4, 24.0. MALIS calcd (found) for gHsgNAu (M*): 681.8
(681.7).

(IPr)Au[ h?-cis-CH3C(H)=C(H)CH3]" SbR' (23). Complex23 was isolated in
95% yield as a white solid from reagtiof cis-2-butene with a mixture of (IPr)AuCl and
AgSbFR; employing a procedure similar to that used to synthel8zeéH NMR: d 7.55
(t, J=8 Hz, 2 H), 7.46 (s, 2 H), 7.32 (@= 8 Hz, 4 H), 5.67 (@) = 3.5 Hz, 2 H), 2.42
(septet) =7 Hz, 4 H), 1.8 (d,J = 4 Hz, 6 H), 1.24 (d) = 7.0 Hz, 12 H), 1.22 (d = 7.0
Hz, 12 H). 13C{lH} NMR: d 178.9, 145.6, 132.8, 131.5, 125.1, 124.5, 115.9, 28.8, 24.7,

23.9, 15.0. MALDMS calcd (found) for giH44N2AU (M™Y): 641.7 (640.8).
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(IPr)Au[ h%-H,C=CH(4-C¢H4CH3)]" SbFs' (24). Complex24 was isolated in
84% yield as white solid from reaction éfmethylstyrene with a mixture of (IPr)AuCl
and AgSbk employing a procedure similar to that used to synthekize'H NMR: d
7.50 (t,J=8.0 Hz, 2 H), 7.38 (s, 2)H7.21 (dJ= 7.5 Hz, 4 H), 7.01 (d] = 7.5 Hz, 2 H),
6.82 (d,J=7.0 Hz, 2 H), 6.49 (ddl = 16.5, 9.0 Hz, 1 H), 4.93 (d,= 17.0 Hz, 1 H), 4.84
(d,J=9.0 Hz, 1 H), 2.37 (s, 3 H), 2.31 (septet 7.0 Hz, 4 H), 1.16 (d] = 7.0 Hz, 12
H), 1.04 (d,J = 7.0 Hz, 12 H). *C{’H} NMR: d 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. MA&[ehIcd
(found) for GgHagN2AU (MY): 703.8 (702.9). Anal. calcd (found) fogdBl4NoFsAuSh:

H, 4.94 (4.83); C, 46.01 (45.58); N, 2.98g1).

2.3.2.2 In situ characterization Gold(l) p-Alkene Complexes

(IPr)Au[ h-trans-(CH3)HC=CH(CH 3)]* SbFs (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 & contained a solution of [(IPr)AuNCAf SbF' [16; NCAr: =
N C-3,5CsH3(CFs)2] (16 mg, 0.015 mmol) in CEZl, (0.5 mL) ati 60 °C. The tube was
shaken and placed in the probe of an NMR spectrometer codlé@ &€. Formation of
25was established kthe disappearance of resonances corresponding to bound:- NCAr
8.15, 8.14 (2:1)] and the appearance of resonances corresponding to the ol&iai; (
br. s) and allylic protonsd(1.48, s) of boundrans-2-butene in theH NMR spectrum

that were shifted relative to the resonances corresponding todress£2-butene ¢ 5.39,
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1.57). Complex25 was characterized without isolation byd and *C NMR
spectroscopy.lH NMR: d 7.56 (t,J=7.5Hz, 2 H), 7.45 (s, 2 H), 7.34 (br s, 4 H), 5.27
(br's, 2 H), 2.4@.28 (m, 4 H), 1.48 (s, 6 H), 1.2014 (br s, 24 H)."*C{*H} NMR: d
178.2, 145.6, 132.5, 131.1, 125.7, 124.3, 117.2, 28.5, 24.7, 23.4, 19.8.

Gold p-alkene complexes (IPr)Abf-H,C=CH(CH)]" SbR' (26), (IPr)Aulh®*
H,C=CH(4CsH,OCH)]" SbR' (27), (IPr)Aulh®>H,C=CHPh] SbR' (28), (IPr)Aulh?*
H,C=CH(4CsH.Br)]" SbR' (29), and (IPr)Aup*H,C=CH(4CsHsCFs)]" SbR' (30)
were synthesized and characterized in situ employing procedures similar to that used to
synthesize?5.

(IPr)Au[ h%-H,C=CH(CH3)]* SbFs' (26). 'H NMR: d 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 (= 9.0 Hz, 2 H), 2.34
(septet] = 6.5 Hz, 4 H), 1.66 (br s, 3 H), 1.22 (t 7.0 Hz, 12 H), 1.20 (dl = 7.0 Hz,

12 H). BC{*H} NMR: d 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[ h%-H,C=CH(4-C¢H4OCH3)]* SbR' (27). '"HNMR: d 7.557.19 (m, 8
H), 6.88 (d,J = 7.5 Hz, 2 H), 6.71 (d] = 7.0 Hz, 2 H), 6.50 (dd] = 8.5, 16.5 Hz, 1 H),
4.82 (d,J = 16.5 Hz, 1 H), 4.72 (d] = 8.5 Hz, 1 H), 3.85 (s, 3 H.292.18 (m, 4 H),
1.180.93 (m, 24 H).**C{*H} NMR: d 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[ h®-H,C=CH(Ph)]* SbF¢' (28). *H NMR: d 7.557.19 (m, 13 H), 6.88

(br's, 1 H),6.50 (br s, 1 H), 5.00 (br. s, 1 H), 2:249 (m, 4 H), 1.19.88 (m, 24 H).
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¥C{’™H} NMR: d 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[ h%-H,C=CH(4-C¢H4Br)] * SbFs' (29). 'H NMR: d 7.60-7.32 (m, 8 H),
7.29 (d,J= 6.5 Hz, 2 H), 7.20 (d] = 7.5 Hz, 2 H), 6.46 (br. s, 1 H), 5.08 (i 14 Hz, 1
H), 4.99 (d, br. s, 1 H), 2.32.14 (m, 4 H), 1.28.93 (m, 24 H).
(IPr)AU[ h%H,C=CH(4-CgH4CF3)]" SbFs (30). 'H NMR: d 7.567.19 (m, 13
H), 6.52 (dd,J = 10, 16.5 Hz, 1 H), 5.23 (d,= 17 Hz, 1 H), 5.14 (d) = 8.5 Hz, 1 H),

2.302.14 (m, 4 H), 1.2@.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,CB solution of [(IPr)AuNCAE]* SbR' (16, 16
mg, 0.015 mmol) ai 60 °C. The tube was shaken, placed in the probe of an NMR
spectrometer cooled a0 °C and allowed to equilibrate for 10 min. The relative
concentrations of16, 17, NCArg, and thexene were determined by integrating the
resonances corresponding to the aromatic protons of bauB@9, 8.25 (1:2)] and free
[d 8.15, 8.14 (2:1)] NCAr and the resonances corresponding to the internal olefinic
protonof bound @ 6.06) and freed 5.78) thexene (Tabld). An equilibrium constant
of Keq= [17][NCArg]/[16][1-hexene] = 25 + 1 was determined.

To ensure that equilibrium was achieved under these conditions, the following

control experiment was performetCArg (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 ,&|£8olution of
hexene complet7 (10 mg, 0.011 mmol) 4t60 °C. The tube was shaken, placed in the
probe of an NMR spectrometer cooled &0 °C and allowed to equilibrate for 10 min.
The relative concentrations d6, 17, NCArg, and thexene were determined as was
described in the preceding paragraph. The equilibrium constant determined from this
experiment Keq = [17][NCArg]/[16][1-hexere] = 26 + 1} was not significantly different

from that obtained from treatment b with 1-hexene.

Similar procedures were employed to determine the equilibrium constants for the
displacement of NCAr from [16] with isobutylene, 2limethyt2-butene,
methylenecyclohexane, -rdethyl2-butene, cis-2-butene, trans-2-butene, propene, -4
methylstyrene, 4nethoxystyrene, styrene,-btomostyrene, and -#ifluorostyrene in
CD.Cl, ati 60 °C. Equilibrium data are collected in Tale

Isobutylene. Integrationof the resonances corresponding to bouwh8.29, 8.25
(1:2)] and freed 8.15, 8.14 (2:1)] NCArand the resonances corresponding to the vinyl
protons of boundd 4.38) and freed 4.60)isobutylene at 60 °C (Tablel) provided an
equilibrium constant oKeq = [18][NCAr /[ 16][isobutylene] = 67 * 4.

2,3-Dimethyl-2-butene. Integration of the resonances corresponding to bodind [
8.29, 8.25 (1:2)] and freel B.15, 8.14 (2:1)] NCArand the resonances corresponding to
the allylic protons of boundd(1.55)and free § 1.58) 2,3dimethy}2-butene at 60 °C
(Table 21) provided an equilibrium constant I§gq = [20[NCAr(]/[ 16][2,3-dimethyl-2-
butene] = 50 + 3. In a control experiment, NEA3.1 mg, 0.013 mmol) was added via

syringe to an NMR tube sealed walrubber septum that contained a;CI solution of
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2,3-dimethyl2-butene complexX20 (12 mg, 0.013 mmol) at60 °C. The tube was
shaken, placed in the probe of an NMR spectrometer coole@0atC and allowed to
equilibrate for 10 min. The relative cardrations ofL6, 20, NCArg, and 2,23dimethyt
2-butene were determined as was described above. The equilibrium constant determined
from this experimentKeq = [20][NCArg]/[16][2,3-dimethyt2-butene] = 51 + 3} was not
significantly different from that obtaed from16.

Methylenecyclohexane.Integration of the resonances corresponding to bodind [
8.29, 8.25 (1:2)] and freal B.15, 8.14 (2:1)] NCArand the resonances corresponding to
the olefinic proton of boundd(4.37) vs. freed 4.55) methyleneyclohexane (Tablel)
provided an equilibrium constant K, = [22][NCAr /[ 16][methylenecyclohexane] = 90
+7.

2-Methyl-2-butene. Integration of the resonances corresponding to bodnd |
8.29, 8.25 (1:2)] and freel B.15, 8.14 (2:1)] NCArand the resonancesrresponding to
the allylic protons of boundd(1.56) and free d 1.54) 2methyl2-butene (Tablel)
provided an equilibrium constant 8%, = [21][NCArg]/[ 16)[2-methyl2-butene] = 64 +
4.

cis-2-Butene. Integration of the resonances corresponding totdad 8.29, 8.25
(2:2)] vs. free {1 8.15, 8.14 (2:1)] NCArand the resonances corresponding to the olefinic
protons of boundd5.64) vs. freed 5.41)cis-2-butene (Tabld) provides an equilibrium

constant oKy = [23][NCArg]/[ 16][ cis-2-butene] = 38 2.
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trans-2-Butene. Integration of the resonances corresponding to bodrlZ9,
8.25 (1:2)] and freed 8.15, 8.14 (2:1)] NCArand the resonances corresponding to the
olefinic protons of boundd(5.27) vs. freed 5.39)trans-2-butene (Tale 2) provices an
equilibrium constant oKeq = [25][NCArg]/[16][ trans-2-butene] = 12.5 + 0.4.

Propene. Integration of the resonances corresponding to bodn8.Z9, 8.25
(2:2)] and free ¢ 8.15, 8.14 (2:1)] NCAr and the resonances corresponding to the
internal okfinic protons of boundd(5.89) and freed 5.82) propene (Tabl2) provided
an equilibrium constant d.q = [26][NCAr]/[ 16][ propene] = 6.8 + 0.3.

4-Methoxystyrene. Integration of the resonances corresponding to bodnd [
8.29, 8.25 (1:2)] and freal B.15, 8.14 (2:1)] NCArand the resonances corresponding to
the vinyl protons of boundi(4.82, 4.73) and freed(6.61,5.09) 4methoxystyrene (Table
2) provides an equilibrium constant Ktq = [27][NCArg/[16][4-vinylanisole] = 5.8 +
0.2.

4-Methylstyrene. Integration of the resonances corresponding to bodi&i2P,
8.25 (1:2)] and freed 8.15, 8.14 (2:1)] NCArand the resonances corresponding to the
vinyl protons of boundd 4.96, 4.86) and freed(5.70, 5.16) 4nethylstyrene (Tdb 1)
provided an egjlibrium constant ofkeq = [24][NCAr(]/[ 16][4-methylstyrene] = 2.7 *

0.3.
Styrene. Integration of the resonances corresponding to bodn8.29, 8.25

(1:2)] and freed 8.15, 8.14 (2:1)] NCArand the resonances corresponding to the vinyl
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protons of bond (d 5.00) vs. freed 5.77) styrene (Tabl@) provided an equilibrium
constant oKeq = [28][NCArg]/[16][styrene] = 1.7 + 0.4.

4-Bromostyrene. Integration of the resonances corresponding to bodi&i2D,
8.25 (1:2)] and freed 8.15, 8.14 (2:1)] NCArand the resonances corresponding to the
internal olefinic protons of boundl 6.46) and freed 6.62) 4bromostyrene (Tabl@)
provided an equilibrium constant &% = [29[NCArg]/[16][4-bromostyrene] = 0.27 *
0.03.

4-Trifluoromethylstyrene. Integration of the resonances corresponding to bound
[d 8.29, 8.25 (1:2)] and freelB.15, 8.14 (2:1)] NCArand the resonances corresponding
to the internal olefinic protons of bound 6.52) and freed 6.78) 4trifluorostyrene
(Table 2) provided an equilibrium anstant of Keq = [30][NCArg]/[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 solutib8 (@f6
mg, 0.018 mmol) and 1;8imethoxybenzene (1.6, 7.6 nmol; internal standard) in
CDCl; (0.45 mL) was placed in the probe of an NMR spectrometer maintained at 298 K.
Analysis of the singlet al 4.38 corresponding to the olefinic protons of the isobutylene
ligand of18in the’'H NMR spectrum gave a peakdth a half height obvi, = 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-aggasyringe. The tube was
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shaken well, returned to the probe, allowed to ldgyate for 10 min. The concentration
of free isobutylene was determined ([isobutylene] = 15 mM) by integrating the olefinic
resonance of free isobutylend 4.60) relative to the methoxy resonance of the 1,3
dimethoxybenzened(3.80). The peak width dtalf height of the singlet at 4.38 was
determined:Dvy, = 3.0 Hz, which corresponds to excess broadenifidy 0f excessi= V 1
Vo = 0.5 Hz. Using this value, the rate of exchange of the isobutylene ligdr@ilaf9
was determined through applicat of the slow exchange approximatioRsps = p(Dvis2
excesy) = 1.8 §&. The rate of isobutylene exchange withwas determined as a function
of [isobutylene] from 5% 145 mM through successive iteratiovfsthe above procedure
(Table 8). The secamhorder rate constant for the rate of exchange of the isobutylene
ligand of 18 was determined from the slope of a plotkgfs versus [isobutylene] where
kex= 17 + 1 M* s* (DG’ = 15.76 + 0.04 kcal mbl) (Table9). The seconerder rate
constantsi,) for isobutylene exchange wittB were determined also determined at 45
°C and at 63 °C employing procedures similarithose outlined above (Tab®. An
Eyring plot of these data [lk{/T) versus 1/T] provided the activation parameters for
isobutyleneexchange o18: DHY = 8 + 1 kcal mdl* andDS' =i 27 + 4 eu (Figure 20

The plots ofkyps versus [isobutylene] possesseda-zero intercepts (Figure L4
These intercepts do not correspond to a potential sehssited pathway for isobutylene
exchange, as thisnformation cannot be extracted from kbmadening analysis?
Rather, we attribute theses npero intercepts to the loss of isobutylene fra8in
solution in the absence of isobutylene. The initial addition of isobutylene reconstitutes

18, thereby mcreasing the concentration 8 and leads to excess line broadening both
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due to the presence of free isobutylene and to the increadé€]in Ih 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 consteptsfor the exchange of the
isobutylene ligand of8 ([18] = 40 mM) with free isobutylene.

entry [isobutylene] (MM)® vy (Hz)  Av(Hz) temp (°C)  kops ()

1 0 25 — 25 —
2 15 3.0 0.6 25 1.8
3 51 3.3 0.8 25 2.6
4 101 3.5 1.0 25 3.2
5 145 3.8 1.3 25 4.0
6 0 25 — 45 _
7 22 4.3 2.0 45 6.4
8 53 4.9 2.6 45 8.3
9 90 5.8 3.5 45 11
10 140 6.7 4.4 45 14
11 0 23 — 63 _
12 36 4.8 2.5 63 7.8
13 64 5.7 3.4 63 11
14 100 6.8 4.6 63 14
15 160 8.0 5.7 63 18

@ Concentration of free isobutylene was determined relative to 1,3-dimethoxy-
benzene internal standard.

Table 9. Secondorder rate constantie() for the exchange of the isobutylene ligand of
18 with free isobutylene at 25, 45, and 63 °C.

T (K) Koy (M1 s AG* (kcal mol™)
298 17 +1 15.8 + 0.1
318 64 +3 16.0 + 0.1
336 81+8 16.8 + 0.1
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Figure 20. Eyring plot of the secondrder rate constantke() for the exchange of the
isobutylene ligand of8 with free isobutylene at 25, 45, and 63 °C, whHag =8 + 1
kcal moltandDS =127 + 4 eu.

2.3.2.5 Xray Crystal Structure Data for N-Heterocyclic Carbene Gold(l)p-Alkene
Compl e x e sCl,119,A2dC 2 0,812 CH

X-ray Crystal Structure of [(NHC)Au(h*H,C=CMe,) A 2.Cl SbFs
( 1 8 AZIg.HSlow diffusion of hexane into a GBI, solution of 18 at 4 °C gave
crystals of 18A 2 GO# suitable for Xray diffraction. Diffraction data were obtained
with graphite monochromated MoaKradiation { = 0.71073 A) on a Briker Kappa
Apex |l diffractometer using thev scan mode. Of the 68128 reflections, 7188
independent, observed reflections (I >2.0)) were obtained with maximum h, k, |

values of 21, 14, and72respectively. An absorption correction was applied (SADABS).
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The structure was refined by full matrix, least squares DrHFatoms were fixed, all
other atoms were refined anisotropically.

X-ray Crystal Structure of [(NHC)Au( h?norbornene)] SbR' (19). Slow
diffusion of hexane into a Gi€l, solution of19 at 4 °C gave colorless crystals suitable
for X-ray analysis. Diffraction data were obtained with graphite monochromatedaMo K
radiation [ = 0.71073 A) on a Briiker Kappa Apex I diffractometemgsthew scan
mode. Of the 31769 reflections, 9648 independent, observed reflections @ ¥1)2.0
were obtained with maximum h, k, | values of 14, 20, and 23, respectively. An
absorption correction was applied (SADABS). The structure was refined| mgdtrix,
least squares orf/H atoms were fixed, all other atoms were refined anisotropically.

X-ray Crystal Structure of {(NHC)Au[( h>-Me,C=CMe,) | A 2ZCGIHSbF
( 2 0 AZIg.HSlow diffusion of hexane into a GBI, solution of 20 at 4 °C gave
colorles crystals of20A 2 GG suitable for Xray analysis. Diffraction data were
obtained with graphite monochromated Ma Kadiation [ = 0.71073 A) on a Briiker
Kappa Apex Il diffractometer using the scan mode. Of the 82195 reflections, 9101
independent, laserved reflections (I > 2s0(1)) were obtained with maximum h, k, |
values of 23, 17, and 31, respectively. An absorption correction was applied (SADABS).
The structure was refined by full matrix, least squares DrHFatoms were fixed, all

other ators were refined anisotropically.
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Table 10. Crystal data and structure refinementT8A 2 GG, 19, and20A 2 GGH.

18-:2CH,Cl, 19 20-2CH,Cl,

empirical formula C33H 3AuCIFgN-Sb C34HysAuFN5Sb C35Hs2AuClFgN,Sb

fw 1047.26 915.44 1075.30

T(K) 100(1) 100(1) 110(1)

r(A) 0.71073 0.71073 0.71073

crystal system Monoclinic Triclinic Monoclinic

space group P2(1)/c P-1 P2(1)/c

unit cell dimensions a=16.8505(13) A «=90° a=9.0245(12) A o =94.179(7)° a=169803(5) A  «=90°
b= 11.6076(9) A p=106.172° b=13.2478(18) A B =99.608(7)° b=122366(H A B=110.4792)°
¢=21.6262(16) A ¥ =90° c=14.6820(1N A y=93.006(6)° ¢ =21.7326(6) A ¥ =90°

V(A% 4062.6(5) 1722.4(4) 4230.2(2)

z 4 2 4

Deyie (Mg/m?) 1.712 1.765 1.688

abs coeff (mm™) 4.587 5.096 4.408

total no. of reflns 68128 31769 82195

no. of unique refins 8467 13069 12969

no. params refined/ 424/0 397/0 498/0

restrained
Rin 0.0480 0.0603 0.0632
F(000) 2048 896 2112

crystal size (mm?®)

color and habit
Goodness-of-fit on /2
Final R indices [1>2a(1)]
R indices (all data)

max, min Ap (e/A \)

0.30%0.18 x0.12
colorless prism

1.553

R1=0.0351, wR2 = 0.0893
R1 =0.0462, wR2 = 0.0934
5.565, -2.553

0.21 x0.20 % 0.16
colorless prism

0.883

R1=0.0412, wR2 =0.0788
R1 =0.0602, wR2 = 0.0826
3.504, -4.414

0.68 x 0.17 x 0.16
colorless prism

1.073

R1=10.0391, wR2 =0.0765
R1=10.0705, wR2 = (0.0838
1.362, -1.515

2.3.3 Synthesis of R{Bu),o-biphenyl Gold(l) Complexes

{[P(t-Bu).0-biphenyl]Au(NCAr g)}* SbFs' (44). A suspasion of [P{-Bu).0-

biphenyl]AuCIl (160 mg, 0.30 mmol), AgSpH103.6 mg, 0.301 mmol), and 3,5
bis(trifluoromethyl)benzonitrile (72.0 mg, 0.30 mmol) in &H, (5 mL) was stirred at

room temperature for 6 hours.

The resulting suspension was filtered afittrae

concentrated to ~2 mL, diluted with hexanes (20 mL) and cooled’@tavernight to

promote precipitation of the product. The mother liquor was decanted and resulting solid

rinsed with cold hexanes.

Evaporation of the solid under vacuum pdod#las a

colorless powder (263 mg, 90 %)H NMR: d 8.41 (s, 2 H), 8.38 (s, 1 H), 7.91 Jt=

8.5 Hz, 1 H), 7.65 7.60 (m, 2 H), 7.57 () = 7.5 Hz, 2 H), 7.48 (t) = 7.5 Hz, 1 H),

87



7.40- 7.33 (m, 1 H), 7.28 (d) = 7.0 Hz, 2 H), 1.45 (d) = 16.5 Hz, 18 H). ®C{*H}
NMR: d 148.8 (d,J = 12.6 Hz),143.1 (d,J = 5.9 Hz), 133.8 (dJ = 2.9 Hz), 133.6,
133.1, 131.6, 129.9 (d,= 8.8 Hz), 129.6, 129.1, 127.6 (#lz 43 Hz), 125.2, 123.6 (d,

= 52 Hz), 123.0, 120.8, 118.7, 114.7, 110.4, 38.1 @27 Hz), 30.6.>'P{*H} NMR: d
57.9. Anal. calcd (fond) for GgH3AuF,NPSb: H, 3.12 (3.06); C, 35.90 (36.10); N,

1.44 (1.29).

2.3.3.1 Synthesis of RBu),0-biphenyl Gold(l) p-Alkene Complexes
{[P(t-Bu),0-bipheny]Au[h?*H,C=C(CH>)s]}* SbFs (31). A solution of [P¢-

Bu),0-biphenyl]AuCl (35 mg, 0.066 mat) and AgSbk (22.7 mg, 0.066 mmol) in

CH.Cl; (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 foroéifs. 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 form31 (54 mg, 99%) as a white solidH NMR (CDCk): d 7.87 (t,J =8

Hz, 1 H), 7.62 7.52 (m, 5 H), 7.227.16 (m, 3 H), 3.93 (d] = 4.5 Hz, 2 H), 2.46 2.36

(m, 2 H), 2.360 2.24 (m, 2 H), 1.98 1.86 (m, 2 H), 1.68 (br. s, 1 H), 1.6QL.46 (M, 3

H), 1.39 (d,J = 16.5 Hz, 18 H)."*C{*H} NMR (CDCls): d 169.4, 148.4, 143.2, 133.9,

133.5, 131.6, 130.0, 129.6 @ 18.5 Hz), 128.1, 127.9, 124.7 (b5 48.1 Hz), 91.8 (d,

J=14.7 Hz), 39.9, 37.7 (dl = 22.9 Hz), 30.6 (dJ = 5.9 Hz), 25.5. 3P{*H} NMR
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(CDCl): d64.7. Anal. calcd (found) for GZH3zPRAuUSb: H, 4.75 (4.65); C, 39.20
(39.31).

{[P(t-Bu).0-bipheny]Au[h?cis-CH3C(H)=C(H)CH 3]} * SbR¢ (32). Complex
32 was isolated in 94% vyield as a light yellow solid from reactioni®R-butene with a
mixture of [P¢-Bu),0-biphenyl]AuCIl and AgSbgemploying a procedure similar to that
used to synthesiZgl. *H NMR (400 MHz, CDCY): d 7.907 7.82 (m, 1 H), 7.68 7.50
(m, 5 H), 7.21 (d) = 7.2 Hz, 3 H), 5.37 (br. s, 2 H), 1.85 (= 4.8 Hz, 6 H), 1.38 (d] =
16.4 Hz, 18 H).*c{*H} NMR (101 MHz, CDCE): d 148.4, 143.1, 133.8, 133.4, 131.7,
129.7, 129.3, 127.9, 124.2, 121.6, 110.0, 37.9 €d23.9 Hz), 30.7 (d) = 6.2 Hz), 15.4.
3pfIH} NMR: d 66.1. Anal. calcd (found) for GHssPRAuSb: H, 4.48 (4.38); C,
36.62 (36.46).

{[P(t-Bu),0-bipheny]Au[h*H,C=C(CHs)-]}* SbFs (33). Complex 33 was
isolated in 93% yield as a white solid from reaction of isobutylene with a mixturetef [P(
Bu),0-biphenyl]AuCl and AgSb§ employing a procedure similar to that used to
synthesize&81. 'H NMR: d 7.947 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] = 4.5 Hz, 2 H), 2.174 (s, 6 H), 1.42 (= 16.5
Hz, 18 H). *C{*H} NMR: d 163.3, 148.7 (d] = 13.7 Hz), 143.8 (d] = 6.8 Hz), 134.3,
133.9 (d,J = 68 Hz), 132.2, 130.1, 130.0, 128.4, 124.7J¢, 47 Hz), 95.1 (d) = 14.7
Hz), 37.8 (dJ = 23.6 Hz), 30.9 (dJ = 5.9 Hz), 28.6 (dJ = 6.9 Hz). *'P{*H} NMR: d

64.9. Anal. calcd (found) for GHssPRAuUSb: H, 4.48 (4.34); C, 36.62 (36.53).
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{[P(t-Bu)0-bipheny]Au[h*-H,C=CH(CH)sCH4]}* SbFR' (34). Complex 34
was isolated in 95% yield as a white solid from reaction-b&dene with a mixture of
[P(t-Bu).0-biphenyl]AuCl and AgSb§employing a procedure similar to that used to
synthesize81. 'H NMR: d 7.947 7.87 (m, 1 H), 7.70 7.56 (m, 5 H), 7.32 7.20 (m, 3
H), 6.22i 6.10 (m, 1 H), 4.39 (d] = 9 Hz, 1 H), 4.36 (d] = 18 Hz, 1 H), 2.50 2.34 (m,

1 H), 2.30i 2.16 (m, 1 H), 1.5% 1.25 (m, 4 H), 1.41 (d] = 16.5 Hz, 18 H), 0.91 (| =
7 Hz, 3H). *C{*H} NMR: d 148.7 (d,J = 14.6 Hz), 143.7 (d] = 6.8 Hz), 141.9 (dJ =
12.7 Hz),134.4, 133.8, 132.2, 129.9, 128.4, 124.0 &48.0 Hz), 111.4, 100.1 (d,=
10.7 Hz), 38.7 (dJ = 23.6), 35.6, 30.9, 22.3, 13.8'P{'H} NMR: d 66.5. Anal. calcd
(found) for GeHsgPFRsAUSbh: H, 4.82 (4.69); C, 38.30 (38.16).

{[P(t-Bu),0-bipheny]Au[h?(CH3),C=C(CH3),]} * SbR¢' (35). Complex35 was
isolated in 94% yield as a white solid from reaction of-dBethyl2-butene with a
mixture of [P{-Bu).0-biphenyl]AuCIl and AgSbgemploying a procedure similar to that
used to synthesizgl. *H NMR: d 7.967 7.87 (m, 1 H), 7.74 7.50 (m, 5 H), 7.32
7.14 (m, 3 H), 1.88 (d] = 1.0 Hz, 12 H), 1.47 1.38 (m, 18 H). *P{"H} NMR: d 65.5.
Anal. calcd (found) for gHzsPRAUSh: H 4.82 (4.69); C, 38.30 (38.35).

{[P(t-Bu),0-bipheny]Au[h*-trans-CH3C(H)=C(H)CH 3]} * SbFs (36). Complex
36 was isolated in 92% yield as a white solid from reactionrars2-butene with a
mixture of [P{-Bu).o-biphenyl]AuCIl and AgSbéemploying a ppcedure similar to that
used to synthesizgl. *H NMR: d 7.93i 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), 1.441@,16 Hz, 9 H), 1.41 (dJ =
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16.5 Hz, 9 H).*'P{*H} NMR: d 65.5 Hz. Anal. calt (found) for GsHssPRAUSb: H,
4.48 (4.35); C, 36.62 (36.71).

{[P(t-Bu),0-bipheny]Au[h*-(CH3),C=CH(CH3)]}* SbFs (37). Complex37 was
isolated in 98% yield as a white solid from reaction -sh&hyl2-butene with a mixture
of [P(t-Bu),0-biphenyl]AuCland AgSbk employing a procedure similar to that used to
synthesiz81 'H NMR: d 7.947 7.87 (m, 1 H), 7.70 7.56 (m, 5 H), 7.28 7.18 (m, 3
H), 4.20 (quintJ = 6 Hz, 1 H), 2.04 (s, 3 H), 1.97 (s, 3 H), 1.67J¢; 6 Hz, 3 H), 1.42
(d,J=11.5 Hz,9 H), 1.38 (d,J = 11.5 Hz, 9 H).**C{*H} NMR: d 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 J&; 10.7
Hz), 129.9 (dJ = 11.7 Hz), 129.7, 128.5, 124.2 (t 47 Hz), 111.4, 37.9 (dd,= 23.6,
31.4 Hz), 31.0, 29.4 (d] = 3.9 Hz), 22.7 (dJ = 5.9 Hz), 16.1.>'P{*H} NMR: d 66.2.
Anal. calcd (found) for gH3z/PRAuUSb: H, 4.65 (4.56); C, 37.47 (37.60).

{[P(t-Bu),0-bipheny]Au[h*H,C=CHC¢Hs]}* SbFs (39). Complex 39 was
isolated in 91% yield aa white solid from reaction of styrene with a mixture oft{P(
Bu),0-biphenyl]AuCl and AgSb§ employing a procedure similar to that used to
synthesize81. 'H NMR (CDCk): d 7.83i 7.78 (m, 1 H), 7.72 7.63 (m, 3 H), 7.55
(ddd,J=1.5, 3.5, 5.5 Hz, 2 H7.42i 7.34 (m, 5H), 7.22 (d] = 6.5 Hz, 3 H), 6.84 (dd]
=9, 17 Hz, 1 H), 4.84 (br. s, 1 H), 4.42 (br. s, 1 H), 1.17 &16.0 Hz, 18 H).*C{H}
NMR (CDChL): d 148.4 (dJ = 13.7 Hz), 143.1 (d] = 6.8 Hz), 134.8, 133.8 (d,= 12.7
Hz), 1334 (d,J = 6.8 Hz), 133.2 (d) = 7.8 Hz), 132.3, 131.6 (d,= 21.7 Hz), 129.9 (d,

J=16.6 Hz), 129.4 (d) = 17.6 Hz), 128.0, 127.9, 124.5 (b5 47.0 Hz), 91.1, 37.8 (d,
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= 23.6 Hz), 30.3.*'P{'H} NMR: d66.7. Anal. calcd (found) for &HssPRAuSb: H,
4.22 (4.03); C, 40.26 (40.35).

{[P(t-Bu).0-bipheny]Au[h?*H,C=CH-4-CsH.CH3]} " SbFs (38). Complex 38
was isolated in 96% vyield as a light yellow solid from reaction-ofethylstyrene with a
mixture of [P{-Bu).0-biphenyl]AuCIl and AgSbéemploying aprocedure similar to that
used to synthesiz&l. *H NMR (CDCk): d 7.83i 7.78 (m, 1 H), 7.72 7.63 (m, 3 H),
7.55 (dddJ = 2, 3.5, 6 Hz, 2 H), 7.29 (d,= 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.(br1 H), 2.34 (s, 3 H), 1.18 (@= 16.0 Hz,
18 H). *C{*H} NMR (CDCls): d 148.4 (d,J = 13.7 Hz), 143.1 (d) = 6.8 Hz), 134.8,
133.8 (d,J = 12.7 Hz), 133.4 (dJ = 6.8 Hz), 133.2 (dJ = 7.8 Hz), 132.3, 131.6 (d,=
21.7 Hz), 129.9 (d) = 16.6 H), 129.4 (d,) = 17.6 Hz), 128.0, 127.9, 124.5 (i 47.0
Hz), 91.1, 37.8 (dJ = 23.6 Hz), 30.3.*'P{*H} NMR (CDCl3): d 67.0. Anal. calcd
(found) for GeHsPRAUSh: H, 4.39 (4.26); C, 41.01 (41.38).

{[P(t-Bu),0-bipheny]Au[h*H,C=CH-4-C¢H,Br]} © SbFRs (40). Complex 40
was isolated in 90% yield as a light yellow solid from reaction-bfamostyrene with a
mixture of [P{-Bu).0-biphenyl]AuCIl and AgSbéemploying a procedure similar to that
used to synthesizél. *H NMR °C): 6 8.78 (tJ=8 Hz, 1 H), 7.72 7.61 (m, 2
H), 7.611 7.47 (m, 3 H), 7.42 (dJ = 8.5 Hz, 1 H), 7.32 7.10 (m, 5H), 6.71 (dd] =
9.5, 16.5 Hz, 1 H, bound), 6.63 (db= 11, 17.5 Hz, 1 H, free), 5.77 (8= 18 Hz, 1 H,
free), 5.27 (dJ = 11 Hz, 1 H, free), 4.68 (dd,= 4, 17 Hz, 1 H, bound), 4.23 (dii= 4.5,
9 Hz, 1 H, bound), 1.381.25 (m, 6 H), 1.19 (d] = 16.5 Hz, 6 H), 1.04 (d] = 16.5 Hz,

6 H). °C{'H} NMR °Q): d6187.6 (d,J = 13.6 Hz), 142.9 (d] = 7.8 Hz), 135.1,
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133.7, 132.9 (dJ = 6.9 Hz), 132.4, 132.0, 131.4, 129.6 J&; 14.6 Hz), 129.5, 127.9 (d,
J=6.8 Hz), 127.6, 126.423.9 (d,J = 47.0 Hz), 121.1, 114.5, 91.0 (= 11.7 Hz), 3.3
(d,J=23.6 Hz), 37.1 (d] = 23.6 Hz), 29.8 (d] = 5.8 Hz), 29.6 (dJ = 6.9 Hz). *'P{*H}
NMR: d 67.1. Anal. calcd (found) for gH3sBrPRAuUSb: H, 3.75 (3.69); C, 36.79
(36.82).

{[P(t-Bu),0-bipheny]Au[h*H,C=CH-4-C¢H,CF3]}* SbFs (41). Complex 41
was isolated in 93% vyield as a light yellow solid from reaction -ofiftaioromethyl
styrene with a mixture of [RBu).0-biphenyl]AuCIl and AgSb&employing a procedure
similar to that used to synthesiagé. '"H N MR °C): & 0.88i 7.46 (m, 10 H)7.77
(t, J=7.5Hz, 1 H), 7.28 7.14 (m, 2 H), 6.76 (ddl = 9.5, 16.5 Hz, 1 H), 4.82 (dd,=
4.17 Hz, 1 H), 4.31 (ddl= 4.9 Hz, 1 H), 1.18 (d] = 16.5 Hz, 9 H), 1.00 (d] = 16.5 Hz,
9 H). ¥®c{'H} NMR °Q); d61@7.6 (d,J = 13.7 Hz), 143.0 (dJ = 7.8 Hz), 135.9,
133.7 (d,J = 2.9 Hz), 132.9 (d) = 7.8 Hz), 132.4 (¢) = 33.3 Hz), 131.5, 129.8 (d,=
13.7 Hz), 129.0 (dJ = 30.4 Hz), 128.0, 127.8, 126.2 (ti 3.9 Hz), 124.3, 123.9 (d,=
47.0 Hz), 122.1, 93.3 (d,= 12.7 Hz), 37.4 (d) = 22.6 Hz), 37.1 (dJ = 23.4 Hz), 29.8
(d, J = 5.8 Hz), 29.5 (dJ = 5.9 Hz). **P{*H} NMR: d 67.4. Anal. calcd (found) for

CasHaPRAUSh: H, 3.79 (3.75); C, 38.56 (38.82).

2.3.3.2In Situ Characterization of Gold(l) p-Alkene Complexes
{[P(t-Bu),0-bipheny]Au[h*H,C=CH(CH3)]}* SbFR' (42). Propene (0.51 mL,

0.021 mmol) was added via gas tiglyringe to the head space of an NMR tube sealed
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with a rubber septum that contained a solution of t{fR().0-bipheny]Au(NCAg)}*

SbR' [44; NCAr: = Nt C-3,5-CgH3(CFs),] (20 mg, 0.021 mmol) in CEZl, (0.5 mL) ati

60 °C. The tube was shaken and placetiénprobe of an NMR spectrometer cooled at

60 °C. Formation of42 was established by the disappearance of resonances

corresponding to bound NCAfd 8.41, 8.38 (2:1)] and the appearance of resonances

corresponding to the internal olefinid §.16) and vinyl protonsd(4.26, 4.10) of bound

propene in the’H NMR spectrum that were shifted relative to the resonances

corresponding to free propend 4.98 4.87). Complexd2 was characterized without

isolation by'H, **C{*H}, and **P{*H} NMR spectroscopy.'H NMR: d 7.90i 7.78 (m,

1 H), 7.68i 7.48 (m, 5 H), 7.28 7.10 (m, 3 H), 6.28 6.02 (m, 1 H), 4.26 (d] = 16.0

Hz, 1 H), 4.10 (br. s, 1 H), 2.8, 3 H), 1.44 1.24 (m, 18 H).*C{*H} NMR: d 147.7

(d, J = 13.7 Hz), 142.9, 136.8, 133.8, 133.0, 131.5, 129.5, 127.7, 12416-(477.0 Hz),

115.2, 100.6 (dj = 11.8 Hz), 37.5, 30.2, 22.3'P{*H} NMR: d 66.5.
{[P(t-Bu),0-bipheny]Au[h%H,C=C(H)4-CcH,OCH3]}* SbF' (43). Gold p-

alkene complex43 was synthesized and characterized without isolation by NMR

employing procedures similar to that used to synthektzéH NMR: d 7.861 7.72 (m,

1 H), 7.70i 7.42 (m, 5 H), 7.33 (d] = 6.5 Hz, 2 H)7.267 7.10 (m, 3 H), 6.89 (d] = 7

Hz, 2 H), 6.76 (ddJ = 9, 16 Hz, 1 H), 4.47 (= 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 (dJ = 16 Hz, 9 H). **C{*H} NMR: d 162.6, 147.8

(d, J = 14.7 Hz), 143.0, 135.8, 133 132.9, 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 (dJ = 13.7 Hz), 55.6, 37.3, 29.8 (d= 28.5 Hz). *'P{'H}

NMR: d 67.1.

2.3.3.3 Determination of Alkene Binding Constants

Isobutylene (1.20 mg, 0.021 mmol) was adaedgas tight syringe to an NMR
tube sealed with a rubber septum that contained aCGBolution of {[Pt-Bu).o-
bipheny]Au(NCAK)}* SbR' (44; 20 mg, 0.021 mmol) a60 °C. The tube was shaken,
placed in the probe of an NMR spectrometer cooléd@t°Cand allowed to equilibrate
for 10 min. The relative concentrations &4, 33, NCArg and isobutylene were
determined by integrating the resonances corresponding to the aromatic protons of bound
[d8.41, 8.38 (2:1)] and freel B.15, 8.14 (2:1)] NCArand the resonances corresponding
to the vinyl protons of boundd(3.77) and freed 4.60) isobutylene (Tabl&). An
equilibrium constant oKeq = [33][NCAr ]/[44][isobutylene] = 136 + 9 was determthe

To ensure that equilibrium was achieved under these conditions, the following
control experiment was performed. NGA#4.9 mg, 0.02 mmol) was added via syringe
to an NMR tube sealed with a rubber septum that contained &I£Bolution of
isobutylere complex33 (16 mg, 0.02 mmol) at60 °C. The tube was shaken, placed in
the probe of an NMR spectrometer cooled &® °C and allowed to equilibrate for 10
min. The relative concentrations 44, 33, NCArg, and isobutylene were determined as
was desched in the preceding paragraph. The equilibrium constant determined from
this experiment Keq = [33][NCAr g]/[44][isobutylene] = 145 + 11} was not significantly

different from that obtained from treatmentgfwith isobutylene.
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Similar procedures werenloyed to determine the equilibrium constants for the
displacement of NCArfrom [44] with 1-hexene, 2limethyl2-butene, 2methyl2-
butene, cis-2-butene, trans2-butene, propene, -dethylstyrene, 4nethoxystyrene,
styrene, 4oromostyrene, and-#ifluoromethylstyrene in CELCI, ati 60 °C. Equilibrium
data are collected in Tabte

1-Hexene. Integration of the resonances corresponding to the aromatic protons of
bound p 8.41, 8.38 (2:1)] and freed[8.15, 8.14 (2:1)] NCAr and the resonances
correspading to the internal olefinic protons of bound §.21) and freed 5.79) 1-
hexene ati60 °C (Table 5) provided an equilibrium constant oKeq =
[34][NCArg/[44][1-hexene] = 133 £ 10.

2,3Dimethyl-2-butene. Integration of the resonances correspondingthe
aromatic protons of boundal 8.41, 8.38 (2:1)] and freal[8.15, 8.14 (2:1)] NCArand
the resonances corresponding to the allylic protons of baiddB() and freed 1.58)
2,3-dimethyl2-butene atf 60 °C (Table %) provided an equilibrium constaof Keq =
[35][NCArg/[44][2,3-dimethyl2-butene] = 0.44 £ 0.02. In a control experiment, NCAr
(4.8 mg, 0.02 mmol) was added via syringe to an NMR tube sealed with a rubber septum
that contained a CICl, solution of 2,3dimethyl2-butene complex35 (16 mg, 0.02
mmol) ati 60 °C. The tube was shaken, placed in the probe of an NMR spectrometer
cooled ati 60 °C and allowed to equilibrate for 10 min. The relative concentrations of
44, 35, NCArg, and 2,2dimethyl2-butene were determined as was describedeabThe

equilibrium constant determined from this experimeKtq{= [35[NCArg]/[44][2,3-
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dimethyl2-butene] = 0.36 + 0.02} was not significantly different from that obtained from
treatment o414 with 2,3-dimethyl2-butene.

2-Methyl-2-butene. Integraton of the resonances corresponding to the aromatic
protons of boundd 8.41, 8.38 (2:1)] and freed[8.15, 8.14 (2:1)] NCAr and the
resonances corresponding to the internal olefinic protons of balB®9) and freed
5.12) 2methyl2-butene (Table5) provided an equilibrium constant dfeq =
[37][NCArg]/[44][2-methyt2-butene] = 156 + 8.

cis-2-Butene. Integration of the resonances corresponding to the aromatic
protons boundd 8.41, 8.38 (2:1)] and freelB.15, 8.14 (2:1)] NCArand the resonances
corresponding to the internal olefinic protons of bouth®.@0) and fee @ 5.41) cis-2-
butene (Table5) provides an equilibrium constant &kq = [32][NCArg]/[44][cis-2-
butene] = 126 + 9.

trans-2-Butene. Integration of the resonances corresponding to the aromatic
protons boundd 8.41, 8.38 (2:1)] and free B.15, 8.142:1)] NCAr:= and the resonances
corresponding to the internal olefinic protons of bouwh8.(2) and freed 5.39)trans-2-
butene (Tableéd) provides an equilibrium constant Kty = [36][NCArg]/[44][trans-2-
butene] = 14.1 £ 0.4.

Propene. Integration ofthe resonances corresponding to the aromatic protons
bound f 8.41, 8.38 (2:1)] and freed[8.15, 8.14 (2:1)] NCAr and the the resonances
corresponding to the internal olefinic protons of bouh@.(6) and freed 5.79) propene

(Table5) provided an eqlibrium constant oKeq= [42][NCAr]/[44][propene] = 38 + 2.
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4-Methoxystyrene. Integration of the resonances corresponding to the aromatic
protons of boundd 8.41, 8.38 (2:1)] and freed[8.15, 8.14 (2:1)] NCAr and the
resonances corresponding to theyl protons of boundd 4.47, 4.08) and freed(5.61,
5.09) 4methoxystyrene (Table5) provided an equilibrium constant oKeq =
[43][NCArg/[44][4-vinylanisole] = 32 + 2.

4-Methylstyrene. Integration of the resonances corresponding to the aromatic
protons of bound d 8.41, 8.38 (2:1)] and freed[8.15, 8.14 (2:1)] NCAr and the
resonances corresponding to the vinyl resonances of bauad@, 4.17) and freed(
5.70, 5.16) 4methylstyrene (Tables) provided an equilibrium constant dfeq =
[38][NCAr]/[44][4-methylstyrene] = 9.4 + 1.8.

Styrene. Integration of the resonances corresponding to the aromatic protons of
bound p 8.41, 8.38 (2:1)] and freed[8.15, 8.14 (2:1)] NCAr and the resonances
corresponding to the vinyl protons of bount4(68) andfree d 5.77) styrene (Tabl6)
provided an equilibrium constant i§gq = [39][NCArg]/[44][styrene] = 2.3 + 0.2.

4-Bromostyrene. Integration of the resonances corresponding to the aromatic
protons of boundd 8.41, 8.38 (2:1)] and freed[8.15, 8.14 (2:)] NCArg and the
resonances corresponding to the vinyl protons of bodrdl§7) and freed 5.77) 4
bromostyrene (Tabl®) provided an equilibrium constant Kty = [40][NCArg]/[44][4-
bromostyrene] = 0.47 = 0.05.

4-Trifluoromethylstyrene. Integration ofthe resonances corresponding to the

aromatic protons of boundl B.41, 8.38 (2:1)] and freal[8.15, 8.14 (2:1)] NCArand
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the resonances corresponding to the vinyl protons of bodidd80, 4.32) and freed(
5.90, 5.38) 4rifluoromethystyrene (Tablé) provided an equilibrium constant Btq =

[42][NCAr (/[ 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 solutid8 @4
mg, 0.018 mmol) and 1;8imethoxybenzene (1.61, 7.6 nmol; internal standard) in
CD.Cl, (0.45 mL) was placed in the probe of an NMR spectrometer maintained at 298 K.
Analysis of the singlet al 3.92 corresponding to the olefinic protons of the isobutylene
ligand of33in the*H NMR spectrum gave peak width a half height dbvy,, = 2.32 Hz.
The tube was removed from the probe and isobutylene gas (0.03 mimdlB was
added into the head space of the tube via gigassyringe. The tube was shaken well,
returned to the probe, allowed to eduihte for 10 min. The concentration of free
isobutylene was determined ([isobutylene] = 3.0 mM) by integrating the olefinic
resonance of free isobutylene &4.60 relative to the methoxy resonance of the 1,3
dimethoxybenzene at 3.80. The peak widthtdnalf height of the singlet at 3.92 was
determined:Dvy, = 2.72 Hz, which corresponds to excess broadeni®y9f excessi= V
T Vo= 0.4 Hz. Using this value, the rate of exchange of the isobutylene lig@&3dlaf
was determined through apgdtion of the slow exchange approximatidis = p(Dvi/2
excesy = 1.3 §&. The rate of isobutylene exchange vathwas determined as a function

of [isobutylene] from 3- 71 mM through successive iteratioasthe above procedure
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(Table11). The semnd-order rate constant for the rate of exchange of the isobutylene
ligand oflcwas determined from the slope of a plokgf versus [isobutylene] whekey
=75 + 3 M* ' (DG' = 14.89 + 0.02 kcal mbl) (Table12). The seconérder rate
constantsl,) for isobutylene exchange wis8 were determined also determined at 11
°C and at 40 °C employing procedures simitathose outlined above (Tabl®). An
Eyring plot of these data [lk{/T) versus 1/T] provided the activation parameters for
isobutykene exchange @&3: DHY = 5 + 1 kcal mdl* andDS' =133 + 4 eu (Figure 21

The plots ofkops Versus [isobutylene] possesseainzero intercepts (Figure 19
These intercepts do not correspond to a potential sehssmted pathway for isobutylene
exchange, as this infmation cannot be extracted from kbmadening analysis?
Rather, we attribute theses mpero intercepts to the loss of isobutylene fr8&in
solution in the absence of isobutylene. The initial addition of isobutylene reconstitutes
33, thereby inceasing its concentration, which leads to line broadening both due to the
presence of free isobutylene and to the increas@3n |n 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 constlptsfor the exchange of the
isobutylene ligand a83 ([33] = 40 mM) with free isobutylene at 11, 2&nd 40 °C.

entry  [isobutylene] (mM)?3 vqs2 (Hz) Av (Hz) temp (°C) Kops (51

1 0 2.1 — 11 —
2 6 23 0.2 11 0.6
3 13 24 0.3 11 1.0
4 27 26 0.6 11 1.8
5 40 2.8 0.8 11 24
6 62 3.2 1.1 11 3.5
7 74 3.4 1.4 11 4.3
8 0 23 — 25 —
9 3 2.7 0.4 25 1.3
10 8 29 0.6 25 1.8
11 15 3.1 0.8 25 2.5
12 21 3.3 1.0 25 3.0
13 48 3.9 1.6 25 4.9
14 71 4.4 20 25 6.4
15 0 26 — 40 —
16 6 4.5 1.8 40 5.8
17 17 4.9 2.2 40 7.0
18 26 54 2.8 40 8.7
19 52 6.2 3.6 40 11.3
20 70 7.3 4.7 40 14.7

@ Concentration of free isobutylene was determined relative to 1,3-dimethoxy-
benzene internal standard.

Table 12. Secondorder rate constantk.f) for exchange of the isobutylene ligand3af
with free isobutylene at 11, 25, and 40 °C.

T (K) key (M~1s7) AG* (kcal mol™)

284 53+ 1 144+ 0.1
298 75+£3 14.9+0.1
313 135+8 15.3+0.1
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Figure 21. Eyring plot of the secondrder rate constas () for the exchange of the
isobutylene ligand 033 with free isobutylene at 11, 25, and 40 °C, whHag =5+ 1
kcal mol* andDS = 33 * 4 eu.

2.3.3.5 Xray Crystal Structure Data for Phosphine Gold(l) p-Alkene Complexes
31, 3360838

X-ray Crystal Structure of [(P)Au(h®*H,C=C(CH.)s)]" SbFs (31). Slow
diffusion of hexane into a Gi€l, solution of31 at 4 °C gave crystals &1 suitable for
X-ray diffraction. Diffraction data were obtained with graphite monochromated o K
radiation { = 0.71073 A) on a Briiker Kappa Apex Il diffractometer usingwhscan
mode. Of the 73553 reflections, 11601 independent, observed reflections @ ¢)2.0
were obtained with maximum h, k, | values of 12, 27, and 31, respectively. An
absorption corretion was applied (SADABS). The structure was refined by full matrix,

least squares orf;/H atoms were fixed, all other atoms were refined anisotropically.
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X-ray Crystal Structure of [(P)Au(h®>Me,C=CMe,) A Ga#]* SbF
( 35 AQLH Slow diffusion of he&ane into a CKCl, solution of 35 at 4 °C gave
crystals of35A C.Bl, suitable for Xray diffraction. Diffraction data were obtained with
graphite monochromated MoaKradiation [ = 0.71073 A) on a Brilker Kappa Apex II
diffractometer using thev scan mode. Of the 61645 reflections, 8078 independent,
observed reflections (I > Z0(l)) were obtained with maximum h, k, | values of 12, 19,
and 28, respectively. An absorption correction was applied (SADABS). The structure
was refined by full matrix, least sgres on & H atoms were fixed, all other atoms were
refined anisotropically.

X-ray Crystal Structure of [(P)Au(h®H,C=CH-4-C¢H.CH3)]" SbFs (38).
Slow diffusion of hexane into a GBI, solution of38 at 4 °C gave crystals 8B suitable
for X-ray diffraction. Diffraction data were obtained with graphite monochromated Mo
Ka radiation { = 0.71073 A) on a Briiker Kappa Apex Il diffractometer usingvitsean
mode. Of the 104499 reflections, 6695 independent, observed reflections d ¢)2.0
were obtaned with maximum h, k, | values of 16, 24, and 29, respectively. An
absorption correction was applied (SADABS). The structure was refined by full matrix,

least squares orffH atoms were fixed, all other atoms were refined anisotropically.
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Table 13. Crystal data and structure refinement3ay 352 CJ8l,, and38.

3 35-CH,Cl, 38

empirical formula Cy7H39AuFPSh Cs7H 4 AuCLFPSb CygH37AuFPSh

fw 827.27 900.18 849.27

T (K) 100(2) 100(2) 110(2)

(&) 0.71073 0.71073 0.71073

crystal system Monoclinic Monoclinic Orthorhombic

space group P2(1)/c P2(1)/c Pbca

unit cell dimensions a==8.1045(9) A o =90° a=940189) A o =90° a=12.702(H A o=90°
b=17.2929(19) A [ =95.833(6)° b=16.0494(16) A B =93.985(5)° b=18.693(6)A p=90°
c=20.611(2) A y=190° ¢=21377(2) A v =90° c=25481(T)A  v=90°

¥ (A 2873.7(6) 3217.9(5) 6050(3)

Z 4 4 8

Deye (Mg/m?) 1.912 1.858 1.865

abs coeff (mm ™) 6.149 5.660 5.844

total no. of reflns 73553 61645 104499

no. of unique reflns 11601 8078 6695

no. params refined/ 325/0 343/0 343/0

restrained
Rin 0.0587 0.0406 0.0826
F(000) 1600 1744 3280

crystal size (mm®)

color and habit
Goodness-of-fit on F?
Final R indices [I=2a(1)]
R indices (all data)

max, min Ap (e/A%)

0.21 x0.19 x 0.12
colorless prism

1.142

R1 =0.0285, wR2 = 0.0612
R1 =0.0436, wR2 = 0.0650
1.860, -1.859

0.22x0.18 x0.11
colorless prism

1.307

R1=10.0253, wR2 = 0.0652
R1=0.0310, wR2 = 0.0670
1.708, -0.862

0.28 x 0.10 x 0.07
colorless prism

1.426

R1 =10.0291, wR2 = 0.0649
R1=0.0415, wR2 = 0.0683
1.190, -1.002
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Chapter 3

Cationic Gold(l) p-Alkyne Complexes and the
Conversion of Terminal Alkyne Complexes to

Dinuclear s ,-Axetylide Complexes

Portions of this chapter have been published: a) Brown, T. J.; Widenhoefer, R.
A. J. Organomet. Chen201], 696 12161220. b) Brown, T. J.; Wenhoefer, R. A.
Organometallic2011, 30, 60036009.

The X-ray crystal structure of compl®6A 3 GGt 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(l)p-Alkyne Complexes

In light of the vast synthetic utility alkynes have exhibited for goiciitalyzed
functionalization reactions, there has been continued interest in the synthesis and study of
neutral and cationic gold(l) complexes of internal and terminal alkynes. Follawing
work in the area of cationic, twooordinate gold(l)p-alkene complexes bearing-
Heterocyclic Carbene (NHC) and-biphenyl phosphine complexes, a number of
intriguing reports concerning similar complexes of alkynes have app&aréd.

Neutral, monomeric, isoleptic (i. e., metal adducts bearing the diganed)
coinage metap-alkyne complexes containing a fluorinated 1,8i&zapentadienyl anion
were reported by Dias and-emrkers'*® For the gold complex, treatment of AuCl with
[N{(C 3F)C(Dipp)N},]Li (Dipp = 2,6-diisopropylphenyl) and-Bexyne in heane led to
isolation of [N{(GsF)C(Dipp)N}:] Au ( Et CI),Cnabith) was( analyzed by -kKay
crystallography. DFT calculations férand the analogous Ag and Cu complexes predict
that the M alkyne bond energy varies in the order Ag < Cu < Au andstdenation
from alkyne Y M domi nap-easkdooatioa.r CohchreenthyM Y a |l
Furstner demonstrated coordination of the unstrained cyclic alkyne, dodecyne, to neutral
and cationic gold species to generate complexes sughaad 3.1'° 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

el ongati on and i€ é&onding framework foom linedritg. CIl C
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Figure 22. Recent examples of gold()alkyne complexes.

More recently, Tarantelli and Macchioni have synthesized cationic g¢ii
hexyne) complexes bearing the NHC, IPr, in addition to {{BAu[h(2-hexyne)]}
BF, (4), which represnts one of the first cationic, twamordinated gold(l)-alkyne
complexes bearing a phosphiri. Russell and covorkers concurrently demonstrated
coordinat i onBupdnd (Mébe )) @FBAY(to the gold fragment {[Ry
Bu)sJAu} * along with %ray difraction studies for both alkyne complexés. When a
stoichiometric mixture of [R{Bu)s]JAuCIl/AgSbF; with (MesS i ) Q-BuY (vas allowed
to react for up to 16 h at room temperature it was foundithaitu generated {[R¢
Bu)sJAu[h*(MesS i ) G-BWIX"® SbRs (5) forms dicationic Ay species6. The
proposed mechanism for this transformation involves fluemeeitated desilylation to

form mono(gold) acetylide complékfollowed by coordination to two equivalents of the
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cationic gold fragment {[R{Bu)s]JAu}"; the second coordination event likely proceeds
through monocationis ,-gretylide comple® (Scheme 1).

t-Bu —‘ 2

AgSbFs || —=AuP(-Bu)s

CHyCly, RT, 16 h

(t-Bu)sPAUCI  + (Me3Si)C=C(-Bu)

(t-Bu)zPAu ' AuP(t-Bu);

(t-Bu)sPAuCI/ (t-Bu)sPAuCI/
(£BU)PAU—=—t.Bu AgSbFg (t-Bu)sPAU~—~1t-Bu AgSbFg
-Bu)s — ¢ - |
; CH2C|2, RT ®AUP(t-BU)3 CH20|2, RT
8
Scheme 1.

3.1.2 Relative Binding Affinity of Alkynes vs. Alkenes

Homogeneous gold(l) 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 eftétté? little is known
regarding the relative binding affinities of alkynes to the cationic, twelve electron gold(l)
fragment (L)AUd or the binding of alkynes relative to alkenes. Computational analyses
have suggested that ethylene binds more strongly to cationic )gdlt{h does
acetylené?® and a recent experimental/computational report by Echavarren and co
workers has shown that gold(l) binds preferentially to the C=C moiety of a terminally
unsubstituted 1;8nyne?? In particular, reaction of a 1:1 mixture af7denyne9 and the
cationic gold(l) acetonitrile complek0 leads to the emergence of new signals in the low

temperature'H NMR spectrum corresponding to #&fs-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 strorgbprdinating dative ligand, acetonitrile, and
does not provide quantitative insight into the relativeding 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.

MeO,C —  [(LAUNCMe)" SbFg™ (10)  MeO,C — (eq 1)
MeO,C CD,Cl,, -50 °C MeO,C

9 L = P(t-Bu),0-biphenyl ® Al\u(L)

3.1.3 Terminal Alkynep-ComplexY s-Complex Conversion

As a second aim, we sought to generate cationic gold(l) complexes of terminal
alkynes and investigate their susceptibility toward fornsrgcetylide complexes. Just
asp-complexation of an alkyne to gold renders it susceptibleutdeophilic attack, the
depletion ofp-electron density upon coordination should also enhance the acidity of the
acetylenic proton, thus facilitating acetylide formation. In fact, DFT analysis of the
coppercatalyzed 1,3lipolar cycloaddition of azidemnd terminal alkynes suggested that
the K, of an alkynyl proton decreases by I,nits upon coordination to Cu(j>*2*
There is a growing body of golthtalyzed transformations of terminal alkynes in which
the involvement of gold(l) acetylides implicit.*>*?® A notable example is the geld
catalyzed threeomponent coupling of alkynes with aldehydes and secondary amines in
aqueous solution to form propargylic amin&sHowever, the potential roles of acetylide

intermediates in the larger cattéon of transformations employing terminal alkyd&&®
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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 dgaddition of 1,8allenynes invoked dual activation of
the terminal CIl C l1llnoogive tcygloaddifion préduct2nthyaugh

formation of a dinuclear golsl , -gretylide intermediat3 (Scheme 2§

Me

Me,, [(Ph3PAu)30IBF, (2 mol %)
Me CHCl3, 60 °C, 84%

Ph3PAu

A uPPh;

Scheme 2.

Despite the widespread employmenit terminal alkynes in gold(gatalyzed
transformations and the potential involvement of gold acetylides in these transformations,
little experimental information is available regarding the conversion of gg¢ldrminal
alkyne) complexes te-acetylidecomplexes. This gap in understanding is largely due to
the scarcity of weltlefined goldp-(terminal alkyne) complexéd? which contrasts the
large number of gold(lp-(internal alkyne) complexg§193102103.1820 | 3 singular
and particularlye | evant exampl e, Bertrand@&aalyzeé c han i
allene formation led to the isolation of the gold{iphenylacetylene compledd bearing
a cyclic alkyl amino carbene (CAAC) ligand and its conversion to the corresposiding

acetylidecomplex15 upon treatment with enamiri (eq 2)*°* In addition to complex
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15, several examples of-acetylide complexes are knowif**® including those

é34-136

containing NH supporting ligands (e. g., complek). Likewise, oligomeric

acetylide comfexes that bind in & ,-fashion*"**° such as the tetrameric acetylide

speciedl 8 (Figure 32), have been studied over the piisy years.

Ar—N ) Ar—N
) JPr CeDe, RT (6q2)
A|U B(C6F5)4 + i-Pr—N —_— > Au B(C6F5)4
H—=——Ph < H
16
14 Ar=26-CeHs(i-Pr),  Ph 15
i_\
Ar/NYN\Ar
Au t-Bu
f tBu—== Au—|‘|
Au Au
|
|| —Au—=—t-Bu
Ar, . Z AN . Ar
N u u N t-Bu
. 10 '
N_ 17 /N
Ar Ar

Figure 23. Examples o&- ands ,-gretylide complexes.

In a broader context, foration of coinage metal acetylide complexes from terminal
alkynes under basic conditions is a process central to a number of important synthetic
reactions:** Most notable among these are the palladium/coepatyzed coupling of
terminal alkynes with atyor alkenyl halides (i. e., Sonogashira reactitfif® and the

coppercatalyzed 1,3lipolar cycloaddition of azides and terminal alkyfEs4®
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Likewise, a diverse range of transformations exploit the reactivity of silver acetylide
complexes generatdd situ from terminal alkyne$?***? Here, we describe thia situ
generation and spectroscopic characterization of theruafifable golg-arylacetylene
complexes and the facile conversion of these complexes to dinucledr'gdigcetylide
complexes in both the presence and absence of external base. A more thorough
understanding of the fundamenfal to s- 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, TweCoordinate Gold(l) p-(Internal Alkyne) Complexes
3.2.1.1 Synthesis of Golp-Alkyne Complexes

Initial attempts toward isolating cationic, tveoordinate golfl) p-(internal
alkyne) complexes employed procedures analogous to those used to synthesize cationic
gold p-alkene complexes (CR). In certain instances, reactions for 84 h with excess
alkyne led to isolation of the gol@-alkyne complex in additiorto decomposition
products; to avoid this problem, shorter reaction times were employed. For example,
treatment of a methylene chloride suspension dfBR},0-biphenyl]AuCl and AgSb§
with 3-hexyne (1.5 equiv) at room temperature for 10 min providedt-fR),0-
biphenylJAuh®E t CI CBbR] (L9 in 98% yield as an air and thermasitable white

solid, which was characterized by NMR spectroscapg combustion analysis (Table
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14). Complexation of the alkyne to gold in solution was established®®yNMR
spectroscopy; in pcular, the'*C NMR spectrum ofL9 displayed a resonance 1.4
corresponding to the sp carbon atoms of the alkyne ligand, which was shifted downfield
relative to that of free -Bexyne ¢ 81.0). In addition, théH NMR spectrum of19
displayed resommes at 2.46 (q)J = 7.5 Hz, 4 H) and 1.21 (f) = 7.5 Hz, 6 H)
corresponding to the ethyl groups of thdeékyne ligand, again showing a downfield

shift relative to those of freefgexyne (1 2.15, 1.11).
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Table 14. Synthesis and lyne C(sp)*C NMR chemical shifts of golg-alkyne
complexesl9i 26.

1) AgSbFg R!
L—Au—cl D R—="R L—gj—H
CH,Cl,
R2
entry L alkyne complex yield (%)? 8§ C=C
1 P(t-Bu)y(o-biphenyl) Et—=——Ft 19 98 91.4
2 P(t-Bu),(o-biphenyl) Me—=——n-Pr 20 96 88.7,75.4
3 P(t-Bu)z(o-biphenyl) Me—=——t-Bu 21 90 98.3, 87.0
4 P(t-Bu),(o-biphenyl) Me———Me 22 9 84.9
5 P(t-Bu)z(o-biphenyl) Me—=—=—~Ph 25 (92) 90.6, 86.0
6 IPr Et—=——Et 23 94 87.2
7 IPr Me—=——Ph 24 99 86.9, 83.5
8 IPr Me———Me 26 (97) 81.5

8 |solated yield. Vaues in parentheses refer to "H NMR yield for in situ generated complexes.

t-Bu, j-Pr i-Pr
P—t-Bu [\
i N\/N
i i-Pri-Pr

In addition to complex9, gold p-alkyne complexes {[R{Bu).0-biphenyl]Auh?
alkyne]}” SbFrs [alkyne = 2hexyne R0), 4,4dimethyk2-pentyne 21), 2-butyne £2)]
and {(IPr)Aujhalkyne]}* SbF; [alkyne = 3hexyne £3), 1-phenylpropyne Z4)] were
i solated in Oefaly éharacierzedTakderldAlternatively, the gold

p-alkyne complexes {[R{Bu)0-biphenyl]Auh*P h CI CfMe3blk (25 and
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{(IPnAu[h®Me CI CMeS3blk (26) were generated cleanly in solution and
characterized spectroscopically without isolation (Tdldle Based on the collected data,

it appears that thE'C NMR chemical shifts of the alkyne sp carbon atoms of phosphine
complexes19, 22, and 25 are shited downfield relative to the alkyne sp carbon
resonances of the corresponding IPr compl@d&®24, and26. This observation points

to greater positive charge on the alkyne carbon atoms of the phosphine complexes
relative to the IPr complexes owing thet greater donor properties of the IPr ligand

relative to the phosphine, as has been previously n6téd.

3.2.1.2 Determination of Alkyne Binding Constants

To better understand the factors governing binding of internal alkynes to the
cationic gold fagments (L)Al, we evaluated alkyne equilibrium binding constants using
complexes [(L)AU(NCA#]" SbR [L = P(t-Bu)0-biphenyl @7), IPr (28); NCArg =
NI @,5CsH3(CFs);] in a manner similar to that used to generate alkene binding
constants (Ch2). In this way, we determined equilibrium constants for displacement of
NCAre from 27 with 2-hexyne Keq = 86+ 7), 4,4dimethyl2-pentyne Keq = 58 * 4), 2
butyne Keq= 25 * 2), and Phenylpropynekeq = 0.43 + 0.02) and for displacement of
NCAre from 28 with 2-butyne Keq = 24 + 1) and dphenylpropyne Keq = 8.6 + 0.6)

(Table 19.
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Table 15. Equilibrium constants for displacement of NGAwom 27 [L = P(t-Bu).0-
biphenyl] or28 (L = IPr) with alkynes in CBECl, a t 60 AC.

R!
@ CD,Cl, @
L—Au—NCArp <~ —Au—|[| *+ NCAr
u re 260 °C L—Au | | F
R2

entry L alkyne Keq
1 P(t-Bu)y(o-biphenyl) Me———n-Pr 86+7
2 P(t-Bu)y(o-biphenyl) Me———t-Bu 58 +4
3 P(t-Bu)y(o-biphenyl) Me———Me 25+2
4 P(t-Bu),(o-biphenyl) Me———~Ph 0.43 £0.02
5 IPr Me Me 24 +1
6 IPr Me—=——Ph 8.6 0.6

Attempts to determine the equilibrium constants for displacement of N@#n
either 27 or 28 with 3-hexyne were unsuccessful due to the near quantitative
displacement of NCArin each case. To circumvent this problem, the equilibrium
consants for displacement of the more strongly bindingn&hyt2-butene from
{(AU[ h>-Me(H)C=CMe]} * SbRs [L = P(t-Bu)0-biphenyl @9), IPr 30)] with 3-
hexyne Keq= 2.9 + 0.2 for29and 12.2 + 0.6 foBO) were determined (Schemg 3Using
these values ahthe equilibrium constants previously determined for displacement of
NCAre from 27 and 28 with 2-methyl2-butene Keq = 156 + 8 for27 and 64 + 4 foi28),
we extrapolated equilibrium constants for the displacement of N€&m 27 and 28

with 3-hexyne ofKeq = 450 + 39 and 780 + 62, respectively.
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Et Et

Me
® CD,Cl, ® Me
Lau—] o+ || === L—au—]| -+ j
Me” “Me —60°C Me” “Me
Et Et
29 [L = P(t-Bu),0-biphenyl] 19 Keq=2.9£0.2
30 (L = IPr) 23 Keq=12.2+0.6

Scheme 3.

Considering the equilibrium constants based on N@Amplexe7 and28, the
equilibrium binding affinities of alkynes to the gold fragmentt{B),0-biphenyl]Au’
decrease by a factor of ~1000 i thrder 3hexyne > zZhexyne > 4,4dimethyt2-pentyne
> 2-butyne > iphenylpropyne. The equilibrium binding affinities of alkynes to the gold
fragment (IPr)AU likewise decrease by a factor of ~90 in the ordaegyne > 2butyne
> 1-phenylpropyne. Sevdrateresting 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 bindng affinity of 2-hexyne relative to -Biexyne and in the binding affinity of the
least electron rich alkyne-dhenylpropyne, relative to the stericallindered, electron
rich alkyne, 4,4dimethyl2-pentyne, in the phosphine series. In comparison, thdesto
decrease in the binding affinity of 4gdmethyl2-pentyne relative to-Bexyne 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 electrendity of the alkyne in
the phosphine series relative to the- carbe
donating component of the gdllkyne binding interaction in the former series relative

to the latter. Overall, these trends are congrueith Wthe observations made in
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determining the binding affinities of alkenes to tfB().0-biphenyl]Au" and (IPr)Ad
(Ch. 2).

The strong binding behavior of-t&xyne is particularly intriguing. Herer 3
hexyne binds more tightly to the gold(l) fragment (LjAu = P(t-Bu),o-biphenyl, 1Pr]
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(l) is
between Zoutyne anctis- andtrans-2-butene. Displeement of NCAs from 27 with 2-
butyne led to an equilibrium constari{ef = 25 + 2) that falls between the values
determined for displacement of NGAirom 27 with cis-2-butene Keq = 126 + 9) and
trans-2-butene Keq = 14.1 £ 0.1). Similarly, the equilitum constant for displacement of
NCAre from 28 with 2-butyne Keq = 24 * 1) falls between the values determined for
displacement of NCA+rfrom 28 with cis-2-butene Keq = 38 + 2) andrans-2-butene Keq
= 12.5 £ 0.5). These data suggest that there lis iitherent difference in the binding

affinities of alkenes and alkynes to gold(l).

3.2.1.3 Summary

A family of cationic, linear goldp-alkyne complexes that contain either the
stericallyhindered phosphine PBu),o-biphenyl ligand or theN-heterocycliccarbene
(NHC) ligand IPr have been synthesized and fully characterized. Equilibrium binding
studies reveal that the binding affinities of alkynes to gold(l) are strongly affected by the
electron density of the alkyne and to a lesser extent on the siécioftthe 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 alkenesl atkynes to gold(l), 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(l).

3.22 Cationic, Two-Coordinate Gold(l) p-(Terminal Alkyne) Complexes and Their
Conversion to Dinuclear Gold(l)s , -Axetylide Complexes

3.2.2.1 Synthesis of Golg-Complexes of Terminal Alkynes
Our initial strategy toward isolating gojat(terminal alkyne) complexes was to
employ procedures milar to those for isolatingp-alkene andp-(internal alkyne)
complexes. However, these room temperature procedures were not applicable due to the
thermal instability of the transiemg-(terminal alkyne) complexes. Instead, treating a
suspension of theodd(l) N-heterocyclic carbene (NHC) complex (IPr)AuCl and AgSbF
(1:1) with phenylacetylene (1 equiv) in @Cl, a t 78 AC for 10 min | ¢
the cationic goldp-alkyne complex [(IPP)AU{>H CI GHG]* SbR (31) in 92 + 5%
yield by '"H NMR analyss. As complexd1 was found to be thermaliynstable, it was
characterized in solution B and®C NMR spectroscopy at 60 A
Coordination of phenylacetylene to gold was established by the downfield shift of
the acetylenic proton resonance3df(d 4.56) relative to that of free phenylacetyleme (
3.06) in the'H NMR spectrum and by the difference in tH€ NMR shifts of the
acetylenic carbon atoms 81 [d 72.7 (d), 93.5 (s)] relative to fred [7.3 (d), 83.7 (s)]

phenylacetylene. Th&lc; goupling constant of the phenylacetylene ligand of i@
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isotopomer [(IPPAU§>-H"C I GC#Bs]" SbR (31-'°C)) (Jcr c= 133.8 Hz) was
diminished significantly relative to free phenylacetyletie ( & 175.9 Hz). In contrast,
the isobutylene ligand of [(IPr)Ah¢-H,C=CMe)]* SbF; revealed minimal diminution
(~6 Hz) of the'Jc-crelative to free isobutylene (CB) and points to a more significamt
backbonding component to the gofgtalkyne bond as opposed to the gplglkene
bond.

In addition to 31, thermallyunstable goldp-(terminal alkyne) complexes
[(IPNAU(h®H C [ C A BYR] [Ar = 4-CsHaMe (32), 4-CsHaCFs (33), 4-CeH.OMe (34),
and 4CgH4Br (35)] were generated and characteriregituby NMR at 60 AC

prior isolation (TableL6).

Table 16. Synthesis of golgh-complexes of arylacetylenes

1) AgSbFg H
Pr—au—cl D HT="A"_ ,Pr_,?u_H
CD,Cl,, —60 °C
Ar
entry Ar complex yield (%)

1 Ph 31 92+5
2 4-CgHsMe 32 97 +£5
3 4-CgH4CF3 33 99 +5
4 4-CgH40OMe 34 86+5
5 4-CgHqBr 35 91+5

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)Auand were readily dispted by weak twelectrons-

donors such as triflate anion and-8jS(trifluromethyl)benzonitrile (NCAd). In the case
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of the former, reaction of an equimolar mixture of (IPr)Au(OTf) and phenylacetylene at

6 0 A C.,Cligener@&@l a 3:1 equilibrium mixe of31 and (IPr)Au(OTf). In the
latter case, treatment of [(IPr)Au(NCAY SbFs (28) with phenylacetylene (1 equiv) at

60 AC .Ck gene@®d a 4.6:1.0 equilibrium mixture 28 and 31, which
corresponds to an equilibrium constant for displacén@nNCAr: from 28 with
phenylacetylene oKeq = [31[NCArg/[28][phenylaceylene] = 0.21 + 0.02 (Table L7
To evaluate the effect of alkyne electron density on the binding affinity of alkynes to the
12-electron gold fragment (IPr)Auwe likewise deterined equilibrium constants for the
displacement of NCArfrom 28withparaas ub st i t ut ed ardCiHaXcet yl en e
= OMe, Me, Br, CE). The relative binding affinities of the arylacetylenes decreased with
decreasing electron detsby a factor of ~50 (Table ),7and a plot of lod{x/Ky) versus
the Hammetts-parameter dispieed a slope of = 2.1 N 0). @higthe gur e
magnitude of the binding affinities of arylacetylenes to (IPf)Ate similar to vinyl
arenes, the electronic dependence of the binding affinity of arylacetylenes is somewhat
diminished relative to virlyarenes 1( = 2 . 42), suggediing a greatgrback
bonding cont r i palkyne)obond relativet th the A§pealkgne) bond.
Nevertheless, the large negativee al ue poi nt s t os-denatgpminthe c an't

gold al kyne tibnd®di ng interac
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Table 17. Equlibrium binding constants forisplacement of NCAY[NCAre= N-83,&
CeH3(CFs),] from [(IPr)Au(NCAre)]* SbRs (28) with para-substituted arylacetylenes in
CD2C|2 at 60 AC.

H H
©) CD,Cl, @
IPr—Au—NCAre + || Pr—Au— ||+ NCAr
-60 °C
28 Ar Ar
Ar Keq
4-CgH4OMe 1.25+0.07
4-CgHyMe 0.52 £0.03
CeHs 0.21 +£0.02
4-CgHyBr 0.065 + 0.006
4-CgH4CF3 0.025 +0.003
O
0.5 +
=T 0 © I |
<
>
<
o)
S .05 T @)
O
-1
-0.3 0.1 0.5
(0]

Figure 24. Plot of logKx/Ky versus the Hammest-parameter for the equilibrium
displacement of NCArfrom 28 with arylacetylenes in CiTl, a t ¢ AQ.@ N
0.2).

3.2.2.3 Formation and Stability of Dinuclear Golds , -Axcetylide Complexes
It was found that addition of 2,&i-tert-butylpyridine (DTBP; 1 equiv) to a

solutionof31( 51 mM) at 60 AC led to i mmediate (

gold(l) s ,-geetylide complex {[(IPr)Auj(h*,h*C [ Ci8s)}" SbR (36) in 91 + 5% {H
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NMR) yield with concanitant release of phenylacetylene in 48% vyield, based on the
starting B1]. Conversion of thg-alkyne ligand of31to thes ,-gretylide ligand oB6

was evidenced by the disappearance of the acetylenic prothd.56 in the'H NMR
spectrum and by thegnificant downfield shifts of the acetylenic carbon atom8®fd

124.5 (d), 113.0 (s)] relative t81 [d 72.7 (d), 93.5 (s)] in thé’C NMR spectrum.
However, more surprising was that warming a,CB solution of phenylacetylene
complex3lat O °C forl h in the absence of base also led to formatidd6ah 99 + 5%

(*H NMR) yield along with phenylacetylene in 41% yield, based on the stagitlg [
(Scheme 4). We next attempted the preparattade experiment, treating a methylene
chloride suspensionf IPr)AuCl and AgSbE 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 methyiee chloride/hexanes. To our delight, this g&in 99%

yield as air and thermallgtable yellow solid, which was further characterized by
MALDI -MS, combustion analysis, andrgy crystallography (vide infra). These selid
state analyses firmly establishe presence of two (IPr)Au groups per phenylacetylide

moiety.
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H " DTBP (1 equiv)

@ _60 ° ;
IPr—Au—| ‘ 60 °C, 10 min
91 +5% ("H NMR)
31 Ph
H Ph
|P_A@_H 0°C, 1h @X
r u > Au Au
99 + 5% ("H NMR) IPr’ “Pr
31 Ph 36
1) AgSbFg /
2) HC=CPh
IPr—Au—Cl ) HC=C
25°C, 10 min

99%
Scheme 4.

In addition to31, gold p-arylacetylene complexe32 and 33 displayed similar
reactivity; warming solutions of these complexes to 0 °C in both cases led to formation of
the corresponding dinuclear goldd),-gretylide complexes {[(IPr)Auih’h?*-C [ @-
CeHsR)}" SbRs [R = Me (37), CF; (38)] as the exclusive goldontaining species.
Complexes37 and 38 were subsequently isolated in 99% yield from the corresponding
preparativescale reactions of (IPr)AuCl and AgSpbmith p-tolylacetylene andp-
trifluoromethylphenylacetylene, respieely. On the other hand, warming @Tl,
solutions of goldp-arylacetylene complexe® and35to 0 °C led to apparent formation
of the corresponding golsl , -gretylide complexe39 and40 as judged byH NMR and
MALDI-MS analysis.  Unfortunately, these transformations led to concomitant
decomposition and signifamt darkening of the solutions, which precluded isolation of

the pure dinuclear acetylide complexes.
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Figure 25. ORTEP diagram 086A 3 GGb. Elipsoids are shown at the 50% probability
level with solvent, counterion, and hydroggoms omitted for claritySelected bond
Cleg)l1fP2t4Q86BBCHC?2

l engths (j) and agChgl €%

Aul C1 = 2.193(7), Aul C2 = 2.234(7), Auz2

Au2 C9a = 2.001(8), Aul Au2 = 3.624(10),
172.0(3), C9 Aul

164.4(7), C1 Au2 C9a =

As mentioned above, slow diffusion of hexanes into a@}solution of36 at 4

°C gave translucent yellow crystals 8A 3 GG suitable for Xray crysallographic

analysis (Figure 25 The solidstate structure 086 established a dinuclear complex

consisting of arh® h®phenylacetylide ligand-b ound t o one (| Pr) Au f
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=1997A)anp-bound to a second (I Pr)Au group (Au
i) . Both gold atoms adopt di storted | in
C9 Aul Cl1lIC2 1(7QéAntr oTihde) gaol d acetylide moi
Cl C2 C3 = 165A) with no significant elong
relative to the of free phenyl acetylene (1
outside the range typically @ttb ut ed to a gold gold tauroph
In addition to the complexXd6, a large number of homonuclear and heteronuclear
transition metak ,-gretylide complexes are knowtt,and similar dinuclear gold ,- p
acetylide complexes containingialkyl phosphine ligands have been structurally
characterized by Russ$&land Finzé&> (vide supra).

An interesting feature of these dinuclear acetylide complexes is the sacil@
interconversion of the chemicaligequivalent (IPr)Au fragments on thHdMR time
scale. 'H and**C NMR analysis of dinuclear acetylid®% b et ween 25 and
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 symmaefeigibis(gold) intermediate or
transition statd in which both gold atoms are bound symmetrically to the terminal
acetylenic carbon atom, perhaps involving a tuemter, tweelectron bonding
intercti on with a gold gold bond (Scheme 5).
fleeting transition state, specikes analogous to the growstlate structures for dinuclear
gold s-alkenyl complexes first proposed by Gabfiénd Tost& and later confirmed

structurally by Fiirstner’
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Ar | Ar

C
1
® x — c — % ®
/Au Au @ Au Au
IPr N[=T AU-=-Au IPr’ IPr
36 IPr~ “1Pr
I 36

Scheme 5.

The strength of the golg-acetylide bond as well as the stability of the
acetylide bond of dinucleas ,-gretylide36 was evaluated toward tw&lectron donor
ligands and protodeauration, respectively. Regarttiagformer, treatment of a GOl,
solution of 36 (22 mM) with pyridine (1 equiv) at 25 °C for 10 min led to complete
displacement of thp-bound acetylide moiety to form a ~1:1 mixture of the mononuclear
acetylide complex (IPNAG-CI CP h)) and the ceonic pyridine complex
[(IPr)Au(pyridine)] SbFs (42, Scheme 6). In order to unambiguously identify
complexesAl and42 in the previous experiment, authentic samples were independently
synthesized and analyzed By and *C NMR (see experimental sectidar details).
Alternatively, treatment of a GICl, solution 0f36 (22 mM) with NCAE (17 mM) led to
formation of a 4.9:1.0:1.0:3.5 equilibrium mixture 38, 41, 28, and NCAE( 6 0 AC) ,
which corresponds to an equilibrium constant for displacement ofrNféém 28 with
41 of Keq = [36][NCArg/[41][28] = 17.2 £ 1.2. This observation indicates that the
binding affinity of the neutral gold-acetylide complex1 to the (IPr)Ad fragment
exceeds the binding affinity of free phenylacetyleiig, € 0.21; Tablel?) by a factor of

~80 O & = 1.9 kcal molY).
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no reaction (IPr)AuOTf + H———Ph

HOTf HOTf
CD,Cly, 25°C, 12 h CD.Cl,, —80 °C, 10 min
Ph
K a
@ pyridine IPrAUI—=—Ph -
Ad Au CD,Cly, 25 °C (IPr)Au——=—= + [(IPr)Au(pyridine)]
IPr’ IPr 41 42
36
NCAre
CD,Clp, —60 °C
(IPP Au—=—=—Ph + [(IPr)Au(NCArg)*
41 28

Scheme 6.
Regarding protonolysis of the AG s-acetylide bond, treatment of a solution of

36 (30 mM) in CDClI, with triflic acid (1 equiv) at 25 °C for 12 h led to no detectable
decomposition 086, as déermined by*H NMR spectroscopy (Scheme 6). In contrast to
the stability ofs ,-gretylide complexd6 toward Brgnsted acid, mononucleaacetylide
complex41l exhibited facile protodeauration in the presence of HOTf within 10 min at

80 ACcC. Tohation bedgvior f nmo@ald) acetylidé was confirmed by
Blum and ceworkers, who also documented the protodeauration of numerous gold(l)
aryl, alkenyl, and alkyl complexé®® This observed incongruence in protonolysis
reactivity for bis(gold) comlex 36 and mono(gold}1 is in accord with the diminished
protonolysis reactivity of bis(gold}-alkenyl complexes relative to the corresponding

mononuclear gold-alkenyl complexe&*®
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3.2.2.4 Arylacetylene Protonation in Dinucleas ,-Acetylide Formation
Particularly fascinating is the facile naturepafterminal alkyne) te ,-gretylide

conversion in the absence of any obvious proton acceptor. This observation points to the
generation of strong Brgnsted acid under reaction conditions. To gaghtinsio the
fate of the acetylenic proton, an equimolar solutiop-tdlylacetylenep-complex32 and
free p-tolylacetylene (51 mM) was monitored periodically % NMR spectroscopy at

20 AC. I n addi ti on 132 37raedsfreep-talylacetylenecao r r e s g
pair of mutuallycoupled oneroton doublets atl 5.91 and 5.46Xn& 5. 0 Hz) anc
threeproton singlet atl 2.90, which were assigned to the vinylic and aryl methyl protons
of a protonateg-tolylacetylene derivativeX), were obserw (eq 3). The concentration
of this species rose concurrently wifi to ~7 mM over the course of 30 min and then
remained relatively constant 8% continued to form. Of particular relevanéel, NMR
analysis employing a wide spectral window showed ndesxe of a higlrequency
proton resonance characteristic of free strong Bragnsted™cid/arming the solution
containing specieé to 25 °C ledtor api d (O 1 mi n) di sappear a
corresponding toA without detectible increase in the resonances correspondipg to
tolylacetylene. Treatment of a solution containing spegiagith tetrabutylammonium
triflate at 2 00 A2C nhiend) taon di ncnoendpi tadoteel- (c o n s u |
tolylethenyl trifluoromethanesulfonatd3; d 5.66 (d,J = 4.0 Hz, 1 H), 5.30 (dJ = 4.0

Hz, 1H), and 2.90 (s, 3 H)] in ~25% yield based on availpiitdylacetylene.
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H Ar
® HC=CAr (1 equiv /
iPr—Au—]| (1 equiv) 2, ® . A (93
CD,Cly, —20 °C Au  Au
Ar IPr” IPr
32 Ar = 4-CgHsMe 37

Analogous experiments employiddand phenyl acetyl ene for
mM) of a protonated phenylacetylene derivatiBg fd 6.02 (d), 5.61 (d)Jun = 5.0 Hz],
which decomposed wupon warming to 25 °C and formeghdnylethenyl
trifluoromethanesulfonate4f; d 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
phenyl acetyl ene (60 mM) was warmed from
(IPrAu(OTY) to dinuclears ,-gretylide complex36A OTf  wa s withim 4@&mirv e
along with traces (3 mM) af4. The concentration ef4 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 throughtH and**C NMR analysisof reactions of the

appropriate arylacetylene with triflic acid in @Cl, a t ¥y AcC.
CD,Cl,
(IPHAU(OTf) + H—=——Ph
_ 60 - 25 °C
(1:1) -2
(eq 4)

Ar OTf

% ® + ©/J\ -~

Au Au
IPr’ “IPr
3660Tf 44 (33%)

As an additional point of comparison, phenylacetylene was treated with magic
acid (HSQF A Ssh2Fequiv) in CDCly a t 60 AC, pr esphandethényl gen e

fluorosulfonate 45), which displayed vinylicH NMR resonances at 5.77 (d,J = 4.5
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Hz, 1 H) and 5.48 (dd] = 1.0, 3.5 Hz, 1 H}*®* To determine the thermal stability 45,

the solution was warmed at 25 °C, leading to steady and complete decompositton of
within 1 h. Alternatively, treatment of a similar solutiond&with tetrabutylammonium
triflate at 60 AC followed by warming
45 to vinyl triflate 44 within 20 min (Scheme 7). It is worth noting ti#& has also been
synthesized from reaction of fluorosulfuric acid wghenylacetylene in the presence of

tri-n-propylammonium fluorosulfonate and is known to oligomerize in solution at room

temperaturé®
oTf
1) HSO3FeSbF5 (2 equiv)
Ph—— > Ph
CD,Cly, —60 °C
2) BuyNOTf (1 equiv) 44 (66%)
0SO,F
Ph
45
Scheme 7.

The similarity in the’H NMR spectra of vinyl triflatest3 and 44 and vinyl
fluorosulfonate45 as comparedb speciesA andB in addition to the rapid formation of
43 and44 from reaction ofA, B, and45 with tetrabutylammonium triflate suggest tiat
andB are vinyl arenes bearing a labile anionic group aatltarbon atom. Additionally,
compoundsA andB appear even less stable and more reactive 4bapointing to the
presence of an extremely loose association of the anionic groupaaptistion of these
compounds. As the SpFand SbF1; anions coordiate poorly to carbenium ion& and

there was no detectible fluorine coupling in theNMR spectra of complexes andB,
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it is unlikely that these species represasiiexafluoroantimonate vinyl arene complexes

(46). Likewise, the inequivalence of threprotons ofA andB is inconsistent with the
anticipated'H NMR spectrum for free-arylvinyl cations 47).2°¢1®® Further, it has been
documented that SkFeacts with the vinylic C=C bond e@f-arylvinylfluorides to form
a-fluorobenzyl cations having £bound Sbk unit (e. g.,48) as opposed to-aryl vinyl

cations ora-SbR; adducts’®® thus refuting earlier claims that similar reactions led to
formation of vinylic cations/®!"* While the absolute structures of speciesand B

remain uncertain, forman of A andB in the conversion 082 to 37 and 31 and 36,

respectively, and also the formation of vinyl trifl#i€in the conversion of (IPr)Au(OTf)

and phenylacetylene t86A O T f provides convincing evider

strong Brgnsted acignder reaction conditions.

H
>:€i Ar
H

SbF 4
6 S)
Ho SbF4... SbFg _..SbFy SbFGG)
Ar P L cts — F leH
H Ar” " "“CHjs Ar/C@_C\CHg

46 48

Figure 26. Hypothetical and related structures to spegiesdB.

3.2.2.5 Kinetic Analysis ok ,-Axetylide Formation

To gain insight into the mechanism of the conversion of golp{fderminal
alkyne) complexes to dinuclear gokl ,-gretylide complexes, we investigated the

kinetics of the conversion of theethynyltoluene comple82 to 37 employing in situ*H
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NMR analysis. To this end, a solution3#, generatedn situ from (IPr)AuCl (50 mM)

and AgSbk (51 mM) ati60 °C, in CDCl, was warmed td 20 °C and monitored
periodically by’H NMR spectroscopy. A plot of BP] versus time was lineant~3
half-lives with an observed rate constantkgfs = 2.27 + 0.03® 10° M'! &1 which
established the secomdder dependence of the rate 82][(Table18). To determine the
effect of silver ion on the rate of acetylide formation, seeomnltdr rate constants for the
conversion of32 to 37 were determined &t20 °C inthe presence of 50, 100, and 200
mM AgSbFk; (Tablel8, Figure27). In each case, secoodder decay 082 was observed

to ~23 halflives. A plot ofk.,sversus [AgSbE was linear with a significant nerero
intercept in accord with the twerm rate lav, rate =k;[Au]? + ks]Au][AgSbR] where

ko= 1.85% 10°M'* s'* andks= 4.813 10°M'? s * (Figure28). The rate of conversion of
32(51 mM) to37a t 20 AC in t REOMMIs% A2 xOM ' Na SbF
s 1) was not significantly different from the rate in the absence of Na@uE7 + 0.3 x

10® M ' s (Table18, entry 5), which indicates that the rate effect caused by AgSbF

was due to Afrather than Shf or a salt effect.
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Table 18. SecondOrder Rate Constants for the ConversioB2fo 37in CD,Cl..

H Ar
IPr—A:LOu—| ‘ CD,Cly, temp % ®
Au Au\
2 A arsacme T 37 Pr
entry [4-HC=CCgH4Me] (mM) [AgSbFg] (mM) temp (° C) (10%) kp (M1 s71)2

1 51 254 -20 11.9+0.1
2 51 153 -20 6.44 + 0.05
3 51 102 -20 3.96 + 0.07
4 51 51 -20 2.27+0.03
5P 51 51 -20 1.91 £ 0.02
6 102 153 -20 1.35+0.08
7 153 153 -20 0.78 +0.08
8 51 153 -20 6.1+0.1
9 51 153 -13 11.3+0.1
10 51 153 -5 12.7+0.1
11 51 153 4 25.3+0.3
12 51 153 11 53.0 + 0.4

@ Observed rate constants determined by "H NMR analysis to > 3 half-lives. ® Experiment
performed in the presence of NaSbFg (102 mM).

95

[Au]* (M)

time (sec/1000)

Figure 27. SecondOrder Plots for the Conversion 82to 37in CD,Cl, ati 20 °C
mediated by a mixture of (IPr)AuCl (51 mm) and Agshith free [AgSbk] = 0 mM
(ee), 51 mM (6), %02 mM (1), 204
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Figure 28. Plot ofkopsversus [AgSbE] for the conversion 082to 37in CD.Cl, ati 20
°C mediated by a mixture of (IPr)AuCl (51 mm) and Ag&bith free [AgSb] = 0
200 mM.

The activation parameters associated with the sfheer pathway for the
conwersion of32 to 37 were determined through measurement of the secoiet rate
constants for the conversion 82 to 37 initiated by a 1:1 mixture of (IPr)AuCl and
AgSbF; as a function of temperat fromi20 to 11 °C (Table 18entries 812, Figure
29). An Eyring plot of the resultant observed rate constants versus reciprocal temperature

provided the activation parametei®H’ = 9 + 1 kcal mdf* andDS' =i 47 + 6 eu.

135



400

300

[Au]* (M)

100

time (sec/1000)

Figure 29. SecondOrder Plots for the Conversion 82to 37in CD,Cl; ati 20 °C
mediated by a mixture of (IPr)A}JCI (51 mm) and Aggmﬁ{h free [AgSbF] = }02 mM
at 2D, ACE)B, 5 AC (), 4 Ac (1), 11
To determine the effect of free aryl acetylene on the rate of acetylide formation,
the rate of conversion @2to 37was determined gt-tolylacetylene concentrations of 51
and 102 mM (Tablel8, entries 6 and 7).In these cases, a decrease in the rate of
conversion and deviation from seceodler behavior was observed. In addition, the data
did not follow first order behavior; rather, the data revealed a rapid decrea3g] in [
within the first 10% conversion fowed by an abrupt diminution of the rate. To probe
acetylenic C H bond cleavage | B2td3Tl,ever at e
determined the primary deuterium Kkinetic isotope effect for the conversion of
[(IPPAu(h®>D C I GHGMe)]" SbR' (32-d) to 37. To this endp-alkyne complex3d2-d
was generated in situ &60 °C from reaction of an equimolar mixture of (IPr)AuCl,

AgSbFs and 2deuteriel-(tolyl)ethyne, and the resulting solution was warmed35C

and monitored periodically b{4 NMR spectrosopy. Complex32-d displayed second
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order decay through ~3 hdi¥es with an observed rate constantkg;= 4.46 + 0.03

10°3M'* s'*, which corresponds to a KIE kf/ko = 2.85 (Figure30).
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Figure 30. SecondOrder Plotsfo t he Conversi on-dtoB87@3i2 t o
CD.Cl, ati5 °C mediated by a mixture of (IPr)AuCl and Aggi¢s:L mm).

The effect of 2,&i-tert-butylpyridine on the rate of alkyne to acetylide
conversion was significant and we considered that aragp mechanism might be
accessible under baseediated conditions. To test this hypothesis, we studied the
kinetics of the conversion o0f32 to 37 in the presence ofN-tert-butyl-4-
(trifluoromethyl)aniline49. It was hypothesized that aniline derivaé&would function
as a stericalbhindered weak base due to the strong electron withdrawing ability of the
trifluoromethyl group at thgara position of the aromatic ring and the steric hindrance
imposed by thé&-substitutedert-butyl group. We hoped théhis combination of factors
would allow for kinetic analyses that could be observed on the NMR timescale. As

anticipated, addition of anilind9 (1 equiv) to a solution 082, generatedn situ from
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(IPr)AuUCI (51 mM) and AgSb&( 52 mM) at  ,Ck hcreAs€d theirate ofC D
conversion of32to 37 a t 20 AC and provided reaction
first-order dependence of the rate 82][(Figure 3). Comparison of the firstrder rate
constants for conversion 8P to dinuclear acetide 37 using 4ethynyltoluene Kqps =

2.76 + 0.03 x 1d s 1) versus Meuteriol-(tolyl)ethyne kops= 1.30 + 0.06 x 1d s ') at

120 °C revealed a primary kinetic isotope effelgifkp = 2.1.

time (sec/1000)

Figure 31. First order plots fothe conversion 082to 37 and32-d to 37in CDCl; at
20 3G [3e-q] =[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 8A O T f , gener-frdeendnnerfmoma  si |
(I Pr)AuOTf (52 mMChLvaas wWaBr meQ, tion GB AC &
periodically by'H NMR spectroscopy. A plot of LBRAOT f ] ver sus ti me w

~3 halflives with an observed rate constantkgfs = 1.36 + 0.03 x 1d s?!, which
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established a firstrder dependence of the rate 824 O T f ] . Il nterestingl
first-order dependence oftherate 884 OTf ] suggests t hansast he tr
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 cong28xOTf i n t he
presence of excess tetrabutylammonium triflate (03Hequv) (Table 19, entries 15).

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 eetwee and three
equivalents of excess trifl ate. Finally,
in the rate limiting step for conversion 82A O T f 37A QT f we deter mine
order rate constants for conversion3@ O T f 37AtOoT Kyps =[1.78 + 0.02 x 10 s 7]

and [(IPNAup®D C I GHGMe)]" OTf (32A O Tdf to 37A O TKys =[7.9 + 0.2 x 1F

s!inCD,Cla t 27 AC leading to &/kpr22hary Kkinet
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Table 19. First-order rate constants ftire conversion 082A O T f37AtOdT f Clp CD

oTf© H oTf© Ar
@
Pr—au—l || —BwNoTf % ®
CD,Cly, temp Au Au
Ar IPr’ IPr
32.0Tf Ar = 4-CgH4Me 37.0Tf
entry [BusNOTf] (mM) temp (° C) (10%) kq (s71y2
1 0 -35 1.36 + 0.03
2 26 -35 5.0+0.1
3 52 -35 3.11+0.08
4 102 -35 3.10 + 0.06
5 156 -35 3.0+0.1
6 0 -27 1.78 + 0.02
7° 0 -27 0.79 +0.02

@ Observed rate constants determined by "H NMR analysis to
> 3 half-lives.
b Experiment performed using 32e0Tf-d.

3.2.2.6 Mechanistic Discussion

The simplest mechanism that accounts for the conversion opemidacetylene
complexes to dinuclear gold ,-gretylide complexes involves deprotonation of the
acetylenicproton either through a threenter, tweelectron transition state or byi 8
activation followed by deprotonation. Trapping of a resulting mono(gold) acetylide
complex (e. g.41) with the cationic gold fragment of a second molecule pf(erminal
alkyne) complex would then form the dinuclear acetylide with concomitant release of
arylacetylene (Scheme 8). The facile protodeauratiofilafith HOTf suggests that if
such a pathway is operationptarylacetylene to dinuclear acetylide conversion is drive

by formation of the stable gal@p-acetylide) bond.
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Scheme 8.

However, such a mechanism does not necessarily account for the observed
secondorder dependence of the rate d@2][in the conversion of32 to 37. One
possibility is that an actual firstrder dependence 083] is compounded with an inverse
dependence onpf{tolylacetylene], which increases as the reaction progresses. The
simultaneous operation of opposing rate dependences could lead to an apparent second
order dependence or87J. An intriguing mechanistic alternative involves initial
formation of a transient dicationic bis(goldjalkyne complexl! involving both of the
orthogonal p-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 acdtionic bis(gold) species in the rate limiting
step would potentially lead to a secemdler dependence 083] while also exhibiting an
inverse dependence on [free arylacetylene]. In any event, because the convepsion of

arylacetylene to dinuclear aghtle involves both deprotonation armcomplexation
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events, it is difficult to estimate the increase in the acidity of an acetylenic proton

resulting from complexation to the -Electron gold fragment (IPr)Au

3.2.2.7 Summary

Gold p-arylacetylene conijpe x es wer e generated at | ow
reaction of mixtures of (IPr)AuCl and AgSkWwith terminal alkynes and characterized by
spectroscopy without i sol ation. AbHo v e
bond cleavage and nucleation twrh stable dinuclear golsl , -gretylide complexes, one
of which was characterized by-pdy crystallography. Kinetic analyses point to reaction
mechanisms for dinuclear acetylide formation involving a transgtate structure
containing two (IPr)At fragments or explusion of arylacetylene in the rate limiting step.
Further, '"H NMR analysis of the conversion of gojstalkyne complexes tes ,- p
acetylides has provided evidence for protonation of free arylacetylene, indicating the
release of strong Brgnstedidaunder reaction conditions.

The facile formation of dinuclear gold ,-gretylide complexes fronp-
arylacetylene complexes in the absence of base suggests that gold(l) acetylides may be
generated as intermediates in gold@alyzed transformations ialving terminal
alkynes. Although our work does not address the roles of supporting ligand and alkyne
structure on the conversion g-(terminal alkyne) complexes to dinuclear gold
acetylides, a recent study by Corma andvookers does establish the inteediacy of
analogous complexes bearing the steriehihdered R{Bu),o-biphenyl ligand in the

intermolecular [2+2] cycloaddition of alkynes and alkenes catalyzed by cationic
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gold(1).}"? Likewise, the potential intermediacy of dinuclear getdlkenyl mmplexes in

the goldcatalyzed additions of nucleophiles to allenes and alkynes is beginning to be
appreciated®1°®'>" There has also been an ongoing concern that a number of metal
based hydrofunctionalization processes that employ electrophilic memplexes,
including cationic gold(l) complexes, in combination with weakly basic nucleophiles
may be catalyzed by a Brgnsted acid generated under reaction coriditins:
Considering the generation of strong Brgnsted acid in the conversion df) goid
arylacetylene complexes te ,-gretylide complexes, the potential involvement of
Brasted acid catalysis should be given appropriate consideration in homogeneeus gold

catalyzed transformations involving terminal alkynes.

3.3 Experimental
3.3.1 Geneal 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 MHH&MR, 101 MHz for**C
NMR, and202 MHz for®P NMR in CQCl, at 25 °C unless noted otherwise. IR spectra
were obtained on a Nicolet Avatar 360 IR spectrometer. Gas chromatography was
performed on a HP 5890 gas chromatograph equipped with a 15 m or 25 m
polydimethylsiloxane capillgrcolumn and FID detector. Column chromatography was

performed employing 23800 mesh silica gel (Silicycle). Thin layer chromatography

143



(TLC) was performed on silica gel 6QsF(EMD Chemicals Inc.). Elemental analyses
were performed by Complete Analysiaboratories (Parsippany, NJ). Mass spectra were
obtained on an Applied Biosystems Voya@# Pro MALDI mass spectrometer
operating at a mass range of 50u with a dihydroxyacetophenone matrix (10 mg/1
mL DCM; internal alkyne complexes) or a(£-hydroxybenzeneazo)benzoic acid
(HABA) matrix (10 mg/mL DCM; dinuclears ,-gretylide complexes) and was
calibrated with PEG1000.

Methylene chloride was purified by passage through columns of activated
alumina under nitrogen. CD4g£and CDCl, were dried oer CaH and distilled under
nitrogen prior to use. (IPnAuUCI, hexanes, AggbR-hexyne, 2butyne, 1
phenylpropyne, hiexyne, and 4 dimethyl2-pentyne, AgOTf, arylacetylenes, and-3,5
bis(trifluoromethyl)benzonitrile were purchased from major chemigaplsers and used
as received. [RBu).0-biphenyl]AuCl, {[P{t-Bu).0-biphenyl]Au(NCAR)}" Sbk (27),
{(IPPAU(NCArp}* Sbr (28), {[P(t-Bu),0-biphenyl]Auh*Me(H)C=CMe]} * Sbk;

(29), and {(IPr)Auh*-Me(H)C=CMe]} * SbF; (30) were prepared employing previously
described procedures (CB). Phenylacetylen#-**C; was synthesized employing a

literature procedur&”
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3.3.2 Gold(l)p-(Internal Alkyne) Complexes

3.3.2.1 Synthesis of Gold(Ip-Alkyne Complexes

{[P(t-Bu),0-bipheny]Au[h*E't CI C'ESbF'} (19). A suspension of [®(

Bu),0-bipheny]AuCI (35 mg, 0.066 mmol), AgS§K22.7 mg, 0.066mmol), and 3
hexyne (8.2 mg, 0.1 mmol) in GBI, (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 @El,. The filtrate was concertied to ~2
mL, diluted with two volumes of hexanes, and cooled at 4 °C for 24 h tol§i{82.5
mg, 98%) as a white solidH NMR: d 7.95i 7.90 (m, 1 H), 7.70 7.60 (m, 2 H), 7.57
i 7.52 (m, 1 H), 7.48 (t, J = 7.5 Hz, 2 H), 7133.31 (m, 1 H), 7.24 7.20 (m, 2 H), 2.46
(9,J= 7.5 Hz, 4 H), 1.45 (d] = 16 Hz, 18 H), 1.21 (] = 7.5 Hz, 6 H). *C{*H} NMR:
d 149.1 (dJ = 123 Hz), 143.4 (dJ = 6.9 Hz), 134.1, 133.7 (d,= 7.8 Hz), 132.1 (d] =
3.1 Hz), 130.0, 129.1, 128.6, 128.34d; 7.0 Hz), 123.7 (dJ = 49.3 Hz), 91.4, 39.0 (d,
=24.6 Hz), 31.2 (dJ = 6.2 Hz), 16.4, 14.13'P{'H} NMR: d 65.5. Anal. calcd (fou)
for CogHaPRAUSh: H, 4.59 (4.51); C, 38.40 (38.49).

All remaining gold(l) p-alkyne complexes were synthesized employing similar
procedures unless noted otherwise.

{[P(t-Bu),0-bipheny]Au[h>Me C [ CLH,CH3]}* SbR (20). White solid,
96%. *H NMR: d 7.957 7.90 (m, 1 H), 7.70 7.60 (m, 2 H), 7.58 7.52 (m, 1 H), 7.49
(t, J=7.5Hz, 2 H), 7.36 7.30 (m, 1 H), 7.23 (d] = 7.0 Hz, 2 H), 2.37 (qt} = 2.5, 7.0

Hz, 2 H), 2.16 (tJ = 2.0 Hz, 3 H), 1.61 (sexd,= 7.5 Hz, 2 H), 1.45 (d] = 16.5 Hz 18
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H), 1.00 (t,J = 7.5 Hz, 3 H). ®C{*H} NMR: d 149.8 (d,J = 12.8 Hz), 143.1 (d]= 6.7
Hz), 133.8, 133.3 (d] = 7.7 Hz), 131.8, 129.6, 128.7, 128.3, 128.Q0(d,7.7 Hz), 123.4
(d, J=48.0 Hz), 88.7 (d) = 7.7 Hz), 86.3 (dJ = 6.7 Hz), 38.5¢, J = 25.1 Hz), 30.8 (d,
J = 6.8 Hz), 24.0, 22.4, 13.2, 7.2'P{*H} NMR: d 65.3. Anal. calcd (found) for
CaeHaPRAUSh: H, 4.59 (4.36); C, 38.40 (38.35).

{[P(t-Bu),0-bipheny]Au[h>Me C[ C C §:'HBbF (21). White solid, 90%.
'H NMR: d 7.961 7.90 (m, 1 H), 7.70 7.60 (m, 2 H), 7.59 7.52 (m, 1 H), 7.49 ({] =
7.5 Hz, 2 H), 7.35 7.28 (m, 1 H), 7.22 (d] = 7.5 Hz, 2 H), 2.19 (s, 3 H), 1.47 @z
16.5 Hz, 18 H), 1.27 (s, 9 H*C{*H} NMR: d 149.2 (dJ = 12.6 Hz), 143.4 (d] = 6.8
Hz), 134.2, 133.9 (d] = 7.7 Hz), 132.2, 130.0, 129.4, 128.5, 128.3)(d,7.7 Hz), 123.5
(d, J = 47.9 Hz), 98.3, 87.0, 39.2 (d,= 24.9 Hz), 31.9, 31.2 (d] = 5.8 Hz), 8.4.
3p{*H} NMR: d 65.9. Anal. calcd (found) for GHssPFRAUSb: H, 4.75 (4.66);C,
39.20 (39.14).

{[P(t-Bu),0-bipheny]Au[h>Me C[ C MeSpR' (22). White solid, 91%. *H
NMR: d 8.00i 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 (A= 16.5 Hz, 18 H).*C{*H} NMR: d 149.1(d,J=13.0
Hz), 143.5 (dJ = 7.0 Hz), 134.0, 133.6 (d,= 6.9 Hz), 132.1, 129.9, 128.9, 128.7, 128.3
(d, J= 7.8 Hz), 123.8 (dJ = 48.6 Hz), 84.9, 39.7 (d,= 24.6 Hz), 31.2 (dJ = 6.2 Hz),
7.4. *P{*H} NMR: d 65.2. Anal. calcd (found) for GHssPRAUSh: H, 4.24 (4.23):

C, 36.71 (36.62).
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{IPPHAU(h%*Et CI CESbR }23). White solid, 94%."H NMR (400 MHz,
CDCL): d 7.52 (t,J=8 Hz, 2 H), 7.49 (s, 2 H), 7.30 @@= 7.6 Hz, 1 H), 2.48 (sepl,=
7.2 Hz, 4 H), 2.20 (g) = 7.6 Hz, 4 H)1.23 (d,J = 6.8 Hz, 24 H), 0.57 (t{ = 7.6 Hz, 6
H). ¥C{*H} NMR (CDCls): d 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) foHGsAuFeN,Sb: H, 5.13 (5.05); C,
43.87 (43.76); N, 3.10 (3.37).
{0PNAu(h®>P h CI CMepR' (24). Pale green solid, 99%.'H NMR
(CDCL): d 7.58 (t,J = 8 Hz, 2 H), 7.51 (s, 2 H), 7.36 (@= 8.0 Hz, 1 H), 7.31 (d] = 8
Hz, 4 H), 7.15 (tJ = 7.5 Hz, 2 H), 6.81 (d] = 7.5 Hz, 2 H), 2.45 (sepd,= 7 Hz, 4 H),
2.05(s, 3 H), 1.22 (dJ = 7 Hz, 12 H), 1.14 (d] = 7 Hz, 12 H).*C{*H} NMR (CDCly):
d 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. MALDHMS calcd (found) for [GsH4aN2Au]™ (M™¥): 701.3 (700.9).
{[P(t-Bu).0-bipheny]Au[h®*P h C [ C M8bFs} (25). An NMR tube containing
a suspension of [RBu),0-bipheny]AuCl (30 mg, 0.057 mmol), AgSHFEL9.4 mg, 0.057
mmol), and iphenylpropyne (6.6 mg, 0.057 mmol), and-diBethoxybenzene (1.4 mg,
internal standard) i€D,Cl, (0.5 mL) was shaken briefly and allowed to stand at room
temperature. Following precipitation of AgCl, the sample was analyzéH,byC, and
3P NMR spectroscopy at 25 °C, which revealed formatio@5ih 92 +5% vyield. *H
NMR: d 7.937 7.81(m, 1 H), 7.70° 7.50 (m, 4 H), 7.46 (= 7.5 Hz, 2 H), 7.43 7.32
(m, 4 H), 7.3 7.24 (m, 1 H), 7.16 (d] = 7.0 Hz, 2 H), 2.35 (s, 3 H), 1.34 (@@= 16.5

Hz, 18 H), 1.00.2C{*H} NMR: d 147.9 (d,J = 12.5 Hz), 142.9 (dJ = 6.7 Hz), 133.4,
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1327 (d,J = 7.2 Hz), 132.1, 131.4, 131.1, 129.2, 129.0, 128.2, 127.8 £d7.7 Hz),
127.1, 122.6 (dJ = 49.6 Hz), 117.9, 90.6 (d,= 8.6 Hz), 86.0 (dJ = 7.2 Hz), 37.8 (dJ
=24.9 Hz), 30.3 (d) = 5.8 Hz), 8.4.3'P{*H} NMR: d 65.7.

{IP)Au( h>MeCI C Me")ShR' (26). A suspension of (IPr)AuCl (35 mg,
0.066 mmol), AgSb§(22.7 mg, 0.066 mmol), andiutyne (3.6 mg, 0.066 mmol), and
toluene (1.2 mg, internal standard) in £I) (0.5 mL) was shaken briefly and allowed to
stand at room temperature. [IBaving precipitation of AgCl, the sample was analyzed by
'H and™*C NMR spectroscopy at 25 °C, which revealed formatio?6ih 97 +5% vield.
'H NMR (300 MHz): d 7.60 (t,J = 8.1 Hz, 2 H), 7.48 (s, 2 H), 7.39 (@iz 7.8 Hz, 4 H),
2.51 (sept) = 6.9Hz, 4 H), 1.88 (s, 6 H), 1.29 (d= 6.9 Hz, 12 H), 1.27 (dl = 6.9 Hz,
12 H). 13C{lH} NMR: d 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 2butyne 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 containedCh CD
solution of27 (20 mg, 0.021 mmol) 4t60 °C. The tube was shaken, placed in the probe
of an NMR spectrometer cooled i&80 °C and allowed to equilibrate for 10 min. The
relative concentrations d&f7, 22, NCArg, and 2butyne were determined by integrating

the resonances corresponding to the aromatic protons of bd@di], 8.38 (2:1)] and

free [d 8.15, 8.14 (2:1)] NCArand the resonances corresponding to the methyl protons
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of bound ¢l 2.06) and freed 1.70) 2butyne. An equilibrium constant dfeq =
[22][NCArg/[27][2-butyne] =25 + 2 was determined (Table)15

To ensure that equilibrium was achieved under these conditions, the following
control experiment was performed. NGA#.9 mg, 0.02 mmol) was added via syringe
to an NMR tube sealed with a rubber septum that contained ,&I£Bolution of 2
butyne comple 22 (16 mg, 0.02 mmol) at60 °C. The tube was shaken, placed in the
probe of an NMR spectrometer cooled &0 °C and allowed to equilibrate for 10 min.
The relative concentrations @7, 22, NCArg, and 2butyne were determined as was
described in thereceding paragraph. The equilibrium constant determined from this
experiment Keq = [22[NCArg/[27][2-butyne] = 24 + 1} was not significantly different
from that obtained from treatment 27 with 2-butyne.

Similar procedures were employed to deteentime equilibrium constants for the
displacement of NCArfrom 27 with 2-hexyne, 4,4imethyt2-pentyne, and-pheny}t1-
propyne and for displacement of NGArom 28 with 2-butyne and Jphenytl-propyne
(Table 15). Error limits refer to the standard deidm in Keq determined from three
independent experiments.

Reaction of 3hexyne 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@,CD
solution of29 (16 mg, 0.02 mmol) at60 °C. The tube was shaken, placed in the probe
of an NMR spectrometer cooled i@0 °C and allowed to equilibrate for 10 min. The
relative concentrations &f9, 19, 2-methyl2-butene, and -Bexyne were determined by

integrating the resonances correggiag to the olefinic proton of bound 8.99) and free
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(d5.12) 2methyt2-butene and the resonances corresponding to the methylene protons of
bound ¢l 2.40) and freed 2.10) 3hexyne. An equilibrium constant &, = [19[2-
methyl2-butene]/R9|[3-hexyre] = 2.9 + 0.2 was determined (Scheme 3). Multiplication
of this result by the equilibrium constant for displacement of NGAom 27 with 2-
methyt2-butene Keq = 156 * 8) provided an equilibrium constant displacement of
NCArg from 27 with 3-hexyneof Keg = [19[NCAr]/[27][3-hexyne] = 450 + 45.

A similar procedure was employed to determine the equilibrium constant for the
displacement of Znethyt2-butene from30 with 3-hexyne Keq = 12.2 + 0.6) and to
calculate the equilibrium constant for the disptaeat of NCAE from 28 with 3-hexyne
(Keg= 780 £ 62). Error limits for the reactions oh@xyne with complexe89 and 30
refer to the standard deviation iy, determined from three independent experiments.
Error limits for equilibrium binding affinitie of 3hexyne relative to NCAr were

estimated from propagation of the errors of the associKtigmeasurements.

3.3.3 Gold(l)p-(Terminal Alkyne) Complexes

3.3.3.1 Synthesis of Gold(lp-Arylacetylene Complexes
[(IPPHAu(h>H C I CP'hSbf (31). Phenylacetylene (3.3 mg, 3.2 x'10
mmol) and 1,3imethoxybenzene (1.8L, 7.6 mmol; internal standard) were added via
syringe to anNMR tube capped with a rubber septum that contained a suspension of
(IPr)AUCI (20 mg, 3.2 x 16 mmol) and AgSbE(11 mg, 3.2 x 1¢ mmol) in CD:Cl, at
178 AC. The tube was shaken and placed in

at T 69 NMRGalysis after 10 min revealed formation3dfas the only (IPr)Au
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containing product in 92 + 5% yield based on integration of the acetylenic resonance of
31 atd 4.56 relative to the methyl resonance of-di®iethoxybenzene at3.8 in the'H

NMR spectrm. *HNMR: d 755t J= 7.5 Hz, 2 H), 7.52 1 T.
H), 7.27 (dJ = 8 Hz, 4 H), 7.24 (t) = 8 Hz, 1 H), 6.87 (d) = 7.5 Hz, 2 H), 4.56 (s, 1

H), 2.35 (sept) = 6.5 Hz, 4 H), 1.19 (d) = 6.5 Hz, 12 H), 1.08 (d] = 7 Hz, 12 H).
¥C{™H} NMR: d 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(l) p-arylacetylene complexe&l-*C, and32i 35 were synthesized using a
procedure similar to that used to genegite

[(IPHAU( h>-H®C T CPhIbl' (31-2Cy): 99 + 5% vield. *C{*H} NMR: d
93.4 (d,"Jc; & 133.4 Hz), 72.8.

[(IPHAu( h®H C [ @-C¢HsMe)]" SbRs (32): 97 + 5% vield.'H NMR: d 7.57
(t,J=7.5Hz, 2 H), 7.43 (s, 2 H), 7.30 (0= 7.5 Hz, 4 H), 7.08 (d]= 7.5 Hz, 2 H), 6.83
(d,J=7.5Hz, 2 H), 4.50 (s, 1 H), 2.40 (s, 3 H), 2.35 (s&pt6.5 Hz, 4 H), 1.19 (d] =
6.5 Hz, 12 H), 1.08 (d] = 6.5 Hz, 12 H).**C{’H} NMR: d 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, 23.4, 21.7.

[(IPHAuU( h®H C [ @8-CgHsMe)]" OTf' ( 3 2 A)O I5f+ 5 %.'H NMR: d 4.83
(s, 1 H). *C{*H} NMR: d 94.6, 72.9.

[(IPr)Au( h%H C [ @-CFsCsHJ)]" SbR' (33) 99 + 5% yield. '"H NMR: d
7.59 (t,J=8 Hz, 2 H), 7.53 (d) = 7.5 Hz, 2 B, 7.46 (s, 2 H), 7.32 (d = 8 Hz, 4 H),

7.06 (d,J = 8 Hz, 2 H), 4.76 (s, 1 H), 2.36 (septs 7 Hz, 4 H), 1.20 (dJ = 6.0 Hz, 12
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H), 1.10 (d,J = 6.5 Hz, 12 H). *C{’H} NMR: d 174.8, 145.3, 132.9, 132.2, 126.0 (q,
LJce = 3.65 Hz), 124.7, 124.3, 819, 89.8, 75.0, 28.5, 24.6, 23.3. Three carbons were
unaccounted for in th&C NMR spectrum, most likely due to diminution of intensity
resulting fromlong ange CT F coupling combined with
the spectrum.

[(IPHAuU( h®>H C [ 8-C¢H,OMe)]" SbR (34). 86 + 5% vyield.'H NMR: d
7.55 (t,J = 8 Hz, 2 H), 7.42 (s, 2 H), 7.30 (@= 8 Hz, 4 H), 6.96 (dJ = 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 (sdpt, 7 Hz, 4 H),
1. 457 0. 90 B¢{lH}NMR4d 5.6, 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.

[(IPHAu( h®H C [ @-C¢H.4Br)] *SbRs (35) 91 + 5% yield. 'H NMR: d 7.60
(t, J=8 Hz, 2 H), 7.45 (s, 2 H), 7.43 (@@= 8.5 Hz, 2 H)7.32 (d,J = 8 Hz, 4 H), 6.79 (d,
J=8Hz, 2 H), 4.66 (s, 1 H), 2.35 (sept 6.5 Hz, 4 H), 1.20 (d] = 6.5 Hz, 12 H), 1.11
(d,J=6.5Hz, 12 H).®°C{*H} NMR: d 175.1, 145.2, 133.9, 132.5, 132.2, 131.1, 127.9,

124.6, 124.4, 113.8, 91.9, 74.1, 288,6, 23.4.

3.3.3.2 Determination of Arylacetylene Binding Constants

Phenylacetylene (2.10 mg, 2.4 x'4@mol) was added via syringe to an NMR
tube sealed with a rubber septum that contained ZGBolution of [(IPr)Au(NCAE)]*
SbR' (28 25 mg, 2.4< 10°mmo | ) at 160 AC. The tube was

of an NMR spectrometer cooled at 160 AC,

relative concentrations 028, 31, NCArg, and phenylacetylene were determined by
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integrating the resonaes corresponding to the aromatic protons of boun8 29, 8.25
(1:2)] and free ¢ 8.15, 8.14 (2:1)] NCAr and the resonances corresponding to the
acetylenic proton of boundl @.56) and freed 3.15) phenylacetylene. From these data,
an equilibrium consint of Keq = [31[NCArg]/[28][phenylacetylene] = 0.21 + 0.02 was
determined.

Similar procedures were employed to determine the equilibrium constants for the

displacement of NCAr from 28 with p-tolylacetylene, 4ethynylanisole, dbbromo4

ethynylbenzene,ral 4ethynyla , atriflaorotoluene in CBCl,at 160 AC. Equi

data are collected in Table.17

3.3.3.3 Synthesis of Digold ,-Acetylide Complexes

{[IPrAu] 2(h*,h*>C 1 C P h9bl (36). A suspension of (IPr)AuCl (40 mg, 6.5
x 102 mmol), AgSbk (23 mg, 6.5 x10' 2 mmol), and phenylacetylene (10.2 mg, 0.100
mmol) in CHCI, (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 conceatted CHCI, solution at 4 °C for 16 h gaw&b (49
mg, 99%) as yellow crystalsH NMR: d 7.54 (tJ= 8 Hz, 4 H) , 7. 34
7.10 (t,J = 8 Hz, 2 H), 6.71 (dd] = 1.5, 8.5 Hz, 2 H), 2.47 (sep= 6.5 Hz, 8 H), 1.19
(d,J =7 Hz, 24 H), 1.9 (d,J = 7 Hz, 24 H). *C{*H} NMR: d 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 gH;7/NsAu, (M¥): 1271.5 (1271.4). Anal. Calcd (found) for
CeoH77N4F6AULSD: H, 5.155.03); C, 49.38 (49.19); N, 3.72 (3.71).

Gold(l) s ,-gnuclear acetylide complexe®/ i 40 were synthesized using a
procedure similar to that used to syntheSi@e

{[(IPr)Au] 2(ht,h*C [ @-C,HsMe)} SbRy (37): Brown solid, 99%.'H NMR:
d 7.53 (t,J = 8 Hz, 4 H), 7.28 (dJ = 7.5 Hz, 8 H), 7.24 (s, 4 H), 6.91 @= 7.5 Hz, 2
H), 6.61 (d,J = 8 Hz, 2 H), 2.46 (sepd,= 7 Hz, 8 H), 2.30 (s, 3 H), 1.19 (@= 7 Hz, 24
H), 1.09 (d,J = 7 Hz, 24 H).**C{*H} NMR: d 182.9, 145.9, 140.6, 134.0, 132181.2,
129.5, 129.4, 124.6, 123.0, 119.6, 117.9, 29.1, 24.6, 24.1, 21.5. MWDtalcd
(found) for GaHzoNAUz (M™): 1285.6 (1286.1). Anal. Calcd (found) for
Cs3H79N4FsAULSh: H, 5.23 (5.17); C, 49.72 (49.85); N, 3.68 (3.65).

{[IPrAu] 2(h*,h*C [ @-C,H4CF3)}" SbR (38): Tan solid, 99%.'H NMR: d
753 (tJ=8Hz,4H),736(j= 8.5 Hz, 2 H), 7.34&BRAz 22 ( m,
2 H), 2.46 (sept) = 6.5 Hz, 8 H), 1.20 (d] = 7 Hz, 24 H), 1.09 (dJ = 6.5 Hz, 24 H).
13C{lH} NMR: d 1823, 146.0, 133.9, 132.3, 131.2, 125.7, 124.7, 124.6, 122.9, 110.4,
29.1, 24.6, 24.1. MALDMS calcd (found) for gaHzeN4FzAu, (M™*):  1339.5 (1339.9).
Anal. Calcd (found) for gH7zeN4sFoAUSh: H, 4.86 (4.76); C, 48.01 (48.06); N, 3.56
(3.41).

{[IPrAu] 2(h*,h*C [ @-C,H,OMe)}* SbF (39). '"HNMR: d 7.54 (tJ=7.5
Hz, 4 H), 7.29 (dJ = 8 Hz, 8 H), 7.26 (s, 4 H), 6.70 (@= 8.5 Hz, 2 H), 6.63 (] = 9
Hz, 2 H), 3.88 (s, 3 H), 2.45 (septz 7 Hz, 8 H), 1.19 (dJ = 7 Hz, 24 H), 1.08 (d] = 7

Hz, 24 H). MALDI-MS calcd (found) for ggH7dN4sOAu, (M™): 1301.6 (1301.7).
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{[(PNAU] 2(h*,h*C [ @-C4H4Br)}* SbF' (40). "H NMR: d 7.52 (1,J=7.5
Hz, 4 H), 7.42 7.20 (m, 14 H), 6.75 (d} = 8.5 Hz, 2 H), 2.45 (sepl,= 7 Hz, 8 H), 1.19
(d,J =7 Hz, 2 H), 1.10 (d,J = 7 Hz, 24 H). MALDIMS calcd (found) for

CooH76NaBrAu, (M*): 1349.5 (1349.6).

3334 Xxray Crystal St#«lhcture of 36A3CH

Crystals of3 6 A 3@,Hvere obtained from slow diffusion of hexanes into a
CH.Cl, solution of36 at 4 °C. Tle crystals were mounted on a Mitegen polyimide
micromount with a small amount of Paratone N oil. Diffraction data were obtained with
graphite monochromated MaKradiation { = 0.71073 A) on a BrukeXonius Kappa
Axis X8 Apex2 diffractometer. Crystallographic data for compR8A 3 GG are
collected in Tabl0. The data collection strategy employedndj scans that collected
data up to 8. The frame integtion was performed using SAINT. The resulting raw
data was scaled and absorption corrected using a multiscan averaging of symmetry
equivalent data using SADABS. The structB6A 3 GO was solved by direct methods
using the XS program. All nehydrogen 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 matrisdgases
based on F2. The calculdtestructure 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 NRCVAXstallographic

program suite.
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Table 20. Crystal and structure refinement data36A 3 GGp.

empirical formula CgsHgzAu,ClgFgN4Sb

fw 1762.74

T (K) 100(2)

L (A) 0.71073

crystal system Monoclinic

space group P2(1)/c

unit cell dimensions a=16.1743)A o =90°

b=24915(5)A B=127.483(12)°
c=22264(4)A  y=90°

v (A%) 7119(2)
VA 4
D ie Mg/m?) 1.645
abs coeff (mm™) 4.769
total no. of reflns 74489
no. of unique reflns 12596
no. params refined/ 783/0
restrained
Rint 0.1253
F(000) 3464
crystal size (mm?) 0.15x%0.13 x 0.10
color and habit colorless prism
Goodness-of-fit on F> 1.034
Final R indices [[>20(1)] R1=10.0432, wR2 =0.0979
R indices (all data) R1=0.0784, wR2=10.1119
max, min Ap (e/A%) 1.063, -1.009

3.3.3.5 Independent Synthesis of 41 and 42

(IPnAu(h-CT CP h) .*®( A su3pension of (IPr)AuCl (40 mg, 6.5 x'10
mmol) and lithium phenylacetylide (1.0 M solution in THF; 0.13 mmol) in,Cik (2
mL) was stirred at O °C for 1h. The resulting solution was treated with aqueo(@ NH
(10 mL). The aqueousyer was extracted with GBI, (3 x 5 mL), and the organic layer
dried over MgS@ and concentrated to 0.5 mL. Slow diffusion of hexanes into the
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concentrated C4Cl, solution at 4 °C for 16 hours to afford 41 (41 mg, 92 %) as yellow

crystals. The identitgand purity of the product was establishedtyand**C{*H} NMR.
[(IPr)Au(NC sHs)]* SbRs' (42). A suspension of (IPr)AuCl (40 mg, 0.065

mmol), AgSbFk (22.2 mg, 0.065 mmol), and pyridine (5.1 mg, 0.065 mmol) in@H2

mL) was stirred at room temperatutg 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 s#lidMR: d 8.00

(t, J=8 Hz, 1 H), 7.95 7.89 (m, 2 H), 7.59 (t) = 8 Hz, 2 H), 7.57 7.51 (m, 2 H), 7.44

(s, 2 H), 7.39 (dJ = 8 Hz, 4 H), 2.57 (septed,= 7 Hz, 4 H), 1.35 (dJ = 7 Hz, 12 H),

1.29 (d,J = 7 Hz, 12 H). ®C{*H} NMR: d 167.6, 151.1, 146.1, 142.0, 133.7, 131.5,

127.4, 125.1124.8, 29.2, 24.8, 24.0. MALEMS calcd (found) for gHaiNsAu (M™):

664.7 (665.4). Anal. calcd (found) forsfi4NsFsAuSbh: 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

Pyiidine (0.9, 0.006 mmol) was added via syringe to an NMR tube sealed with
a rubber septum that contained a,CB (0.5 mL) solution 0f36 (16.0 mg, 0.011 mmol).
The tube was shaken and placed in the probe of an NMR spectrometer maintained at 25
°C. H NMR analyss revealed a new IPr ligand resonant@.67, septet) in addition to
the IPr ligand resonance 41 (d 2.47, septet) in a ~1:1 ratio. Spectroscopic comparison

to authentic samples of mono(gold) acetylide comgl&xand pyridine compleXd2 was
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in accord with the observations above, suggesting that pyridine binds more strongly to the
(IPr)Au’ fragment than (IPr)Agh*-C [ C P &1). (

A similar procedure was employed to determine the binding abilitylofo
(IPr)Au’ vs. NCAE. 'H NMR analysis of a CECl, sdution of 36 (16 mg, 0.011 mmol)
with NCAre [NCAre = N4B,8C¢H3(CRs)] (1.4 i, 83 nmo | ) at 60 AC
formation of a 4.9:1.0:1.0:3.5 mixture &6, 41, 28, and NCArF, as determined by
integration of the resonances corresponding to the aromatiecnprof boundd 8.29,

8.25 (1:2)] and freed 8.15, 8.14 (2:1)] NCAr  An equilibrium constant for
displacement of NCAsrfrom 28 with 41 of K¢ = 17.2 + 1.2 was calculated, indicating
that the neutral gold-acetylide complex1 binds more strongly to tanic gold(l) than
does free phenylacetylene.

Triflic acid (2.0 ni, 0.022 mmol) was added to solution & (16 mg, 0.011
mmol)inCDCl,( 0. 5 mL) at 78 AC. The resulting
of an NMR at 6 0 'HA@®*GNMR speatrastopyz Rebenération of
complex3lwas not observed over the course of
this mixture at room temperature revealed no reactiviB6afith HOTf.

Conversely, addition of triflic acid (2.0, 0.022 mmol)to a solution of
mono(gold) acetylide complekl (10 mg, 0.015 mmol)inCiZl, ( 0. 5 mL) at 78
to quantitative protonolysis afl within 8 min. Reactivity of this complex with HOTf
was determined bjH NMR anal ysi s of t heevealeka2ulrle at
ratio of 31, phenylacetylene, and digoB6. This equilibrium mixture involving digold

formation can be rationalized though initial protodeauratiofldd form 31 followed by
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rapid trapping of a remaining equivalent of unreaagavith the IPrAu fragment from

dinuclears ,-gretylide36.

3.3.3.7 Experiments Probing Protonation of Free Arylacetylene in the Conversion
of p-Arylacetylene Complexes to Dinucleas ,-Axetylide Complexes

Experiments probing formation of 44. An NMR tube capped with a rubber
septum that coained a suspension of (IPr)AuCl (20 mg, 0.032 mmol) and AgOTf (8.3
mg, 0.032 mmol) in CRCl, was cooled ta 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 ties before returning to the dry icelacetone bath. - 1,3
dimethoxybenzene (1ML, 7.6 mmol; internal standard) was added immediately prior to
NMR analysis at 25 °C. Thé&H4 NMR spectrum after 10 min at 25 °C revealed
resonances at5.66 (d,J =4 Hz, 1 H) and 5.39 (d,= 4 Hz, 1 H) corresponding to the
vinylic protons of44 (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
CD.Cl, solution of the preformed gold triflate complex (IPr)Au(OTf) (24 mg)32
mmol) at room temperatureH NMR analysis (25 °C) of this solution provided results
identical to those outlined above with a 33% vyield&f

In a separate experiment, a suspension of (IPr)AuCl (40 mg, 0.065 mmol), AQOTf
(17.0 mg, 0.065 mmol), amghenylacetylene (10.2 mg, 0.1 mmol) in &1 (2 mL) was

stirred at room temperature for 10 minutes. The resulting suspension was filtered through
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Celite with CHCI, and the filtrate concentrated to afford a yellow solid. Integration of
the vinyl protonresonance o#4 (d 5.66) vs. the methyl proton resonances of 1,3
dimethoxybenzenad(3.8) (1.0nL, 7.6 mmol, internal standard) revealed formatiorddf
(5.0 mg, 0.020 mmol) in 31 % yield®*C NMR analysis revealed carbon resonances
corresponding to the acetylide carbawwmas of 36 (d 124.1, 113.0) and the olefinic
carbon atoms o#4 (d 121.0, 104.8). MALDIMS calcd (found) for gH77NsAu, (M™):
1271.5 (1272.0).
Experiments probing formation of species A and B An equimolar solution of

32 (51 mM; generated in situ from mixture of IPrAuCl, AgSbgand 4tolylacetylene at

7 8 AC) -ethynytioluede in CBCl, was monitored periodically byH NMR
spectroscopy at20 °C. In addition to resonances correspondin@#presonances
corresponding to speciés[d 5.91 (d,J = 50 Hz, 1 H), 5.46 (dJ = 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 Adsagpeadince af the respnandes ¢oespomdingito
A. Alternatively, treating a similarly formed solution containing with
tetrabutylammonium triflate (10 mg, 0.026 mmol) 20 °C led to complete consumption
of A and formation of 4olylethenyl trifluoomethanesulfonat&t8; d 5.66 (d,J = 4.0 Hz,
1 H), 5.30 (dJ = 4.0 Hz, 1 H), and 2.90 (s, 3 H); 26 + 5 %] within 2 miin2@ °C.

In a similar experiment, an equimolar solution3df (51 mM; generated in situ

from a mixture of IPrAuCl, AgShFand pheny | ac et dphenylaeetylarie 78A

in CD,Cl, was monitored periodically bf{H NMR a't 20 AC, which
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mM) of an analogous cationic specid3, [d 6.02 (d) and 5.61 (d)Jun = 5.0 Hz].
Warming this solution to 25 °C also led to immediate disappearande aksonances
corresponding td, while addition of tetrabutylammonium triflate (10 mg, 0.026 mmol)
at 20 AC 1l ed t o ¢ & napd fermation ®fophenylatenyl o n
trifluoromethanesulfonateld). Speciegl4 was identified by the appearnce ahghostic
vinylic resonances at5.66 (d,J = 4.0 Hz, 1 H) andl 5.39 (d,J = 4.0 Hz, 1 H) in théH

NMR spectrum i(20 °C) and by comparison to an authentic sample generated from
reaction of phenylacetylene with triflic acid in @Cl, atT 20 °C.

Experiment Probing Reaction of Phenylacetylene with HSEF A S:b F
Addition of magic acid (HSeF A Sb 82 mg, 0.01 mmol) to a solution of
phenylacetylene (4.6 mg, 0.045 mmol) in £ a t 60 AC led-to
phenylethenyl fluorosulfonatd$) as determinetly *H NMR [d 5.77 (d,J = 4.5 Hz, 1 H)
andd5.48 (br. dJ= 3.5 Hz, 1 H)]. Warming of this solution to 25 °C resulted in gradual
disappearance of the resonances correspondidp twver the course of 1 h at room
temperature. Treatment of a similarlyrfeed solution o#5 with tetrabutylammonium
triflate (18 mg , 0.045 mmo | ) -phanylethen@d 0

trifluoromethanesulfonatet§) in 66 £ 5 % yield within 5 min at room temperature. Of

o f

O |

AcC

particular note, warming the solution4btoroan t emper at ur e r eveal ed

the broad doublet at 5.48 (dd,Juny = 4.2 Hz,J4r = 1.5 Hz, 1 H), providing additional
support for the identity of compourdd.
Experiment Probing Formation of Acetophenone from 31 H,O (3.6 mg, 0.2

mmol) was addedo a solution of31 (76 mM; generated in situ from a mixture of
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IPrAuCl, AgSbFk and phenylacetylene) in GDI, a t 78 AC. The resulf
analyzed by'H NMR spectroscopy, revealing formation of acetophenone (70% yield)
and digold36 (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 gb-Arylacetylene Complex 32 to

Dinuclear s ,-Acetylide Complex 37

Kinetics of the basefree conversion of 32 to 37.An NMR tube capped with a
rubber septum that contained a solutiorB82f(24.2 mg, 0.026 mmol; generated in situ
from a mixture of IPrAuCl, AgShf and 4tolylace y| ene at 78 AC) was
probe of an NMR spectrometer mai BZaaaned a
function of time was determined B{ NMR analysis of the singlet @t 4.50 or 2.40
corresponding to the acetylenic proton or methyl pretorespectively, of the -4
tolylacetylene ligand 082 vs. the resonances froth1.257 1.00 corresponding to the
methyl protons of the IPr ligand (internal standard). The seoater rate constant for
the conversion op-arylacetylene comple82 to dinudear acetylide comple87 was
determined from the slope of a plot of34] versus time wherk= 6.1 + 0.1 x 10 M'*
s (DG’ = 20.8 + 0.1 kcal mbt) (Table18). The effect of excess AgSbbn the rate of
formation of37 from 32 was probed by determimg the secondrder rate constantgf
in the presence of excess AgsliAgSbRs] = 0, 51, and 102, and 204 mM) employing
procedures similar to those outlined above (Tdl)e The secondarder rate constants

(ko) for formation of37 from 32 were also deermined at 13,15, 4, and 11 °C employing
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procedures similar to those outlined above (Td8e An Eyring plot of these data
[IN(k/T) versus 1/T] provided the activation parameters3fbformation from32: DHY =
9 + 1 kcal mdl* andDS' =147 + 6 eu (Tablel8, Figure32). The effect of excess 4
ethynyltoluene on the rate of formation &7 from 32 was probed by determining the
secondorder rate constantsk.j in the presence of excess ofethynyltoluene ¢-

ethynyltoluene] = 51 and 153 mM) employing procedures similar to those outlined above

(Table18).
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Figure 32. Eyring plot of the secondrder rate constantk for the basdree
conversion o82to 37a t 20, 1B°C, whesd)H’ =49 + 1 kcal thdl* and
DS =747 + 6 eu.
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Figure 33. Secondorder plot of the disappearance3af(51 mM) in the presence of
excess AgShH(203 mM) in CRCly a t 20 AC -ivesrkp=ulgld + ®0Bh a | f
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Figure 34. Secondorder plot of the disappearance3af(51 mM) in the presence of
excess AgShiH102 mM) in CBCly a t 20 A C ivhesrkop=u6y4d + ®05h a | f
103M 'Y,

164



[Au] (M)

0 2000 4000 6000
time (sec)

Figure 35. Secondorder plot of the disappearance3af(51 mM) in the presence of

excess AgShf(51 mM) in CDCly a t 20 AC ifd(koo 3.96ht 0.07 MR | f
M 1dY).
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Figure 36. Seconeorder plot of the disappeam@of32 (51 mM) in CDQCl; a t 20 AcC
through 2 haHives (= 2.27 +0.03 10°M s ).
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Figure 37. Seconeorder plot of the disappearance3@(51 mM) in the presence of
NaSbF (102 mM) in CDCl a t 20, A C -ivesrke=ulglh + ®02 HE IMF*
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Figure 38. Seconeorder plot of the disappearance3®(51 mM) in the presence of
excess AgShH(102 mM) andp-tolylacetylene (51 mM) in CECl> a t 20 AC
half-life (k.= 135+ 0.08® 10°M 1sY).
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Figure 39. Secondorder plot of the disappearance3&(51 mM) in the presence of
excess AgShi{(102 mM) andp-tolylacetylene (102 mM) in CiTl; a t 20 AC
half-life (k= 7.8 +0.8 10*M *s?).
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Figure 40. Secondorder plot of the disappearance3af(51 mM) in the presence of

excess AgShi{102 mM) in CBCl, a t 1§--2i 0 AC tlies @u $.h+0:18310h a | f
M Y.
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Figure 41. Secondorder plot of the disappearance3af(51 mM) in the presence of

excess AgShi102 mM) in CBClya t 13 AC tlines o .03 +088 hal f
102M &Y,
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Figure 42. Secondorder plot of the disappearande32 (51 mM) in the presence of
excess AgShH102 mM) in CDCl a t 5 AC t -hivesakp=gh27 +@0Bh a | f
102Mm td'Y),
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Figure 43. Secondorder plot of the disappearance3af(51 mM) in the presence of

excess AgShH102 mM) in COCl at 4 °C through 3 halives (= 2.53 +0.03 102
M s,
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Figure 44. Seconeorder plot of the disappearance3@(51 mM) in the presence of

excess AgSbH102 mM) in CRCI; at 211 °C1:§1§1rough 3 halfves k, = 5.30 + 0.04 10
M ).
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Figure 45. Secondorder plot of the disappearanc,e:a@ﬁd (51 mM) in the presence of
excess AgShiH102 mM) in CDCl, a t 5 AC t Hfe@urde«D.03 hal f
10°M g,

Kinetics of the baseanediated 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 solutio®2{24.2 mg, 0.026 mmol) and excess
AgSbF; (17.5 mg, 0051 mmol). The tube was shaken, placed in the probe of an NMR
spectrometer cooled at 253 K, and monitored periodicaljHiy¥MR spectroscopy. The
concentration of32 was determined by integration of the resonancd 40 or 2.40
corresponding to the acetylenic proton or methyl protons, respectively, of-the 4
tolylacetylene ligand 082 vs. the resonances corresponding to the methyl protons of the

IPr ligand @ 1.257 1.00; internal standard). The fiustder rate onstant K) for the

conversion op-arylacetylene82to dinuclear acetylid87 was determined from the slope
of a plot of InB2] versus time wher&y, = 2.76 + 0.03 x 14 ! (Figure31). The first
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order rate constank) for formation of37 from 32-d; (kp = 1.30 + 0.06 x 10 s ') was

determined employing a procedure similar to that outlined above (Figure 4

Ln[Au]

14

0 2000 4000 6000 8000
time (sec)

Figure 46. Firstorder plot of the disappearance3®(51 mM) in the presence of aniline )
49 (51 mM) and excess AgSpEL02 mM) in CBCly a t 20 AC t-llvesékkuw gh O
= 2.76 £+ 0.03 10*dY.
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Figure 47. First-order plot of the disappearance3@d (51 mM) in the presence of
aniline49 (51 mM) and excess AgSpL02 mM) inCBCl,at 20 AC t hotough 1
life (k= 1.30 + 0.08 10*s™).

Synthesis of N-(tert-butyl) -4-(trifluoromethyl)aniline (49). A Schlenk flask
under nitrogen atmosphere was charged witlBBYAP (10.2 mg, 0.016 mmol, 3 mol
%), tris(dibenzylideneacetone)dipatlium(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) atedt-butylamine (44.5 mg, 0.61 mmol)
were added under nitrogen and the flask was immersaa ail 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 throughit€ The solvents were evaporated
under reduced pressure and dried under high vacuum to remove the excess of amine. The

resulting oily residue was chromatographed
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0.45 mmol, 82 %) as a light yellow oil. TLC (BACc hex aneR = G44.TH 9) :
NMR: d 7.38 (d,J=9 Hz, 2 H), 6.70 (d) = 9 Hz, 2 H), 3.97 (br. s, 1 H), 1.41 (s, 9 H).
13C NMR: d 149.6, 126.3 (qJce = 3.9 Hz), 125.1 (e = 270.1 Hz), 123.3, 118.3 (q,
Jor = 32.6 Hz), 51.2, 29.61%F NMR: d 61.0. Anal. calcd (found) for @H14FsN: H,

6.50 (6.50); CG0.82 (60.74); N, 6.45 (6.37).

Kinetics of the paratrifluoromethanesulfonate-mediated conversion of

32A0Tf t oAn SMRAUDA dapped with a rubber septum that contained a solution

of322A0Tf [22.1 mg, 0.026 mmol ; generated in
4t ol yl acetyl ene at 78 AC] was placed in t
at 35 AC. Th3gAcTodncaesnta at imot iodn dH ti me

NMR analysis of the singlet at 4.83 or 2.39 corresponding to the acetylenic proton or

methyl protons, respectively, of thetdlylacetylene ligand 082A OTf vs. the r es
corresponding to the methyl protons of the IPr ligashd.B07 1.00; internal stashard).

The firstorder rate constant for the conversionpeéirylacetylene32A OTf t o di nuc
acetylide37A0Tf was determined fr 8MOTfhle wéropws ol
wherek=8.7 £ 0.2 x 1¢ M'* s* (DG’ = 17.7 + 0.1 kcal mol) (Table19). The effect

of excesgp-trifluoromethanesulfonate on the rate of formatior3@k O T f  32A @i

was probed by determining the fimtder rate constants with 26, 52, 102, and 156 mM
tetrabutylammonium trifluoromethanesulfonate employing procedures sitail#tose

outlined above (Tabl&9).
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Figure 48. Firstorder plot of the disappearance3@ OTf (51 .@M)t i B 5CAC
t hr ou g hlived (2= 11864 0f03 10*5Y).
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Figure 49. First-order plot of the disappearance3@® OTf ( 51 mM) in the
Bus,NOTf (26 mM) in CDCly a t 35 AC t-llvesdaurgsto + @3 30* 8% | f
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Figure 50. First-order plot of the disappearance3® OTf (51 mM) in the
Bu;NOTf (52 mM) in CDCly a t 35 A C -ivesrko=u3ylh + BO8 HG*l f
s ).
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Figure 51. First-order plot of the disappearance3@ OTf (51 mM) in the
Bu;,NOTf (102 mM) in CDCl, a t 315 A C -ivasrko=u3lb + B06 HAl f
s 7).
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Figure 52. First-order plot of the disappearance3@OTf (51 mM) in the presence of
Bus,NOTf (156 mM) in CQCl, a t 35 AC t-ivesqurg3t0+ @B 30*h al f
s ).
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Figure 53. Firstorder plot of the disappearance3®® OTf (51 @M)t i 2 7CAC
through ~3 hallives (= 1.78 + 0.02 10“sY).
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Figure 54. First-order plot of the disappearance3@? O 1d{51 mM) in COCl, a t

27
°C through ~2 halfives (= 7.9+ 0.2 10°s%.
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Chapter 4

Cationic, Two-Coordinate Gold(l) p-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. rganometallic201Q 29, 4207#4209. b) Brown,
T. J.; Sugie, A.; Leed, M5. D.; Widenhoefer, R. AChem. Eur. J2012 18, 69596971
Syntheses and intramoleculaface exchange studies of compleXdsi 20 were
performed by Dr. Atsushi Sugie.
X-ray crystal structures were solved and refined by Dr. Marina G. D. Leed
(14A 1 GEl,and18A | GEl,) and Dr. Paul D. Boylel@ and21A C8l,).
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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 -gatd(yzed
funcationdization, leading to organic species of further synthetic utifityThis broad
class of transformations includes the intermolecular and-egmtb exe intramolecular
addition of carbon and heteroatom nucleophiles to allenes and the cycloadditions of
enedlenes and dieneallenes to generate an array of products including carbocycles,
heterocycles, and allylic ethers and amifi’s These transformations often display high
levels of regie and diastereoselectivity and, in some cases, high levels of ghiralit
transfer from axially chiral allenes. Tl situ generation of allenes through a golel(l)
catalyzed sigmatropic rearrangement of propargylic carboxylates or vinyl propargyl
ethers has further expanded the substrate scope of guitlyzed allene
functionalization”” Here, 6endocyclization of the ester carbonyl group bfesults in
formation of a sixmembered, goldontaining oxocarbenium intermedidtewhich can
undergo ring opening to generate carboxyall2ri&cheme 1). The synthetic utilitf
allenes is likewise enhanced due to the ready availability of enantioselective allene
functionalization processé&g

R4 R R4

o)\o ® )\ ® o/go

/ijz 6-endo-dig 0" "0 —Au
3 A 2 R’ R?
¢\ R R’ %R A2 /\/

Au® Au R3
1 | 2

R1

Scheme 1.
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Mechanistic proposals for gold{tatalyzed functionalization of allenes typically
involve addition of a nucleophilepon an activated gold allene speci®sHowever, 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 golg-alkene andp-al kyne compl exes, Ssymmet
gold h*allene complexes are commonly invoked as the reactive electrophile in these
transformations. In additiorh®-allene complexes in which gold is positioned 45°
relative to the orthogonal alleqefaces and that retrain a staggered arrangement of the
allenyl substituents andh’-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 speci€%'®*8° Beyond the discrete! andh? bonding modes, allenes
also have the potential for regioisomehicallene complexes, enantiomehié andh®-
allene complexes, and diastereomeric forms of all species. Parsing the kinetic and
thermodynamic accessitiily of t hese various i someric gol
understanding, and ultimately directing, regiand stereoselectivity in the gold(l)
catalyzed functionalization of allenes. In particular, the involvemeht-aflylic cations
vs. h% and saggeredh’-allene species has important implication for chirality transfer

from enantiomericalhenriched axiallychiral allenes.
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Figure 55. Potential binding modes of cationic gold(l) allene complexes.

Although the syntheticand mechanistic facets of gold@iatalyzed 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 workni this area, no weliefined goldh?-allene complex had been
documented. In the course of studying the bonding interactions of alkynes and alkenes to
coinage metal species, Mile and-workers detected a gohif-allene radical by matrix
isolation electron spin resonance (ESR) spectrosab@y K as opposed to #&i-allene
species® Firstner demonstrated coordination of the cationic gold fragment)@Ph
[generated from (PRJAUCI and NaSb (1:1)] to tetraaminoallen& through the in
plane lone pair of electrons of its mesomeric oditarbene structures (6to affords-

4.187

bound complex An X-ray diffraction study provided additional information

regarding the binding mode of complek Beyond these related examples, our

understanding of t he gol d rilgfrdmecoreputational er ac t

§9,178185

studie and information gleaned from related late transition metallene

complexeg 8210
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Me;N NMe; Me:N  NMez  (PPh3)AuCH/NaSbFg (1:1)

MeoN NMe, Me,N NMe, THF, RT, 72%
3'
NMEQ

MezN
-

@) Au—PPh;

MezN
4
NMe,

Scheme 2.

Among the computational analyses of gold allene complexes, perhaps the most
pertinent are the independent DFT cidtions of the cationic gold(lp-2,3-pentadiene
complexes (L)Aup-Me(H)C=C=C(H)Me] [L = PMe; (5), PPh (6)] (Scheme 3§°*"®
Both studies support facile interconveriontdtallene ground state structuressfs z
trans5 (L = PMe;) andcis-6 z trans6 (L = PPh)] via chiral staggereti’-allene species
Il with nominal discrimination (~1 kcal md) between theis andtrans diastereomers.

It should be noted that theis and trans terminology in this discussion refers to the
orientation of the cationigold fragment relative to the methyl substituent of the
uncoordinated C=C. For both gofdallene complexes;is,cish*-allylic cations were
identified as the lowest energy intermediates lying 6.1 (L =Bblg,cis7) and 6.7 (L =

PPh; cis,cis8) kcal mol * above the ground state. It was proposed that these allylic
cations are accessed through chindlallene transition states similar 1ti , having
activation barriers of 7.9 (L = PMeand 11.6 (L = PP kcal mol®. In contrast to the
observectis cis-h*-allylic cations, the correspondirs,trans andtrans,transh*-allylic

cation diastereomers were located as higher energy transition states and not discreet

intermediates; for example, the planar transition state strucamgtrans7 (L = PMe),
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which leads to inversion of the allene ligand, lies at 18.2 kcal'rt®theme 3). These
computational studies also provided enhanced structural information regardihg the
allene transition states which mirriot-allylic cations, such as significabending 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 &tdffis’®

Me \Me Me\ H
>:,:_ - - =,
H G ¥ H | “Me
®Au(L) put) ! ®Au(L)
trans-(R)-5 (L = PMe3) /@ trans-(S)-5
trans-(R)-6 (L = PPhj) Me Me
trans,trans-7 (L = PMej3)
D Au(L) i
Me ~Me
B N
H H
Il
® AulL) Au(L)
Me «Me - Me A\ Me
>:':\ ’ = @
| H ®AU(L) ¥ H H
C{S'(g)'g (t _ E'g:g Me, L __ H cis,cis-7 (L = PMej)
cis-(R)-6 (L = PPhs) ’ “Me cis,cis-8 (L = PPhy)

mn
Scheme 3.

In contrast to the dearth of experimental information iggr gold(l) p-allene
complexes, a number of late transition met&lallene complexé&®'®® including
Co(l)'19l OS(II),192'194 Re(l)’l95,196 Rh(l),197'200 Pd(O),201 Pt(O),202 Pt(“)’lgg,zoo,zoaoe
Fe(0)?°” and Fe(115°%'° complexes have been isolated and stradipicharacterized. In
analyzing the reactivity of 2;dimethyl2,3-pentadiene with F€CQO), Petitt and co

workers reported the first wetharacterized example of a transition metahllene
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complex of structural formula (C¢Heh*Me,C=C=CMe) (9).*°’ Heating of comple®
or exposure to excess FKEO) led to formation ofh*(2,4dimethy}t2,3-pentadiene)
complex (CO)Feh*Me,C=C( H) C (;)M#0), which revealed a novel type of
valence tautomerism in organometallic complexes (Scheme 4). Variabpersgure
NMR analyses of allene compled pointed to fluxional behavior consistent with
intramolecular exchange of the coordinated allene from one orthogefagke to the

other at temperatures O 60 AC.

Me Me
Me; ‘ Me "
Fe(CO)4 €
Fe,(CO)g (excess) or heat
| el
Me Fe(cO),
Fe(CO)4
Me = Me 10
Me; Me

9
Scheme 4.

Platinum(ll), which is electronicallynost similar to gold(l), has also been
successfully employed in the isolation pfallene complexes. Vrieze and-wsmrkers
reported the first examples of Pt(lprallene complexes, including dimeric chlorde
bridged compleXt1 and mononuclear speci&®, which was obtained upon treatment of
11 with pyridine. Further, Clark reported thera&y crystal structure ofrans[PtH(3-
methyt1,2-butadiene)(PGy,]” PR (13), which displays elongation of the complexed
C=C bond (1.37 A) and deviation from linearitf 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(l) p-allene complexes mirror that of related transition metallene complexes is
unclear owing to the distinctive electroniharacteéf?* and coordination geometfof

the 12 electron gold(l) fragment (L)Au

Me Me_| PFe

L
/
H—Pt—
Me  MeCl Pt/ v )
/{/ \ / \Me Me Me Me H ,H

¢]]
N 13 (L=PC
</ :N—Pt/ ( y3)
/
—/ ClI

Me Me
12

Figure 56. Examples of Pt(llh?-allene complexes.

Toward the objective of developing an experimentghyunded understanding of
the coadination behavior of allenes to cationic gold fragments, we synthesized a family
of cationic twecoordinate gold(l) p-allene complexes bearing thd-heterocyclic
carbene, IPr, and the stericalindered phosphine, PBu),0-biphenyl in combination
with akyl-substitutedp-allene ligands. Detailed intraand intermolecular exchange
studies were conducted on all complexes, and -stditt data were obtained in three
cases. These studies establidkallene ground state structures that undergo fabi@ (
= 8.97 11.4 kcal mol") allene p-face exchange consistent with staggehéehllene
intermediates and/or transition states. In contrast to established computational reports
(vide supra), none of our experimental observations provide evidenc&dtylic cation
formation below the threshold for intermolecular allene excham¥® ©17 . 4 kc al

mol 1).
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4.2 Results and Discussion
4.2.1 Synthesis of Gold(Ip-Allene Complexes

Reaction of 3methytl,2-butadiene with a mixture dP(t-Bu),o0-bipheny]AuCl
and AgSbFk; (1:1) employing grocedure similar to that usdor the synthesis of cationic
gold(l) p-alkene complexes (CI2) (excess allene, room temperatui2]2 h) led to
formation of lack suspensions that containgly traces of {P(-Bu),0-biphenyl]Aufh*
H,C=C=C(CH),]} * SbR (14) as determined b{H NMR analysis. Key to the isolation
of pure 14 was lower allene concentratiacoupled with shorter reao time. For
example, treatmerdf a methylene chlorideuspension ofP(t-Bu).o-bipheny]AuCl and
AgShFs (1:1) with 3-methyt1,2-butadieng1.5 equiv) at room temperatuia 15 min led
to isolation of14 in 98% vyield as an aiand thermally stable white solid that was

characterized bgpectroscopy, elemental analysis, anth}{ crystallographyTable 2).
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Table 21. Synthesis of Gold(Ip-Allene Complexes.

1) AgSbFg

2) allene 2
L—Au—Cl —— > L—Au—(n“-allene)

CH,Cly, 25 °C

Me Me Ar Me Me Me Me Me Me

, o
t-Bu N t-Bu
I ® @ @ N @
tBu~p_Au— | [ >—Au— | tBu~p_Au— | [ >—Au—
‘, N ‘, IMe N Me ‘v,
\

H” "H N HT "H Me” Me
Oa hr Oa he

Ar = 2,6-CgHs(i-Pr), Ar = 2,6-CgHa(i-Pr),
14 (98 %) 15 (99 %) 16 (96 %) 17 (93 %)
H Et H -Pr H n-Pr
t-Bu
t-Bu t-Bu I ®
t'B“\P—Au—j( tBu~p_ Ay— P-Au—jl
.O H” “H . H” “n-pr H n-Pr

20 (99 %)

In a similar manner, goldp-allene complexes{[ P(t-Bu).0-biphenyl]Auh*
allene)} SbFs [allene = 2,4dimethyt2,3-pentadienel(6), 1,2pentadienel8), and 4,5
nonadiene 19)], [(IPr)Au(h?-allene)] Sbk [IPr = 1,3bis(2,6
diisopropylphenyl)imidazo2-ylidine; allene = 3methytl,2-butadiene 15), 2,4
dimethy}2,3-pentadiene1(7)] and{[ P(t-Bu),0-binaphthyl]Auh?-4,5-nonadiene)} Sbk
(20) were isolated in >90% vyield (Takitd). Complexed.4i 20were fully characterized
by speatoscopy, elemental analysis and, in the cased44pfl8, and 19, by X-ray

crystallography (vide infra).
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4.2.2 Relative Binding Affinities of Allenes to Gold(l)

To evaluate the effect of allene substitution on the gretat stabilities of
cationic gotl p-allene complexes, we determined the relative binding affinities of allenes
to the cationic 1zlectron gold fragments [(L)AU][L = P(t-Bu),0-biphenyl, IPr]. To
this end, equilibrium constants for the displacement of NCINCAre = 3,5
Nt CCeH3(CFs),] from [(L)Au(NCArg)]" [L = P(t-Bu),0-biphenyl, IPr] with allenes were
measured in CELCl, at 190 °C employing'H NMR analysis (Table2). The relative
binding affinities of the allenes were modestly sensitive to the nature of the allene and
supporting ligad and decreased by a factor of ~7 for the phosphine series in the order
4,5nonadiene > 3dnethytl,2-butadiene > 24limethyt2,3p e nt a d i pantadiede 1, 2
(Table 22). In comparison, the bimg affinity of 2,4dimethyt2,3-pentadiene to the
NHC gold fragment [(IPr)Au] was approximately twice that ofrBethyk1,2-butadiene,
perhaps pointing to the steric destabilization of the geRj4-dimethyl2,3-pentadiene
interaction in phosphine compld?. The binding affinities of allenes to [(L)Autio not
differ significantly from the bindig affinities of simple alkenes (CB), internal alkynes

(Ch. 3) or conjugated dienés!
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Table 22. Equilibrium constants for displacement of NGAm [(L)Au(NCArF)]+’
Sbk [L = P(t-Bu).0-bipheny, IPr] with allenes in CBCl, a t 90 AC.

@ CD,Cl, @
L—Au—NCArg + allene L—Au—(n%allene) + NCArg
-90 °C
entry allene L Keq
1 3-methyl-1,2-butadiene P(t-Bu),0-biphenyl 48+ 4
2 2,4-dimethyl-2,3-pentadiene  P(t-Bu),0-biphenyl 17.4 +0.9
3 1,2-pentadiene P(t-Bu),0-biphenyl 13.2+0.7
4 4,5-nonadiene P(t-Bu),0-biphenyl 88+4
5 3-methyl-1,2-butadiene IPr 10.3+£0.5
6 2,4-dimethyl-2,3-pentadiene  IPr 19+1

4.2.3 Solid State Structures of Complexes 14, 18, and 19

Slow diffusion of hexareinto a CHCI, solution of14 at 4 °C gave colorless
crystals ofLl4A ICH.CI, suitable for Xray analysisFigure 43). In the slid-state, the 3
methyt1,2-butadiene ligand ofi4 is bound unsymmetrically to gold through the {ess
substituted C1=C-bond with a shorter AlC1 and a longer AlC2 interaction Dd =
0.116 A) (Figure57). Complex 14 adopts a distorted linear conformati¢Pi Aui
C=Cceny = 167°] with the allene ligand located along the psewdwor plane that
reflects thetert-butyl groups and with the C=CMegroup directed away from the
protruding phenyl ring. Within the allenyl ligand, the coordinated C1=C2 bond is
elongated by ~0.03 A relative to the uncomplexed C2=C3 bond, the allenyl unit is bent
with a CIC2 C3 angle of 165°, and there is distortion of the @Meoup with
C2 C3 C5 ZzZand 6C35 (63 C4Figareslr)2 Bhe prétriding phenyl

group of theo-biphenyl phosphine moiety is nearly perpendicular to theoihd aryl

ring with a Cl14 C15 C20 C21 dihedr al angl e
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between gold and the ipso carbon atom of the protruding phenyl groi€28u= 3.003
A) points to he presence of a weak Parene interaction, as has been invoked for a

number of gold dialkylf-biphenyl)phosphin@®?**and related gold complex&¥.

C5

Figure 57. ORTEP diagram of4A44CH,Cl,. Ellipsoids are shown at 50% prodéipi
with solvent, counterion, and hydrogen atoms omitted for clakgy bond lengths (A)
and bond angles (deg): AG1 = 2.191(5), AUC2 = 2.306(5), AuP = 2.309(1), CiaC2
=1.340(7),CeC3 = 1.311(7), CCB=CH9AH,ALC20=930038) , C3
Cl1iC2i C3 = 165.0(5), C2C3i C4 = 126.0(5), C2C3i C5 = 116.5(5), PAui C1=C2cen)
= 167.3, C14C15 C20/C21 = 85.9.

Crystals of the 1 pentadiene solvate complé8&4CH,Cl, and 4,5nonadiene
complex 19 were also analyzed by -Kay crystallography (Figure$8 and 59).
Refinement ofl9 revealed a minor disorder of the C7 and C8 methylene groups with
75% occupancy assigned to the major conformer. Complekasd19 display many of

the structural characteristics b4 including distorted linear geometry ali@old [R Aui
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C=Cicenyy = 160°], bending of the allene C=C=C moiety [CBIC3 & 165A] , mo
elongation of the coordinated C=C bond relative to the uncomplexed C=C bdrd |
0.038 A (8), 0.015 A (9)], and relatively short distance between gold and pise |
carbon atom of the protruding phenyl group {Bso= 2.947 A (8), 3.048 A (9)]. In
both 18 and 19, gold binds to the allen@-face trans to the alkyl group of the
uncomplexed C=C bond. As was observedlfyrthe 1,2pentadiene ligand df8 binds
to gold through a shorter AGC1 and longer AC2 interaction Pd = 0.030 A) and is
oriented along the seudemirror plane that reflectdhe tert-butyl groups with the
uncomplexed portion of the allene directed away fronptiogimal phenyl group (Figure
58). In contrast to complexest and 18, the 4,5nonadiene ligand of9 binds to gold
through a shorter AWC2 and a longer ALC1 interaction pd = 0.054 A) with the
C=C=C unit of the allene oriented nearly perpendicular to thiePAD18 plane. The

propyl goup of the bound C1=C2 bond is directed advayn the proximal phenyl group.

191



Figure 58. ORTEP diagram of844CH,Cl,. Ellipsoids are shown at 50% probability
with solvent, counterion, and hydrogen atoms omitted for clakgy bond lengths (A)
and bond angles (deg): AG1 = 2.208(4), AUC2 = 2.238(4), AuP = 2.298(1), CilC2

= 1.348(6), CRC3 = 1.310(6), CC4 = 1.493(6), AuC20 = 2.947, ClC2 C3 =
166.4(4), C2C3i C4 = 122.6(4), PAUT C1=C2¢en= 160.5.
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C25

Figure 59. ORTEP diagram of the major conformerl®&(75% occupancy). Ellipsoids
are shown at 50% probability with counterion and hydrogen atoms omitted for clarity.
Key bond lengths (A) and bond angles (deg)i @i = 2.269(2), AUC2 = 2.219(2), Au

P =2.2953(6), 01C2=1.329(4),C2C3 = 1.314(4), Cl1 C4 = 1.
1.561(5), Ali C24 = 3.048, CilC2i C3 = 164.2(3), C2C1i C4 = 125.1(2), CC3i C7 =
116.8(3), AiiC24 =3.048, PAUIC1=C2(cent) = 160.5, C19 C23

Cl18 C23 C2433C25 = 85

Of the aforementioned transition mete#tallene complexes, a subset including
CO('),lgl OS(”)1192-194 Re(l)’195,196 Rh(|)1197-199 Pd(O),ZOl Pt(O),ZOZ Pt(ll),199'203'204 and
Fe(11**° complexes have been structurally characeetiz The allene diands of these
compl exes display greater deviation from
el ongation of the complexed C=C bpealtede (1. 35
complexesl4, 18, and19 (C=C=C = 164 166°, C1=C2 = 1.33 1.35 A). Futhermae,

each of these relatqutallene complexes displays unsymmetric binding of the allene to
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