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Abstract

Soluble gold(l) complexes are highly efficient catalysts for the functionalization
of C¢ C multiple bonds throu gh the addition of carbon - or heteroatom-nucleophiles
acrossp-bonds or cycloisomerizations of enynes and related p-systems. Mechanisms
involving outer -sphere attack of a nucleophile on the electrophilic p-ligand of a cationic
gold p-complex are typically invoked for gold(l) -catalyzed hydrofunctionalization and
cycloisomerization processes, but direct experimental evidence for this mechanism is
limited.

As an extension of the pioneering research in the Widenhoefer lab on the
synthesis and characterization of gold(l) p-complexes, a diverse family of 15 gold(l) p-
complexes in three distinct series are reported herein. First, the synthesis,
characterization, and solution behavior of a series of seven gold(l) p-diene complexes is
reported. In each case, gold binds preferentially to the less substituted COC bond of the
diene, but intermolecular exchange of the complexed and uncomplexed C9SC is facile.
The goldt alkene interaction is stabilized via substitution -dependant donation of electron
density from the uncomplexed C ©C bond to the complexed CSC bond of the diene.

In addition, a pair of axially chiral dicationic, bis(gold) p-alkene complexes that
contain a 2,Zbis(phosphino)biphenyl ligand are reported. The complexes show no

intramolecular Au ¢ Au interactions or facial selectivity for complexation, but solution



analyses suggest that the environment about one gold center affects the behavior of the
proximal gold center through a yet unknown mechanism. Gold(l) p-alkene, alkyne,
diene, and allene complexes that bear a triphenylphosphine supporting ligand have also
been synthesized and characterizedin situ. The p-ligands in the triphenylphosphine gold
complexes were considerably more labile than those bearing bulky, electron rich
phosphine or N-heterocyclic carbene ligands, andthe complexes decomposed in
solution above -20 °C.

Mechanistic investigation of the gold -catalyzed cycloisomerization of a 7-aryl -
1,6-enyne led to characterization of the first organometallic complex directly observed in
the course of an enyne cycloisomeization. The complex is best described as a goldp-
(bicyclo[3.2.0]heptane) complex with a domination metallacyclopropane binding
interaction and undergoes an acid-catalyzed rearrangement to yield a stable
bicyclo[3.2.0]heptane product which can further isomerize in the presence of Ag*. In a
further effor t to understand the reactive species in catalytic cycloisomerizations, the first
example of a gold cyclopropyl carbene was synthesized and fully characterized.

Finally, in an effort understand the mechanistic distinctions between
electrophilic metal -catalyzed hydrofunctionalization and similar Brgnsted acid -
catalyzed additions, the kinetics and stereochemistry of intramolecular acid -catalyzed
hydrofunctionalizion were studied. In all cases, the transformations were > 95 %

selective for anti-addition and di splayed rate-laws similar to those expected for metal-



catalyzed variants. A concerted Ct H, Ct X bond forming mechanism for addition is

proposed.

Vi



Contents

Y 013 = X S PP OP PP PPPRPPR iv
LISt Of TADIES ... e e e e e s e ena e e e e e e e e e e Xvii
IS Ao o T =P Xix
LISt Of SCNEMIES.....ceiiiiiii e rme e XXVii
ACKNOWIEAGEMENLS ... i e ettt ree s e s e e e e e e e e e e e eeaaeeaeeeeemanssssennenns XXXil

1. Computational and Experimental Studies of the Structure and Binding of Cationic

Gold(l) p-Complexes of Alkenes and AIKYNES .........cooiiiiiiiiiiiiii e 1
1.1 Introduction: gold(l) p-activation CatalySIS...........ccuieeiiiiiiiiiiimeeiiiiieee e 1
1.2 Bnding models for cationic gold(l) p-COmpleXes.........ccceeeeeeeiiiiii e, 3

1.2.1 The DewarChatt-Duncanson model for binding in transition metal p-
(070 ] 4] 0] L=0 (= PP PPPPP 3

1.2.2 Relativistic effects on the chemistry of gold.............ccoooiiiiiiiiiimmmiiiiiiee e 4
1.2.3 Theoretical studies of bonding in Au*-ethylene and Au+*acetylene complexes.5
1.2.4 Theoretical studies of bonding in LAu*-alkene and LAu*alkyne complexes....8

1.3 Experimental determination of structure and solution behavior in gold(l) p-
complexes of alkenes and alKYNES.............uuuuiiiiiiiiiiiiir e eeee s 10

C I R 101 0 To [UTex 1T ] o [T 10

1.3.2 Synthesis, structural characterizations, and solution behavior of cationic

gold(l) p-alkene COMPIEXES..........uuiiiiiiiieeei i ieeee e e e 12
1.3.2.1 Complexes bearing NHC supporting ligands ............ccccovviiiiiiiiieccee e 12
1.3.2.2 Complexes bearing bulky phosphine supporting ligands ......................... 17

Vil



1.3.3 Synthesis, stuctural characterizations, and solution behavior of cationic

gold(l) P-alkyNe COMPIEXES......uuuiiiiiieieeee s e sttt e e e s e e e e e e aaaaeas 21
1.3.3.1 Internal alkyne complexes beamg NHC supporting ligands ................... 21
1.3.3.2. Complexes bearing a hindered alkyl phosphine ligand........................... 24

1.4 SUMMArY and QISCUSSION.......uuuiiiiieieiiiiiiitreeiere et e e e e e s s menss e e e e e e e e e s annnes 27

2. Syntheses, X-ray Crystal Structures, and Solution Behavior of Cationic, Two -

Coordinate Gold(l) h2-Diene COMPIEXES........ccceeeeiiiii e 30
P2 [ oo 0T 1 o o H P PP TTP PP PPPPI 30
2.1.1 Gold(l) catalyzed hydrofunctionalization of dienes .............cccccvvvvvirrviieeeneeennn. 30
2.1.2 Coordination behavior in gold(l) p-alkene complexes............ccccvvviiiiiiiiieannennns 31
2.1.3 Transiion metal h2- and h*-(1,3-diene) COMPIEXES.........cooivvviiiiiiiiieiieceee e 34
2.1.4 Project goalS @nd SCOPE........ciiiuiiiiiiiitieeieamte e e et e e e e e e s s eeeeeens 34

2.2 ReSUILS @Nd iSCUSSION........uuviiieiiiiiiee e iteei ettt emee e e e e e eean 35

2.2.1 Synthesis and characterization of the gold(l)h2-(trans-1,3-pentadiene) complex

L TP PP UUPPPPPTTRRIPPRIR 35
2.2.1.1 Synthesis of [(P1)Auliz-(E)-H2CBC(H)C(H) 8C(H)Me)] * SbF-{2.6)........... 35
2.2.1.2 XRay crystal StruCture Of 2.6 .........c.ooiiiiiiiiiiiiec e 36
2.2.1.3 Solution characterization and fluxional behavior of 2.6................cccceeeee. 38

2.2.2 Synthesis and characterization of gold(l)h2-(diene) complexes 2.7 2.12........ 41
2.2.2.1 Synthesis of gold()h2-(diene) complexes 2.7¢ 2.12......ccccceeeeeiieiiiiiiiiiinnee. 41
2.2.2.2 Xray crystal structures of 2.7, 2.9, and2.12.........ccooiiiiiiiiiiiiiieeeeeeeeeee 42
2.2.2.3 Solution characterization of 2.7- 2.12.........cccveeiiiiiiiiiieeniiiiieeeeeeeeeee A7

2.2.3 Fluxional behavior of gold(l) diene COmMPIEXES..........coovviiiiviiiiiiiieeeiieeee e 50

viii



2.2.3.1 Fluxional behavior of complexes 2.6 and 2.8.............ccccvvvvvvvvvvieeeiceiceeeenn. 50
2.2.3.2 Fluxional behavior of complexes 2.92.12............cccccccvvviiiiiieeeiccciieeeeeee e, 54
2.2.4 Intermolecular exchange behavior of gold(l) h2-diene complexes................... 63

2.2.4.1 Kinetics of intermolecular exchange of 2,4dimethyl -1,3-pentadiene with

A PP PTUPPRT 63
2.2.4.2 Relative binding affinities of dienes to gold(l) ..........cccevvriiiiimiiiiieeciieeeeeen. 65
2.3 Conclusions and contemporary WOIK ........ccooiiiiiioiiiiiie e nene e 67
2.3.1 Experimental conclusions from this WOrk ..........cccccooviiiiiiiiiiiccceeeeeeeeee) 6.7
2.3.2 Contemporary work on the characterization of gold p-diene complexes......... 68
2.4 EXPEIMENTAL .....eiiiiiiiiiiiiti ettt eeer e e e e e e e s s e e e e amemr e e e e e e e e e ann 71
2.4.1 General METhOUS..........uuiiiiiiiie e e e e eeaes 71
2.4.2 Synthesis of Gold(l)h2-Diene COMPIEXES........uviiiiiiiiiiiiiiiiiieeeieee e 712
2.4.3 Xray Crystal Structure Determinations ..............cccooiiiiiiiiieeciiciccee e 85
2.4.4 Kinetics of Intramolecular COC Bond Exchange...........ccccocceieeiiiiiiicceeeeeeeeeee, 87
2.4.5 Kinetics of Intermolecular Diene Exchange with 2.8..........ccccoeeiiiiiiiiiiiimeeeeee, 89
2.4.6 Determination of Diene Binding ConStants............ccooviiiiiiiiieesiiiiiieeeee e 90

3. Synthesis and Structure of Dicationic, Bis(gold) pAAlkene Complexes Containing a

| OABig(phosphino)biphenyl LIGANd .........c.cccovevereueeeiceeeeeeeeete et eeeme e 92
0G0 I [ 1o T [T 1o o PSR 92
3.1.1 Enantioselective gold(l) catalysis............coooiiiiiiiiiiiiieeecccccccccee e, 92

3.1.2 Examples of structurally characterized chiral, neutral bis(gold) complexes....94
3.1.3 Project goals @nd SCOPE........oiiiuuiiiiiiiiiie ettt 98

3.2 RESUIS AN QISCUSEIN ...t eeee et et ettt et et et eeeee e e e e et e e e e eeeenns 98



3.2.1 Synthesis, characterization, and solution behavior of PRisobutylene and 1-

0= 01 (= 1P 98
3.2.2 Xray crystal structures of 3.6 and 3.7...........ooovviiiiiiiiiiiieee e 101
3.2.3 Ligand exchange behavior in 3.6.............ccooiiiiiiiimeeiee e 105
3.2.3.1 Kinetics of intermolecular ligand exchange of 3.6 with isobutylene ........ 105
3.2.3.2 Equilibrium binding affinity of isobutylene in 3.6 ...........ccccoiiiiieeiiieen. 106
3.3 SUMMAry Of CONCIUSIONS.........ceviiiiiiiiiiiiiiirieree e e e e e e e e e e e e e e e e e eeesree e aaaaaanes 108
3.4 EXPEIMENTAL.....coiiiiiiiiiiiieieeeeer e e e e e eeee e ——————— e aaaes 109
3.4.1 General MEetNOUS. .........cuuviiiiiiiii et 109
3.4.2 Synthesis and characterization of bis(gold) complexes.........ccccccccviiiiirvieenns 109
3.4.3 Ligand eXchange StUTIES..........cccuuuiiiiiiiie et 112
3.4.3.1 Kinetics of isobutylene exchange with 3.6............cccvveeiiiiiiicmn i, 112
3.4.3.2 Equilibrium Binding StUIES ... 113
3.4.4 XRay Crystal StTUCIUIES......cccooeiiiii ittt rr e e e e e e e e e e e e e e 114
3.4.4.1 Xray crystal structure data for 3.6:CH2Cla.........ccovvveriiiiiiiiiiiieenneeeeeeeeene. 114
3.4.4.2 XRay Crystal Structure of 3.7:CHoCla.........coooiiiiiiiiiiiiiiieeee e 116

4. Synthesis and Solution Behavior of Cationic, TwoACoordinate Gold(l) pAComplexes

Bearing a Triphenylphosphine Ligand ..o 118
N 1o Yo [F Tt i o o F PSPPSR PUPPRPN 118
4.1.1 The use of triarylphosphines in gold(l) catalysis...........ccoeeeeieiiiiiiiiceeeeeeee 118
4.1.2 Background on triarylphosphine gold(l) p-complexes..........ccccoeeeeiiiiiiiinienee. 119
4.1.2.1 Examples of triarylphoshine gold(l) p-complexes...........ccccccccvviiiiiiiennnnns 119
4.1.2.2 Reportedin situ generation of [(PPhs)Au] *p-complexes..........ccccccvveeeeenn. 121



4.1.3 ProjeCt goalS and SCOPE......uuurrirriiiiiiiiiiiiimmneeeeeeeeeieeeeeeeeeeeee e s eeeer e 123
4.2 ReSUItS and diSCUSSION.......c..uuiiiiiiiieeeeiiiieeee sttt e e e e mn et e e e e e e e e s snnees 124
4.2.1 Triphenylphosphine gold p-alkene COmMPpPIEXES.........cccevveeiieiiiiiiiiiiemee e, 124

4.2.1.1 Synthesis and characterization of [[PPEAu( h>-Me(H)C=CMe2)]* SbFs

(A.8-SBIB) .o eeees ettt 124
4.2.1.2 Effect of stoichiometry on thesynthesis of 4.8-SDF.............cccccoiiiiiiiienn. 126
4.2.1.3 Effect of counterionon the synthesis of 4.8:SbF-................oooooiiiiiiiee 130
4.2.2 Triphenylphosphine gold p-(vinyl arene) complex 4.7..........ccccceeeeeeiiiiiieeee, 131
4.2.3 Triphenylphosphine gold p-(3-hexyne) complex 4.9........cccooeeiviiiiiiiiiiiiceee, 134
4.2.4 Triphenylphosphine gold p-(1,3-cyclohexadiene) complex 4.10................... 137
4.2.5 Triphenylphosphine gold p-allene complexes..........ccccvvvviieiiiiiiicmnsiniiieeee, 140

4.2.5.1 Synthesis, characterization, and fluxional behavior of 1,tdimethylallene
(070 9] 0] L= 551 I SRR UUUSTROUOPRTPPN 140

4.2.5.2 Synthesis, characterization, and fluxional behavior of 1,3disubstituted
AlleNe COMPIEX 4. 13 erer e e e e e e e e e e e e e e e e e eeeet bt e e b e e a e e rrrerreeeasrnnnes 142

4.2.5.3 Effect of counterion and solvent on the synthesis and reactivity of 4.13147

4.2.5.4 The role of 4.13 in the hydroamination of 1,7#diphenyl -3,4-heptadiene

With methyl carbazate ..............ooeiiiiiii e 148
4.3 SUMMArY Of CONCIUSIONS ... ..uuiiiiiiicie et e e e e e e e e a e 151
4.4 EXPEIMENTAL......uuiiiiiiiiiiiiiiiiiieree e e e e e e e e e e e e e e e e e e e e e e eeeet e mmme e e e e e eeeees 152

4.4.1 General MEtNOUS. .........cooiiiiiie e 152
4.4.2 Complex synthesis and ch@acterization .............ccccveeviiiiiiiiecce e 153
4.4.3 Kinetics of intermolecular 3-alkyne exchange with 4.9 ...........ccccccoiiiiiiiiieenns 157

Xi



4.4.4 Kinetics ofp-face exchange in complexes 4.10, 4.11, and 4.13..................... 158

5. Mechanistic studies of the gold-catalyzed intramolecular cycloisomerizations of 1,6 -

L2014 0SSR 161
T A [ a1 10T (8 Tox i o o EO PP TP PSPPI TPPI 161
5.1.1 Gold(l) catalyzed cycloisomerization of 1,6-enynes.............ccccoeeevveriiiececnnnns 161
5.1.2 Proposed mechanism(s) of gold(l) catalyzed eneyne cycloisomerization......162
5.1.3 Project goals and SCOPE.........coiiiiiiiiiiiiieeeeeei ettt 164

5.2 RESUILS @Nd iSCUSSION........uuiiiieiiiiiiieeieeeiie et eme e e s 166

5.2.1 Generation and charaterization of gold p-(bicyclo[3.2.0]hept-1(7)-ene)

COMPIEX 5.9, ittt e e e s amme e e e e 166
5.2.1.1 Stoichiometric generation of gold p-enyne complexes 5.7and 5.8 and their
conversion to p-(Bicyclo[3.2.0]hept-1(7)-ene) complex 5.9........ccccceeeiiiiiiiiiinenns 166
5.2.1.2 Characterization of 5.9 and iSOtOPOMETS...........cevveervivririiiinneeieeeeeeeeenn. 170

5.2.2Reactivity of gold p-(bicyclo[3.2.0]hept-1(7)ene) complex 5.9...................... 173
5.2.2.1 Generation of free bicyclo[3.2.0]heptl(7)ene 5.1Q.........cccccvvvvvvvvivvrvinnnn. 173
5.2.2.2 Hydroarylation of 5.9 with 1,3-dimethoxybenzene .....................cco e 175

5.2.3 Conversion 0f 5.9 10 5. 11 ....oiiiiiiiiiiiiii et 177

5.2.3.1 Characterization ofgold 6-phenylbicyclo -[3.2.0}hept-6-ene complex5.11

............................................................................................................................ 177
5.2.3.2 Kinetics of the conversion of 5.9 10 5.11.........coeiiiiiiiiiiiiiieeee e 179
5.2.3.3 Skeletal rearrangement of 5.183Cs .........oooeeiiiiii i 185
5.2.4 Catalytic enyne CycCloiSOMEIZAtioNS........cccoeeeiiieiiiie i it ceeeeeeeeeeveeeveeev e eeees 189
5.2.4.1 Mechanistic studies of the catalytic conversion of 5.5t0 5.6.................. 189

Xii



5.2.4.2 Catalytic tandem cyclization/hydroarylation of 5.5 and 1,3-

AIMETNOXYDEZENE ...ttt as 191
5.3 SuMmary and CONCIUSIONS.........uuuuiiiiiiiiiiiiiitimeereeeeeeeeeeeeaeeeeaeee e e s seesaneanne 192
5.4 EXPEIMENTAL.....oiiiiiiiiiiei ittt e e e e s amme e e 194

5.4.1 General MEthOUS...........uuiiiiiiiiee e 194
5.4.2 Syntheses and characterization of complexes............ccccccveiiiiiccee i, 195
5.4.2.1 Syntheses and characterization of enyne 5.5 and isotopomers.............. 195

5.4.2.2 Syntheses and characterization of gold-enyne complexes 5.7 and 5.8 and
[1S10] (0] 010 ] 11T = PPRPR 201

5.4.2.3 Syntheses and characterization of goldh2-bicyclo-[3.2.0}hept-1(7)ene 5.9
AN ISOTOPOMIETIS ...ttt e e e e et emmee ekttt e e e e e e e s s s imnee s e st e et e e e e e e e e s mnnesane 201

5.4.2.4 Syntheses and characterization of fredicyclo-[3.2.0}hept-1(7)ene 5.10 and
[1ST0] (0] 010 ] 11T = PP 208

5.4.2.5 Syntheses and characterization of goldicyclo-[3.2.0}hept-6-ene 5.11 and
110 (0] 010 ] 14 1T =S RUPPRPUP 210

5.4.2.6 Syntheses and characterization of fredicyclo-[3.2.0}hept-6-ene
iISOtOPOMENS 5.6-13C1 ANA 5.6-0x..vvvvviiiieeeiiiiiiiiiiie e eeer e 212

5.4.3 Determination of equilibrium binding affinities of 5.10 and 5.6 for [(P1)Au] *213
5.4.4 Kinetics of theconversion of 5.9 and isotopomers to 5.11 and isotopomers.214

5.4.4.1 Kinetic analyses of the conversions of 5.9 andsotopomers to 5.11 without
=T [0 =T o = Tox o N RO PPPPEEPPRR 214

5.4.4.2 Kinetic analyses of the conversions of 5.9 and isotopomers to 5.11 with

F= Lo [0 10 1= (o3 [ IR 218
k 8 K& k th & @ O ku E -Bde staldhiamédridtransformations ..........coeveeveeenn.. 222
5.4.5.1 Reaction of 5.10 WIth HO T ... .cvuiiriie ettt e e e 222

Xiii



5.4.5.2 Generation and isomerization of 5.24,5,613C3 .......covvvieiieiiiiieeeeieeen e 223
R SR OF=1 7= )Y (o3 2= Y= Tod 1o o F 224
5.4.6.1 Goldcatalyed enyne cycloiSOmMerization............ccc.eevvvvvvvvivimeeneeieeeeeeeeenn. 224

5.4.6.2 Gold catalyzed tandem cyclization/hydroarylation of 5.5 and

Ot 1 EPOT UUT.ORAEIL.QAIL.OL oo 226

6. Synthesis and Characterizaton of a Gold Cyclopropyl Carbene Compound ............ 227
6.1 INTFOTUCTION ...ttt ettt e e e e s ner e e e s s ees 227
6.1.1 Questions on the electronic structure of gold carbenes............ccccccvvvvvvvvviennn. 227
6.1.2 Synthesis and structure of stabilized gold carbenes.......................ceeenns 228
6.1.3 Project goalS and SCOPE.......ccoiiiuiiiiiiiiiieeeete e e e e et e e e 233
6.2 ReSUILS aNd AISCUSSION........uuiiiiiiiieeeiiiieees ittt e e e e e e e e e e e e e e e s aennnee 233
6.2.1 Synthesis of gold cyclopropyl Fischercarbene 6.11..................coooeiiivieecnnnns 233
6.2.2 Solution characterization Of 6.11..........cuieiiiiiiiieieeeie e 235
6.2.3 Xray crystal structure of 6.11..........ccoeeiiiiiiiiii e 237
6.3 SumMmMary and CONCIUSIONS..........uuuuiiiiiiiiiiiiiiirene e eeeeee e e e e e e e e eeeee e e s eeesare e 239
6.4 EXPEIMENTAL.....coiiiiiiiiii et e e 239
6.4.1 General MEthOUS...........uuiiiiiiii e eeens 239
6.4.2 Synthesis and characterization of carbene complexes............cccvviiiiiiiieeenn. 240
6.4.3 Xray crystal structure determination .............cccceee i 241

7. Stereochemistry and Mechanism of the Brgnsted Acid Catalyzed Intramolecular

Hydrofunctionalization of an Unactivated Cyclic Alkene ... 244
4% N [ a1 10T [T i o T o LO PP PRSPPI 244
7.1.1 Transition metal and acid-catalyzed hydrofunctionalizations ...................... 244

Xiv



7.1.2 Mechanism of the intermolecular acid-catalyzed alkene

hydrofunctioNaliZation ..............eueiiiiiiiiie e s 246
7.1.2.1 AIKENE NYAration ........ccoiiiiiiiie i r e e e 246
7.1.2.2 Addition of hydrogen halides to alkenes ............ccccciiiiiiiiiceciee 247

7.1.3 Mechanism of the intramolecular acid-catalyzed alkene

hydrofuncCtionaliZAtIONS .........oooiiiiii e enn 250
7.1.4 Project goals and SCOPE........coiiiiiiiiiiiieeeeieeeiee et eeeaeae e eaa e 250
7.2 RESUILS @10 QISCUSSION ....ceiiiiiiieeiiiiiie e e seeeite et smme e e e e e eneen 252
7.2.1 Stereochemistry of intramolecular hydrofunctionalization .......................... 252
7.2.1.1 Intramolecular hydroamination ..............cccoeeriiiiiimmmniiie e e 252
7.2.1.2 Intramolecular hydroalkoxylation and hydroacyloxylation: .................. 258
7.2.1.3Effect of solvent and acid on hydrofunctionalization ..................cccvvveeee. 261
7.2.2 Kinetics of the hydroamination .................ccco e 263
7.2.2.1 CoNVErSiON Of 7.1 10 7.2....ueiiiiiiiiie et 263
7.2.2.2a-Secondary kinetic isotope effeCt..........uvvviiiiiiiiiiiiiiee e 267
7.2.3 Mechanism of the acid-catalyzed conversion of 7.1 10 7.2..........cccccvveveeeeeenns 270
7.3 SuMMary and CONCIUSIONS. .......coiiiiiiiiiiiiii it eree e e e e 274
7.4 EXPEIMENTAL ..ottt ettt e e e e s s e e e e 276
7.4.1 General MEtNOAS..........coiiiiii e amneas 276
7.4.2 Syntheses of substrates.Z, 7.3, and 7.5 and isotopomers............................ 277
7.4.2.1 Syntheses and characterization of isotopomers of 7.1...................cc...... 277
7.4.2.2 Syntheses and characterization of isotopomers of 7.3 and 7.5............... 282

XV



7.4.3 Acid-catalyzed hydrofunctionalizations and characterizations of bicyclic

] To 11 o £ U 285
7.4.3.1 Synthesis and characterization of 7.2 and isotopomers........................ 285
7.4.3.2 Synthesis and characterization of 7.4 and iSOtOPOMErS.............cccvvvveeee. 292
7.4.3.3 Synthesis and characterization of 7.6 and iSOiPOMErS..............cccuvvvveen. 296

7.4.3 KiNETIC @XPEIMENTS.....ciiiiiiiiiiiiiiiie et e e eerr e e e e e e s s e e e e eeeeeeeean 299
7.4.3.1 Kinetics of the HOTf catalyzed conversion of 7.1 t0 7.2......................... 299
7.4.3.2a-Secondary KIE for the conversion of 7.1 10 7.2.........ccccccvvvvvvivvvviinnnnnnn. 301

RETEIBNCES ...ttt rme et e st e e e ean 304
=] ToTe [ £=1 0] o)V OO PP PP PP PPPPPPP 329

XVi



List of Tabl es

Table 1: Calculated bond distances (A) and interaction energies (kcal mot?) for Au *-
ethylene and Au*-acetylene COMPIEXES..........covviiiiiiiiiiiiiimeeiieiee e reeseneeeeeeeeeeee ]

Table 2 Calculated bond lengths (A) and energies (kcal mol) for [(L)Au(alkyne)] *and
[(L)AU(BIKENE)] * COMPIEXES. ...ttt ee ettt e e e e e e e e nnnnans 10

Table 3: Relevanti3C and *H NMR data for [(IPr)Au( p-alkene)]* complexes in CDCls.
Displacement from free alkene (D {lis shown parenthetically (ppm). 2........ccceeeeeeeeennnn. 14

Table 4: Relevanti3C, H, and 3P NMR data for [(phosphine)Au( p-alkene)]* complexes in
CDCls. Displacement from free alkene is shown parenthetically (ppm). 2........ccccvvveeeeen. 19

Table 5:13C chemical shifts (ppm) and C-P coupling constants (Hz) of the sp? carbon
atoms of the complexes 2.6t 2.12in CD2Clzand chemical shift difference (D ¢dppm)
relative 10 fre@ TIBNE. .....coi e e e e en e 48

Table 6: Line-broadening data and observed rate constants ns) for the exchange of the
2,4-dimethyl -1,3-pentadiene ligand of 2.8([2.8] = 161 mM) with free 2,4Dimethyl -1,3
pentadiene iN CD2Cl2 @t 25 “C.....uiiiiiiiiiii i iree e e e e e e e e eas 64

Table 7: Equilibrium constants for displacement of isobutylene from [(P1)Au( h2-
H2CBCMe:)]* SbF (2.1) with dienes in CD2CI2E U WN A Y. WLS."..B...cveviverrcecveeree, 66

Table 8: Crystal and structure refinement data for complexes 2.6, 2.7, 2.9, and 2.12.....86

Table 9: Observed rate constants for tke intermolecular exchange of bound and free
isobutylene wWith COMPIEX 3.6. ......cooiiiiiii e e e e e e e e e e e 105

Table 10: Crystal and structure refinement data for complexes 3.6-CDCl2 and 3.7-CDxClo.

Table 11:3'P NMR Chemical shifts of relevant triphenylphosphine gold s-complexes in
(O] 5 F O TSP PP PP 122

Table 12:3'P NMR chemical shifts of the synthesized triphenylphosphine gold
PI EOO X O RACKLWD. QuUI . Bt 124

(o0] 0] o1 [=3 QR SN TS PP PPPPPP PP 135

XVii

l wbOUI



Table 14: Observed rate constants and selectivities for the conversions of 5.9 ([5.9E0.76
M) and isotopomers to 5.11 or 5.1%dx in CD2Cl2 without added acid and with [HOTf] =
001 RSP PRPSR 184

Table 15: Crystal and structure refinement data for complex 6.11............cccccviiiieiieeenn. 243
Table 16: Brgnsted acidcatalyzed intramolecular hydrofunctionalization of substrates
7.1-hu7 O} 78z Db and 7.5z IE D w Wk o Sasual fubddiien Kflthe solvent and
the acid (5O O O @I L B......coeveeeeeeeeeeeeee et eene et smee et e et 263

Table 17: Observed rate constants for the conversion of7.1 ([7.1p=Y & k & 7.Zcatdly@ed
by HOTTf in toluene as a function of temperature and [HOTf]. ............ccoiieenn, 266

Table 18: Total conversion and isotope ratios as a function of time for the reaction of a
47.6:52.4 mixture of 7.1 and7.1-1 -gh catalyzed by HOTTf (5 mol %) in toluene at 59.5 °C as
determined from LC/MS @NalYSIS. ......uuuuiiiiiiiieiiiiiiiree e eeea e e e 302

XViil



List of Figure s

Figure 1: Orbital diagrams (left) and skeletal structures (right) depicting the two
predominant binding modes described by the Dewar -Chatt-Duncanson model. ............. 3

Figure 2: ORTEP diagrams and skeletal structures of phosphine gold(l) h*- and hzarene
p-complexes 1.9 and 1.10. Hydrogen atoms and counterions have been removed for
(o3 = 1Y 11

Figure 3: ORTEP diagrams of [(IPr)Au(hzalkene)]* complexes 1.15 (top left), 1.16 (ight),
and 1.18 (bottom left). Hydrogen atoms and counterions have been removed for clarity.

Figure 4: ORTEP diagrams of [(phosphine)Au(h?alkene)]* complexes 1.19 (top left), 1.20
(bottom left), 1.22 (top right) and 1.24 (bottom right). Hydrogen atoms and counterions
have been removed fOr CIArLY. ... ... i i eeer e 20

Figure 5: ORTEP diagrams of [[NHC)Au( hz-alkyne)]* complexes 1.4 (top left), 15
(bottom left), and 1.29 (right). Hydrogen atoms and counterions have been removed for
(0] 41 PP PPPPPPPPPPPSTTPP 24

Figure 6: ORTEP diagram of [(BusP)Au(hzalkyne)]* (1.30). Hydrogen atoms and
counterion have been removed fOr CIarity. ..........cccciiiiiiiiiiieee e 26

Figure 7: Cationic, three-coordinate gold(l) p-alkene complexes 2.4 and 2.5................. 33

Figure 8: ORTEP dagram of 2.6 showing partial atom numbering scheme. Ellipsoids are
shown at the 50% probability level. Hydrogen atoms and counterion have been removed
L0 g F= L1 OO PP PPPTPP 38

Figure 9: ORTEP diagramof 2.7 showing partial atom numbering scheme. The major
conformer of the diene ligand (2.7a) is shown in dark gray ellipsoids, and the minor
conformer (2.7b) is shown in white ellipsoids. Ellipsoids are shown at the 50%

probability level. Hydrogen atoms an d counterion have been removed for clarity. ........ 43

Figure 10: ORTEP diagram of 2.9 showing partial atom numbering scheme. The major
conformer of the diene ligand (2.9a) is shown in dark gray ellip soids, and the minor
conformer (2.9b) is shown in white ellipsoids. Ellipsoids are shown at the 50%

probability level. Hydrogen atoms and counterion have been removed for clarity. ........ 45

XiX



Figure 11: ORTEP diagram of 2.12 showing partial atom numbering scheme. Ellipsoids
are shown at the 50% probability level. Hydrogen atoms and counterion have been
removed fOr CIarity. ... e e s seeen e T

Figure 12: Tenperature dependence of the quaternary tert-butyl 3C NMR resonance of
2.6 from -50 t0-80 °C IN CD2Cl2.....ceiiiiiiiiie ettt 52

Figure 13: Temperature dependence of the quaternarytert-butyl 3C NMR resonances of
2.8 from -90 °C t0-60 °C iN CD2Cl2. ....uviiiiiieiiiie et eeeie ettt 53

Figure 14: Temperature dependence of the vinylic® w- , 1 wUT UOOEOEIT @Ol wl & N
to 15°C in CD2Clz. The small multiplets at d 6.3, 5.2, and 5.1 caespond to free 1,3
10 7= 1o [ =1 1= TSR 56

Figure 15: Temperature dependence of the vinylic (left column) and diene methyl (right
column) *H NMR resonances of 2.10 in CDxCl2 from ¢60 °C to 20 °C. Resoances atd 5.0
and 1.88 correspond to free diene and the resonance atl ~1.65 corresponds to water.
Vertical and horizontal scale is not consistent between the two sets of spectra.............. 58

Figure 16: Temperature dependence of the vinylic (left column) and allylic (right

column) *H NMR resonances of 2.11 from¢ 85 °C to 0 °C in CDxClz. The resonance

DOEPEEUI EwPpDUIl WEOQwW?R? WEOUUI Ux OOEUWUOWEOWUOOOOP
scale is not consistent betwee the two Sets Of SPeCtra..........ccveveviiiiiiiiiieesiiieeeee e 60

Figure 17: Temperature dependence of the vinylic® w- , 1 wU1l UOOGEOET UwOI wl & hul
S WU OWI | YIS LD O Feeeeeo oo eeeeee e e e seeeee e eeeees 61

Figure 18: Plot of kebs Versus [2,4-dimethyl -1,3-pentadiene] for the intermolecular
exchange of the 2,4dimethyl -1,3-pentadiene ligand of 2.8([2.8] = 161 mM) with free 2,4
dimethyl -1,3-pentadiene from 93 to 245 mM at 25 °C in CRCla. .......cooeeeeeieiiiiiiiiieed 64

Figure 19: Potential h2-coordination modes of the 2,5-dimethyl -2,4-hexadiene ligand in

COMPIEX 2,03 e e e ettt eee e e te e reeseeseeeeseeeaaaeaaaaeeeeeennsssssssssssssssnnssnnnesnnsd O
Figure 20: Partial HMQC spectrum of 2.6 at 25 °C.........uvvvvviiiiiiiiiiiiimmeeeeeeeeeeeeeeeeeeeeeeee 3
Figure 21: Partial HMBC of 2.8 in CD2Clz at 25 °C.......ovvvviiiiiiiiiiiiiiiiiieeneeeeeeeeeeeeeeeeeaaeeeae ol

Figure 22: Partial tH$*H COSY spectrum of 2.9 in CD:Clz at -90 °C. The crosspeak atd
4.43 d 6.3 (indicated with boxes) corresponds to a pair of strongly coupled protons in an
impurity that is undetected in the 1 -D NMR spectra. Repeated concentration/dissolution

XX



of pure samples of 2.9 leads to the appearance of resonances in thtH NMR s pectrum at
d 6.3, 4.45, 3.2. A wider expansion of the COSY spectrum of 2.9 also shows a crosspeak

between the d 6.3 and 3.2 FESONANCES.........ccoviiiiiiiiiiiiiieeeeee e nneeene D
Figure 23: Partial HMQC 0of 2.9 in CD2Cl2at -90 °C..........uviiiiiiiieiiiiiiremieeeeee e 80
Figure 24: Partial COSY 0f 2.11 in CBCl2at -85 °C........c.uvviiiiiieeiiiiiiiiremiieeeee e 83

Figure 25: Temperature dependence of the vinylic 33C NMR resonances 0f2.11 in CD:Cl2
from -85 °C 10 27 PC N CRCl2. ...ttt 84

Figure 26: Experimental (left) and simulated (right) *H NMR spectra of internal vinyl
protons H2 and H3 Of COMPIEX 2.9.......oviiriiiiiieeie e eeee e 88

Figure 27: Experimental (left) and simulated (right) *H NMR spectra of vinyl methyl
Protons Of COMPIEX 2.10.....ccciiiiiiiiiiie e rmmme e e e e e e e e e s ammne e e 88

Figure 28: Experimental (left) and simulated (right) *H NMR spectra of internal vinyl
protons H3 (d 6.0 ppm) and H2 (d 5.38 ppm) of complex 2.11.......ccccceeeeeeieiiiiiiiiiemeeneee, 89

Figure 29: Experimental (left) and simulated (right) *H NMR spectra of vinyl protons
H1/H2 and H4/H5 of COMPIEX 2.12. ....uuiiii ettt ree e e 89

Figure 30: ORTEP and skeletal diagrams of bis(gold chloride) complexes 3.2 (upper
structure) and 3.3 (lower structure). % Ellipsoids are shown at the 50% probability level.
Hydrogen atoms and counterion have been removed for clarity. .........ccccvvvvvvvviiviiiiennn.. 95

Figure 31: ORTEP and skeletal diagrams of [(biphep)(AuX)2] complexes 3.4 (upper
structure) 4 and 3.5 (lower structure)98 p-p stacking is indicated by the dashed line.
Ellipsoids are shown at the 50% probability level. Hydrogen atoms and counterion have
been remoVved fOr CIAILY. .........ueiiiiiiiiii e eeenee e 97

Figure 32: Two ORTEP diagrams d 3.6 showing partial atom numbering scheme.
Ellipsoids are shown at the 50% probability level. Hydrogen atoms and counterion have
been removed fOr CIANItY. .........oooviiiiiiiieee e —————— 103

Figure 33: ORTEP diagram of 3.7 Ellipsoids are shown at the 50% probability level.
Hydrogen atoms and counterion have been removed for clarity. ...........ccccciiiiiiiiieees 104

Figure 34: Plot of kebs Versus [isobutylene] for the intermolecular exchan ge of the
isobutylene ligands of 3.6 with free isobutylene from 14 to 61 mM at 25 °C in CD2Cl.. 106

XXi



Figure 35: Cationic, multimeric gold(l) p-complexes containing triarylphopshine
£ o] 0 To T o TN o T= 1T LS 120

Figure 36: Thermally unstable cationic, monomeric gold(l) p-complexes containing
triarylphopshine supporting igands. .......ccceviiiiiiiie e 121

Figure 37: Variable-temperature 3P NMR spectra of the solutions generated from
reaction of (a) a 2:2:1 mixture of [(PPh)AuUCI], AgSbFe, and 2-methyl -2-butene in CD2Cl>
at-78 °C (left); and (b) a 2:1:2 mixture of [(PPR)AUCI], AgSbFes, and 2-methyl -2-butene in
CD2Clz at -78 °C (right). Vertical amplitude is not consistent between spectra. ............. 128

Figure 38: Variable-temperature 3P NMR spectra of the solutions generated from

reaction of (a) a 1:1:1.15 mixture of [(PPR)AUCI], AgBFsOWE OE wK1 O U1 2@UUa Uil Ol
E U urc Neft); and (b) a 1:1:1 mixture of [(PPh)AuCI], AgSbFcOWE OE wK1 Ol Ul aduUaul
CD:Clz E U urc frigitht). Vertical amplitude is not consistent among the spectra. ......... 133

Figure 40: Temperature dependence of the alkenyl (left) and aliphatic (right) *H NMR
resonances of 4.10-SbH UO O w1 NKCOQIL . L..K.oooovoverieeeeeeeeeee e 139

Figure 41: Tanperature dependence of the allenyl methyl H(left) and 3C (right) NMR
resonances of 4.11-Sh#in CD2Cl.. Amplitude is not consistent between spectra. ......... 142

Figure 42: Temperature dependence ofthe 3P resonances (left) and allenyl
IH resonances (right) of 4.13-Sb&in CD2Cl.. Amplitude is not consistent between
LS 1T 011 - S 145

Figure 43: Partial tH{ 13C HMQC spectrum of 4.13-Sbk in CD2Clz at -90 °C. The cross
peak atd5.23 d 90.6 (indicated with a box) corresponds to equivalent sp2 allenyl
protons/carbons of free 1,7-diphenyl -3,4-heptadiene. ............ccccvveeiiiiiiiicn i 146

Figure 44:3'P NMR resonances of: (a) a 1:1 mixture of PAPAUNTTf 2 and methyl carbazate
iNnCDsNO2EUwl kwS" OWEAWUEOXx Ol wi UOOwWmEAwWx OUUwhwi aUD
10 minutes at 25°C; (c) sample from (b) after 1 h at 25 °C; (d) sample from (b) after 12 h

at 25°C; (e)a 1:1 mixture of PhsPAUNTTf 2 and carbazate 4.14 in CBNO:z at-20 °C........ 151

Figure 45: Partial 1H-'H COSY spectrum of 4.13-SbFin CD2Clz at -90 °C. The crosspeaks
atd=5.2 xd = 2.1 (indicatedwith boxes) corresponds to protons of free 1,7-diphenyl -3,4-
(T=] o] =T 1= = PSSP 156



Figure 46: Experimental (left) and simulated (right) *H NMR spectra of the vinyl protons
used to approximate the rate constant and free energy of activation for the
intramolecular alkene exchange iN 4.10-SDE: .........covviviiiiiiiiiiiiiin e eeeniens 159

Figure 47: Experimental (left) and simulated (right) *H NMR spectra of the
diastereotopic methyl groups used to approximate the rate constant and free energy of
activation for the intramolecular alkene exchange in 4.11-SbFk. ........ccccoviiiiiiiiiiiiieeeeee. 160

Figure 48: Experimental (left) and simulated (right) 3P NMR spectra of the phosphorus
resonances used to approximate the rate constant and free energy of activation for the
intramolecular alkene exchange iN 4.13-SDE: ......c.ccovviiiiiiiiiiiiiii e eeeneens 160

Figure 49: Skeletal rearangements in the gold-catalyzed cycloisomerizations of
(o VL@ R S @ - @ 1 U0 1 TSSO OO 162

Figure 50: Possible cationic intermediates in the ligand- and substrate-dependent
pathways for enyne cycloaddition cataly zed by electrophilic noble metal complexes..163

Figure 51: Partial atom numbering scheme of 5.9 and complexes which aided in the
CharaCterization OF 5.9.......uuuiiiiiii it e e e e e e s 171

Figure 52: Partial atom numbering scheme for 5.11..........c.cccoviiiiiiiiiiimemieeeee e 178

Figure 53: First order plot of the conversion of 5.9 to 5.11 ([5.9p = 0.076 M) in CDCl: at

Figure 54: Analysis of the cycloisomerization of 5.5 ([5.5b = 0.10 M) to 5.6 via 5.10
catalyzed by a mixture of [(P1)AuClI] (5 mol %) and AgSbFs (5 mol %) in CD2Clz at 25°C.

Figure 55: The overall conversion of 5.513Cs to 5.11-4,5,63Cs and 5.11-1,2,613Cs in the
presence of [(PL)AUT, AQ*, @nd Hr . oo 193

Figure 56: Partial 3C{*H} NMR spectrum of 5.5-13Cs showing resonances corresponding
to the labeled carbon atoms (CDCh, 25 °C)...uuuuuiiiiiiiiiiiiiee et eees s 198

Figure 57: Partial atom numbering scheme for 5.9............iiiiiiiec e 201

Figure 58: Selected coupling constants (left) and NOE enhancements observed in NMR
] 0=To1 ¢= W S TH TR PP PP PPPPPP 203

XXiii



Figure 59: Partial *HtH COSY spectrum of 5.9 in CD:Clz at -20 °C. Resonances are
labeled in accord with the numbering scheme depicted in Figure 57...........ccccccvvvvnnnns 204

Figure 60: Partial *Ht 'H NOESY spectrum of 5.9 in CDClz at -20 °C. Resonances i&
labeled in accord with the numbering scheme depicted in Figure 57..........cccccceeeviinnne 205

Figure 61: Partial atom numbering scheme for 5.6............ccccciiiiiiiiimmmiiiieeee e 208

Figure 62:First order plot of the conversion of 5.9-d2t0 5.11-dx ([5.9-dz]o = 0.076 M) in
CD2Cl2 AL 25 PC.iiiecit ettt r e e 216

Figure 63: First order plot of the conversion of trans-5.9-d: to 5.11-dx ([trans-5.9-di]o = 0.073
M) iN CD 2C12 @t 25 PCrriiieiiiiiiie e et e s reee e et e e e e st eeemme e e st e e e e e st e e e e anssannreeeeennes 217

Figure 64:First order plot of the conversion of cis-5.9-d: to 5.11-0x ([Cis-5.9-ch]o = 0.076 M)
N CD2C12 AL 25 PCn.iiiiiiiiie e erer et e e e e e e e e e e e bbbt eeeaaeeeeeeansnssannnssnnereeeaaaeeas 218

Figure 65: First order plot of the conversion of 5.9 to 5.11 ([5.9p = 0.076 M) with HOTf
([HOTf = 0.019 M) iN CD2Cl2 @t =21 Cuurrrereeiiiiiieeeeeiiiieessmensssieeeeessieeeeessssessnemsessnsaeeeeans 219

Figure 66:First ord er plot of the conversion of 5.9-dzto 5.11-dk ([5.9-d2Jo = 0.076 M) with

HOTf ([HOTf] = 0.019 M) in CD 2Cl2at -21 °C...eeeeiiiiiieeeciiiie e eeenreeee e s siaee e smmeas 220
Figure 67: First order plot of the conversion of trans-5.9-d: to 5.11-dx ([trans-5.9-d1]o = 0.070
M) with HOTf (JHOTf] = 0.019 M) in CD 2Clzat -21 °C....cceooiiiiiiiiiieee e 221
Figure 68: First order plot of the conversion of cis-5.9-d: to 5.11-0x ([Cis-5.9-ch]o = 0.076 M)
with HOTf ([HOTf] =0.019 M) in CD2Cl2 @t 25 °C....ccvvvvveeeiiiiie e 222
Figure 69: Possible canonical forms for the structure of [(L)Aut C(H)R]*, including the
carbene form (6.1) and the stabilized carbocation form (6.11)....................oo oo, 228
Figure 70: Structurally characterized neutral Fischer-type gold carbene.2t................... 229

Figure 71:13C chemical shifts of cyclopropyl carbons of cationic metal carbenes and
neutral 0rganiC CYCIOPIOPANES. ......ccoiiiiiiiiiiiiii e e e e e e e e e e e 237

Figure 72: ORTEP diagram of 6.11 showing partial atom numbering scheme. Ellipsoids
are shown at the 50% probability level. Hydrogen atoms and counterion have been
(=] 0 aToAVZ=T o I (o] o F= T Y75 238

XXIV



Figure 73: ORTEP diagram of 7.2 showing partial atom numbering scheme. Ellipsoids
are shown at the 50% probability level. Hydrogen atoms and aromatic portion of tosyl
group removed fOr Clarity. ... e e e 254

Figure 74: (a)Partial *H NMR spectrum of 7.2; (b),(c)Partial *H and 2H NMR spectra of
A G| reddE(@Le)Partial Hand 2H - , 1 wU x | E U Wdehp(ractidl HINMR

UxT EQUUOHIOLMA.G. L. LA E e 256

Figure 75:'H (a) and 2H NMR analysis of the DOTTf -catalyzed conversion of 7.1-N-d: to
7.2-7ax-di1 quenched at ~50% conversion With NEt.............ccoooee oo 258

Figure 76: (a)Partial *H NMR spectrum of 7.4; (b),(c)Partial *H and 2H NMR spectra of
A 6 K qu'*dZ‘E.O.Z\. ............................................................................................................ 260

Figure 77: (a)Partial tH NMR spectrum of 7.6; (b),(c)Partial *H and 2H NMR spectra of
A 6 t qu'*dZE.O.}}. ............................................................................................................. 261

Figure 78: First-order plots for the conversion of 7.1 ([7.1]o=0.50 M) to 7.2 catalyzed by
triflic acid ((HOTf] = 5.0 (1 ), 12.6 &), and 25.2 ¢ ) mM) in toluene at 62 °C. .............. 264

Figure 79: Plot of kebs Versus the concentration of triflic acid for the conversion of 7.1
([7.1]0=0.50 M) to 7.2 in toluENE At B2 °C.......ccuviiiiiiieeeeee e riceee e neee e 265

Figure 80: Eyring plot for the conversion of 7.1 ([7.1p =0.50 M) to 7.2, catalyzed by HOTf
(25 mM) in toluene over the temperature range 39 °Ct 72 °C...cooeveeeieeeieeeeeeeeeeeeeees 266

Figure 81: First order plot for the conversion of 7.1t0 7.2 ¢ A wE O E whtod/ IBTaldy 1
(I ) catalyzed by triflic acid (5 mol %) in toluene at 60 °C...........cccccveeeeieeirreeee e 270

Figure 82: Numbering scheme (left structure), relevant *HtH coupling constants (center

structure), and key NOESY interactions (right structure) for compound 7.1. ................ 287
Figure 83:'H-'H COSY (800 MHz) NMR spectrum of 7.2 at 45 °C in CDC. ................. 288
Figure 84:'Ht¢'H NOESY (800 MHz) NMR spectrum of 7.2 at 25 °C in CDCl............... 289

Figure 85: Numbering scheme and key NOESY interactions for compounds 7.4.......... 293
Figure 86:'H¢H COSY (500 MHz) NMR spectrum of 7.4 at 25 °C in CDCe.................. 294

Figure 87:'H¢H NOESY (500 MHz) NMR spectrum of 7.4 at 25 °C in CDCl............... 295

XXV



Figure 88:*Ht1H COSY (800 MHz) NMR spectrum of 7.6 at 25 °C in CDCe.................. 297
Figure 89:'Ht1H NOESY (800 MHz) NMR spectrum of 7.6 at 25 °C in CDCl............... 298

Figure 90: First-order plots for the conversion of 7.1 ([7.1]o = 0.50 M) to 7.2 catalyzed by
triflic acid in toluene: [HOTf] = 12.6 mM at 72 °C (* ); [HOTf]=25.2 mM at62.5°C { );
[HOTf] = 25.2 mM at 53.0 °C @ ); [HOTf] = 25.2 mM at 39 °C ¢ ); and [HOTf] = 25.1 mM
oL LT T O L T PSSR 301

XXVi



List of Schemes
Scheme 1: Proposed mechanisnp-activation by cationic gold(l). .......ccccooeeiiieiiiiiiiiiiceeee. 2

Scheme 2: Synthesis of select [(IPr)Aug*-alkene)]* complexes. Ar = 2,6

iISOPrOPYIPNENYI ... e e e rmme e 13
Scheme 3: Synthesis of select [(IPr)Aug*-alkyne)]* complexes. Ar = 2,6

(o [TET0] 0] 0] 3771 0] 1T 2 12 22
Scheme 4: Proposed mechanism for degenerate alkene exchange in gold(P-alkene

(070 101 0] L=0 (= 32
Scheme 5: Synthesis of [(P1)Au(?-(E)-HCOC(H)C(H) ©C(H)Me)] * SbF{2.6)................. 36
Scheme 6: Resonance structures depicting depletion of edctron density at the C4
position of the 1,3-pentadiene ligand in 2.6. .........cccccceviiiiiiiiiiieeniiiiieeeee e eesieeeeeeeeeenn . A0
Scheme 7: Synthesis of cationic, monomeric gold(Dh2-diene complexes 2.6- 2.12.........42

Scheme 8: Proposed mechanism for racemization of complex 2.6 via intramolecular,
associative exchange of prochiral alkenep-faces............ccccc i 54

Scheme 9: Proposed mechanisnior intramolecular p-face exchange in complex 2.13...71

Scheme 10: Enantioselective enyne alcokycycloisomerization catalyzed by the chiral
bis(gold) BINAP COMPIEX 3.1.106 ... eieiiiiieee e e emeee sttt mn e e e e e e e e e 93

Scheme 11: Synthesis of chiral, dicationic bis(gold) complexes 3.6 and 3.7................... Q9

Scheme 12: Successive equilibrium displacement of 4rifluoromethylben zonitrile
(NCArez Awi UOOwt d WwUOwT PYT wt  NWEOE wi.UQ0wt.dpwl Owl D)

Scheme 13: Low temperature generation of triphenylphosphine gold p-alkene complex
4.8-Sbhk and its decomposition t0 4.6-ShFs. ........ccoooiiiiiiiii e 125

Scheme 14: Reaction of an equimolar mixture of [(PPR)AuUCI] and 2 -methyl -2-butene
with a deficiency of AgSbFs to form an equili brating mixture of 4.8-SbFs and 4.5-Sbk.130

Scheme 15: Competitive binding of 2-methyl -2-butene and the NTf> (eq. 1) and OTf (eq.
2) counterions for [(PPRs)AU] f . e 131

XXVil



Scheme 16: Hydroamination of 1,7-diphenyl -3,4-heptadiene with methyl carbazate
catalyzed by [(PPhs)AuNTf 2] in CHsNO:zin the absence (eq. 1) and the presence (eq. 2) of
o o RSP 149

Scheme 17: Hydroamination of 1,7-diphenyl -3,4-heptadiene by stoichiometric gold
carbazate complex 4.15 (1 equiv.) to give gold bound product 4.16 with concomitant
generation of decompoOSItioN ProdUCE 4.6. ......ccooviiiiiiiiiiiii e 150

Scheme 18: Trapping of a gold cyclopropyl carbene complex by oxidation with Ph 2SO 160

Scheme 19: Trapping of a gold cyclopropyl carbene complexwith methanol. 1%........... 164

2ET 1 Ol wl Yow" AaEOODPUOOI UPAEUDPOOWOI wAtr xT 1 0ad1 ot 1
t1x1 1 OA0OEPEAEOCOCZ 81 6Ygli 1l x0r+t 1 I*€oriuk.b.l. . WEBTEOa Al E

Scheme 21: Formation of goldp-alkyne complex 5.7 and gold p-alkene complex 5.8....166

Scheme 22: Formation of isotopically labeled gold p-alkyne complex 5.7-13Cs and gold p-
AIKENE COMPIEX 5.8 13 3. 11 uuuuiiiiiiiiiiiiiiiiiiimmee e e e e e e e e et e e e et e e e et e e e e aeaer s e s s s e s s s aaseaesssmmmreeeeees 167

Scheme 23: Conversion of 5.7 and 5.8 to 5.9 aP0 °C in CD2Cl2. Three canonical
SETUCTUIES OF 5.9 AI8 SNOWN ...ce e ettt et et e e e ea e e e e e e e e e e e s annnes 169

Scheme 24: Conversion of enyne isotopomers 5.8%C1, 5.513Cs, 5.50s, 5.502, cist  k-@,k
and trans-5.5-d: tp gold bicyclo[3.2.0]heptene isotopomers 5.9-13Cs1, 5.913Cs, 5.9ds, 5.9-dz,
CIS5.9-01, AN ITANS 5. G- 0. coeniiee et eee e et e e et e e e e e e e eaaeaes 170

Scheme 25: Generation of the thermally sensitive bicyclo[3.2.0]heptl(7)-ene 5.10 from
5.9 and regeneration of 5.9 from 5.10...........oviiiiiiiiiiiiiii e 173

Scheme26: Equilibrium binding affinities of 5.9 (eq. 1)and 5.6 (eq. 2)to
[(P1)Au] * relative to NCAr r[NCAr = 3,5-bis(trifluoromethyl)benzontirile]. .................. 174

Scheme 27: Hydroarylation of 5.9 with 1,3-dimethoxybenzene to give 5.13................... 176

Scheme 28: Control reactions showing that 5.10 (eq. 1), 5.11 (eq. 2), and 5.6 (eq. 3) do not
undergo hydroarylation with 1,3 -dimethoxybenzene...............c.co e, 177

Scheme 29: The conversion of 5.9 to 5.11, and independent synthesis of 5.11 from 5.678

XXViii



Scheme 30: Thermal rearrangement of 5.93C1to k 6 EQuand displacement of gold to
[ O U OB B.d..Luieeieieicicceeee e enmr et 179

Scheme 31: Conversion Of 5,902 10 5.1 00k . uuvuiiirieirieire et ereeee e eee s e et e eesreesnsenreeeneees 180

Scheme 32: Elike mechanism for conversion of 5.9 to 5.11 through gold s-alkyl species

ST S 181
Scheme 33: Conversion ofrans-5.9-d: (eq. 1) andcis5.9-d: (eq. 2) t0 5.1%dx...........oe..... 182
Scheme 34: Conversion of 5.10 to 5.6 with HOTf (25 Mol %0)........ccccoeveeiiiiniiiiiiieeee, 185

Scheme 35: Mechanism of the conversion of 5.9 to 5.11 by the acidatalyzed
isomerization of 5.10to 5.6 through intermediate 5.VI. ........ooovvviviiiiiiiiiiiii e, 185

Scheme 36: Conversion of 5.93C310 5.11-4,5,613Cszand 5.11-1,2,613C3. ....cccveeveeeeneennns 186

Scheme 37: $nthesis of 5.6-4,5,613Cs from the [(P1)Au(NCAr #)] (5.12) catalyzed
cyclization of 5.5-13Cs to 5.9-13Cs and 5.1013Cs followed by H * catalyzed isomerization. 187

Scheme 38: Silver catalyzedsomerization of 5.6-4,5,613C3t0 5.6-1,2,63Ca. .......ccvvvvnnees 188

Scheme 39: The Agcatalyzed isomerization of tricyclo[4.1.0.0]heptanes to
bicyclo[3.2.0]hept-6-enes (eq. 1385188 and the proposed mechanism for the Ag * catalyzed
DUOOI Ub4aEUD &GiunG6-1k683Cs fed D)K.OL. T 189

Scheme 40: The cycloisomerization of 5.5 to 5.6 catalyzed by [(P1)Au]without (eq. 1)
and with (eq. 2) added HOTT. ... 191

Scheme 41Gold-catalyzed tandem cyclization/hydroarylation protocol for the
conversion of 5.5 and 1,3dimethoxybenzene t0 5.13..........c.ccvuiiiiiiiiiiieee e, 192

Scheme 42: Gas phase synthesis of gold carbene complex 6.1 employing collisien
induced dissociation (CID). Mes = 2,4,6trimethylphenyl ...........cccooiiiiiiiiicce 228

Scheme 43: Goldmediated rearrangement of dioxaspiro[2.5]oct-1-ene to form stabilized
(o o] [o o= g o =T 0 To T o FS3 < T 7R 230

Scheme 44: Observation of a cationic intermediate in the course of the gold catalyzed
cyclization of 2-methyl -5-phenyl-2,3-pentadienoate. ...........cccoooiiiieiiiiniicccee e 231

XXiX



Scheme 45: Generation of gold allenylidine 6.6 from gold acetylide 6.5, and four possible

CaNONICAl FOIMS OF B.6......uueeiiiiiieiiiiie e e e s e e e e e e e s 232
Scheme 46: Synthesis of gold Fischecarbene complexes 6.29.............cccccvvvvvvvvvieennnnn. 233
Scheme 47: Synthesis of gold cyclopropyl carbene complexes 6.10 and 6.11.............. 234

Scheme 48: Gold(l} and HOTf -catalyzed hydroalkoxylation of cyclohexene with
PRIENOIS.IBL 243 et et ettt e e e e e e e e e et e e e e e e e e r e r i r e e e e e e e e e a e 245

Scheme 49: General mechanism for the acietatalyzed hydration of alkenes................. 246

Scheme 50: Proposed preassociation mechanism for the aciadtatalyzed hydration of
BIKEINES. ..ttt e e e e e e amnr e e et ee e e e e e e e s annne s 247

Scheme 51The HCI-catalyzed addition of HCI to 1,3,3 -trideuteriocyclohexene via an
Ade3 mechanism (eg. 1), and the HClcatalyzed addition of HOAc to
Ot Ot 1 OUDPET UOT UD O RamEcbaditn (€284, Y. D.E.wE. Ow....E248

Scheme 52: Thesyn selective addition of DBr to trans-1-phenylp ropene in
dichloromethane via an Ad e2 MechaniSM22,............cccoiiiiiiiiiieereee e 249

Scheme 53: Proposed mechanism for the acietatalyzed intramolecular addition of
sulfonamides acroSs VINY| arenNeSI80............oii i iiiiiiiieee e eees e 250

Scheme 54: Goldcatalyzed intramolecular syrn-hydroamination of doubly deuterated ¢
cyclohexenyl sulfonamide 7.1-hUZ D% ......c.oveuieeeeeceee e 251

Scheme 55: HOTfcatalyzed intramolecular syn-hydroamination of doubly deuterated o

cyclohexenyl sulfonamide 7.1-hUzZ @et..Zu....cveeeieeiee e, 252
Scheme 56: HOTfcatalyzed intramolecular hydroamination of g-cyclohexenyl

ES] 1 0] g =0 1o = 00 253
Scheme 57: Generation and DOT4catalyzed cyclizatioO w O | Nidh t6 TP 7ax-Ch. ......... 257

Scheme 58: HOTfcatalyzed intramolecular syn-hydroalkoxylation of doubly deuterated
g-cyclohexenyl alcONOl 7.3- U7 4bd..Zuecveoeeeeeeeeceeeeeeeee e emea et ae e 259

Scheme 59: HOTfcatalyzed intramolecular syn-hydroacyloxylation of doubly
deuterated g-cyclohexenyl carboxylic acid 7.5-hZ @ed..Ze..coveveveeeeciecceeeeeceeeee 261

XXX



Scheme 60: The HOTH{catalyzed hydroamination of a ~1:1 mixture of 7.1 and 7.1-| -gh to
7.2 and 7.27ad: (eq. 1) and the HOTf catalyzed isomerization of 7.1-1 ghto 7.2-7a-ch (eq.

Scheme 61: Proposed mechanismdr the DOTf-catalyzed intramolecular syn-
hydroamination Of 7.1 -N-01. ...coooiiiiiiiiee e e e e 274

XXXi



Acknowledgements

Rachel would first like to thank Ross Widenhoefer and the Duke Chemistry
Department faculty and staff for their guidance throughout he r time as a research and
teaching assistant. Rachel would also like to recognize her parents, Alice and Stan, easily
the best parentsshe ever had. To the Widenhoefer lab members, past and present, who
offered Rachel advice and counsel throughout her years, she extends many thanks.
During the dissertation writing process, Rachel conned many editors into proofreading,
among them Marina Leed, Kristina Butler, Jason King and Robert Harris. Lastly, Rachel
would like to show appreciation for her husband Matt. Hi s patience, companionship,
and ability to keep her computer alive were the base without which she may have never

finished graduate school.

XXXil



1. Computational and Experimental Studies of the
Structure and Binding of Cationic Gold(l) p-Complexes
of Alkenes an d Alkynes

Portions of this chapter are in press in Angewandte Chemiand Angewandte

Chemie, International Edition

1.1 Introduction: gold(l) p-activation catalysis

It has been said recently that transition metals have magical powers!
Homogeneous transition metal catalysis has been widely adopted by the
pharmaceuticals and fine chemicals communities because of the variety of selective,
efficient, atom-economical methodologies the field provides for the functionalization of
complex molecules.? Since the 198 report by Teles, et al that soluble, cationic gold(l)
complexes catalyze the addition of alcohols to alkynes?the development of
homogeneous gold catalysts for organic transformations has been a broad and important
area of research. Gold(l) complexes ae especially efficient in effecting the addition of
carbon and heteroatom nucleophiles across GC multiple bonds
(hydrofunctionalization) 48 and the cycloisomerization of 1,n-enynes#!! More recently, a
number of enantioselective variants of these transformations have been reported that
employ dinuclear gold catalysts supported by axially chiral bis(phosphine) ligands. 1214

Mechanisms involving outer -sphere attack of a nucleophile on the electrophilic
p-ligand of a cationic gold(l) p-complex are typically invoked for gold(l) -catalyzed

hydrofunctionalization processes (Scheme 1), but direct experimental evidence for this
1



mechanism is limited. ¢ ¢10. 1517 Notably, the direct observation of the addition of a
nucleophile to a gold p-complex has not been resported. Because of the similarities in the
electronic properties and reactivity of gold(l), platinum(ll) and mercury (ll), it is not
surprising that the proposed mechanisms for p-activation by these three metals closely

parallel one another. 9 15.1819

@ = @ 'I/\!Nuc /—Nuc > Prod
L—Au — L—Au—H: 4>L—Au—'/_ - roducts

Scheme 1: Proposed mechanism p-activation by cationic gold(l).

Despite the surge in methodology development centered on p-activation by
gold(l), prior to 2006 no examples of cationic gold(l) p-complexes existed in the
literature. Information about the structure of these important complexes was inferred
from the observed catalytic activity, computational studies of simple model systems,
and structural analyses of neutral gold p-complexes?s It was not until 2009 that a diverse
collection of well characterized examples of cationic gold(l) p-complexes of alkenes and
alkynes has become available. Summarized below are the computational models used to
explain the nature of binding in gold(l) p-complexes as well as examples of welt
characterized complexes of the form [(L)Au( p-ligand)] *[L = carbene or phosphine

supporting ligand, p-ligand = alkene or alkyne].



1.2 Binding models for cationic gold(I)  p-comp lexes

1.2.1 The Dewar -Chatt-Duncanson model for binding in transition
metal p-complexes

The nature of the bond(s) formed to transition metals by p-ligands, including
alkenes, alkynes, and allenes, is generally described by the DewarChatt-Duncanson
(DCD) model.?2>21 Essentially, the DCD partitions the metal -p-interaction into a s-
donation component, in which electron density is donated from the filled p-orbital on
the ligand into an empty metal hybrid orbital of appropriate symmetry, anda p-
backbonding component, in which electron density is donated from a filled metal d -

orbital into the p*-orbital of the ligand (Figure 1).

H H H H
H H H H
d<—r

H H H

= SaH
Mﬂ:

S —H

H H H

*
dxz—>TE

Figure 1: Orbital diagrams (left) and skeletal structures (right) depicting  the two
predominant binding modes described by the Dewar -Chatt-Duncanson model.

The balance between ligand to metals-donation (abbreviated hereinas L Y M)
and metal to ligand p-backbonding (M Y L) has important implications on the structure
and reactivity of transition metal p-complexes. Complexes with relatively strongL Y M

interactions generally have low energy barriers for the rotation of the p-ligand about the

3



M-L bond axis, while complexes with significant contributions fromM Y L
backbonding adopt a more metallacyclopropane-like structure and are more
conformationally rigid. Both components can cause structural changes in the p-ligand,
including lengthening of the C + C bond and distortion of the bound atoms from their
typical geometries. Strong predomination of one component over the other also affects
reactivity; net depletion of the electron density from the p-ligand through strongL Y M

interaction renders it electrophilic.

1.2.2 Relativistic effects on the chemistry of gold

The chemistry of gold is thought to be dominated by large relativistic effects,
which are attributed to the significantly high velocity of electrons moving near a heavy
nucleus with respect to the speed of light.2225 For gold, these effects result in a
contraction of the s- and p-orbitals to an extent unmatched in elements in which Z <
10026 Contracted s- and p-orbitals result in shielding of the d - and f-electrons from
attractive nuclear forces and cause expansion and diffusion of the d- and f-orbitals.
Consequently, gold complexes exhibit short, unusually strong bonds to soft Lewis bases
such as phosphines and alkenes. Relativistic effects are also invoked to explain the
stabilization of the Au -Au interaction, which is on the order of a hydrogen bond, and the

strong tendency of gold to adopt linear, two -coordinate geometry.2-28



+

1.2.3 Theoretical studies of bonding in Au  *-ethylene and Au -
acetylene complexes.

Before 2006, most of the information available regarding the structure of gold p-
complexes came from computational studies on simplified systems; the most studied of
these systems is the cationic gold(I}ethylene complex Au+(CzH4) (1.1). A number of
computational methods have been used to determine the optimal geometry of 1.1 and
the relative contributions of electrostatic ( DEeistat) and orbital ( DEorw) interactions to the
binding energy ( DEint ) of the complex (Table 1)2%33 Further, relative contributions of the
LY Mand M Y L type interactions to the orbital inte raction energy are computed. The
first of these studies was reported in 1979 by Ziegler and Rauk and utilized the semi-
empirical Hartree -Fock-Slater (HFS) transition state method2 The study concluded that
electrostatic interactions contributed 65% of the 50 kcal mol! attractive bonding energy.
Of the 35% remaining that was attributed to orbital interactions, 74% of this was
predicted to be from L Y M s-donation and 20% from M Y L p-backbonding. The
remaining 6% of the orbital interaction component is attributed to minimal contributions
from interactions of the orbitals perpendicular to the Au -C-C plane. However, these
early computations did not acc ount for relativistic effects, resulting in a rather long
computed M -C distance (d M-C) of 2.47 A.

In 1996, a similar study was published using hybrid density functional
theory/Hartree -flock (DFT/HF) methods employing an augmented local density

approximat ion (LDA/BP) to account for relativistic effects. 3° As expected, this study
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predicts a shorter (2.18 A), stronger (69.0 kcal mot)) metal alkene bond. Furthermore, the
guasi-relativistic Morokuma bond decomposition analysis attributes only ~50% of the
attractive bonding energy to electrostatic interactions. The remaining orbital interaction
is partitioned into a ~5:1 ratio of L Y M donationto M Y L backbonding and is expected
to result in the elongation of the C-C ethylene bond by 0.032 A (2.4 %).

A more recent 2004 study using DFT at the BP86/TZP theory level and energy
partitioning analysis (EPA) predicts an even stronger, shorter Au -olefin interaction but
with about the same relative contribution of L Y Mand M Y L donation. 3t Although
this study found t he orbital interaction to contribute only 43% to the overall attractive
bonding energy, the large absolute magnitude of these interactions (101.6 kcal motY)
results in lengthening of the C-C bond of ethylene by 0.081 A (6.1%). More importantly,
this study compares the calculated bond energies ofl.1 with the analogous gold
acetylene complex Au‘1(CzH2) (1.2). They found that the gold -acetylene bond is shorter
but less stable by almost 10 kcal molt. Energy decomposition analysis (EDA) shows that
the relative contributions of the different interactions are about the same in 1.1and 1.2,

but M Y L backbonding is slightly more important in the alkyne complex.



Table 1: Calculated bond distances (A) and interaction energies (kcal mol ) for Au *-
ethylene and Au *acetylene complexes.

Au*(CzH4) Au*(CzH2)
Theory (Year) HFS (1979  DFT/HF (1996)° DFT (20043t DFT (20043t

dM-C 2.47 2.18 2.165 2.135
dC-C 1.37F 1.414 1.250
DEind -50 -69.0 -79.1 -70.8
DEelstat® -57 (65%) -73.62 (50.8%) -134.7 (57.0%) -134.1 (57.8%)
DEoe -31 (35%) -71.25 (49.2%) -101.6 (43.0%) -97.8 (42.2%)
LY M . \
) -23 (74%) -54.81 (76.9% -68.0 (67.0%) -63.1 (64.6%)
s-donationf
MY L . \
-6.3 (200) -11.22 (15.7%, -25.5 (25.0%) -26.5(27.1%)

p-backbondingf

aCalculated dcc for free ethylene = 1.339 A3 tCalculated dec for free ethylene = 1.333 A3t «Calculated dec for
free acetylene= 1206 A 31 ¢The balance of the interaction energy is attributed to Pauli repul sion forces.
ePercentages are of total attractive binding energies DEeistat + DEon). fPercentages are oDEor.

A pair of publications using natural bond orbital (NBO) 32and
multiconfigurational self -consistent field (MCSCF)? calculations attempt to assess the
importance of metal to ligand p-back bonding in 1.1 based a electron density in the
olefin p*-orbital relative to free ethylene. However, the reports are inconsistent, with the
former claiming a large electron population in the p*orbital due to strong donation from
the metal cation and the later reporting a decrease in electron density in the ethylenep*

orbital relative to free ethylene. Furthermore, neither report compares the relative



magnitude of p-backbonding to s-donation or total orbital interaction energy, so the

significance of the data is difficult to a ssess.

1.2.4 Theoretical studies of bonding in LAu  *-alkene and LAu *-alkyne
complexes.

While the studies outlined above are informative to the global understanding of
gold p-ligand binding, gold(l) catalysis typically employs cationic gold catalyst bearing a
phosphine or carbene supporting ligand. More recently, computational studies have
been carried out on more catalytically relevant model cationic gold p-complexes of the
form [LAu -(p-ligand)] * [L = phosphine or NHC supporting ligand; p-ligand = alkene or
alkyne], often in conjunction with experimental characterization of similar complexes
(see below). In 2008, Toste reported a DFT/NBO analysis of phosphine goldalkyne
complex 1.3 (Table 2)3* Geometry optimization of 1.3 gave results described as
consistent with a similar isolated dimeric complex, but commentary on the geometrical
changes of the alkyne ligand upon complexation to gold were not included. NBO
analysis of 1.3revealeda LY M interaction of 56.6 kcal mol-and M Y L interaction of
13.3 kcal motlt, consistent in magnitude and ratio with the orbital interaction energies
computed for 1.130

A similar study on cationic NHC -gold-cyclododecyne complexesl4and 15
(Table 2) revealed the same ~4:1 ratio of LY M donation and M Y L p-backbonding as
was predicted for 1.3, but the magnitudes of the total orbital interactions for the

complexes were larger 3% While the Au -alkyne bond in 1.4 is computed to be ~6.5 kcal
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mol-1stronger than the Au-alkyne bond in 1.5, the C! C bond of the cyclododecyne
ligand is expected to lengthen by ~0.03 A upon complexation to either [[NHC)AU] *
fragment. Subsequently, Russell et al published the EPA analysis of
[(MesP)Au(norbornene)] * (1.6). Overall orbital interaction is predicted to be weaker in
this complex than in any of the others studied, and M Y L backbonding was calculated
to contribute a full 25% to this bond. 36

In a slightly different approach, Tarantelli et al used DFT and the charge -
displacement (CD) function to analyze the shift in electron density upon complexation
of acetylene (L.7) or ethylene (1.8) to a simplified NHC -Au*fragment.3” The BDE for the
gold-(p-ligand) bond was found to be 36.9 kcal mol-tin 1.7 and 38.8 kcal mottin 1.8 For
1.7, metal to ligand p-backbonding contributed ~34% to the overall orbital interactions
with the r emaining 66% from ligand to metal s-donation, causing a 12° bend in the
"+ "+ wBnQI®df the acetylene ligand. For1.8, p back-donation was calculated to

contribute 45% to the total orbital interaction energy.



Table 2: Calculated bond lengths (A) and energies (kcal mol ) for [(L)Au(alkyne)] *
and [(L)Au(alkene)] *complexes.

dC-C dM-C BDE LY M MY L
CHs
®
PhyP-AG| 1258 2.249, ~ 56.6 13.3
2.386 (81.0%)  (19.0%)
TMS (1.3)
IAr
N
[ >—Au®‘| 1.246 - 39.60 74 19.8
N ' ' (79.6%)  (20.4%)
Ar 4 (14)
IAr
N
C >—AU®‘| 1.247 - 33.08 09.7 20.3
N, ' ' (77.4%)  (22.6%)
Ar 4 15
® ~ ~ ~ 45.2 15
Me;zP-Au—l (1.6 (75%) (25%)
H H
N o
[N>—Au% | 1.23 2.17 369 (66%)  (34%)
H Hao
H
N B H
[ %AU—I 1.3 2.20 38.8 (55%) (45%)
N H™H
H (1.8)

aCalculated dcc for free cyclododecyne =1.216 A.bCalculated dcc for free acetylene = 1.21¢Calculated dcc
for free ethylene = 1.33 A.

1.3 Experimental determination  of structure and solution
behavior in gold(l) pcomplexes of alkenes and alkynes

1.3.1 Introduction

The first examples of isolated cationic, monomeric gold p-complexes of the form

[(L)Au( p-ligand)] were reported in 2006 by Echavarren and coworkers. Four gold(l) p-

10



arene complexes bearing bulky phosphine ligands of the form

[(PRor EDxT 1 Oa OA[REBBE aréndipAyene (1.9), toluene; R = cyclohexyl,
arene =p-xylene, toluene (1.10] were synthesized by ligand exchange in and
crystallization from the corresponding aromatic solvent for characterization in the solid
state (Figure 2)38 Xylene complexes exhibited h2-arene interactions, while toluene
complexes exhibited an Au-h*-C3 bond. Fluxionality of the weakly bound p-arene

ligands precluded meaningfu | spectroscopic analysis of the complexes in solution.

PYoe
t-8 :

tBu, @ p-pu—
P-Au—

Ph
Ph

110
19

Figure 2: ORTEP diagrams and skeletal structures of phosphine gold(l) h*- and hz-
arene p-complexes 1.9 and 1.10. Hydrogen atoms and counterions have been removed
for clarity.

Shortly thereafter, Sadighi reported isolation and solution characterization of the

stable gold(l) p-alkyne complex [(SIPr)Au( hzEtCt CEt)]* BR [SIPr =1,3-bis(2,6-
11



diisopropylphenylimidazolin -2-ylidene] (1.11).2° Since then,a diverse collection of
gold(l) p-complexes has been reported, including complexes of alkenes, alkynes, arenes,
allenes, dienes, enol ethers, and enamines with a number of different supporting

ligands. Highlighted below are examples of monomeric, cationic, two -coordinate gold(l)
p-complexes of alkenes and alkynes of the form [(L)Au(p-ligand)] * with either an N -
heterocyclic carbene (NHC) or a bulky phosphine supporting ligand. Examples of

gold(l) p-diene complexes and gold(l) p-complexes bearing either a chral (bis)phosphine
or triarylphosphine supporting ligand are considered in detail in chapters 2, 3, and 4,

respectively.

1.3.2 Synthesis, structural characterizations, and solution behavior of
cationic gold(l) p-alkene complexes

1.3.2.1 Complexes bearing NHC supporting ligands

In 2009, Nolan reported the synthesis of the complex [(IPr)Au(hz-
norbornadiene)] * PFs [IPr = 1,3-bis(diisopropylphenyl)imidazol -2-ylidene)] (1.12) by
displacement of acetonitrile from the common gold precatalyst [(IP)AUNCCH 3)]* PFe
(2.13 (Scheme2, eq. 1)#In the same year, Macchioni reported the synthesis and
isolation of [(IPr)Au( hz-4-methylstyrene)] *BFs (1.14) through halide abstraction from
(IPr)AuCl with AgBF 4in the presence of 4methylstyrene. 4! Subsequently, Widenhoefer
and co-workers reported use of a similar procedure to synthesize a diverse family of

NHC -gold-alkene complexes of the form [(IPr)Au( h?-alkene)]* SbFs [alkene =

12



isobutylene (1.15, norbornene (1.16), 2-methyl -2-butene (1.17), 2,3dimethyl -2-butene
(1.18), methylene cyclohexane, cis-2-butene, 1-hexene, and 4methylstyrene] (Table 3).42

Scheme 2: Synthesis of select [(IPr)Au( h%alkene)]* complexes. Ar = 2,6-
diisopropylphenyl

Ar PR ; b Nt“r ?—\ T PRy

N
— > —\ eq. 1

[N>7Au NCCHs CH,ClI,, rt, overnight [N>7Au ( )

Ar 84% Ar

1.13 1.12
N,Ar N,Ar ] TeF,
AgBF,, 4-methylstyrene
Au—Cl > — eq. 2

[N>_ CHZCly, rt, 65% [N>_A” L@\ °a-2)

Ar Ar

1.14

Because of its sensitivty to the electronic environment of atoms, 3C NMR
spectroscopy was used to confirm binding of the cationic [(IPr)Au] *fragment to alkenes
in solution (Table 3). For complexes1.12, 1.16 and 1.18with symmetrically -substituted
alkenes, the alkenyl 13C resonances were shifted upfield relative to the free alkene.
Complexes of an aliphatic terminal olefin ( 1.15 or unsymmetrically substituted internal
olefin (1.17) displayed the same upfield shift of the resonance corresponding to the less
substituted alkene terminus and a downfield shift of the resonance corresponding to the
more-substituted alkene terminus. This pattern points to slippage of gold toward the
less-substituted terminus of the alkene with depletion of electron density from the more
substituted terminus; the magnitude of this slippage increases with increased

differentiation of the two alkene termini. Interestingly, 4 -methylstyrene complex 1.14

13



displays a very large upfield shift of the terminal carbon resonance (D d= 28.4 ppm) and
a smaller upfield shift of the internal alkene resonance relative to free alkene, indicating

either less slippage of gold toward the unsubstituted alkene carbon or reduced donation

of electron density from the more substituted terminus.

IH NMR resonances

corresponding to the vinyl protons of bound alkenes were all shifted upfield regardless

of substitution patterns, albeit to different degrees (D d=-0.05¢ -0.77 ppm).

Table 3: Relevant 3C and H NMR data for [(IP r)Au( p-alkene)]* complexes in CDCl s.

Displacement from free alkene ( D Qlis shown parenthetically (ppm).

a

Alkene Complex HC=C RC=C R(H)C= HC=C RH)C=
® d134.4 d6.520
(IPr)—Au—\ (112 (-8.8) (-0.33)
(IPr)— Au— |
d84.% d1294 d5.01,4.99 d6.56
(-28.4) (-9.0) (-0.77,-0.52  (-0.18)
(1 14)41
(1Pr)— A d88.2  d155.2 d 4.
(1.15% (-22.3) (13.0) (-0.2
® 123.5 5.71
(IPr)—Au—\ (116 (-11.7) (-0.24)
(P Acg)i d137.2 d105.3 d5.07
(1.17)%2 (5.2) (-12.7) (-0.05)
(P A%)I d122.1
(1.18)% (-1.6)

aNegative values indicate upfield shifts, positive values indicate downfield shif ts.Resonances broad.

cSpectra recorded in CD2Cl>.
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Analysis of the isotopomer 1.1513C: showed only a minor diminution of the 1k-c
coupling constant of the isobutylene ligand relative to free isobutylene. This points to
minimal deviation of the bound iso butylene from sp? hybridization and, hence, nominal
contribution of p-backbonding to the gold t alkene bond. Multinuclear, two -dimensional
NMR studies into the interionic structure of 1.14reveal that the tetrafluoroborate
counterion is positioned predominantly (65 -83% occupancy) near the IPr imidazole ring,
suggesting minim al charge transfer from the p-ligand to the cationic gold moiety. 4

Complexes 1.15, 1.16and 1.18were also analyzed in the solid state (Figure 3).42
All complexesdisplay h2coordination and adopt distorted linear , two-coordinate
geometries about the central gold atom [C(carbene}t Aut C=C(centroid) = 172177 °] with
no significant elongation of the coordinated C=C bond relative to free alkene. The Aut
C=C(centroid) distances ranged from 2.128 A in1.16to 2.141 A in 1.15. Consistent with
the 13C NMR spectroscopy, the gold p-isobutylene complex 1.15displayed significant
slippage of gold toward the less substituted alkene terminus, binding through a shorter
Au¢CH: and a longer Aut CMe:z bond (Dd = 0.086 A).In comparison, the AutC bonds of
complex 1.16 differed by only 0.024 A, and those of complex 1.18differed by less than
0.01 A.Complex 1.12was not characterized in the solid-state as itdecomposed via Pt F

bond cleavage to form [(IPrAu) :(mPFs)]* PR+ upon attempted crystallization .40
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Figure 3: ORTEP diagrams of [(IPr)Au( h2z-alkene)]+* complexes 1.15 (top left), 1.16
(right), and 1.18 (bottom left). Hydrogen atoms and counterions have been removed
for clarity.

To better understand the structure and reactivity of the gold p-alkene complexes,
a number of studies on the solution behavior of the complexes were performed. Kinetic
analysis of intermolecular isobutylene exchange with 1.15established an [isobutylene]
dependent pathway for exchange with an energy barrier of DG?s1sx = 16 kcalmol-! arising
from a modest enthalpy of activation ( DH? = 8 kcalmol-t) and large negative entropy of

activation (DS =-27 eu). These data are consistent with an associative pathway for
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isobutylene exchange involving the unobserved, 16-electron, bis(alkene) intermediate
[(IPr)Au( h-H2C=CMe)z]* SbF'.

Toward further evaluating the s-donation/ p-backbonding nature of the gold -
alkene bond,*¥45 Widenhoefer and Brown determined the relative binding affinities of p-
substituted vinyl arenes to the 12 electron gold fragment [(IP r)Au] * by measuring the
equilibrium displacement of 3,5 -bis(trifluoromethyl)benzonitrile (NCAr ¢) from
[(IPNAU(NCAr £)]* SbFs .42 A plot of log Keq versus the Hammett s-parameter produced a
reaction constant ofr =¢2.4 + 0.2, which is significantly more negative than those
obtained for related late transition metal complexes (Ag *:r =¢0.778Pt(ll): r =¢1.32#
Pd(Il): r © $1.39%). These observations indicate that the bonding interaction for cationic
gold alkene complexes is biased toward s-donation and away from p-backbonding to an

extent unprecedented for late transition metal p-alkene complexes.

1.3.2.2Complexes bearing bulky phosphine supporting ligands
"OOEUUUI OUwbPbPUT we DET O @lalkeheltgmplaxed, andity O wOT w( / U
conjunction with the DFT study of complex 1.6 (section 1.2.4), Green and Russell
reported the synthesis of gold complexes of the form [(PBus)Au( p-alkene)]* SbF
[alkene = isobutylene (1.19), norbornene (1.20), trans-cyclooctene (1.21), and
norbornadiene] (Table 4).3¢ Subsequently, Widenhoefer and Brown reported the isolation
of eleven compounds of the form [(P1)Au( p-alkene)]* SbFs

[alkene = methylenecyclohexane (1.22), isobutylene (1.23), 4imethylstyrene (1.24),
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cisi2zibutene, lthexene, 2,3idimethyl 121butene, transi2ibutene, | 1 O1 UT a 011 1 EUUIT Ol
styrene, 4bromostyrene, and 41 rifluoromethylstyren e; P1 = P{-Bu)z0-biphenyl]. 46
Complexes 1.19- 1.24 displayed similar patterns and magnitudes of chemical
shifts as were observed for the corresponding alkene complexes bearing the NHC
ligands (Table 4). Unlike the NHC complexes, vinyl proton resonances corresponding to
alkenes complexed to [(BusP)Au]* (1.19¢% 1.21) were universally shifted downfield
relative to free alkene (D d= 0.54¢ 0.65), while [(P1)Au(p-alkene)]* complexes (1.2t 1.24)
displayed an upfield shift of the vinyl protons corresponding to the less substituted
alkene terminus and a downfield shift of those corresponding to the more -substituted

terminus.
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Table 4: Relevant 13C, *H, and 3'P NMR da ta for [(phosphine)Au( p-alkene)]* complexes
in CDCIs. Displacement from free alkene is shown parenthetically (ppm). @

Complex H:C=C R.L=C R(H)C= H:C=C RH)C= ap
®
(tBu3P)—AujL d96.2 d162.1 d5.19
d 100.4
(1197 (-14.3)  (19.7) (0.59)
(Bu P)_Af_? d132.3 d6.60 oo,
3 (-2.9) (0.65) '
(1.20)%
(©)
(‘BuzP)—Au—;|
d 130.6 d6.04 oo,
(-3.3) (0.54) '
(1.21)%
©)
(P1)—Au—
d91.8 d169.4 d3.93
(-14.6)  (19.4) (-0.62) d64.7
(1.22)p42
@
(P1)—Aujj\ d95.1 d163.3 d3.92 4649
(129 (-15.4)  (20.9) (-0.68)
@
(P1)—Au—||
d89.5 d1355 d4.75,432 d682 .
(-23.2) (-1.2) (- 0.-©.328 (0.17) '
(1.24)%2

aNegative values reflect upfield shifts, positive values reflect downfield shifts. "Spectra recorded in CD2Clo.

Complexes 1.19, 1.20, 1.22 and 1.24 were further characterized by X -ray
crystallography (Figure 4). Like their NHC analogues, these complexes adopted
distorted linear, two -coordinate geometries with minimal elongation of the h2-bound
alkene. The phosphine complexes displayed slightly longer Au -C=C(centroid) distances
ranging from 2.155 A (1.24) to 2.186 A (.19 and 1.20). As compared to IPr gold complex

1.15, solid-state analysis of the 1,tdisubstituted alkene complexes 1.19and 1.22revealed
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more pronounced slippage of the alkene ligand toward the unsubstituted terminus [ Dd
AutC1/AutC2 = 0.1261.19) and 0.155 A (1.22)]. Also evident from X -ray structural
analysis was the pronounced steric influence of the protruding phenyl r ing of the P1
ligand, which was manifested in the more significant deviation from linearity [P tAut

C=C(centroid) = 161165 °] relative to both the PBus and IPr complexes.

Figure 4: ORTEP diagrams of [(phosphine)Au( hz-alkene)]* complexes 1.19 (top left),
1.20 (bottom left), 1.22 (top right) and 1.24 (bottom right). Hydrogen atoms and
counterions have been removed for clarity.

Kinetic analysis of intermolecular isobutylene exchange with 1.23 established the

presence of an [isobutylene] dependent pathway with activation parameters ( DH>=5
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kcal/mol, DS =133 eu) similar to those of IPr complex 1.15 Hammett analysis of the
binding affinities of substituted vinyl arenes to the 12 electron gold fragment (P1)Au *
produced areaction constant of r =t 3.4, which significantly exceeded that determined
for the binding of vinyl arenes to (IPr)Au *. This observation points to the greater
electrophilicity of a gold fragment bearing an alkyl phosphine ligand relative to the

corresponding gold fragments bearing and NHC ligand.

1.3.3 Synthesis, str uctural characterizations, and solution behavior of
cationic gold(l) p-alkyne complexes

1.33.1Internal alkyne ¢ omplexes bearing NHC supporting ligands

In 2007, Sadighi reported the isolation of the cationic gold alkyne complex
[(SIPrAu(h2z-EtCt CEt)]* BR{1.11) via chloride abstraction from (SIPr)AuCl with AgBF 4
in the presence of 3hexyne (Scheme3, eq. 3.3° The following year, Bertrand reported the
synthesis of the analogous cyclic alkyl amino carbene complex (CAAC)Au( h%-EtC* CEt)]*
B(CsFs)4t (1.25 via ligand displacement from the corresponding p-toluene complex with
3-hexyne (Scheme 3, eq. 4}” These early successssparked a number of studies of
internal alkyne complexes of the form [(L)Au( p-alkyne)]*in the following years. Along
with an aforementioned DFT study, Furstner et. al. reported the generation and in situ
and solid -state characterization of [[NHC)Au( h2-cyclododecyne)]* SbFs [NHC = IPr (1.4),
1,3-Bis(2,6diisopropylphenyl)hexahydropyrimidin  -2-ylidene (1.5)].35 Subsequently, the
syntheses and study of stable complexes [(IPr)Au(h2-MeC! CPr)]* BF+ (1.2648 and

[(IPr)Au( p-alkyne)]* SbFs [alkyne = 3-hexyne (1.27), 1-phenylpropyne ( 1.28] were
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reported. 4 Dias has recently reported the synthesis and solid-state structure of the
cyclooctyne complex [(SIPr)Au(hz-cyclooctyne)]* SbR-{d.29, which, in contrast to 1.4
and 1.5 was thermally stable in solution. 5°

Scheme 3: Synthesis of select [(IPr)Au( h*alkyne)] * complexes. Ar = 2,6-
diisopropylphenyl

& Ar TRy
AgBF, N
EN>—Au—C| « I [N%Au_| | (eq. 3)
Ar Ar
111
Ar —l + B(CeFs)s

Ar —\ + B(CgFs)s
N
Au— 3-hexyne AU_‘ |
o (eq. 4)
toluene, rt, 96%
1.25

Unlike the complexes of symmetrically substituted alkenes, for 3-hexyne
complexes1.11, 1.25, and 1.27,the alkyne carbon resonances were shifted downfield by
~6.5 ppm relative to free alkyne in the 13C NMR spectra. Similarly, the C2 and C3 alkyne
carbons in 2-hexyne 1.26were shifted downfield by 6.8 and 6.6 ppm , respectively,
suggesting that the methyl and propyl substitutents are not sterically or electronically
different enough to cause slippage of gold toward one alkyne terminus. For the
cycloalkyne complexes, the greater donicity of the IPr ligand of 1.4relative to the NHC

ligands of 1.5and 1.29was reflected in the greater shielding of the alkyne carbon
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resonances ofl.4(Dd =6.3 ppm) as compared to those of1.5(Dd =4.9 ppm) and 1.29
(D d=2.5 ppm) in the 3C NMR spectra.

Studies by Macchioni et al on 2-hexyne complex 1.26 suggest that the lution
structure and behavior of gold(l) p-alkyne complexes are similar to analogous alkene
complexes. Kinetic analysis of the intermolecular exchange of 2-hexyne with 1.26
established the presence of a [Zhexyne] dependent pathway with an energy barrier of
DGr20sk = 15.5 kcal/mol, and interionic analysis suggests that the BE counterion locates
proximal to the NHC ligand. st

Of the complexes discussed herein, only the cycloalkyne complexesl.4, 1.5 and
1.29 have beencharacterized in the solid state (Figure 5). The Au-C! C(centroid)
distances of 2.115 A (.29) and 2.14 A (1.4 and 1.5) are in the same range as [(NHC)Au(p-
alkene)]* complexes. The Ct C bond of IPr complex 1.4 is lengthened slightly (Dd = 0.01
A) and the C C¢ C angle (168 °) is diminished slightly relative to free cyclododecyne (176
°). Despite the significant differences in the NMR spectra of 1.4 and 1.5, the Ct C bond
length of 5was not significantly different from that of 4 and the compressed C CtC of 5

(160 °) was attributed to steric rather than electronic effects.
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Figure 5: ORTEP diagrams of [[NHC)Au( hz-alkyne)] * complexes 1.4 (top left), 1.5
(bottom left), and 1.29 (right). Hydrogen atoms and counterions have been removed
for clarity.

1.33.2. Complexes bearing a hindered alkyl phosphine ligand

As compared to the NHC complexes discussed above, fewerexamples of alkyne
complexes bearing hindered alkyl phosphine ligands have been reported. In 2010, Green
and Russell reported the synthesis and solid state characterization of the gold p-alkyne
complexes [(PBus)Au(RC! CCMes)]* SbK' [R = Me (1.30, SiMes (1.31)].52 Widenhoefer

and Brown subsequently reported the synthesis and solution behavior of a family of
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gold p-alkyne complexes of the form [(P1)Au(R1C!t CR?)]* SbF [R1= R = Et (1.32); Rt =
Me, Rz =tBu (1.33), Ph, Me, "Pr].“® Recently, Macchioni reported the synthesis of the 3
hexyne complexs [(L)Au( EtC! CEt)]* BF4 [L = P1 (1.34), PBus (1.35)] in conjunction with
a combined NMR/DFT study of this and previously known gold(l) p-alkyne complexes .3

Complex 1.32 and related linear alkynes displayed downfie Id shifts of the bound
alkyne ~4 ppm greater than the corresponding IPr complexes (D dLO-11 ppm) in the 13C
NMR spectrum , suggesting more charge transfer from the alkyne ligand to the [(P1)Au]*
fragment relative to the less electron deficient [[NHC)Au] *fragment. Complexes 1.30
and 1.33 bearing the bulky 'Bu substituted alkyne, displayed large r downfield shifts of
both sp carbons of the bound alkyne relative to free alkyne (D dl2-15 ppm), despite the
significant steric and electronic differences between the two alkyne termini and the
enhanced donicity of the trialkylphosphine supporting ligand relative  to P1.Unlike
complexes of the alkyl-substituted alkynes, the 3C spectrum of complex 1.31 did suggest
asymmetric binding of gold to the trimethylsilyl subs tituted ligand with significant
slippage of gold toward the CSiMes terminus (D d= 8 ppm) and away from the CCMes
terminus (D d= 17 ppm).

While no formal Hammet t analysis of binding in gold(l) p-B OU1 UOEO1 EO0Oa Ol w
complexeshas been reported, Widenhoefer et al. did measure the equilibrium binding
affinity of several alkynes to [(L)Au] * (L = IPr, P1) relative to NCAr r.*° In general, the

more electron rich aliphatic alkynes bound more strongly to gold than those bearing

25



aromatic substituents. Equilibrium displacement of NCAr rfrom both the NHC complex
and the phosphine complex by butyne was essentially equivalent, but 1-phenyl-1-
propyne displayed significantly lower affinity for [(P1)Au] *relative to [(IPr)Au] *.
Macchioni analysed the anion/cation structure of the 3-hexyne complexes1.34 and 1.35
by *FH HOESY NMR and found the counteri on positioned primarily near the alkyne
ligand. %3

X-ray crystal structures are reported for complexes 1.30and 1.31, but
orientational disorder in 1.31 precluded meaningful structural analysis (Figure 6). The X
ray structure of 1.30revealed symmetrical, h2-coordination of the 4,4-dimethylpent -2-
yne ligand to gold with an Au-C! C(centroid) distance of 2.153 A and a PAu-
Ct C(centroid) angle of 175.73 °.N o significant lengthening of the C* C bond relative to
free 4,4dimethylpent -2-yne was observed, although the alkyne substituents were bent

away from the (PtBus)Au moiety (C1CtC = 165168 °).

Figure 6: ORTEP diagram of [(*BusP)Au(h2-alkyne)] * (1.30). Hydrogen atoms and
counterion have been removed for clarity.
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1.4 Summary and discussion

Computational and experimental studies conclude that cationic gold(l) favorably
forms p-complexes with alkenes and alkynes and that attractive orbital interactions are
dominated by L Y M s-donation. Beyond these conclusions, ambiguity remains
regarding the nature of binding in gold(l) p-complexes.

Computational studies of 1.1 and 1.2 predict that 35-50% of the attractive forces
in the metal-(p-ligand) bond come from favorable orbital overlap between the two
components as described by the DCDmodel. The magnitude of this stabilization differs
by study, as does the relative contribution of M Y L p-backbonding, which is predicted
to account for 15-27% d stabilization gained by orbital interactions. A direct comparison
of ethylene and acetylene binding show the alkene complex 1.1to be ~10 kcal mol* more
stable than alkyne complex 1.2 Because of the variety of complexes studied, general
trends are more difficult to reduce from computational studies of [(L)Au( p-ligand] *
complexes 1.3t 1.8. The electrostatic component of the gold-p-ligand interaction is
largely ignored in these studies, and the predicted relative contribution of M Y L p-
backbonding ranges from ~20% in NBO/EDA experiments to 45% in CD studies.

While very little comparable experimental data exists regarding the energetics of
binding in gold(l) 4oomplexes, computational and experimental results can easily be
compared on the basis of geometry. All but the earliest theoretical works predict an Au -

(p-ligand) bond length of 2.1 ¢ 2.2 A. Isolated p-complexes exhibit Au-alkene and Au-
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alkyne distances within this computationally predicted range, with the [[NHC)Au] ~
complexes generally exhibiting closer Au -(p-ligand) interactions than the corresponding
bulky phosphine ligands. However, DFT calculations also predict a 0.02 ¢ 0.08 A
elongation of a Ct C p-bond upon complexation to gold, and this effect is almost
completely absent in the structurally characterized complexes. The lack of elongation
and distorti on of alkenes and alkynes in p-complexes has been used to partially support
claims that M Y L backbonding contributes minimally to binding in gold(l) p-
complexes, but the implications of these observations on the importance of LY M s-
donation remains unex plained.

Perhaps the most important conclusion that can be drawn from the experimental
data regarding cationic gold(l) p-complexes is the sensitivity of this interaction to
changes in substitution on the p-ligand. The strength of the bond between [(L)Au] *and a
p-system depends more on the steric and electronic effects of substitution on thep-
system than the identity of the p-system itself (alkene vs. alkyne, etc.). Furthermore, the
degree ofh2 Y htslippage in these complexes is highly sensitive to steric and electronic
differentiation between the two carbon termini of the p-ligand, especially in
[(L)Au(alkene)] * complexes.

Together, the computational and experimental data described above have been
used to explain the high efficiency with which cationic g old(l) catalyzes

hydrofunctionalization of C -C p-bonds. However, with the exception of the
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intermolecular ligand exchange discussed herein and the corresponding intramolecular
process in complexes of allenes and dienes, little is known about the reactivity of these
complexes. Addition of a nucleophile to a gold(l) p-complex has not been directly
observed, although this mechanism is almost universally proposed. Despite the great
advances in only the last few years, much remains to be learned about the structire and

reactivity of gold(I) p-complexes and their role in p-activation catalysis.
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2. Syntheses, X -ray Crystal Structures, and Solution
Behavior of Cationic, Two -Coordinate Gold(l) h?-Diene
Complexes

Portions of this chapter have been published: Brooner, R. E. M.; Widenhoefer, R.
A. Organometallics2011, 30, 3182. Xray crystal structures were solved and refined by Dr.

Paul D. Boyle at North Carolina State University.

2.1 Introduction
2.1.1 Gold(l) catalyzed hydrofunctionalization of dienes

Included in the body of gold(l) -catalyzed hydrofunctionalizations developed in
recent years are a number of methods for the addition of a weakly basic, neutral
nucleophile across a conjugated diene. Specifically, cationic gold(l) complexes catalyze
the intermolecular 1, 2-addition of the XtH bond of sulfonamide s,5+%° carbamates >
thiols, 56 or indole s°7 to the less substituted COC bond of a conjugated diene andthe
intramolecular 1,4-addition of the N ¢H bond of a sulfonamide across a tethered
huOt 1 EAEOOT 1 R EEhedeléctivis DZaditidn afdhe nucleophile across the less
substituted COC bond in the gold(l) -catalyzed intermolecular hydrofunctionalization of
conjugated dienes distinguishes these transformations from other transition metal -
catalyzed diene hydrofun ctionalization processes, which typically occur with net
1,41addition 596 and/or telomerization. 6061

Gold(l) -catalyzed diene hydrofunctionalization has been proposed to occur via

initial p-coordination of the diene to gold, either through the less substi tuted C9C bond
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(h2-complexation) 558 or to both CBC bonds (h4-complexation),s* followed by outer -
sphere addition of the nucleophile and subsequent protodeauration. An outer -sphere
pathway involving attack of the nucleophile on a gold hZ2-diene intermediat e was further
supported by computational analysis of the gold(l) -catalyzed intramolecular
hydroamination of 3 -methyl -1,3-pentadiene with benzyl carbamate.® Despite the
potential role of cationic gold(l) p-diene complexes in the gold(l)-catalyzed

hydrofunc tionalization of conjugated dienes, prior to 2011, no well -characterized gold
pidiene complexeshad been documented. Formation of a gold(l) p-diene complex from
a mixture of (PPhs)AuCl, AgOTf, 3 -methyl-1,3-pentadiene, and benzyl carbamate was
proposed on the basis ofin situ 3P and 13C NMR analysis; however, neither isolation nor
full characteriz ation of the purported gold(l) p-diene complex was reported.5* As such,
information regarding the structure, bonding, and fluxional behavior of cationic gold(l)
p-diene complexeswas limited to that provid ed by computational analysiss® or that
gleaned from related gold p-alkene or allene complexes or transition metal 1,3diene

complexes.

2.1.2 Coordination behavior in gold(l)  p-alkene complexes

It is well document ed that gold(l) forms stable, two -coordinate, monomeric,
cationic p-complexes with mono -olefins of the form [(L)Au( hzalkene)]* X-[L = NHC or
hindered alkyl phosphine, X - = weakly coordinating counterion such as SbFs-br BF4.36. 4¢

42,4551, 63\ hile no 1,3-diene complexes were included in these pioneering experiments,
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several interesting questions about the nature of gold(l) p-diene complexes arise from
the observations therein. For example, kinetic analysis of intermolecular ligand
exchange of isobutylene with [(L)Au( h2isobutylene)]*SbFYL = P1 .1), IPr] suggests
that exchange occursvia an associative pathway through unobserved 16-electron, three-
coordinate bis-alkene intermediates or transitions states such as2.2. Furthermore, this
exchange & facile (DG’ = 15.0 kcal moft for 2.1) and occurs with a low entropy of
activation (DHY = 5.0 kcal molt) (Scheme 4)2 4Presumably, linking the two alkene
ligands (as in a 1,3diene) would decrease the entropy of activation for formation of the
three-coordinate bis-alkene species, making this process less unfavorable provided that
tethering the ligands does not result in increased strain in the complexes.

Scheme 4: Proposed mechanism for degenerate alkene exchange in gold(l) p-alkene

complexes.
® /‘\ ® . ®
L—Au— L-Au = L-Au—
L=P1 (2.1), IPr \-(
2.2

Another question about the structure of gold(l) p-diene complexes arises from
the observed preference of [(L)Au]* for complexation of highly -substituted alkenes. For
the series of complexes [(P1)Aufzalkene)]* SbF-{alkene = isobutylene (2.1), 1-hexene
(2.3, 22methyl -2-butene), equilibrium binding affinity increased in the order 1 -hexene <

isobutylene < 2-methyl -2-butene.*¢ However, gold(l) catalysts specifically add
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nucleophiles across the lesssubstituted bond of a differentially -substituted 1,3-diene,
suggesting activation of this less-substituted bond , presumably through coordination to
gold. While preferential formation of an h?complex at the more-substituted alkene of
the diene would not precl ude addition across the lesssubstituted alkene, additional
study would be necessary to explain the observed regioselectivity.

In addition to the isolated complexes described above, limited examples of
cationic, three-coordinate gold(l) p-alkene complexesare known. Most of these
complexes are formed with a strong bidentate ligand and take the form [( k2-L)Au( h2-
alkene)]* X for example, the three-coordinate complex [(k2-bipy P)Au(styrene)] * SbFs-w
[bipy ® = 6isopropyl -| Obipyridine] ( 2.4, Figure 7) was generated from the reaction of a
cationic gold(lll) oxo complex with styrene. ¢ Recently, Dias and coworkers reported
that the reaction of AuCl with AgSbF sin CH2Cl: in the presence of ethylene formed the

air-sensitive tris-ethylene complex [Au(C 2H 4)3]* ShFe-{2.5, Figure 7) 55

" soFg

24 2.5

Figure 7: Cationic, three -coordinate gold(l) p-alkene complexes 2.4 and 2.5.
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2.1.3 Transition metal h? and h*-(1,3-diene) complexes

Complexes of 1,3dienes are well known for transition metals through group 9.
These complexes display a strong preference towardh4-coordination of the diene, 6670
but hz-coordination is not unknown. Thermolysis of ( h5-CsMes& 6 galtkyl)( p-allyl)
complexes generates 1€éelectron h?-diene intermediate s that can be trapped as their 18
electron PMes adducts.”-73 Photolysis of tungsten,”#7> molybdenum, 7576 rhenium, 77 and
cobalt’ carbonyl compounds in the presence of diene also formsh2-diene compounds.
Similarly, treatment of molybdenum h4-diene compounds with a tertiary phosphine or
CO forms the corresponding molybdenum h2-diene compound. Iron h2-diene
complexes have been isolated from rearrangements of iron-allylidene compounds & and
f UOOwWUT T wUI E-akemyl@dnpddhdantt pbenyjcarbe nium -
hexafluorophosphate.s!

Examples of group 10 transition metal h2-diene complexes include three-
coordinate palladium, platinum, and nickel complexes that contain both an h2-1,3
butadiene ligand and a chelating bis(phosphine) ligand. 82 Of the group 11 metals, both
copper and silver salts are known to form dimeric or polymeric h2-diene complexes

through bridging 1,3 -diene ligands.838¢

2.1.4 Project goals and scope

Computational studies have predicted both h2- and h4-complexation of 1,3-dienes

by gold(l) , either of which could be supported by experimental studies of cationic
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gold(l) p-alkene complexes. Furthermore, analogy to known 1,3-diene complexes of late
transition metals suggest that gold(l) may form either monomeric h2- or h4-complexes or
polymeric h2-diene-bridged structures. As gold(l) p-diene complexes are often cited as
key intermediates in the catalytic hydrofunctionalization of dienes, a general
understanding of their structure and solution behavior is critical to the understanding of
the mechanism of these reactions. To this end, we sought to synthesize and study gold(l)
p-diene complexes using techniques previously developed in the lab to generate and
characterize monomeric, cationic gold(l) p-alkene complexes. We sought to determine
the preferential binding mode(s) in the synthesized diene complexes, as well as study
their intra - and intermolecular exchange behavior. Concurrent with publication of this
work, Russell et al reported a combined experimental/DFT study of a similar family of
gold(1) h?-diene complexes?”88 The results of this and subsequent studies are discussed

in the context of the present work in section 2.3.2.89

2.2 Results and discussion

2.2.1 Synthesis and characterization of the gold(l) h2-(trans -1,3-
pentadiene) complex 2.6

2.2.1.1 Synthesis of [(P1)Au(h2-(E)-H2CBC(H)C(H) ©C(H)Me )]* SbF¢-{2.6)

The synthesis of the cationic gold(l) complex of trans-1,3-pentadiene was
completed employing a procedure similar to that used to prepare cationic gold(l) hz
alkene complexes?2 46 A 1:1 mixture of (P1)AuCl [ P1 = P{-Bu).0-biphenyl] and AgSbFs

suspended in methylene chloride was treated with trans-1,3-pentadiene (10 equiv) under
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an atmosphere of Nz, resulting in formation of a new white precipitate which settles out
of solution. The mix ture was stirred for 6 h at room temperature , filtered through Celite,
and concentrated and dried to yield [(P1)Au (h2(E)-HCOC(H)C(H) ©C(H)Me )]* SbF-’
(2.6) in 93% yield (Schemeb). Solid-state and solution characterization confirmed the
isolation of a two -coordinate, h2-diene complex (see below).As was the case with
analogous complexes of simple alkenes,2.6 was an ar - and thermally -stable white solid.

Scheme 5: Synthesis of [(P1)Au (h2-(E)-H2CBC(H)C(H) 8C(H)Me )]* SbFs-{2.6)

+
SbFg
t-Bu —\ °
t-Bu\ 1) AngFs t-Bu |
P—-Au—ClI 2) trans-1,3-pentadiene _ ¢ g\
2.6

2.2.1.2 XRay crystal structure of 2. 6

Slow diffusion of hexanes into a CH 2Clz solution of 2.6 at 4 °C gave colorless
crystals of 2.6 suitable for single-crystal X-ray analysis (Figure 8). The crystal structure
of 2.6 established it as a monomeric complex with h2-complexation of the trans-1,3
pentadiene ligand by gold through the less -substituted C19C2 bond. Complex 2.6
adopts a distorted linear conformation in the solid state, with a P  Au ¢ C19C2(centroid)
angle of 169.3° and with the diene ligand unsymmetrically bonded to gold with a shorter
Au¢C1 and longer Aut C2 interaction (Dd 8 0.113A). The coordinated C18C2 bond of

the diene is elongated relative to the uncomplexed C38C4 bond (Dd = 0.049 A), and the
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diene moiety adopts a near planar s-trans configuration with a C1 ¢ C2t C3t C4 dihedral
angle of 169.9°. The diene ligand is positioned suchthat the plane defined by Au ¢+ C1{ C2
is rotated by ~12° relative to the plane defined by Aut Pt C14 with the CBC(H)Me group
directed away from the protruding phenyl ring and along the Au $PtC14 plane.

The protruding phenyl group of the o-biphenyl phosphine moi ety is not
perpendicular to the P-bound aryl ring, but instead is rotated toward the C6 quaternary
carbon atom with a C14+ C19 C20t C21 dihedral angle of 70.6°. The distance between the
gold atom and the plane of the protruding phenyl group is 2.88 A with  a distance of
AutC20 = 3.018 A, suggesting the presence of a weak Aarene interaction. Similar
Autarene interactions have been observed for gold dialkyl(o-biphenyl)phosphine 38. 9
92 and related gold complexes,?*94 although the Au tarene distance of2.6 is shorter than is

typically observed (Au tarenepiane) = 3.3 3.2 A38. AU ¢ Cipso= 3.16 3.36 A0r92),
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Figure 8: ORTEP diagram of 2.6 showing partial atom numbering scheme. Ellipsoids
are shown at the 50% probability level. Hydr ogen atoms and counterion have been
removed for clarity.

2.2.1.3 Solution characterization and fluxional behavior of 2. 6

As with the gold(l) pralkene and alkyne complexes, the solution-state structure

of transil,3ipentadiene complex 2.6 was probed spectroscopically. The H and 3C NMR
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resonances corresponding to the diene ligand of complex 2.6 were unambiguously
assigned through one- and two -dimensional analyses (see section 2.4.2)n the 13C NMR
spectrum of 2.6 at -80 °C, the resonance corresponding to the C1 carbon atom of bound
trans-1,3-pentadiene (d 90.6, d,Xr = 10.1 Hz) was shifted~24 ppm to lower frequency
relative to that of the free diene (d 114.4), while the C2 @ 137.1) and C3 ( 129) diene
resonances of2.6were only slightly perturbed ( D &k 4 ppm) relative to the resonances of
free trans-1,3-pentadiene (Table 5, section 2.2.2.3). In comparisonthe C4 diene resonance
of 2.6 (d 144.3) was shifted to higher frequency by ~14 ppm relative to that of free diene
(d 129.8).
The shift patterns were similar in the *H NMR spectrum of 2.6. The C1 diene
protons of 2.6[d4.17, 4.11] were shifted~0.8 ppm to lower frequency relative to those of
free trans-1,3-pentadiene (d 5.06, 4.93), while the C2@ 6.51) and C3 (15.99) diene
resonances o26E DI | 1 Ul EwWE3a wAwY 81 wx x Gandli3pdatbdzivel nu0 OwOi O U
comparison, the C4 proton of 2.6 (d 6.26) was shifted to higher frequency by ~0.5 ppm
relative to that of free diene.
To better understand the bonding information in the spectra o f 2.6, comparisons
can be made to the cationic gold Xhexene complex [(P1)Au(h2-H2COC(H)(CH 2)sCH3)]*
SbR-{2.3).46 The 13C NMR spectrum of 2.3 displays a large shift (D dew Nt AwOl wUT T w" hui
alkene carbon atom to lower frequency and small shift of the C2 carbon atom to higher

frequency (D d&2) relative to the corresponding resonances of free thexene. Likewise,
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the terminal alkene protons of 2.3 are shifted ~0.5 ppm to lower frequency, while the
internal alkenes protons are shifted ~0.3 ppm to higher frequency. These patterns have
been attributed to slippage of gold toward the uns ubstituted alkene terminus with a
stronger Aut Clinteraction relative to the Aut C2 interaction, a contention that was
supported by X-ray crystallographic studies. 46 Therefore, the significant shifts of the C1
diene carbon atom and C1 diene protons of 2.6to higher frequency, as well as the
splitting of the C1 carbon resonance due to arbon-phosphorus coupling, indicate that
the diene binds to gold through the C18C2 bond, as was observed in the solid state.
Unlike the 1-hexene complex2.3, the resonances corresponding to the C4 carbon and C4
vinyl protons of 2.6 were shifted to higher f requency relative to free diene. These
observations point to stabilization of the gold 1p interaction of 2.6 through donation of
electron density from the uncomplexed C39C4 bond to the complexed C19C2 bond,
leading to depletion of electron density at the C4 diene carbon atom of 2.6 (Scheme 6).

Scheme 6: Resonance structures depicting depletion of electron density at the C4
position of the 1,3 -pentadiene ligand in 2.6.

®
t-Bu tBtBu J:ﬁ
tBu.p A _ - - F U\P Au
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2.2.2 Synthesis and characteriz ation of gold(l) h?-(diene) complexes
2.771 2.12

2.2.2.1 Synthesis of gold(l) h2-(diene) complexes 2.7t 2.12

Employing a procedure similar to that employed to synthesize and isolate 2.6,
the cationic gold(l) hz-diene complexes [(P1)Au(hz-diene)]*SbF [diene = 4methyl-1,3-
pentadiene (2.7), 2,4dimethyl -1,3-pentadiene (2.8), 1,3butadiene (2.9), 2,3dimethyl -2-
butene (2.10), 1,3cyclohexadiene (2.11), and 1,4cyclohexadiene (2.12) were isolated in
>80% vyield as air and thermally -stable white solids (Scheme 7). Although stable
indefinitely in the solid state, the gold p-diene complexes2.6¢ 2.12were only modestly
stable in solution and tended to decompose when concentrated. This behavior
complicated purification, and solutions of these complexes typically contained traces
(~5%) of the free diene. More specifically, canplexes 2.7 and 2.8 were effectively
crystallized from concentrated CH 2Cl: solutions, which, in the case of 2.7, also produced
X-ray quality crystals. Conversely, crystallization of 2.6, 2.9, and 2.12 from concentrated
CH2Cl2z solutions produced X -ray quality crystals but also formed amorphous material
that degraded the bulk purity of the sampl e. Attempted crystallization of 2.10and 2.11
led to degradation of the sample without crystal formation. Nevertheless, all complexes
displayed satisfactory combustion analysis and were unambiguously characterized in
solution by 1H, 13C, and 3P NMR spectroscopy; complexes 2.7, 2.9, and 2.12 were also

characterized in the solid state by X-ray crystallography.
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Scheme 7: Synthesis of cationic, mon omeric gold(l) h2-diene complexes 2.6-2.12

t-Bu t-Bu
By 1) AgSbF
EBUSb_Au—cl 2) diene tBUh n2-diene)
— =
Me Me
P1)—Au (P1)—Au (P1)— Au% (P1)—Au®—H

2.6 (93%) 2.7 (82%) 2.8 (100%) 2.9 (93%)

M

ST Me  (P1—AGZ (P1)—ALZ

(P1)—AuZ

2.10 (92%) 2.11 (100%) 2.12 (93%)

2.2.2.2 Xray crystal structures of 2.7, 2.9, and2.12

In addition to trans-1,3-pentadiene complex 2.6, 4-methyl -1,3-butadiene
complex 2.7, 1,3butadiene complex 2.9, and 1,4cyclohexadiene complex 2.12 were
analyzed by X-ray crystallography (Figures 9-11). Refinement ofthe structure of 2.7 was
complicated by an orientational disorder of the 4 -methyl-1,3-pentadiene ligand, which
precluded meaningful analysis of the bond distances and angles within the 4-methyl-1,3
pentadiene ligand. Nevertheless, the crystal structure of 2.7 revealed a distorted linear
h2-diene complex with the gold atom bound unsymmetrically to the less -substituted
C19C2 bond of the diene with a shorter AutC1 and longer Aut C2 interaction, as was
observed for complex 2.6 (Figure 9). In the major conformer of 2.7 (2.7a, 57% occupancy),
the diene ligand is positioned so that the Aut C1¢ C2 plane is rotated by 77.4° relative to

the Aut P4 C15 plane with the C3 carbon atom directed away from the protruding phenyl
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ring of the o-biphenylphosphine ligand. In the minor conformer ( 2.7b, 43% occupancy)

the coordinated C18" | z WE OOE wb U wE O U O E wifhade @lbtive tazdd ahduO x x OU D U
is positioned such that the AutC14" | z w xisQdafet y 66.8° relative to the

AutPt" uk wx OEOT wpDUT wUT T w"t ZWEEUEOOWEUOOWEDUI EUI E
group. In both 2.7a and 2.7b, the protruding phenyl group of the o-biphenyl phosphine

moiety is rotated toward the C7 quaternary carbon atom with C15 ¢+ C20t C21¢ C22 = 80.2

and with an Au ¢ arenepiane) distance of 3.02 A.

Figure 9: ORTEP diagram of 2.7 showing partial atom numbering scheme. The major
conformer of the diene ligand (2.7a) is shown in dark gray ellipsoids, and the minor
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conformer (2.7b) is shown in white ellipsoids. Ellipsoids are shown at the 50%
probability level. Hydrogen atoms and counterion ha ve been removed for clarity.

Similar to 2.7, complex 2.9 suffered from an orientational disorder of the
1,3butadiene ligand. In both conformers of 2.9, gold adopts a distorted linear
conformation [Pt Au t alkeneeceny = 166168 °] with the h2-butadiene ligand bound
unsymmetrically to gold through a shorter Au ¢C1 and longer Aut C2 interaction
(Dd =0.09-0.10 A;Figure 10). In the major conformer of 2.9 (2.9a, 64% occupancy), the
coordinated C19C2 bond of the diene (as defined by the Aut C1t C2 plane) is
rotated ~38° relative to the Aut Pt C14 plane with the unbound C33C4 group directed
away from the o-phenyl ring and along the Au { Pt C14 plane. In the minor conformer
of 2.9 (2.9b, 36% occupancy), the diene ligand is bound through the opposite p-face
relative to 2.9a and is positioned such thatthe Aut" h2 | z wx OE O] w26Pbelatv® UE U1 E

to the AutPtC13x OEQOIT wb P UT wliTa kg bODOBD@'WEPUI EUI EwWEPEa w
proximal phenyl group. In both conformers, the protruding phenyl group of the

o E b x Iphoéphir@ moiety is rotated toward the C9 quaternary carbon atom with a

C13tC14¢ C19% C24 dihedral angle of 63.5° and with an Aut arenepiane) distance of 2.96 A.
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Figure 10: ORTEP diagram of 2.9 showing partial atom numbering scheme. The major
conformer of the diene ligand (2.9a) is shown in dark gray ellipsoids, and the minor
conformer (2.9b) is shown in white ellipsoids. Ellipsoids are shown at the 50%
probability level. Hydrogen atoms and counterion have been removed for clarity.

Complex 2.12, which contains a nonconjugated 1,4cyclohexadiene ligand,
adopts a slightly distorted linear conformation (P t Autalkeneeeny angle of 171.3°) with

the diene ligand bound more symmetrically to gold ( Dd Aut C1/Au¢ C2 = 0.031 A;
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Figure 11) than wasobserved for acyclic 1,3diene complexes?2.6, 2.7, and 2.9. The
coordinated C19C2 bond of the cyclohexadiene ligand is positioned roughly parallel to
the protruding phenyl ring of the o-biphenyl moiety with the remainder of the
cyclohexadiene ligand directed away from the proximal phenyl group. The two aryl
rings of the o-biphenylphosphine ligand are perpendicular to one another with a
C15tC20t C214 C22 dihedral angle of 91.0°. Within the 1,4-cyclohexadiene moiety, the
coordinated C18C2 bond is elongated by 0.038A relative to the uncomplexed C38C4
bond, and the Ct CBCt C groupings associated with both the complexed and
uncomplexed CSC bonds are planar, with C6¢ C1t C2¢ C3 and C3t C4¢ C5t C6 dihedral
angles of < 2°. Interestingly, the 1,4-cyclohexadiene ligand adopts a boatlike
conformation with an angle of ~18° between the C6 C1t C2t C3 and C3 C4t C5t C6

planes with the concave face directed toward the tert-butyl groups.
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Figure 11: ORTEP diagram of 2.12 showing partial atom numbering scheme.
Ellipsoids are shown at the 50% probability level. Hydrogen atoms and counterion
have been removed for clarity.

2.2.2.3 Solution characterization of 2.7 - 2.12

As with 2.6, NMR spectroscopy was used to elucidate the solution structure of
complexes2.7¢ 2.12. Often, low temperature analysis was employed due to fluxional
behavior of the diene ligand at room temperature (see section 2.2.3).The vinylic protons

and sp? diene carbon atoms of complexes2.8, 2.9, and 2.11were unambiguously
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assigned from the H and 3C NMR spectra supported by various combinations of

IHtH COSY, HMQC, HMBC, and variable -temperature 3C NMR spectroscopy; the

vinylic protons and sp 2 diene carbon atoms of complexes2.7, 2.10, and 2.12 were

confidently assigned from the 'H and 3C NMR spectra and by analogy to the

spectroscopy of complexes2.6, 2.8, 2.9, and 2.11. As was the case with2.6, assignment

of 13C resonances was aided by the presence of phosphorus coupling to the C1 diene

carbon atom with Xr ranging from 12.6 to 16.3 Hz for acyclic diene complexes2.712 .10

and 8.3 Hz for cyclohexadiene complex 2.11 (Table 5). Detailsregarding these *H and 13C

assignments are provided in section 2.4.2

Table 5: 13C chemical shifts (ppm) and C -P coupling constants (Hz) of the sp 2 carbon
atoms of the complexes 2.6+ 2.12 in CD2Clz2and chemical shift difference ( D dppm)
relative to free diene.

C1 Cc2 C3 C4
temp
complex °C) dDé Fc(Hz2) dDé Fc(Hz2) dDé dDé
26 ¢80 90.6¢23.8) 101 137.1¢0.1) 129 (-3.6) 144.3 (14.5)
2.7 25 90.6 €23.8) 15.0 134.3(0.3 123.5¢2.6) 153.1(17.5)
238 25 91.7¢21.9) 16.3 158.7 (16.3) 125.%(-2.3) 149.4 (15.5)
2.9 t90 94.9¢22.6) 12.6 1335¢(4.6) 25 133.3¢(4.8) 128.6(11.1)
2.10¢ $¢60 91.9¢21.2) 15.0 154.7(10.9) 140.2 ¢€3.4) 124.2 (11.1)
2119 470 (ﬂf'g) 8.3 117.4¢7.0) 6.2 121.1¢3.3) 136.4(10.1)
2.12 120.7 €3.49 6.9 123.4 ¢0.7)

aNegative D dcorresponds to a shift of the complex to lower frequency r elative to free diene; positive D d
corresponds to a shift of the complex to higher frequency relative to free diene. °C3 diene resonance overlaps
with an aromatic resonance of P1.¢kc = 5.2 Hz.dC1 and C2 are defined as the termini of the gold-bound
alkene. «Chemical shift of equivalent C1 and C2 atoms. {Chemical shift of equivalent C4 and C5 atoms.

48



The trends in the 3C NMR spectroscopy of complexes2.6- 2.11are descriptive of
an h2-bond between the lesssubstituted alkene of diene ligand and gold that is sensitive
to the substitution of the conjugated p-system (Table5). Each of the complexe2.612.11
displayed a shift of the C1 diene carbon resonance to lower frequency and a shift of the
uncomplexed C4 diene carbon to higher frequency relative to the corresponding
resonances of free diene, as was observed foR.6. In the cases of complexe.7 and 2.8,
which possess dissimilarly substituted C ©C double bonds, these features established
binding o f the diene to gold in solution through the less substituted C1 ©C2 bond, as was
observed for 2.6. Further comparison of the 13C spectra of complexes2.6, 2.7, and 2.9,
which differ in the degree of methyl substitution at the C4 carbon atom, reveals that th e
shift of the C4 carbon atom to higher frequency relative to free diene increases with
increasing substitution at the C4 carbon atom in the order 2.9 (D &= 11.1) <2.6 (D &= 14.5)
<2.7 (D d&= 17.5). This behavior may be indicative of increased donation from the
uncomplexed to complexed CBC bond with increasing methyl substitution of the C4
carbon atom. Conversely, complexes2.8 and 2.10, which possessa C2 methyl group,
displayed a more pronounced shift of the C2 diene carbon atom to higher frequency
(D d=-16.3 for2.8 and D d=-11.1 for 2.10) than did the complexes lacking substitution at
the C2 carbon atom. This behavior may suggest a more even distribution of partial
positive charge between the C2 and C4 carbon atoms of complexe®.8 and 2.10relative

to complexes lacking substitution at the diene C2 position.
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As compared to the acyclic, Cl-unsubstituted complexes, the C1 carbon
resonance of complex2.11 exhibited a smaller shift to lower frequency, and both the C2
and C3 carbon resonances were also shted slightly to lower frequency . This suggests
that slippage of gold toward C1 and away from C2 in the bound alkene of 1,3 -
cyclohexadiene ligand occurs to a lesser degree ir2.11than in complexes 2.6¢ 2.10
Likewise, the magnitude of the higher -frequency shift of the C4 carbon resonance in2.11
was similar to that of complexes 2.9 and 2.10with C4 -unsubstituted diene ligands. In
contrast, the non-conjugated 1,4cyclohexadiene ligand of complex 2.12binds to gold
symmetrically in solution, as in the solid -state. The C1 and C2 carbons oP.12are
equivalent, producing a single resonance which is shifted only slightly to lower
frequency (D d -3= ppm) in the 3C NMR spectrum, as are the C4 and C5 carbons,
whose resonance is relatively unperturbed compared to free diene (D d=-0.7 ppm). Close
similarity of the steric environment of the two cyclohexadiene ligands suggests that the
slippage observed in complex 2.11is induced by the electronic differentiation of the C1

and C2 alkene termini of 1,3-cyclohexadiene.

2.2.3 Fluxional behavior of gold(l) diene complexes
2.23.1Fluxional behavior of complexes 2. 6 and 2.8

Because the CBC2 bonds ofthe 1,3diene ligands are prochiral, static solution
structures of the gold(l) h2-(1,3-diene) complexes bearing the P1 ligand described herein

are expectedto possessdiastereotopic tert-butyl groups. For example, 13C NMR
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spectroscopy of a static structure of 2.6 should indicate two pairs of resonances
corresponding to the diastereotopic C6 and C10 atoms, as they are depicted in the solid
state structure (Figure 8). Indeed, at-80 °C the3C NMR spectrum of 2.6 displayed a pair
of phosphorus-coupled doublets atd 37.1 and 36.9 (tr = 24 Hz), corresponding to the
guaternary tert-butyl carbon atoms (Figure 12). As the temperature was raised, these
doublets both shifted to higher frequency and broadened, forming a single phosphorus -
coupled doublet at d 37.5(kr = 24 Hz) at -50 °C that sharpened further upon warming to
room temperature. Simulation of the temperature -dependence of the3C NMR spectra of
2.6to obtain a rate constant for the exchange was unsatisfactory, due in part to the
significant change in chemical shifts of the C6 and C10 resonances over the relevant
temperature range. However, the temperature-dependent behavior of the

guaternary tert-butyl 13C resonances of2.6 was independent of the presence of freetrans-
1,3-pentadiene (0- 150 mM), which argues against an intermolecular pathway for

interconversion of the phosphorus -bound tert-butyl groups .
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Figure 12 Temperature dependence of the quaternary tert-butyl 3C NMR resonance
of 2.6from -50 t0-80 °C in CD2Cl:

As was observed for 1,3-pentadiene complex 2.6, 2,4dimethyl -1,3-pentadiene
complex 2.8 displayed fluxional behavior which equilibrated the quaternary carbons of
the diastereotopic tert-butyl groups of a static structure of 2.8. The 3C NMR spectrum
of 2.8 at -90 °C displayed a pair of phosphorus -coupled doublets at d 36.3 and 36.2 r =
24 Hz) corresponding to these inequivalent quaternary carbon atoms (Figure 13). As the
temperature was raised, the resonances broadened and coalesced, forming a single

phosphorus-coupled doublet at d 36.8 (ke = 24 Hz) at-60 °C. As was the case for2.6, the
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coalescence behavior was unaffected by the presence of free 2;dimethyl -1,3-pentadiene

up to 150 mM.

-60 °C

-67 °C

-70°C

-80°C

-90°C

==

37 36

Figure 13: Temperature dependence of the quaternary tert-butyl 3C NMR resonances
of 2.8from -90 °C t0-60 °C in CDzCl-.

The presence of inequivalenttert-butyl groups in the low temperature 3C NMR
spectra of 2.6 and 2.8 which equilibrate at temperatures > -50 °C points to a facile
fluxional process that exchanges the prochiral faces of the 1,3iene ligands in these
complexes. Although exchange of alkene p-faces without displacement has been
documented in the case of a cationic rhenium complex,® a more likely mechanism for

racemization of 2.6 and 2.8 involves intramolecular exchange of the complexed and
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uncomplexed COC bonds of the ligands through s-cisand s-trans h4-diene transition
states andor intermediates. For example, intramolecular ligand exchange of (R)12.6 via
the s-cish*-diene intermediate s-cis| would form the undetected C3 8C4-bound isomer
Il (Scheme8). A secondintramolecular ligand exchan ge via the s-trans h4-diene
intermediate s-trans-| would form ( S)-2.6. Note that both s-cisand s-trans h-diene
intermediates are required for racemization of 2.6 and 2.8, a mechanism involving
either s-cisor s-trans h4-diene intermediates would lead to exchange of the complexed
and uncomplexed diene CBC bonds without racemization of the complexes.

Scheme 8: Proposed mechanism for racemization of complex 2.6 via intramolecular,
associative exchange of prochiral alkene p-faces
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2.2.3.2 Fluxional behavior of complexes 2.9-2.12

Complexes 2.9-2.12, which contain diene ligands composed of identically

substituted C3C groups, displayed variable -temperature NMR behavior consistent with
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facile intramolecular exchange of the complexed and uncomplexed GSC bonds of the
diene ligand. For example, the tH NMR spectrum of 1,3-butadiene complex 2.9 at -90°C
displayed two one -proton multiplets at d 6.48 and 6.18, corresponding to the C2 and C3
vinylic protons, and f our one-proton multiplets at d 5.66, 5.56, 4.11, and 3.93
corresponding to the C4 (higher frequency) and C1 (lower frequency) vinylic resonances
(Figure 14). As the temperature was raised, the resonances corresponding to C2 and C3
protons broadened and coaesced at-60 °C to form a multiplet at d 6.40 at 15 °C. Over
the same temperature range, the resonances corresponding to the C1 and C4 protons
EUOEEI Ol EWEOEWEOEOI UEI-fratos bhultiNiét &t udS '5.0udd €50C. OUO wE wU b
The presence of distinctresonances corresponding to the bound and unbound
alkenes within the 1,3-butadiene ligand of 2.9in the *H NMR of the complex at -90 °C
indicates that alkene exchange is slow relative to the NMR timescale at this temperature.
The temperature-dependent broadening and coalescence indicates significant exchange
on the NMR timescale, eventually resulting in a time -average spectrum of the
resonances of the bound and unbound alkene which are equilibrated through exchange.
Significantly, broadening of the vinylic resonances of2.9 occurred prior to detectable
broadening of the vinylic resonances of residual 1,3-butadiene, arguing against an
intermolecular pathway for the exchange. Line shape simulation of the C2/C3 diene

resonances near the coalescence temperaturgpa=-59 °C) was used to calculate an
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energy barrier of DG®214= 9.6 kcal mol? for interconversion of the diene C9C bonds

of 2.9. Details of this analysis are included in section 2.4.4.

SR Lo .
-15°C J‘t | R

-30°C

5 5.0
5 (ppm)

Figure 14: Temperature dependence of the vinylic 'H NMR resonances of 2.9 from
I N°g to 15°C in CD 2Clz2. The small multiplets atd 6.3, 5.2, and 5.korrespond to free
1,3-butadiene.

The 'H NMR spectrum of 2,3 -dimethyl -1,3-butadiene complex 2.10at -60 °C
displayed a 1:1 ratio of three-proton singlets at d 2.25 and 1.73 corresponding to the

diene methyl protons and a 1:1:1:1 ratio of one-proton resonances atd 5.65, 5.48, 3.99,
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and 3.64 corresponding to the C4 (higher frequency) and C1 (lower frequency) vinylic
protons (Figure 15). As the temperature was raised, the diene methyl resonances
broadened and coalesced at-12 °C, forming a broad singlet (nv2 = 19 Hz) at 2.04 at 20 °C.
Over the same temperature range, the vinylic resonances broadened and coalesced,
forming a broad four -proton multiplet atd~4.8 at 20 °C. As was the case witl2.9,
significant broadening of the vinylic and diene methyl resonances of 2.10 occurred prior
to detectable broadening of the resonances of residual 2,2dimethyl -1,3-butadiene,
arguing against an intermolecular pat hway for the exchange. An energy barrier of
DGr261k = 11.9 kcal mof? for the diene COC bonds of 2.10was determined from line shape

EOEOCaUPUwWOl wUT 1 wedl O woOl UT adwUl UOHROEG.] UwEOwOT 1
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Figure 15: Temperature dependence of the vinylic (left column) and diene methyl
(right column) *H NMR resonances of 2.10in CD2Cl2from ¢60 °C to 20 °C.Resonances
at d5.0 and 1.88 correspond to free diene and the resonance atd ~1.65 corresponds to
water. Vertical and horizontal scale is not consistent between the two sets of spectra.

The *H NMR spectrum of 1,3-cyclohexadiene complex2.11E U wN Wk wS" WEDUx OE ¢
1:1:1:1 ratio of broad oneproton singlets at d6.18, 6.01, 5.59, and 5.13, corresponding to
the H4, H3, H2, and H1 vinyl protons, respectively. As the temperature was raised, the
H2/H3 pair of vinylic resonances at dt 8 Y WWwE OE wk 6§ Kk NWEUOEET Ol EwWEOQE wWE «
forming a broad singlet at d 5.89 at 0 °C. Over the same temperature range, the H1/H4
pair of vinylic resonances atdt 8 WWWE OE wk 6 vt wEUOEET O1 EWEOEWE OEOI
forming a broad singlet at ~5.7 at 0 °C (Figure 16). An energy barrier 0fDG®23s« = 10.4 kcal
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moltt for exchange of the complexed and uncomplexed CoC bonds of 2.11was
determined from line shape analysis of the H2/H3 vinylic resonances near the
EOEOI UET OATwKYRGY Wdau

Significantly, the fast exchange spectrum (0 °C) of2.11 contains a 1:1 pair of
multiplets at d 2.46 and 2.32 D n= 71 Hz), which correspond to the time-averaged C5/C6
protons positioned either cisor transto the gold phosphine group (Figure 16). The
presence of chemically inequivalent cisand trans C5/C6 protons establishes that the
interconversion of complexed and uncomplexed C ©C bonds of the 1,3cyclohexadiene
ligand of 2.11 occurs without concomitant exchange of the two faces of the
1,3icyclohexadiene ligand. Because an intermolecular pathway for exchange of the
complexed and uncomplexed CBC bonds of the 1,3cyclohexadiene ligand of 2.11would
also interconvert the cisC5/C6 andtrans-C5/C6 protons, we can safely rule out an
intermolecular pathway for exchange of the complexed and uncomplexed C ©C bonds of

the 1,3-cyclohexadiene ligand of 2.11
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Figure 16: Temperature dependence of the vinylic (left column) and allylic (right
column) *H NMR resonances of 2.11from ¢85 °C to 0 °C in CDzCl2. The resonance
DOEPEEUI EwbDPUIT wE O wufknrowtE itnpudty. Overticdl Brid aodzontaE O
scale is not consistent between the two sets of sp ectra.

The 'H NMR spectrum of 1,4 -cyclohexadiene compound 2.12 at -70 °C displayed
a 1:1 ratio of resonances atl 5.57 and 5.71 corresponding to the vinylic protons of the
complexed and uncomplexed COC bond of the diene, respectively (Figure 17). As the
temperature was raised, the vinylic resonances broadened and coalesced at45 °C,

forming a single resonance atd 5.7 at-10 °C. An energy barrier of DG2ss= 10.9 kcal
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molYfor exchange of the complexed and uncomplexed CoC bonds of 2.12 was

EIl Ul UOPOI Ewi UOOwWODPOT wUT ExT wE OB AMRKPedttud i wOT 1 wNKK
of 2.12 at -70 °C also displayed a four-proton multiplet at d 2.85 corresponding to the

allylic protons, which shifted slightly to higher frequency with increasing temperature,

but remained otherwise unchanged over the temperature range -70 to-20 °C. As was the

case with 1,3cyclohexadiene complex 2.11, this observation argues against an

intermolecular process for COC bond exchange in2.12 that would equilibrate

the cisand transallylic protons, leading to collapse of the allylic multiplet.

J -20°C

NC
/—!C

-50°C

-60°C

MC
| | | |

58 57 56 55

6 (ppm)

Figure 17: Temperature dependence of the vinylic 'H NMR resonances of 2.12from
170 °Cto1r 0 °Cin CD 2Cl-.
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Observations regarding the intramolecular exchange of the complexed and
uncomplexed COC bonds of the diene ligands of complexes 2.9t 2.12 provide insight into
the general solution behavior of gold(l) p-(1,3diene) complexes The energy barriers for
exchange of complexed and uncomplexed GOC bonds for complexes 2.9 2.12 fall in the
range DG° = 9.6 11.9 kcal molt?, with butadiene complex 2.9 displaying the lowest barrier
for exchange (DGezss = 9.6 kcal mot?) and 2,3-dimethyl -1,3-butadiene complex 2.10
displayed the highest barrier for exchange (DGzsr = 11.9 kcal moi?). Although we cannot
rule out ground -state destabilization of 2.9 relative to 2.10as the origin of these
differences, the higher energy barrier for exchange in the case 0f2.10 presumably
reflects increased steric destabilization of the transition state for formation of the three -
coordinate, h4-diene intermediate.

In the case of complexes2.9 and 2.10, exchange of the compkxed and
uncomplexed COC bonds of the diene ligand though either s-cisor strans h4-diene
intermediates and/or transition states fully accounts for the observed fluxional behavior.
In the case of 1,3cyclohexadiene complex 2.10, exchange must occur solelythough s
cish4-diene intermediates and/or transition states. Although we were unable to obtain
satisfactory simulations of the temperature -dependent 13C NMR spectra of
complexes 2.6 and 2.8, the facile racemization of 2.6 and 2.8 suggests that both thes-
cisand s-trans h*-diene intermediates and/or transition states are easily accessible.

Furthermore, the similar energy barriers observed for C ©C bond exchange of 1,3
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cyclohexadiene complex 2.11and 1,4icyclohexadiene complex 2.12 further suggest that
the stability of the three -coordinate intermediates is only modestly sensitive to the
geometry of the two alkene ligands and also that conjugation plays no significant role in

the energetics of GBC bond exchange.

2.2.4 Intermolecular exchange behavior of gold( 1) h®-diene complexes
2.2.4.1 Kinetics of intermolecular exchange of 2,4 -dimethyl -1,3-pentadiene with 2. 8

In addition to the observations regarding the exchange of complexed and
uncomplexed CSC bonds of diene complexes2.6 and 2.8¢ 2.12 which argue against
intermolecular pathways for C ©C bond exchange, we sought to differentiate the two
processes by independently determining the rate of an intermolecular exchange
pathway. To this end, we measured the rate of 2,4dimethyl -1,3-pentadiene exchange
with 2.8 asa function of [2,4-dimethyl -1,3-pentadiene] in CD2Clz at 25 °C employing 'H
NMR line -broadening techniques.® Addition of 2,4 -dimethyl -1,3-pentadiene (93 mM) to
a solution of 2.8 (160 mM) in CDzClz at 25 °C led to excess line broadening of the C3
vinylic proton resonance atd 5.74 ofD mz(excess) = 4.0 Hz, which corresponds to a first
order rate constant for exchange ofkons = p[D mz(excess)] = 12.7'$(Table 6). The linear
relationship between kobs and [2,4-dimethyl -1,3-penadiene] over the concentration range
0.0930.25 Mindicated a second order process with a rate constant for intermolecular
exchange of 2,4dimethyl -1,3-pentadiene with 2.8 of kex = 169 + 1 M!s!! (DGzog» = 14.40 +

0.01 kcal mot?; Figure 18).
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Table 6: Line-broadening data and observed rate constants (kobs) for the exchange of
the 2,4-dimethyl -1,3-pentadiene ligand of 2.8([2.8] = 161 mM) with free 2,4Dimethyl -
1,3pentadiene in CD Clzat 25 °C.

[2,4-dimethyl -1,3-pentadiene] (M) D iz (Hz) D zexcess)(Hz) kobs (St1)

0.09 11.0 4.0 12.7
0.14 13.7 6.8 21.3
0.18 15.8 8.9 27.9
0.22 17.9 10.9 34.3
0.25 19.2 12.3 38.5
50
40
forn 30 "
)
3
= 20 =
10 A
O T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3

[2,4-dimethyl-1,3-pentadiene] (M)
Figure 18: Plot of kobs versus [2,4-dimethyl -1,3-pentadiene] for the intermolecular

exchange of the 2,4dimethyl -1,3-pentadiene ligand of 2.8 ([2.8] = 161 mM) with free
2,4-dimethyl -1,3-pentadiene from 93 to 245 mM at 25 °C in CD 2Cl..

These data support an associative pathway for intermolecular diene exchange
through the cationic, three-coordinate bis(h2-diene) intermediate [(P1)Au( h2-

H2CoC(Me)C(H) ©CMe2)2]* SbK'. As expected, the energy barrier for intermolecular
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diene exchangeof 14.4 kcal mot! is considerably higher than was observed for the
intramolecular exchange of complexed and uncomplexed C9C bonds in complexes 2.9
2.12 (DG = 9.6 11.9 kcal mot?). Additionally, the rate of intermolecular exchange of 2,4
dimethyl -1,3-pentadiene with 2.8 is only slightly lower tha n the rate of isobutylene

exchange with [(P1)Au(h2-H2CBCMe2)]* SbF' (2.1; DG290s =15.0 = 0.01 kcal mgk).46

2.2.4.2 Relative binding affinities of dienes to gold(l)

In order to draw direct comparisons among the binding of conjugated dienes,
aliphatic monoenes, and vinyl arenes, and also to determine the effect of diene
substitution on the binding affinity of the dienes to gold(l), we sought to determine the
relative binding affinities of conjugated dienes to the cationic 12 -electron gold fragment
[(P1)Au]*. To this end, equilibrium constants for the displacement of isobutylene
from 2.1with several diene ligands were measured in CD:C,kE U wNA Y wS" aH Ox 00a p Ol
NMR analysis (Table 7). Of the diene ligands studied, only 1,3-cyclohexadiene displayed
a higher binding affinity for gold tha n did isobutylene. The relative binding affinities of
the dienes were only modestly sensitive to substitution and/or conjugation and
decreased by a factor of~13 in the order 1,3cyclohexadiene > 2,4dimethyl -1,3
pentadiene > 1,4cyclohexadiene > 2,3dimethyl -1,3-butadiene >trans-1,3-pentadiene
(Table 7). Futhermore, addition of butadiene to a solution of 2.1in CD:C,kE UwNA Y wS" wOl E
to no detectable formation of butadiene complex 2.9, suggesting that 1,3-butadiene binds

less tightly to gold than does trans-1,3-pentadiene.
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Table 7: Equilibrium constants for displacement of isobutylene from [ (P1)Au (hz-
H2COCMe2)]*SbF¢ (2.1) with dienes in CD-Clo.E UwNA Y wS "

CD,CI
@ . 2Ll ®
(P1)—Au>H/ + diene ~0°c_L-Au—(n’diene) * \H/

2.1
diene Keq
1,3-cyclohexadiene 6l vepP oY 6 Y k
2,4-dimethyl -1,3-pentadiene YONt opwyo Yyt
1,4-cyclohexadiene Yot wpaoyol
2,3-dimethyl -1,3-butadiene YOhKopP Yoyl
trans-1,3-pentadiene YOYNOP QYO YT
1,4-butadiene <0.09

aNo bound diene was observed under experimental conditions.

We have previously shown that aliphatic monoenes displayed significantly
higher binding affinities to gold(l) than did vinyl arenes, presumably due to the
electron-withdrawing nature of the sp 2 substituent of the vinyl arenes .“¢ For example, the
relative binding affinity of isobutylene exceeded that of styrene by a factor of ~60 at-
60°C (DG =1.73 kcal mol?). In contrast, comparison of the relative binding affinities of
1,3-cyclohexadiene (Keq= 1.21 + 0.05) and 14yclohexadiene (Keq = 0.60 + 0.2) points to
conjugation as a nominally stabilizing feature of gold p-diene complexes.Just as he
binding affinities of p-substituted vinyl arenes to t he cationic gold fragment [(P1)Au] *
increased significantly with the increasing electron density of the aryl group , the relative
binding affinity of acyclic, C1 -unsubstituted diene ligands increased with increasing

substitution at the uncomplexed C4 carbon atom in the order 1,3-butadiene <trans-1,3
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pentadiene < 2,4dimethyl -1,3-pentadiene. This observation further supports the
bonding model of conjugated dienes to cationic gold(l) involving stabilization of the
gold p-interaction through donation of electron density from the uncomplexed C 9C
bond to the complexed CBC bond of the diene ligand, as was also suggested by*:C

NMR analysis of cationic gold h2-diene complexes.

2.3 Conclusions and contemporary work
2.3.1 Experimental ¢ onclusions from this work

A number of binding modes have been proposed for cationic gold(l)
p1(1,3diene) complexes. While other transition metals predominantly form h“-diene
complexes, monomeric and polymeric h2-complexes of 1,3dienes are known. To better
understand the binding of gold(l) to 1,3 -dienes, we have synthesized seven cationic gold
p-diene complexes that contain the sterically hindered P(t-Bu)z0-biphenyl ligand. These
complexes have been characterized by variabletemperature NMR spectroscopy and, in
four cases,by X-ray crystallography . All evidence points to formation of gold(l) h2-diene
complexes both in solution and in the solid state. Theh2-coordination of the diene
ligands, as opposed toh4-coordiation, is not surprising owing to the pronounced
tendency of gold(l) to form two -coordinate 14-electron complexes, rather than three-
coordinate, 16-electron complexes2-28.97

Both in solution and in the solid state, dienes that contain dissimilarly

substituted C3C bonds bind to gold(l) selectively through the less substituted CSC
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bond. This observation is seemingly contradictory to previous studies of gold p-alkene
complexes, which reported that the binding affinity of an alkene ligand for [(L)Au] *
increases with increasing alkyl substitu tion at gold. 4> 46However, analysis of the 13C
NMR chemical shifts of the bound diene ligands and of diene binding affinities for the
complexes reported herein points to stabilization of the gold p-diene interaction through
donation of electron density f rom the uncomplexed C9C bond to the complexed COC
bond of the gold(l) p-diene complex. Thus, electronic difference between the two alkenes
of the 1,3diene ligand is minimized, and complexes of the less substituted alkene are
favored, possibly due to sterics.

Variable-temperature NMR analysis established the fluxional behavior of
cationic gold(l) p-diene complexes involving the facile (DG*= 9.6 11.9 kcal mol?)
intramolecular exchange of the complexed and uncomplexed COC bonds of the diene
ligand, presumably involving 16 -electron gold h4-diene intermediates and transition
states.The energy barrier for this process is significantly lower than that measured for
the intermolecular, associative exchange of 2,4dimethyl -1,3-pentadiene with complex
2.8(DGze? =14.40 £ 0.01 kcal molb) and that reported for isobutylene exchange with 2.1

(DG205 = 15.0 + 0.01 kcal mat).4

2.3.2 Contemporary work on the characterization of gold p-diene
complexes

Concurrent with the publication of the results included in this chap ter, Russell et

alreported the synthesis and characterization of a similar family of cationic gold(l)
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pr EDI Ol wEOOx O1 R U unddienel)SbRYL R Qlier@ e 2, Himéihy -2,4
hexadiene (2.13, 2,3-dimethoxy -1,3-butadiene; L =tBusP, diene = 2,3dimethyl -1,3
butadiene].8"88 The following year, corresponding complexes of 1,3-cyclopentadiene and
1,3-cyclohexadiene were reported from the same group.8

While an in-depth summary of the structural features reported for these
complexes would be redundant, several of the reported observations add to our general
understanding of binding in gold(l) p-diene complexes. For example,2.13has three
possible h2-coordination modes: one in which the [(L)Au] *fragment is bound
symmetrically to one of the two equivalent alkenes of the 2,5-dimethyl -2,4-hexadiene
ligand (2.133, one in which gold is slipped tow ard the more substituted C2 alkene
terminus and electron density is donated from the uncomplexed C4=C5 to the
complexed C2=C3 @.13b), and one in which gold is slipped toward the less substituted
C3 terminus of the complexed C2=C3 and no donation from the uncomplexed alkene
occurs (2.139 (Figure 19). Xray crystallographic analysis of 2.13suggests that the
complex in the solid state adopts a structure in which gold is slipped toward the less
substituted C3 alkene terminus (Au-C2 = 2.335(3) A, AuC3 = 2.2D(3) A) as in2.13c
Unfortunately, equilibration of the complexed and uncomplexed alkene units of the 2,5 -
dimethyl -2,4-hexadiene ligand of 2.13 presumably due to facile intramolecular p-face

exchange, precluded spectroscopic solution characterization, even at-90 °C.
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2.13a 2.13b 2.13c

Figure 19: Potential h?-coordination modes of the 2,5 -dimethyl -2,4-hexadiene ligand in
complex 2.13

On the basis of their experimental observations and DFT computation, Russell
and coworkers proposed a pathway for intramolecular p-face exchange in2.13that
POYOOYI Uwi OOEwW?1 OPEDPOT 2 wEI UbIT 1T OwUT I wlikOwWE OO0I Ol
which goldis h~xE QOUOE wO0OwUT 1 wEl OUUEOwW" +t+ " KWEOOEwWm2ET 1 OI
alternativ e to the associative pathway described above which proceeds through a gold
h4-diene intermediate or transition state (Scheme 8). While neither pathway is supported
directly by experimental evidence, circumstantial support of either can be provided. For
exaOx O1 OwU0T 1T w?1 OPEDOT » wxEUT PEaAwWUI gUDUI UWEOONUT E
the associative mechanism does not. We have shown that the rate of intramolecularp-
face exchange in the conjugated 1,yclohexadiene ligand of 2.11and in the non-
conjugated 1,4-cyclohexadiene ligand of 2.12proceed with approximately the same
energy barrier, suggesting that the exchange process is very similar between these two
complexes. On the other hand, the presence of timeaveraged resonances corresponding
to rapidly e quilibrating alkenes in the 13C NMR spectrum 2,5-dimethyl -2,4-hexadiene
ligand of 2.13at -90 °C suggests that intramolecular p-face exchange is faster in this

complex than in complexes 2.9¢ 2.11 This rate can be explained by the gliding pathway,
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as the [(P1)Au]* unit is already slipped significantly towards an h-bond with the C3
alkene terminus in 2.13, while in 2.9¢ 2.11, [(P1)Au]*is slipped toward C1 and away

f UOOwWUT 1T wEl OUUEOW" I +"+ wEOODES w

Scheme 9: Proposed mechanism for intramolecular p-face exchange in complex 2.13

213 II1 213

2.4 Experimental
2.4.1 General methods

Reactions were performed under a nitrogen atmosphere employing standard
Schlenk and glovebox techniques unless specified otherwise. Elemental analysis was
performed by Complete Analysis Laboratories (Parsippany, NJ). NMR spectra were
obtained on a Varian spectrometer operating at 500 MHz for *H NMR, 125 MHz for 13C
NMR, 470 MHz for °F NMR, and 202 MHz for 3P NMR in CD 2Cl2 at room temperature
with noted exceptions. Methylene chloride was purified by passage through columns of
activated alumina under nitrogen. CDC Is and CD2Clz were dried over CaH 2 prior to use.
[(P1)Au(h2-HCOCMe2)]*ShR-{2.1) was synthesized using a published procedure.4®
(P1)AuCI, AgSbFs, hexanes, 4methylpentadiene, trans-1,3-pentadiene, 2,4dimethyl -1,3
pentadiene, 1,3butadiene, 2,3-dimethyl -1,3-butadiene, 1,3 cyclohexadiene, 1,4

cyclohexadiene, and isobutylene were purchased from major chemical suppliers and
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used as received. Line shape analysis was performed using WINDNMR-Pro.98 NMR

probe temperatures were calibrated using a neat methanol thermometer.

2.4.2 Synthesis of Gold(l) h?-Diene Complexes
[(P1)Au(h?(E)-H2CBC(H)C(H) 8C(H)Me)] * SbFs-{2.6) A mixture of (P1)AuCI (40
mg, 7.5 x 162 mmol), AgSbFs (26 mg, 7.5 x 1& mmol), and trans-1,3-pentadiene (51 mg,
0.75 mmol) was dissolved in CH2Clz (2 mL), forming a white suspension. The
suspension was stirred in a sealed flask in the dark at room temperature for 6 h, then
filtered through Celite. Volatile material was evaporated under vacuum to give 2.6as a
white solid (56 mg, 93%).H NMR (30 °C): d 7.92 7.86 (m, 1 H), 7.6¥7.54 (m, 5H), 7.32
7.18 (m, 3 H), 6.51 (ddd,J= 9.0, 10.5, 16.0 Hz, 1 H), 6.26 (qd= 7.0, 13.5 Hz, 1 H), 5.99
(ddd, J=1.0, 10.5, 14.5 Hz, 1 H), 4.17 (d= 16.5 Hz, 1 H), 4.11 (dJ= 8.5 Hz, 1 H), 1.91
(dd, J= 1.0, 7.0 Hz, 3 H), 1.38 (dJ= 16.0 Hz, 18 H. 13C* NMR (-80 °C):d 147.4 (d,J= 13.9
Hz), 144.3, 142.6 (dJ= 7.4 Hz), 137.3, 133.5, 132.6 (dF= 7.4 Hz), 131.0, 129.0, 129.0, 128.8,
128.3, 127.6 (dJ= 7.4 Hz), 127.3, 123.7 (dl= 47.3 Hz), 90.6, 37.0 (d]= 23.5 Hz), 36.9
(d, J=23.6 Hz), 29.6 (br s), 18.4P{*H} NMR: d 65.9 Anal. Calcd (found) for
CasH 3sAUFsPSb: H, 4.32 (4.41); C, 37.46 (37.57).
The 'H NMR resonances corresponding to the vinylic protons of the
transtl,3ipentadiene ligand of 2.6 were unambiguously assigned as follows from
analysis of the 33w coupling constants in the 1-D *H NMR spectrum: d6.51 (ddd, J=9.0,

10.5, 16.0 Hz, H2), 6.26 (qdJ= 7.0, 13.5 Hz, H4), 5.99 (dddJ= 1.0, 10.5, 14.5 Hz, H3), 4.17
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(d, J=16.5 Hz, HLis), 4.11 (d,J= 8.5 Hz, Hlrans), 1.91 (dd,J= 1.0, 7.0 Hz, H5).The 13C
NMR resonances corresponding to the carbon atoms of thetrans-1,3-pentadiene ligand
of 2.6 were unambiguously assigned as follows from the 2-D HMQC spectrum (Figure

20): d 144.5 (C4), 138.1 (C2), 128.2 (C3), 92.1 (C1), 18.2 (C5).

_— 6.0 o
" ‘_E 6.2
HA—==""_ P
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H =_ E @
§ 6.6
1 \Ilwwlli\\rl'"rwllwwll‘\\Il\\llI\I-\‘IJfllw T T
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Figure 20: Partial HMQC spectrum of 2.6 at 25 °C.

[(P1)Au(h?H:COC(H)C(H) 8CMe2)]* SbFs-{2.7) A mixture of (P1)AuCl (40 mg,

7.5 x 1@ mmol), AgSbFs (26 mg, 7.5 x 1& mmol), and 4-methyl -1,3-pentadiene (12 mg,
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0.15 mmol) was dissolved in CHzClz (2 mL), forming a white suspension. The
suspension was stirred in a sealed flask in the dark at room temperature for 6 h, then
filtered through a plug of Celite, eluting with CH 2Cl2. The filtrate was concentrated to ~2
mL, diluted with hexanes (2 mL), and cooled at 4 °C overnight to form 2.7 (50 mg, 82%)
as a white solid. '"H NMR (25 °C): d 7.987.91 (m, 1 H), 7.767.60 (m, 5 H), 7.3%7.22 (m, 3
H), 6.81 (ddd, J= 8.5, 11.5, 16.0 Hz, 1 H), 5.85 (d= 11.5 Hz, 1 H), 4.13 (dJ= 16.0 Hz, 1
H), 4.08 (d,J= 8.0 Hz, 1 H), 1.97 (s, 3 H), 1.95 (s, 3 H), 1.40 (@ 16.5 Hz, 18 H)13C{H}
NMR (25 °C):d 153.1, 148.8 (dJ= 13.7 Hz), 143.7 (dJ= 6.3 Hz), 134.9, 134.3, 133.7 (d=
7.5 Hz), 132.1, 130.0, 129.8, 128.4 @k 6.2 Hz), 128.3, 124.7 (dl= 46.3 Hz), 123.5, 90.6
(d, J= 15.0 Hz), 38.6 (dJ= 23.7 Hz), 30.8 (d,J= 7.5 Hz), 264, 19.53P{tH} NMR: d 67.3.
Anal. Calcd (found) for C 26H37AuUFsPSb: H, 4.59 (4.70); C, 38.40 (38.42).

The diene *H NMR resonances of complex 2.7 were assigned as follows from
analysis of the 33 coupling constants in the *H NMR spectrum and from the dia gnostic
upfield shift of the H1 protons: d6.81 (ddd,J= 8.5, 11.5, 16.0 Hz, 1 H2), 5.85 (d,J=11.5
Hz, 1 H, H3), 4.13 (d,J= 16.0 Hz, 1 H,H1cs), 4.08 (d,J= 8.0 Hz, 1 H,Huans). The diene 13C
NMR resonances of complex 2.7 were assigned by analagy to the chemical shift behavior
displayed by complexes 2.6, 2.8, 2.9, and 2.11 In addition, the C1 diene carbon resonance
of 2.7 was assigned on the basisof the diagnostic phosphoroust carbon coupling

observed for this resonance.
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[(P1)Au(h2-HCoC(Me)C(H )©CMe2)]* SbFs-{2.8) Complex 2.8 was isolated as a
white solid (62 mg, 100%) from the reaction of 2,4dimethyl -1,3-pentadiene, (P1)AuCl,
and AgSbFs employing a procedure similar to that used to synthesize 2.7. *H NMR (25
°C):d 7.937.88 (m, 1 H), 7.657.55 (m, 5 H), 7.287.20 (m, 3 H), 5.04 (s, 1 H), 3.89 (d=
3.5 Hz, 1 H), 3.81 (d,J= 4.0 Hz, 1 H), 2.27 (s, 3 H), 1.96 (s, 3 H), 1.92 (s, 3 H), 1.37J¢,
16.5 Hz, 18 H).23C{tH} NMR (25 °C): d 158.7, 149.4, 148.8 (d= 13.8 Hz), 143.7 (dJ= 7.5
Hz), 134.3 (d,J= 2.5 Hz), 133.8 (dJ= 7.5 Hz), 132.0 (dJ= 2.5 Hz), 130.0, 129.8, 128.3
(d, J= 7.5 Hz), 128.3, 125.1 (dl= 5.0 Hz), 124.8 (dJ= 47.5 Hz), 91.7 (dJ= 16.3 Hz), 37.8
(d, 3= 22.5 Hz), 30.7 (dJ= 6.2 Hz), 28.8, 28.0, 21.3PP{{H} NMR: d 67.5. Anal. Calcd
(found) for C 27H ssAUF 6PSh: H, 4.68 (4.75); C, 39.09 (39.20).

The 'H NMR resonances corresponding to the vinylic protons of the 2,4 -
dimethyl -1,3-pentadiene ligand of 2.8 were assigned as follows from the diagnostic
upfield shifts of the H1 protons in the 1-D *H NMR spectrum: d 5.04 (s, H3),d 3.89 (d,J=
3.5 Hz, H1) and 3.81 (d,J= 4.0 Hz, H1);the three methyl resonances atd 2.27, 1.96, and
1.92 were not distinguished. Assignment of the 13C NMR resonances corresponding to
the 2,4dimethyl -1,3-pentadiene ligand of 2.8 was determined through 2 -D HMBC
analysis (Figure 21). The resonancesat d 91.5 and 158.1 showed cross peaks to H3 and
one methyl group at d 2.27, confirming their assignments as C1 and C2, respectivelythis
also confirmed the d 2.27 resonance as the C2 methyl group and thed 1.96, and 1.92

resonances as the C4 methyl groupsThe absence of the anticipated C2H1 correlation
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precluded distinction between C1 and C2 by HMBC analysis. However, the resonance at
d 91.5 was identified as C1 owing to the diagnostic phosphoroust carbon coupling
constant of Xr = 16.3 Hz.The 13C resonance atd 122.6 displayed correlation with the H1
vinyl protons and all three methyl groups, establishing this resonance as C3. The 13C
resonance atd 149 showed a weak correlation to H3 and strong correlations to the

protons of both C4 methyl groups, establishing this resonance as C4.
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Figure 21: Partial HMBC of 2.8in CD 2Cl: at 25 °C.

[(P1)Au(h2-H2CBC(H)C(H) ©CH 2)]* SbFs-{2.9) M ethylene chloride (2 mL) was

added to a mixture of (P1)AuClI (40 mg, 7.5 x 10?2mmol) and AgSbFe (26 mg, 7.5 x 10
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2mmol) under 1,3-butadiene atmosphere. 1,3Butadiene was bubbled through the
resulting suspension with stirring for 6 h at room temperature in the dark. The resulting
suspension was filtered through Celite, and volatile material was evaporated under
vacuum to give 2.9 (55 mg, 93%) as a white solid.*H NMR (-90 °C):d 7.84 7.78 (m, 1 H),
7.5%7.52 (m, 5 H), 7.287.13 (m, 3 H), 6.48 (td )= 10, 17.8 Hz, 1 H), 6.18 (tdJ= 10, 17.0
Hz, 1 H), 5.66 (d,J= 16.8 Hz, 1 H), 5.56 (dJ= 9.8 Hz, 1 H), 4.11 (dJ= 16.0 Hz, 1 H), 3.93
(br dd, J= 4.1, 7.2 Hz, 1 H), 1.26 (dJ= 16.7 Hz, 18 H).2*C{H} NMR (-90 °C):d 147.2

(d, J= 12.5 Hz), 142.5 (dJ= 7.5 Hz), 134.7 (dJ= 2.5 Hz), 133.5 (dJ= 2.5 Hz), 133.3, 132.4
(d, J=7.5Hz), 130.9 (dF= 1.2 Hz), 129.1, 129.1, 128.9, 128.6, 128.5, 127.6 6.9 Hz),
127.3, 13.5 (d,J= 47.2 Hz), 94.9 (dJ= 12.6 Hz), 36.8 (d,J= 23.4 Hz), 36.5 (d,J= 23.6 Hz),
29.5.31P{1H} NMR: d 63.3. Anal. Calcd (found) for C24H3:AuFsPSb: H, 4.24 (4.33); C, 36.71
(36.67).

The pairs of protons, H2/H3, H1 trans/H4 trans, and Hlcis/H4 ¢is were unambiguously
assigned based on analysis of splitting patterns in the slow-exchange 1D *H NMR
spectrum (-90 °C) and from the coalescence of each of these pairs of protons in the
variable temperature NMR spectra (Figure 14). The protons of2.9were furth er grouped
as either Hlcis/H1wrans/H2 or H4 cis/H4 rans/H3 from low temperature ( -90 °C)'H¢H COSY
analysis (Figure 22).The two sets of protons are distinguished by the strong upfield
shifts of the H1 protons (d 4.11 and 3.93) and through HMQC correlation to the C1

carbon atom (see below).The 13C resonance atd 94.9 was assigned as C1 from the large
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phosphorous-carbon coupling constant of r = 12.6 Hz.From this assignment and the
low temperature (-90 °C) HMQC spectrum (Figure 23), all of the diene carbon and
proton resonances were assigned as followsfrom . H: d 6.48 (td,J= 10, 17.8 Hz, 1 HH2),
6.18 (td,J= 10, 17.0 Hz, 1 HH3), 5.66 (d,J= 16.8 Hz, 1H4«s), 5.56 (d,J= 9.8 Hz, 1 H,
H4tans), 4.11 (d,J= 16.0 Hz, 1 H,H1c9), 3.93 (br dd,J= 4.1, 7.2 Hz, 1 HH1uans); 1*C: d 133.5

(d, J= 2.5 Hz, C2), 133.3 (C3), 128.6 (C4), 94.9 (t5 12.6 Hz, C1).

T T T LR I T ’ T T
.4 5.2 5.0 4.8 4.6
F1 (ppm)

Figure 22 Partial *H{'H COSY spectrum of 2.9in CD 2Cl2 at -90 °C.The cross-peak at d
4.43 d 6.3 (indicated with boxes) corresponds to a pair of strongly coupled protons in

an impurity that is undetected inthe 1 -D NMR spectra. Repeated
concentration/dissolution of pure samples of 2.9leads to the appearance of resonances
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in the 'H NMR spectrum at d 6.3, 4.45, 3.2A wider expansion of the COSY spectrum
of 2.9also shows a crosspeak between the d 6.3 and 3.2 resonances.

c4

C2(C3

Hl )

S R — 6.2

H2

135 130 125 120 115 110 105 100
F1 (ppm)

Figure 23: Partial HMQC of 2.9in CD 2Cl2 at -90 °C.

[(P1)Au(h2-HCBC(Me)C(Me )OCH2)]*ShF¢ (2.10) Complex 2.10was isolated as
a white solid (56 mg, 92%) from the reaction of 2,3dimethyl -1,3-butadiene with
(P1)AuCIl and AgShFs employing a procedure similar to that used to synthesize 2.6. H
NMR (-50 °C):d 7.904 7.85 (m, 1 H), 7.6¥7.58 (m, 5 H), 7.267.20 (m, 3 H), 5.65 (s, 1 H),
5.48 (s, 1 H), 3.99 (br dJ= 3.5 Hz, 1 H), 3.64 (br d,J= 4.0 Hz, 1 H), 2.25 (s, 3 H), 1.74 (s, 3

H), 1.36 (d,J= 16.5 Hz, 9 H), 1.25 (dJ= 17.0 Hz, 9 H).2*C{tH} NMR (-60 °C):d 154.7,
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147.6 (d,J=15.0 Hz), 143.1 (dJ= 7.5 Hz), 140.2, 133.7, 132.9 (d= 6.3 Hz), 131.3, 129.5,
129.4,129.3, 128.9, 127.8 (@= 7.5 Hz), 127.7, 124.2, 123.9 (d= 47.5 Hz), 91.9 (dJ= 15.0
Hz), 36.4 (d,J= 23.7 Hz), 36.2 (dJ= 23.7 Hz), 30.2 (d,J= 5.0 Hz), 29.5 (d,J= 6.2 Hz), 24.0,
20.1.3'P{fH} NMR (-60 °C):d 63.5. Anal. Calcd (found) for CzeH37AuFsPSh: H, 4.59 (4.52);
C, 38.40 (38.46).

The diene *H NMR resonances of complex 2.10 were assigned as follows from the
diagnostic upfield shift of the H1 protons: d5.65 (s, 1 HH4), 5.48 (s, 1 HH4), 3.99 (br d,
J=3.5Hz, 1 H,H1), 3.64 (br d,J= 4.0 Hz, 1 H,H1). The diene 3C NMR resonances of
complex 2.10were assigned by analogy to the chemical shift behavior displayed by
complexes 2.6, 2.8, 2.9, and 2.11 In addition, the C1 diene carbon resonance of2.10was
assigned on the kasis of the diagnostic phosphoroust carbon coupling observed for this

resonance

[(P1)Au(h2 C(H)©C(H)C(H) 8C(H)CH 2CH2)]* SbFe{2.11) Complex 2.11was
isolated as a white solid (61 mg, 100%) from the reaction of 1,3cyclohexadiene with
(P1)AuCI and AgSbFs following the procedure used to synthesize 2.6.* w- , 1 WwpNA Y wS
d7.867.79 (m, 1 H), 7614 7.52 (m, 5 H), 7.267.18 (m, 3 H), 6.18 (br s, 1 H), 6.01 (br s, 1
H), 5.59 (br s, 1 H), 5.13 (br s, 1 H), 2.4@.31 (m, 3 H), 2.242.08 (m, 1 H), 1.32 (dJ= 16.5
Hz, 9 H), 1.28 (d,J=16.5 Hz, 9 H).5C{* T w- , 1 wpN $Y.4U8I=ADAHz), 12.6 (d,
J=6.5Hz), 136.4, 133.5, 132.5 (d= 7.2 Hz), 131.0, 129.3, 129.1, 128.7, 128.5, 127.94,

6.6 Hz), 127.2, 123.4,123.0 (d= 5.0 Hz), 121.1, 117.4 (dl= 6.2 Hz), 114.6 (dJ= 8.3 Hz),
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37.4 (d,J= 24.0 Hz), 37.2 (dJ= 23.8 HZ), 29.4d, J= 15.2 Hz), 24.4, 21.2P{" T w- , 1 wNA Y w
°C): d 61.9. Anal. Calcd (found) for CzeH3ssAuFsPSh: H, 4.35 (4.43); C, 38.49 (38.44).

The vinyl proton resonances in the slow exchange *H NMR spectrum of 2.11
were assigned based on COSY analysis at 85 °C (Figure 24). Crosgpeaks between
proton resonances atd 6.18 and 5.13 and between each of these resonances and the
allylic proton multiplets at d 2.5 and 2.1 established thed 6.18 and 5.13 resonances as the
H1/H4 pair, with the upfield resonance at d5.13 assigned to H1 and the downfield
resonance atd 6.18 assigned to H4, based on analogy to complexe2.6, 2.7 and 2.8. Cross
peaks between the resonances atl 6.01 and 5.59 and the absence of cross peaks between
these resonances and the allylic protons established thed 6.0 and 5.59 resonancess the
H2/H3 pair. A cross peak between thed 5.59 andd 5.13 resonances therefore established
d 5.59 as H2 while a cross peak between thal 6.18 andd 6.01 resonances establishedl
6.01 as H3.In the 13C NMR spectrum of 2.11at -85 °C, resonances atl 114.7 (d, J= 8.2 Hz)
and d 117.4 (d,J= 6.0 Hz) were assigned as the C1/C2 pair based on theit*Ct 3P
coupling with the d 114.7 assigned to C1 on the basis of the largedc. As the solution
was warmed, the C1 resonance atd 114.7 coalesced with the resonace atd 136.4,
forming a broad singlet at d ~126 at 27 € (Figure 25). Likewise, the C2 resonance ad
117.4 coalesced with the resonance afl 121.3, forming a singlet atd 120 at 27 °CFrom
this temperature -dependent behavior, we assign the resonance atd 136.4 as C4 and the

resonance atd 121.3 as C3.
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Figure 24: Partial COSY of 2.11in CD2Cl:at -85 °C.
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Figure 25: Temperature dependence of the vinylic 13C NMR resonances of 2.11in
CD2Cl2from -85 °Cto 27 °C in CD oCl-.

[(P1)Au (hZ-é(H) OC(H)CH 2C(H) eC(H)C':H 2)}* SbFe-{2.12) Complex 2.12was
isolated as a white solid (61 mg, 93%) from the reaction of 1,4cyclohexadiene with
(P1)AuCIl and AgShFs employing a procedure similar to that used to synthesize 2.6.H
NMR (-60 °C):d 7.86:7.79 (m, 1 H), 7.627.52 (m, 5 H), 7.2$7.22 (m, 1 H), 7.217.14 (m, 2
H), 5.71 (s, 2 H), 5.58 (s, 2 H), 2.92.76 (m, 1 H), 1.31 (d,J= 17.0 Hz, 18 H)C{tH} NMR
(-85 °C):d 147.4 (d,J= 13.0 Hz), 142.5 (dJ= 7.0 Hz), 133.4¢, J= 3.0 Hz), 132.5 (dJ=7.5
Hz), 131.0, 129.2, 128.5, 127.5 (A 6.4 Hz), 127.2, 123.4, 122.9 (d= 47.3 Hz), 120.7 (dJ=
6.9 Hz), 36.9 (d,J=24.1 Hz), 29.8, 27.GP{H} NMR (-60 °C):d 62.2. Anal. Calcd (found)

for CzsHssAUF6PSD: H, 4.32 4.35); C, 38.40 (38.49).
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2.4.3 X-ray Crystal Structure Determinations

Crystals of 2.6, 2.7, 2.9, and 2.12 were obtained from slow diffusion of hexanes
into CH 2Cl2 solutions of the respective complexes at 4 °C. The crystals were mounted on
a Mitegen polyimi de micromount with a small amount of Paratone N oil. Diffraction
data were obtained with graphite -monochromated Mo K a radiation (I = 0.71073 A) on a
Bruker-Nonius Kappa Axis X8 Apex2 diffractometer at 110 K. Crystallographic data for
complexesof 2.6, 2.7, 2.9, and 2.12 are collected in Table 8. The data collection strategy
employed WE OE w2 wWUEEOU wUT E Uouzé Thé teame ibkégiatiokvieall E wU x w U
performed using SAINT. % The resulting raw data were scaled and absorption corrected
using a multiscan averaging of symmetry equivalent data using SADABS. 1 The
structures of 2.6, 2.9, and 2.12 were solved by direct methods using the XS
program;9tthe structure of complex 2.7 was solved by direct methods using the SIR92
program. 192 All non-hydrogen atoms were obtained from the initial solution. The
hydrogen atoms were introduced at idealized positions and were allowed to ri de on the
parent atom. The structural models were fit to the data using full matrix least -squares
based onF2 The calculated structure factors included corrections for anomalous
dispersion from the usual tabulation. The structures were refined using the X L program

from SHELXTL; %3 graphic plots were produced using the NRCVAX crystallographic

program suite.
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Table 8: Crystal and structure refinement data for complexes 2.6, 2.7, 2.9, and 2.12.

2.6 2.7 29 2.12

Empirical formula Cas.3H 3sAUCIF 6PSbh Ca6H37AUF6PSb C24H 33AUF6PSb Ca26H 3sAUF6PSb
fw 840.67 813.24 785.19 811.23
cryst size (mm3) 0.31x0.20x0.07 0.32x0.18x0.06 0.37x0.29x0.28 0.16 x0.14 x 0.11

color and habit colorless prism colorless prism colorless prism colorless plate
T (K) 110(2) 110(2) 110(2) 110(2)
U wp@A 0.71073 0.71073 0.71073 0.71073
cryst syst monoclinic orthorhombic triclinic monoclinic
space group P2(1)/n Pc&: P1— P24/n
unit cell dimens a=10.488(2) A a=12.7007(4) A a=9.4763(8 A a=9.9305(6) A

b=17.861(4) A b=11.9861(4) A b=9.8824(8) A b=24.7210(15) A
c=15.443(3) A c=18.9847(6) A  c=14.0672(11) A  ¢=11.5076(7) A

o wh wNt 8N a =83.970(3)° d wh WNKB K
b Wl wWwAi 1t
Wwwi wwhib |
V (A9) 2886.0(10) 2890.0816) 1294.14(18) 2815.9(3)
z 4 4 2 4
Deat (g/em?) 1.935 1.869 2.015 1.913
| gax (deg) 56.66 72.58 86.78 68.88
abs coeff (mmt?) 6.214 6.112 6.821 6.273
total no. of refins 91845 NWot t N At ohuy | t AoYt N
no. of unique 6678 Rl @K NA bk of Wi oAt K
reflns
no. params 6678/311 hl @KNAY kol Wy oAl Kr-
refined/restraints
F(000) 1616 1568 752 1560
g°°d”es;°f'f't on 1.188 1.033 1.002 1.029
final Rindices [I > Ri=0.0265, Ri=0.0364, Ri=0.0260, Ri= 0.0463,
) WR>=0.0595 WR. = 0.0722 WR: = 0.0604 WR-=0.1033
R indices (all data) Ri = 0.0346, Ri=0.0624, Ri=0.0312, Ri = 0.0942,
WR>=0.0619 WR2 = 0.0848 WR2=0.0619 WR:=0.1172
max('é/”;'gr;' DAW 45044, 1.907 $0.710, 1.857 $2.359, 4.902 $1.264, 2.295

The 4-methyl -1,3-pentadiene ligand of complex 2.7 exhibited an orientational

disorder. Atoms C2 and C5 occupied single positions, while atoms C1, C3, C4, and C6

OEEUxDPI EwEwWUI EOOEWUI
occupancies for the orientations were refined and normalized to 0.574(11) and 0.426(11)
for the unprimed and primed sites respectively. The 1,3-butadiene ligand of 2.9 was
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likewise disordered over two orientations. The refined occupancy for the major

component was 0.643(8).

2.4.4 Kinetics of Intramolecul ar CSC Bond Exchange

An NMR tube containing a solution of 2.9 (0.55 mg, 0.070 mmol) in CDBCI2 (0.5
mL) was placed in the probe of an NMR spectrometer precooled to -90 °C, allowed to
equilibrate for 10 min, and analyzed by H NMR spectroscopy. The solution was
warmed incrementally, equilibrated at -80,-70,-60,-59,-45,-30,-15, and 15 °C, and
analyzed at each temperature byH NMR spectroscopy. Simulation of the portion of
the tH NMR spectrum containing the C2/C3 vinylic resonances (d 6.14 6.6) at-59 °C
employing the parameters D w= 144.9 Hzwa=5 Hz,w» = 4 Hz, Js = 10.0 HZ,Jatrans =
17.8,hcis = 8.8 Hz, Jcis = 10.2 Hz,Jrans = 17.0 Hz gave a best fit with an exchange rate
of kex = 701 &' (DGz1# = 9.6 kcal mot?, Figure 26). Peakseparations (Dw) were obtained
EPUI EUOa wi UB AMRIspdctru 219 8dupling constants (J) were obtained
I UOOwWUT EHUNMR §pacBum of 2.9and then varied within + 0.2 Hz to best
reproduce the slow-exchange spectrum. Natural peak widths (w) were estimated by

averaging the peak width at half -height of the outer lines of the respective multiplets.
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Figure 26: Experimental (left) and simulated (right) 'H NMR spectra of internal vinyl
protons H2 and H3 of complex 2.9.

The energy bariers for interconversion of the diene C ©C bonds of
complexes2.10¢ 2.12 were determined though similar analyses. Comparisons of

experimental and simulated *H NMR spectra are included as Figures 274 29.
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Figure 27: Experimental (left) and simulated (right) 'H NMR spectra of vinyl methyl
protons of complex 2.10Q
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Figure 28 Experimental (left) and simulated (right) *H NMR spectra of internal vinyl
protons H3 (d 6.0 ppm) and H2 (d 5.38 ppm) of complex 2.11
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Figure 29: Experimental (left) and simulated (right) 'H NMR spectra of vinyl protons
H1/H2 and H4/H5 of complex 2.12.

2.4.5 Kinetics of Intermolecular Diene Exchange with 2.8

An NMR tube capped with a rubber septum that contained a solution of 2.8 (59
mg, 0.072mmol) and 1L,3ED OT UT ORAEI 04l O1 wepyYd YhWwOOOOOw! 8 Kws
CD2Cl2 (0.445 mL) was placed in the probe of an NMR spectrometer maintained at 298
K. Analysis of the singlet at d 5.74 corresponding to the C3 proton of the 2,4dimethyl -

1,3-pentadiene ligand of 2.8in the *H NMR spectrum gave a peak width at half -height of
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D n2 = 69 Hz (Table 6). The tubewas removed from the probe, and 2,4-dimethyl -1,3
pentadiene was added via syringe. The tube was inverted several times, returned to the
probe, and allowed to equilibrate for 10 min. The concentration of free 2,4-dimethyl -1,3
pentadiene was determined as 0.09 M by integration of the C3 proton resonance of free
2,4-dimethyl -1,3-pentadiene at d 5.65 relative to the multiplet at d 6.48 corresponding to
the C4, C5, and C6 aryl protons of 1,3dimethoxybenzene. The peak width at half -height
for the singlet at d 5.74 wasDn12 = 11.0 Hz, corresponding to an excess broadening of
D2zexcessy= 4.0 Hz (Table 7). Using this value, the rate of exchange of the dieneligand
with 2.8was determined through application of the slow exchange approximation to

be kobs = p(DV12excess) = 12.7 & The first-order rate constant for diene exchange

with 2.8was determined in a similar manner at [2,4-dimethyl -1,3-pentadiene] =0.14,
0.18, 0.22, and 0.25 M (Tablé). The secondorder rate constant for the rate of exchange
of the diene ligand of 2.8was determined from the slope of a plot of kobs versus [2,4
dimethyl -1,3-pentadiene] where kex=169 + 1 M! st (DG* = 14.40 * 0.0kcal mol*?)

(Table 6, Figure 18).

2.4.6 Determination of Diene Binding Constants

2,3Dimethyl -1,3-butadiene (2.4 mg, 0.029 mmol) was added via syringe to a
CD:Cl: solution of [(P1)Au( h-H2CBCMe2)]* SbK' (2.1, 20mg, 0.029 mmol) in an NMR
tube sealed with a rubber septum. The contents of the tube were thoroughly mixed,

placed in the probe of an NMR spectrometer precooled to -70 °C, and maintained at this
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temperature for 10 min. The relative concentrations of 2.1, free isobutylene, 2.10, and
free 2,3dimethy |-1,3-butadiene were measured by integrating the resonances
corresponding to the vinyl protons of bound ( d 3.73) and free ¢l 4.59) isobutylene and
the vinyl protons of bound ( d 5.60, 5.44, 3.95, 82) and free @ 5.01, 4.95) 2,’limethyl -
1,3-butadiene. An equilibrium constant of Keq = ([2.10][isobutylene])/([ 2.1[2,3-dimethyI -
1,3-butadiene]) = 0.13 £ 0.02 wasletermined as the average of two separate experiments
(Table 7). To ensure that equilibrium was achieved under these conditions, a similar
experiment was performed through addition of isobutylene (0.017 mmol) to a

CD2Clz solution of 2.10(0.025 mmol). An equilibrium constant of Keq=
([2.1Q)[isobutylene])/([ 2.1][2,3-dimethyl -1,3-butadiene]) = 0.12 + 0.01 was determined,
which is not significantly different from that obtained by treatment of 2.1with 2,3
dimethyl -1,3-butadiene. The relative binding affiniti es of 1,3cyclohexadiene, 2,4
dimethyl -1,3-pentadiene, 1,4cyclohexadiene, andtrans-1,3-pentadiene relative to
isobutylene at -70 °C were determined employing procedures analogous to that used to

determine the binding affinity of 2,3 -dimethyl -1,3-butadiene (Table 7).
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3. Synthesis and Structure of Dicationic, Bis(gold)
pAAlkene Complexes Containing a
2 , ABibljphosphino)biphenyl Ligand

Portins of this chapter have been published: Brooner, R. E. M.; Widenhoefer, R.
A. Organometallics2012 31, 768. Xray crystal structures were solved and refined by Dr.

Paul D. Boyle at North Carolina State University.

3.1 Introduction
3.1.1 Enantioselective gold(l) catalysis

Development of new methods for achieving enantioselective transformations
using gold(l) has been a major area of research since the early days of the field!z141% |n
fact, the first report of enantioselective gold(l) catalysis," E a E U1 D disolostweNdlithe
addition of isocyanoacetate to aldehydes catalyzed by a chiral ferrocenylphosphinet
gold(l) complex,25x Ul EEUI Uw31 Ol Uz UwxbOOI! | eédiyhewU]l x OUUwOI
hydration by a full decade .2 However, only in the last eight years have further examples
of enantioselective gold(l) catalysis emerged. Pivotal to this renewed activity in
1 OEOUDOUI O EUDPYI wi OOEm( AWEEUEOa UDidselectv® w$ ET EYEU
enyne cyclization catalyzed by cationic, bis(gold) BINAP complexes such as3.1(Scheme
10)106 Sincethen, enantioselective gold(l) p-activation catalysis has relied heavily on

o~ A

ligand as catalysts 1214 104
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Scheme 10: Enantioselective enyne alcokycycloisomerization catalyzed by the chiral
bis(gold) BINAP complex 3.1. 106

PhO,S — 3.1 (1.6 mol %)

PhO,S
o)
PhO,S . MeoH _AGSBFe(2mol%) PhO.S .
A\ CH,Cl,, rt, 4 h
89 %, 53 % ee OMe

(I )

P-aucl
p—AuCI
T0|2

31

Unlike other late transition metals such as platinum and palladium, which form
chelated mononuclear complexes with bidentate bis(phosphine) ligands, chiral
bis(phosphine) gold complexes are formed as dinuclear species in which each
phosphorus is bound to a two -coordinate gold(l) atom. With the exception of a recently
reported example of an axially -chiral bis(gold) phosphine complex acting as a chiral
proton source,97 involvem ent of one of the gold centers of a bis(gold) phosphine
complex appears obligatory in effecting a given enantioselective transformation.
However, the role of the second gold phosphine moiety as a reactive or stereocontrolling
element remains unclear. Although it is possible that the two gold centers do not operate
as equivalent and independent catalytic sites, a large body of circumstantial evidence
suggests otherwise, including the marked sensitivity of many enantioselective gold(l)
transformations to the ratio of bis(gold chloride) precatalyst and chloride abstracting

silver salt 106, 108113
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3.1.2 Examples of structurally characterized chiral, neutral bis(gold)
complexes

To address these issues, thestructures of a number of neutral, axially chiral
bis(gold) phosphine complexes bearing anionic ligands have been interrogated for
potential geometry -controlling intramolecular interactions.108109, 113120 Ag expected, each
gold center in these complexesadopts a nearly linear, two -coordinate geometry with one
phosphine of the ligand and one anionic ligand; no indication of interaction with the
second phosphine is observed.For example, Zhang and coworkers have reported the X-
ray crystal structures of a pair of common bis(gold chloride) precatalysts [(L)(AuCl) 2] [L
= (R)-Ca-tunephos (3.2), (R)-MeO-dtbm -biphep (3.3)] (Figure 30).1%° Complex 3.2 exhibits
a C25C30-C37-C36 dihedral angle of 68.08 ° and a close AuAu distance of 2.994 A,
which is characteristic of an bond between the two atoms.22On the other hand, complex
3.3has a much larger dihedral C1-C6-C7-C8 dihedral angle (105.74 °) and a long AuAu
distance of 5.316 A, precluding any aurophilic interaction. The authors postulate that the
UOEOOIT Whui~0d £ U AdMEOnd inU3.2 makes this complex more rigid than 3.3
further, they speculate that the enhanced rigidity explains the enhanced
enantioselectivity shown by 3.2relative to 3.3for the tandem cycloization/[3+3]

cycloaddition of 2 -(1-alkynl) -2-alken-1-ones with nitrones.
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Figure 30: ORTEP and skeletal diagrams of bis(gold chloride) complexes 3.2 (upper
structure) and 3.3 (lower structure). 0 Ellipsoids are shown at the 50% probability
level. Hydrogen atoms and counterio n have been removed for clarity.
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However, information gleaned from these neutral complexes, especially the
bis(gold chloride) precatalysts, is only tangentially relevant to catalysis as these
complexes are not considered to be active in the catalytic cycle Furthermore, while the
examples above demonstrate that the chiral bis(phosphine) ligand greatly influences the
structure of the bis(gold) precatalysts, the anionic ligand also affects the structure
significantly. Comparison of the solid state structure o f complex [(biphep)(AuCl) 2]
(3.411410 that of [(biphep)(AuNTf 2)2] (3.58with the same chiral supporting ligand but a
bulky, weakly coordinating anionic ligand reveals a close Au -Au interaction (3.0992 A)
in the former that is absent in the later (Au -Au distance = 6.6818(6) A) (Figure 31). The
long Au -Au distance in 3.5was attributed not to the steric influence of the NTfzligand
but rather to the presence of stabilizing, rigidifying p-p stacking interactions between

phenyl substitutents on the two pho sphorus atoms of the biphep ligand.
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Ph,
P~AuNTf,

p~AUNTF,
Ph,

Figure 31 ORTEP and skeletal diagrams of [(biphep)(AuX) 2] complexes 3.4 (upper
structure) 14 and 3.5 (lower structure) 1%, p-p stacking is indicated by the dashed line.
Ellipsoids are shown a t the 50% probability level. Hydrogen atoms and counterion
have been removed for clarity.
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3.1.3 Project goals and scope

Despite the growing body of structurally characterized neutral, chiral bis(gold)
complexes bearing anionic ligands, before 2011 no information regarding the structure
and behavior of more catalytically relevant cationic bis(gold) complexes bearing p-
bound ligands was available. As both the structure of the chiral supporting ligand and
the second ligand on each gold atom within these complexes has been shown to
influence the structure of the complex, we sought to explore the structure of cationic
bis(gold) p-alkene complexes. To that end, we have reported the syntheses, soliestate

and solution structures, and ligand -binding behavior of a pair of dicationic, bis(gold) p-

3.2 Results an d discussion

3.2.1 Synthesis, characterization , and solution behavior of PP-
iIsobutylene and 1-pentene

Initial experiments were directed toward the synthesis of bis(gold) p-alkene
complexes employing bis(diarylphosphino) ligands, such as binap or biphep der ivatives,
as these are the ligands commonly used in enantioselective gold(l) catalysis. However,
all attempts at generation of these complexes, either for isolation or in situ
characterization, were unsuccessful. Based on the extant body of work regarding
cationic, two-coordinate gold p-complexes, which is dominated by complexes of di- and

tri -alkylphosphine ligands, it was thought that a more electron -rich phosphine ligand
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might facilitate p-complex formation. For this reason, we proceeded using the chiral,
UEET O Bois(diHBDIptosphino)biphenyl (P -P).

Treatment of a 1:2 suspension of (ag)-[(Pt P)(AuCl) 2] and AgSbFs with
isobutylene in CH 2Clz at room temperature for 2 h led to isolation of ( rad-[(PtP)(Au(h2
H2CoCMe2))2]2*2SbF (3.6) in 99% yield as an air and thermally stable wh ite solid
(Schemell). Likewise, treatment of (rag-[(P P)(AuCl) 2] and AgSbFs with the prochiral
alkene 1-pentene led to isolation of (rad-[(Pt P)(Au(h%H2COC(H)CH 2CH2CH 3))2]2*2SbFs!
(3.7) in 98% yield as a statistical~1:1:2 mixture of the three possiblechemically
inequivalent stereocisomers (R*,S* SJ-3.7, (R*,R*,R%-3.7, and (R*,R*,S}-3.7 (Schemell; R-
phosphine series depicted).

Scheme 11: Synthesis of chiral, dicationic bis(gold) complexes 3.6 and 3.7

t-Bu Me Me_ Me t-Bu —\2+ 2 [SbFg]
ClAu—R—1-Bu Me>: W_ Au-p—t-Bu
O O AgSbFg (2 equiv.) O O
CH,Cl,, 23°C, 2 h
99%
t-Bu—F~AuCl t-Bu"?_Au_)[
t-Bu t-Bu pqd ‘Me
(rac)-[(P-P)(AuCl),] 3.6
H R tBu R H tBu R H tBu
—Au-p—tBU —Au-p—tBU - Au-p—t-BU
AgSbFg (2 equiv.)
CH,CI5, 23°C, 2h
2~72 98% BU/P AU tBU/P AU tBU/P AU
tBu R tBu |-| t-Bu H R

(R*,S*,S*)—3.7

99

(R*,R*,R*)—3.7

(R*,R*S*)-3.7



Binding of isobutylene to gold in solution was established using 13C NMR
spectroscopy. The terminal olefinic C1 carbon resonance of bound isobutylene d 94.1)
was shifted to lower frequency relative to free isobutylene ( D d=-16.4), and the:C
resonance corresponding to methyl-substituted C2 alkene terminus of bound
isobutylene (d 167.2) was shifted to higher frequency relative to free isobutylene
(D d=24.8) In comparison, the 13C NMR spectrum of mono(gold) isobutylene complex
[(PL)Au(hz-isobutylene)] * SbFs-#isplayed similar shifts of the resonances corresponding
to the C1 and C2 of bound relative to free isobutylene (D d=-15.4, 20.9, respectivelyYs A
single, sharp resonance atd 64.9 in the3!P NMR spectrum of 3.6 over the temperature
UEOT T wOi wNKkYwUOOw! kwS" wli UOUEEOPUIT T EwUT 1 wel 1l OPEEO
in 3.6. On the other hand, the presence of resonances corresponding to diastereotofc
isobutylene vinyl protons ( d 4.06 and 3.89), isobutylene methyl groups €@ 2.20 and 2.11),
and phosphine methyl groups (d 1.44, 1.40k+ = 16.5 Hz) in theH NMR spectrum of 3.6
over the temperature range of 25t 60 °C established that both aryl aryl bond rotation and
isobutylene exchange were slow on the NMR time scale over this temperature range.

Unambiguous assignment of the resonances corresponding to the tpentene
ligand in the 13C and *H NMR spectra of 3.7was precluded by the presence of
diastereomers; however, the presence of resonances in a 1:2 ratio of ai 6.4¢ 6.3 andd
4.614.2 is indicative of a [(P1)Au(h2-(1-alkene))]* alkene complex.*¢ Key to the

characterization and determination of the isomeric composition of 3.7 was the presence
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of a~1:1:1:1 ratio of sharp resonances atl 62.1, 62.0, 61.8, and 61 in the 3P NMR
spectrum of 3.7. The two phosphorus atoms of both the (R*,S*,S¥-3.7 and the (R*,R*,R%-
3.7 isomers are chemically equivalent, giving rise to one 3P resonance for each isomer,
whereas the phosphorus atoms of the R*,R*,S%-3.7 isomer are chemically inequivalent,
giving rise to two 3P NMR resonances that are distinct from each other andthose of the
(R*,S*,S)-3.7 and (R*,R*,R)-3.7isomers. The 1:1:1:1 ratio of the four resonances suggests
that (R*,S*,S3-3.7, (R*,R*,R3-3.7, and (R*,R*S%-3.7 are formed in a statistic 1:1:2 ratio,
thus the cationic gold centers complex 1-penene with a lack of p-face discrimination. On
the other hand, the presence of four distinct resonances in the3P spectrum, despite the
absence of alkenep-face discrimination, indicates that the chemical environment of one

gold coordination site affects that of the second coordination site.

3.2.2 X-ray crystal structures of 3.6 and 3.7

Slow diffusion of pentane into a CH 2Clz solution of 3.6 at 4 °C formed colorless
crystals of 3.6-CH2Cl: suitable for X-ray analysis (Figure 32). The solid-state structure
of 3.6:CH2Cl2 revealed two similar but crystallographically inequivalent [Au( h2-
isobutylene)] moieties related by a pseudo-C2 symmetry axis that runs perpendicular to
the C22t C23 bond vector. Both gold centers adopt a distorted linear geometry with P ¢
Aut alkenecenioid angles of 162.54° and 163.05for the Aul and Au2 centers, respectively .
Both isobutylene ligands bind unsymmetrically to gold with a shorter Au ¢CH2and

longer Au ¢ CMe:interaction (Dd = 0.186 A for Aul,D d= 0.181 A for Au2), and both
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isobutylene ligands are oriented such that the CoC bond vector is roughly parallel to the
associated Aut Pt Cipso plane with the CMe 2 terminus directed away from the
perpendicularly oriented arene ring. The solid-state structure 3.6 is comparable to that of
the mono-gold complex [(P1)Au( h-methylene cyclohexane)}r Sbk, although the latter
demonstrated slightly less deviation from linearity about gold (P -Au -alkenecentroia angle =
165.19 and marginally less asymmetry in the binding of the alkene to gold ( D dAu¢ CH2/
AutCRz2= 0.155 A) than in3.6.4 Presumably, this increased deviation from op timal
geometry observed for 3.6reflects increases steric bulk of the bis(phosphine) ligand.

The biphenyl arene rings of 3.6 deviate significantly from a perpendicular
arrangement, with a C17¢ C22 C23t C24 dihedral angle of 124.04°. As such,
complex 3.6 exhibits a long AultAu2 distance of 5.4821 A ,much too far for any
intramolecular Au t Au interaction. 22 121Conversely, the proximit y of each gold atom to
the perpendicularly oriented arene ring [Au tarenepane = 2.%43.0 A, Aut arenepso = 3.3 3.2
A] suggests the presence of Aut arene interactions similar to those observed for some
mono(gold) dialkyl( o-biphenyl)phosphine complexes. 91122124 These Au-arene
interactions could explain the resistance of 3.6 to rotation about the C22-C23 bond, even

in the absence ofrigidifying Au -Au or p-p interactions.
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Figure 32 Two ORTEP diagrams of 3.6 showing partial atom numbering scheme.
Ellipsoids are shown at the 50% probability level. Hydrogen atoms and counterion
have been removed for clarity.
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Slow diffusion of pent ane into a C:Clz solution of 3.7 at 4 °C led to selective
crystallization of the ( R*,R*,S%-3.7-CH:Cl: diastereomer, as determined by X-ray analysis
(Figure 33).Unfortunately, the resulting structure was of low quality owing to twinning
of the crystals, which precluded more detailed analysis of the molecular geometrical

parameters.
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Figure 33 ORTEP diagram of 3.7. Ellipsoids are shown at the 50% probability level.
Hydrogen atoms and counterion have been removed for clarity.
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3.2.3 Ligand exchange behavior in 3.6
3.2.3.1 Kinetics of intermolecular ligand exchange of 3.6 with isobutylene

Kinetic analyses of degenerateintermolecular ligand exchange in gold(l) p-
complexes has led to valuable insight into the solution coordination behavior of these
complexes. In order to gain learn more about the coordination behavior of a bis(gold) p-
alkene complex, we sought to directly compare the ligand -exchange behavior of 3.6to
an analogous mono(gold) p complex. To this end, we studied the kinetics of isobutylene
exchange with 3.6 (47 mM) as a function of [isobutylene] from 14 to 61 mM in CH 2Cl: at
25 °C employing *H NMR spin -saturation transfer techniques (Table 9)125126
Experimental details are included in section 3.4.3.1.

Table 9: Observed rate constants for the intermolecular exchange of bound and free
isobutylene with complex 3.6.

[Isobutylene] (mM) kobs (%) (1 trial) Kobs (%) (20 trial)
14 1.0 1.0
31 1.1 1.1
48 1.3 1.2
61 1.4 1.4

A benefit of analyzing ligand -exchange kinetics using spin-saturation transfer is
the technique allows for discrimination of [ligand] -dependent, associative k2) and
[ligand] -independent, solvent-assisted k:) pathways for exchange. In fact, aplot
of kobs Versus [isobutylene] was linear with a nonzero y intercept (Figure 34), which
established the two-term rate law for intermolecular isobutylene exchange with 3.6 of a

rate =ki[3.6] + ko[ 3.6][isobutylene], where ki =0.86 + 0.02$ (DG29sx = 17.52 + 0.01 kcal
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molt?) and k2= 8.3 £ 0.5 Mt st (DG20sk = 16.18 + 0.03 kcal mél). The energy barrier for
the isobutylene-dependent exchange pathway of 3.6is ~1.2 kcal mol* higher than that
for the isobutylene -dependent exchange pathway for the analogous mono(gold)
complex [(P1)Au(hz-HCoCMe2)]* SbFet ;¢ this rate decrease is indicative of the increased
steric congestion about the gold centers in the bis(gold) complex relative to the

mono(gold) complex.

1.4 O
1.3 4 (o]
1.2 °
(2]
£
o
~
1.1 4
1 A
09 T T ] L) L)
10 20 30 40 50 60 70
[isobutylene];,.. (mM)

Figure 34: Plot of kobs versus [isobutylene] for the intermolecular exchange of the
isobutylene ligands of 3.6with free isobutylene from 14 to 61 mM at 25 °C in CD 2Cl..

3.2.3.2 Equilibrium binding affinity of isobutylene in 3.6

As both another point of comparison to mono-gold alkene complexes and a
method to evaluate the extent to which complexation of one p-alkene ligand affects
complexation of the second alkene ligand in dicationic [(P -P)(AuL) 2]>* complexes, we

determined equilibrium constants for the successive displacement of NCAr £[NCAr g=
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4-trifluoromethylbenzonitrile] from [(P ¢+ P)Au(NCAr rz2A 2SbF' (3.8) with isobutylene in
CDCL,EUWNK Y wS" wUUD OT 1y ERy &BnO G INBIR EpeLBoSodpied (Scheme
12). Experimental details are included in section 3.4.3.2. Thesquilibrium constant for
displacement of one NCAr rzligand from 3.8 with isobutyl ene to form [(P4

P)(AU(NCAr rz A A t3-HLC@CMe2))]?* (3.9) was Ki= 9.8 + 0.6, and the equilibrium
constant for displacement of the NCAr <ligand from 3.9 to give 3.6 was K== 2.00 £ 0.09.
The overall equilibrium constant for the conversion of 3.8t0 36is

Ks = ([3.1][NCAr 4?)/([3.3][isobutylene] 2 = 20 * 1.

Scheme 12: Successive equilibrium displacement of  4-trifluoromethylbenzonitrile
(NCArez Awi UOOwt 6 WwOOwT PYT wt SNWEOEwWI UOOwt 8 NwU

Me Me Me Me
)
<P—AuNCArF' /E <P Au—ﬂ >: <P Au— T
P—AUNCAr: NCArF P—AUNCAr NCArF P—Au )
K;=9.8+0.6 K,=2.0=£0.1 Me ‘Me
3.8 3.9 3.6

The observation of different equilibrium constants for the displacement of one
NCArrz wi 81&aA08.9by isobutylene reveals that binding of isobutylene to gold is
affected by the environment of the proximal gold center, although the origin of th is
effect remains unclear. The long internuclear Aut Au separation in the solid -state
structure of 3.6 appears to preclude steric interaction between the two isobutylene
ligands. Likewise, it is difficult to envision that the minor electronic perturbation ¢ aused

by exchange of NCArezwith isobutylene would be transferred efficiently to the second
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gold atom. However, the observation corroborated the preliminary conclusion that one

gold center can influence the other drawn from the 3P NMR of 3.7.

3.3 Summary of conclusions

In summary, we have synthesized the dicationic bis(gold) p-alkene complexes
3.6 and 3.7, which represent the first examples bis(gold) phosphine p -complexes that
E O O U E b-Bis(thasphidd)béaryl ligand. Both in solution and in the solid s tate,
complex 3.6appears to be very similar to the mono-gold complex [(P1)Au( hz-
isobutylene)]*. Slight differences in structure and exchange behavior are attributed to the
increased steric bulk of the bis(phosphine) ligand. The 1-pentene complex 3.7is formed
as a statistical mixture of the three possible chemically inequivalent stereoisomers,
revealing the absence of facial selectivity for the coordination of the prochiral 1 -pentene
ligand to the chiral bis(gold) phosphine moiety. Neither complex displays rotation
around the aryl -aryl bond of the ligand backbone in solution on the timescale; this
rigidity is explained by the close Au -arene contacts observed in the solidstate structure
of 3.6.

Intermolecular isobutylene exchange with 3.6 occurs via competing isobutylene-
independent (DG° &ewhuA & k wpdndEidowdIEnd-dependent (DG ewhit WOBEOwWO OO
pathways, which is expected based on the comparison describedabove. Surprisingly,

equilibrium analysis of the displacement of 4 -trifluoromethylbenzonitrile  from 3.8 with
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isobutylene revealed that the binding affinity of isobutylene to gold is affected by the

coordination environment of the proximal gold center.

3.4 Experimental
3.4.1 General Methods

Reactions were performed under a nitrogen atmosphere employing standard
Schlenk and glovebox techniques unless specified otherwise. NMR spectra were
obtained on a Varian spectrometer operating at 500 MHz for *H NMR, 125 MHz for 13C
NMR, 470 MHz for °F NMR, and 202 MHz for 3P NMR in CD 2Cl2 at room temperature
with noted exceptions. Elemental analysis was performed by Complete Analysis
Laboratories (Parsippany, NJ). Methylene chloride was purified by passage through
columns of activated alumina under nitrogen. CDCI 3 and CD2Cl2 were dried over CaH 2
prior to use. 2,2-Bis(di-tert- butylphosphino)biphenyl (P +P), AgSbFs, pentane, 4
trifluoromethylbenzonitrile (NCA 2, and isobutylene were purchased from major

chemical suppliers and used as received.

3.4.2 Synthesis and characterization of bis(gold) complexes

[(P%P)(AuCI) 2] Thiodiethanol (370 mg, 3.0 mmol) was added dropwise over 45
min to a stirred solution of NaAuCl 4-2H20 (400 mg, 1.0 mmol) in H:O (4 mL) at 4 °C. To
07T PUWEOOOUOT UU wU OB@iCatddypbospbinofbiihEnylERu P22 g,
0.50 mmol) in CHClI s dropwise at 4 °C, and the resultant biphasic mixture was stirred for

1 h at 4 °C. Chloroform was evaporated under vacuum, and the resultant white

109



precipitate was collected by vacuum filtration and washed with minimal cold methanol
to give [(P1P)(AuCl)2] (0.45 g, 99%) as a white solid!H NMR: d 7.92 (t,J= 8.2 Hz, 2H),
7.68 (t,J= 7.4 Hz, 2H), 7.48 (t)= 7.6 Hz, 2H), 7.397.33 (m, 2H), 1.55 (d,J= 16.0 Hz, 18H),
1.43 (d,J= 15.3 Hz, 18H)23C NMR: d 148.0 (m), 135.7 (dJ= 3.2 Hz), 135.5 (dJ= 9.6 Hz),
130.2 (d,J= 2.1 Hz), 128.2 (dJ= 7.7 Hz), 127.2 (dJ= 43.3 Hz), 39.1 (d,J= 24.4 Hz), 38.9
(d, J= 24.5 Hz), 33.1 (dJ= 6.6 Hz), 31.2 (d,J= 5.8 Hz).*?P{iH} NMR: d 58.5. Anal. Calcd
(found) for C 2sH 44AU 2Cl2P2: H, 4.89 (4.79); C, 37.06 (36.94).
[(PP)(Au(h?-H2CoCMe?2))2]?*2(SbF') (3.6) Methylene chloride (2 mL) was added
to a mixture of [(P+P)(AuCl) 2] (40 mg, 4.4 x 1& mmol) and AgSbFs (30 mg, 8.8 x 10
2mmol) under an isobutylene atmosphere, and additional isobutylene was bubbled into
the solution for ~10 s. The resulting susgnsion was stirred for 2 h at room temperature
in the dark and filtered through Celite. The filtrate was concentrated under vacuum to
give 3.6 (63 mg, 99%) as a white solid*H NMR: d8.03 (t,J= 7.5 Hz, 2H), 7.84 (tJ=7.5
Hz, 2H), 7.77 (t,J= 7.5 Hz, 2H), 7.427.38 (m, 2H), 4.06 (ddJ= 2.5, 4.5 Hz, 2H), 3.89
(dd, J= 2.5, 4.5 Hz, 2H), 2.20 (s, 6H), 2.11 (s, 6H), 1.44 (5 16.5 Hz, 18H), 1.40 (dJ= 17
Hz, 18H).23C{tH} NMR;: d 167.2 (d,J= 2.9 Hz), 147.4147.1 (m), 137.3 (dJ= 3 Hz), 135.8
(d, J= 7.0 Hz), 132.8 (dJ= 1.9 Hz), 129.5 (d,J= 7.3 Hz), 126.8 (dJ= 41 Hz), 94.1 (dJ=
13.7 Hz), 39.9 (dJ= 23 Hz), 38.2 (dJ= 23 Hz), 32.4 (dJ= 6.2 Hz), 31.5 (dJ= 57 Hz), 28.9
(s), 28.8 (s)2P{*H} NMR: d 64.9. Anal. Calcd (found) for CseH soAu 2F12P2She: H, 4.26 (4.14);

C, 30.44 (30.29).
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[(P%P)(Au(h2-H2CBCH(CH 2)2CH3))2]2*2(SbF') (3.7) Complex 3.7was isolated as a
white solid (62 mg, 98%) from the reaction of Pt P(AuCl) 2, AgSbFs, and 1-pentene
employing a procedure similar to that used to synthesize 3.6. 'H NMR: d 8.1%8.06 (m,
2H), 7.9%7.82 (m, 4H), 7.527.42 (m, 2H), 7.427.38 (m, 2H), 6.36 (br s, 2H), 4.604.42 (m,
3H), 4.24 (br s, 1H), 2.542.42 (m, 2H), 2.282.06 (m, 2H), 1.681.34 (m, 40H), 0.96 (gJ)=
7.0 Hz, 6H). 3C{*H} NMR: d 147.3147.0 (m), 144.6144.2 (m), 137.3 (dJ= 3 Hz), 135.8
(d, J= 7 Hz), 135.3 (dJ= 7 Hz), 132.9 (br s), 132.8 (br s), 129.5 (br s), 127126.6 (M),
100.8 (d,J= 10.5 Hz), 1@.6 (d,J= 10.3 Hz), 41.640.5 (m), 39.438.7 (m), 38.2 (br), 32.3,
31.5, 22.4, 13.3P{{H} NMR: d62.1, 62.0, 61.8, 61.7. Anal. Calcd (found) for
CasH 64AU 2F12P2Shy: H, 4.45 (4.37); C, 31.51 (31.48).

[(P$P)(Au(NCAr £3)2]2*2(SbFe) (3.8) A solution of 4 -trifluoromethylbenzonitrile
(19 mg, 0.11 mmol) in CHClz (2 mL) was added to a mixture of (PtP)(AuCl)2 (40 mg, 4.4
x 102 mmol) and AgSbFs (30 mg, 8.8 x 18 mmol), and the resultant suspension was
stirred for 6 h at room temperature in the dark. The reaction mixture was filtered
through Celite, and the filtrate was diluted with pentane (2 mL) and cooled at 4 °C
overnight to form 3.8(25 mg, 41%) as a white solid*H NMR (CD 2Cl2): d 8.14 8.07 (m,
6H), 7.90 (dJ= 7.8 Hz, 4H), 7.887.79 (m, 4H), 7.57 (tJ= 5.5, 2H), 1.59 (dJ= 16.5 Hz,
18H), 1.53 (d,J= 16.5 Hz, 18H).13C NMR: d 147.4 (q,J= 5.4 Hz), 136.4 (dJ= 6.6 Hz), 136.3
(d, J=2.0 Hz), 135.0, 132.3, 128.9 (d= 7.7Hz), 127.5, 125.9 (dJ= 47 Hz), 123.2 (q,)=

273.5 Hz), 118.2, 40.4 (d]= 26.9), 39.0 (dJ= 26.8 Hz).*P{tH} NMR: d 57.6.1%F{tH} NMR:
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dNt K81 w OEOS w" EHOAUERuNP.Eni) I 8. 28yH.16)0132.02 (31.87); N,
1.70 (1.54).

3.4.3 Lig and exchange studies
3.4.3.1 Kinetics of isobutylene exchange with 3.6

Isobutylene (~300ni, 6.9 x 10 mmol; 14 mM) was added via gas-tight syringe to
a solution of 3.6(2.4 x 1 mmol; 47 mM) and 1,3- dimethoxybenzene (internal standard,
1.5 x 1@ mmol) in CD2Cl2 (0.50 mL) in an NMR tube sealed with a rubber septum. The
OPRUUUI whEUwWUT EOI OwYDT OUOUUOawEOEwx OEET EwDOWEOQD
minutes prior to analysis. The resonance corresponding to the vinyl protons of free
isobutylene (d 4.65) was saturated by irradiating at + 155.9 Hz at a power oft 9dB for 10
seconds, resulting in a loss of intensity of the vinyl resonances of bound isobutylene at d
4.15 andd 3.96. Resonance intensities without (3) and with (S) saturation at d 4.65 were
measured by integrating the resonances atd 4.15 andd 3.96 relative to the resonance ad
6.5 corresponding to H4, H5, and H6 of the 1,3-dimethoxybenzene internal standard.

From these values and from the independent determination of the spin -lattice
relaxation times (T1) of bound and free isobutylene, a first-order rate constant for
intermolecular isobutylene exchange with 3.60f k = 2 x (1T ed[(So/SH 1] = 1.0 & was
determined; the standard equation for magnetization transfer must be multiplied by the
stoichiometric factor of 2 owing the presenceof two equivalent isobutylene ligands. 126

Analyses were performed in duplicate over a range of concentrations of free isobutylene
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from 14 - 61 mM. A plot of kobs versus [isobutylene] was linear with a non -zero
intercept, which established the two -term rate law for intermolecular isobutylene
exchange with 3.6 of rate =k1[3.6] + k2[3.6|[isobutylene] where ki = 0.86 + 0.02!% (DG°298«
=17.52 + 0.01 kcal mét) and k== 8.3 £ 0.5 Mt (DG°> = 16.18 + 0.03 kcal ml*1).125 Error
values correspond to the standard error of the intercept and slope, respectively, of this

plot.

3.4.3.2 Equilibrium Binding Studies

Isobutylene (500ni, 0.67 mg, 1.2 x 18 mmol) was added via gas-tight syringe to
an NMR tube sealed with a rubber septum containing a solution of 3.8(4.8 mg, 3.0 x 18
mmol) and NCAr rz(0.33 mg, 1.9 x 18 mmol) in CD 2Cl2 (0.50 mL) and a sealed capillary
containing a solution of PPhsin CD2Cl2 (0.48 M, external standard). The tube was
inverted several times, placed into the probe of an NMR spectrometer pre-cooled at ¢ 50
°C, and maintained at this temperature for 10 minutes. The concentrations of 3.8, 3.9,
and 3.6were determined by integrating the 3!P resonances corresponding t03.8(d 55.6),
3.9[d55.7 and 65.1 (1:1)], and.6 (d 65.2) relative to the resonance corresponding to PPh
(d46.0). The concentration of free isobutylene was calculated from the experimentally
determined concentrations of 3.6and 3.9and from the ratio of fre e:bound isobutylene,
determined by integrating the 'H resonances corresponding to the vinylic protons of free
isobutylene (d 4.60), and bound isobutylene [d 4.05 andd 3.76 (1:1,3.6and 3.9)], using

the formula: [isobutylene]free = (ratio free:bound isobu tylene) x (2[3.6] x [3.9]). Similarly,
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the ratio of free NCA = calculated from the experimentally determined concentrations of
3.8and 3.9and from the ratio of free:bound NCA =% determined by integrating the 1°F
resonance corresponding to free NCArz du8.4) and bound NCAwrz du@3.7 (both3.8
and 3.9)], using the formula: [NCA z & = (ratio free:bound NCA =z #(2[3.8] x[3.9).

Analogous experiments were performed as a function of [isobutylene] tta from
27-85 mM. From these data, equilibrium constants were determined for the conversion
of 3.8t0 3.9(K1), 3.9t0 3.6 (K2) and 3.8to 3.6(Ks); the reported values refer to the
averages determined from multiple experiments with [isobutylene] tta ranging from 27 -
85 mM and the reported error values refer to the standard deviation among the
respective sets ofdata.

To ensure that equilibrium was achieved under these conditions, a similar
experiment was performed through addition of NCA +z wU O wE wB6QIThaPI®© wd i w
CD2Clz2 at 50 °C. Equilibrium c onstants were calculated as outlined above as a function
of [NCA 7w from 14-159 mM; equilibrium constants determined in this manner did

not differ significantly from those obtained from reaction of 3.8and isobutylene.

3.4.4 X-Ray crystal structures
3.4.4.1 Xray crystal structure data for 3.6 -CH2Cl:

Slow diffusion of pentane into a CH2Clz solution of 3.6at 4 °C formed colorless
crystals of 3.6-:CH:Cl: suitable for X-ray analysis (Figure 32, Table 10). Thesample was

mounted on a Mitegen polyimide mi cromount with a small amount of Paratone N oil.
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All X -ray measurements were made on a BrukerNonius Kappa Axis X8 Apex2
diffractometer at a temperature of 110 K. The unit cell dimensions were determined
from a symmetry constrained fit of 9764 reflectonswD UT wK3 Al Sw@wl ¢ w@wKt 6 Y K-
The frame integration was performed using SAINT.  The resulting raw data was scaled
and absorption corrected using a multi -scan averaging of symmetry equivalent data
using SADABS .10 The structure was solved by direct methods using the SIR92
program. 192 Most non-hydrogen atoms were obtained from the initial solution. The
remaining non -hydrogen atom positions were obtained from subseque nt difference
Fourier maps. The hydrogen atoms were introduced at idealized positions and were
allowed to ride on the parent atom. The C2| C3 bond length was restrained to a target
value of 1.54 A and refined to a value of 1.579(9) A. The model also showechigh
amplitude motion in the alkene bonded to Aul. The difference map was scrutinized for
suggestions of an orientational disorder, but a set of peaks representing an alternative
orientation could not be found. The structural model was fit to the data usi ng full
matrix least-squares basedon F2. The calculated structure factors included corrections
for anomalous dispersion from the usual tabulation. The structure was refined using the
XL program from SHELXTL, 193 graphic plots were produced using the NRCVAX

crystallographic program suite.
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3.4.4.2 XRay Crystal Structure of 3.7-CH 2Cl2

Slow diffusion of pentane into a CHzClz solution of 3.7at 4 °Cformed colourless
crystals of 3.7-CH2Cl: suitable for X-ray analysis (Figure 33, Table 10). The samplavas
mounted on a Mitegen polyimide micromount with a small amount of Paratone N oil.
All X -ray measurements were made on a BrukerNonius Kappa Axis X8 Apex2
diffractometer at a temperature of 110 K. The unit cell dimensions were determined
from a symmetry constrain ed fit of 2769 reflections with 4.82° < 2q < 55.96°. The data
collection strategy was a humber of w and j scans which collected data up to 61.22° (2q).
The frame integration was performed using SAINT. ° The resulting raw data was scaled
and absorption corrected using a multi-scan averaging of symmetry equivalent data
using TWINABS. 273 1 | WEUAUUEOWPEUWEwWOUOUDXx Ol wEOOEDOI Ew?
at 5 domains. However, integration of more than 2 components led to unsatisfactory
integrations. The data was fit to a two component twin. The structure was solved by
direct methods using the XS program.19tAll non -hydrogen atoms were obtained from
the initial solution. The hydrogen atoms were introduced at idealized positions and
were allowed to ride on the parent atom. The data was integrated as a two component
twin. However, using this data gave worse results than using the data only from the
x UDOEUA WEOOEPOwWpUT T w?EI UPPOOI E» WEEUEAOWEUUWI YI
The final refinements were done using the detwinned data. The structural model was fit

to the data using full matrix least -squares based on F. The calculated structure factors
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included corrections for anomalous dispersion from the usual tabulation. The structure

was refined using the XL pr ogram from SHELXTL 1 and graphic plots were produced

using the NRCVAX crystallographic program suite.

Table 10: Crystal and structure refinement data for

complexes 3.6-CD:Clz and

3.7:CDLClo.
3.6CD2Cl2 3.7.CD2Cl2
empirical formul a CarH 62AU 2Cl2F12P2She CaoH 65AU 2Cl2F12P2Shy
fw 1505.14 1532.18

crystal size (mmg)
Color and habit
T (K)
I (A)
crystal system
space group
unit cell dimensions

V (A3
Z
Deaic (g/cm3)
2¢gmax (deg)
abs coeff (cm?)
total no. of reflns
no. of unique refins
no. params.
refined/restraints
F(000)
goodness-of-fit on F2
final R indices [I>2s(])]
R indices (all data)
max,min Dr, (e/A °3)

0.18 x 0.08 x 0.04
colorless prism
110(2)
0.71073
orthorhombic
Pbca
a=13.7610(4) A

b =17.2858(5) A

c =39.9274(12) A
9497.5(5)
8

2.105

57.5

7.539
154134
12303

12303/514

5728
1.085

R1 =0.0529wR2 = 0.1268
R1 =0.0918wR2 = 0.453

-3.174, 3.702

0.24 x0.12 x 0.07
colorless prism
110(2)
0.71073

monoclinic
P2J/c
a=19.0763(6) A
b = 15.7558(5) A
b =93.1807(18)°
c = 16.9063(5) A
5073.6(3)
4
2.006
61.22
7.058
15425
15425

15425/532

2924
1.075
R1 =0.0716wR2 = 0.1693
R1=0.1178wR2 = 0.B17
-3.819, 6.445
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4. Synthesis and Solution Behavior of C  ationic,
TwoACoordinate Gold(l) pAComplexes Bearing a
Triphenylph osphine L igand

Portions of this chapter have been published: Brooner, R. E. M.; Brown, T. J.;
Widenhoefer, R. A. Chem:Eur. J.2013 19, 8276. Synthesis, characterization, and variable

temperature NMR studies of complex 4.11were performed by Dr. T. J. Brown.

4.1 Introduction
4.1.1 The use of triarylphosphine s in gold(l) catalysis

It is undeniable that the surge of information regarding the structure and
solution behavior of gold(l) complexes in recent years has greatly increased general
understanding of t he mechanisms operative in gold(l) p-activation catalysis. However,
despite boasting a wide variety of different p-ligands, isolated gold(l) p-complexes bear
almost exclusively sterically hindered, electron -rich supporting ligands such as a N-
heterocyclic carbenes (NHC) or dialkyl o-biphenylphosphines. While these ligands have
been employed to good effect in gold(l) p-catalysis, the simplest triarylphosphine,
triphenylphosphine, remains the workhorse ligand in gold(l) catalysis. Similarly, axially
chiral bis(triarylphosphines) remain the most common utilized in enantioselective gold
p-activation catalysis.

As demonstrated previously, a great interest in the understanding of the nature
of gold(l) p-complexes has arisen out of their purported role in catalysis. Unfortunately,

no cationic, mononuclear gold (l) p-complex bearing a triphenylphosphine ligand has
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been isolated. Rather, information regarding the structure, bonding, and reactivity of
these complexes is gleaneckither from characterization of mononuclear, cationic gold(l)
complexes of p-alkene 36 42. 46. 128g|kyne, 49 52. 129g|lene,13°131 conjugated diene 889 1220r
areness 9. 1325 ligand s that bear a sterically hindered, electron-rich supporting ligand or
from reports of complexes generated and observed spectroscopically only in situ (see

below).

4.1.2 Background on triarylphosphine gold(l) p-complexes
4.1.2.1 Examples of triarylphoshine gold(l) p-complexes

Although triphenylphosphine gold(l) p-complexes have escaped isolation, a
limited number of examples of p-complexes bearing other triarylphosphine ligands have
been reported. In 2008, Toste and coworkers reported the synthesis of the polymeric,
cationic gold p-alkene complex 4.1 and dimeric gold p -alkyne complex 4.2, which
contained triarylph osphine supporting ligands tethered to p-ligands by an alkyl chain
(Figure 35)t33 Single crystal X-ray analysis of 4.1 established the presence of a distorted
gold hz-alkene p-bond with a shorter Au  CHR and a longer Aut CMe: interaction (Dd =
~0.1 A). Likewise, for complex 4.2in the solid state, gold is h>-bound to the silylalkyne
moiety but is slipped toward the tri -iso-propylsilyl group through a shorter Au 4C1 and
longer AutC2 bond (Dd = 0.073 A) the alkyne substituent on 4.2 is bent away from gold
[C1CEC =167.2°, €Ct Si = 164.4°]. Detailed solution characterization of4.1 and 4.2 was

precluded by facile disproportionation of the complexes.
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Figure 35: Cationic, multimeric gold(I) p-complexes containing triarylphopshine
supporting ligands.

Later, Macchioni and coworkers reported in situ generation and characerization
of the thermally sensitive triarylphosphine gold p-alkyne complex [(PAr s)Au( h2-
MeCt CrPr)]* BR+ [Ar = 3,5bis(trifluoromethyl)phenyl (4.3)] (Figure 36), which was
characterized without isolation at ¢+ 69 °C28 Spectroscopically, 19F-H HOESY analysis
indicated that the BF4' counterion was located near the gold atom in an area between the
phosphine and alkyne p-ligand, which the authors suggested is an indication that the
positive charge locates mainly on the gold atom in these complexes.Recently, Dias has
reported synthesis and structural characterization of the cyclooctyne complex
[(MessP)Au(hz-cyclooctyne)]* SbF' (4.4; Figure 36)3° Although 4.4 decomposed slowly in
solution at room temperature, it is significantly more stable than complex 4.3, which

decomposes readily in solution near room temperature.
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FsC

4.3 44

Figure 36: Thermally un stable cationic, monomeric gold(l) p-complexes containing
triarylphopshine supporting ligands.

In addition to the complexes above, the synthesis and Xray crystal structures of
a pair of stable, cationic triphenylphosphine gold enamine complexes have been
reported. 134 However, in contrast t o gold complexes of alkyl and aliphatic alkenes, X-ray
analysis of these complexes revealedh'-coordination of the nitrogen -substituted ligand
with no significant contribution of the corresponding hz canonical form. Furthermore,
the stability and reactivi ty of these complexes is more similar to triphenylphosphine

gold(l) s-alkyl complexes, which are well known in the literature. 135136

4.1.2.2 Reportedin situ generation of [(PPh s)Au] *p-complexes

As with some of the less-stable triarylphosphine gold(l) p-complexes, anumber
of triphenylphosphine gold(l) p-complexes have been purportedly generatedin situ
from reaction of a p-ligand with either a mixture of [(PPh 3)AuClI] and silver salt or a
single-component gold complex, such as [(PPs)AUNTT 2].3 41115137141 However, there are
a number of inconsistencies in the reported spectroscopy and solution behavior of these
complexes that warrant further investigation. In most cases, characterization of the

purported triphenylphosphine gold p-complex rests solely on 3P NMR analysis
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recorded at or above room temperature, which often shows full conversion of
[(PPhs)AuX] to a new complex with reported chemical shifts ranging from d= 28 to 45
ppm. We found the broad range of chemical shifts disconcerting given the n arrow range
of phosphorous chemical shifts (d = 65 + 3 ppm) observed for a family of more than 30
complexes of the form [(P1)Au( p-ligand)] * SbFe .38 46. 49, 880, 122, 13431 Fyrthermore, the lower
frequency value of d = 28 ppm is similar to that of weaO wdgmplexes, such as
[(PPh3)AuOTI(] 142 [(PPhs)AuNTT 2],243 and [((PPhs)Au) 200 4Cl)] * SbFs (4.5),244 whereas the
higher frequency value of d = 45 ppm is similar to the bis(phosphine) cation [(PPhs)2Au] *
(4.6) (Table 11)145Both of these complexes can be rvisioned as byproducts or
decomposition products formed in the generation of triphenylphosphine gold p-
complexes.

Table 11: 3'P NMR Chemical shifts of relevant triphenylphosphine gold s-complexes

in CD oClo2.
s-complex dat25°C dat-90 °C
PhsPAuUCI 32.7 30.6
PhsPAUOTf 30.6 28.0
PhsPAUNTT 2 29.9 27.8
@
(PhsP)Au~Cl~Au(PPhj) 30.7 28.5
4.5
®
4.6

Perhaps best characterized of these triphenylphosphine gold p-complexes is the

4-methylstyrene complex [(PPhsA  (2dd9C=C(H)-4-CeH4CH3)]* BFs (4.7-BFs), which was
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interrogated by variable -temperature, multinuclear, one - and two -dimensional NMR
analysis.#t However, significant broadening of the reported 3P NMR resonance of
47-BRr (d& wt A 81 wa26@H2 atP0 °C) suggestedthat a rapidly equilibrating

mixture of complexes is actually present in solution.

4.1.3 Project goals and scope

Due to the apparent inconsistencies and discrepancies in the extant reports of
two -coordinate triphenylphosphine gold p-complexes, we sought to develop a more
detailed understanding of the spectroscopy and solution behavior of these complexes.
We hoped to establish a well-defined set of solution characteristics and spectroscopic
handles for identifi cation of these complexes. Further, we sought to understand more
about the ligand -exchange and decomposition behavior of the complexes and the
influence of the complex counterion.

To this end, a family of gold complexes of the form [(PPh3s)Au( p-ligand)] * (p-
ligand = alkene, vinyl arene, alkyne, conjugated diene, allene) was generated and
characterized without isolation, employing low -temperature, multinuclear NMR
spectroscopy (Table 12).Key observations made in the course of our investigation
include the following: 1) the p-ligands of cationic triphenylphosphine gold p-complexes
are considerably more labile than the p-ligands of related gold NHC and o
biphenylphosphine p-complexes; 2) careful control of reaction stoichiometry and

employment of a weakly coordinating counteri on, such as Sbk, was required to
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generate solutions of cationic triphenylphosphine gold p-complexes free from
byproducts; 3) all of the gold p-complexes generated in this study are thermally unstable
and decompose above-20 °C to form the bis(triphenylph osphine) gold cation
[(PPhs)2Au] * (4.6); and 4) the 3P NMR resonances of these complexes fall within the
range of d=37.1+ 1.7 ppm.

Table 12 3'P NMR chemical shifts of the synthesized triphenylphosphine gold
picomplexes in CD2Clo.

p-complex 3p d (ppm) p-complex 3P d (ppm)
®
PhsP—Au—]| 9
38.8 (90 °C) PhsP—Au 37.2 (90 °C)
: 4.10-SbF
4.7-SbF, Me 6
® Me Me Me
Ph3P—AuﬂI . ® o
Me” “Me 36.8 (85 °C) PhyP—Au— 36.3 (90 °C)
4.8-SbF, 4.11-SbF,
£t (CH,),Ph
® ® 36.5, 35.4
PhyP—Au—]|| 36.1 (70 °C) PhsP—Au (~1:2.5,
9. (CH,),Ph I
4.9-SbF, g4 21350822 Ng)

4.2 Results and discussion

4.2.1 Triphenylphosphine gold p-alkene complexes
4.2.1.1 Synthesis and characterization of [(PPhs)Au(h2-Me(H)C=CMe 2)]* SbFs (4.8-Sbks)

Addition of 2 -methyl -2-butene (1 equiv.) to a 1:1 mixture of [(PPhs)AuClI] and
AgSbFsin CD2Clz at-78 °C for 5 min led to formation of thermally unstable

[(PPh:A  U2ebi€(H)C=CMe2)]* SbFs (4.8 SbFs; Table 12 andScheme13). Complex
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4.8SbFs was characterized without isolation by low temperature NMR spectroscopy.
The 3P NMR spectrum of 4.8SbFs at -85 °C displayed a single sharp resonance atl =
36.8 ppm consistent with complete conversion of the starting [(PPhs)AuClI] to a new
organometallic complex.

Scheme 13: Low temperature generation of triphenylphosphine gold  p-alkene
complex 4.8-SbFs and its decomposition to 4.6-SbFe.

(PhsP)AUCI + || AgSbFs (Ph P)A® | @
—_— u—; —_— — _
3 CD,Cl,, -78 °C ST CD,Cly, 0°C  PhaP—Au—PPhs

4.8-SbF, 4.6:SbF,

Complexation of the alkene to gold was established by the downfield shift of the
C2 alkene carbon resonance d = 145.4 ppm) and the upfield shift of the C3 alkene carbon
resonance (=111.8 ppm, d,kr= 10.5 Hz) relative to free 2methyl -2-butene (C2,d =
132.0; C3d=118.0 ppm) in the3C NMR spectrum of 4.8SbFs at -85°C. The 3C NMR
chemical shifts of the alkenyl carbon atoms of 4.8 SbFs are similar to those observed for
Z p/ hA-M&(lHS=CMe2)]* SbFs (4.9-SbFs, 0= 146.1, 111.4 ppm)¢ corroborating
formation of a single gold(l) p-alkene complex in solution. Unlike 4.9-Sbks, with a vinyl
proton resonance (d = 4.20 ppm) that was shifted upfield relative to free alkene (d=5.12
ppm), the vinyl proton of 4.8SbFs (d = 5.96) was shifted strongly downfield relative to
free alkene. Rather, the downfield shift of the vinyl protons was consistently observed
for p-alkene complexes bearing the'BusP ligand.3¢

Warming a CD2Cl2 solution of 4.8SbFs at 0°C led to decomposition (trzsewuUNY wOD O A w

with concomitant formation of a sharp resonance at d = 43.8 ppm in the3'P NMR
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spectrum of the mixture as well as precipitation of black material and/or plating of
metallic gold from the solution (Scheme 13) The resonance atd 43.8 ppm was
confidently attributed to [(PPh 3)2Au] * SbFs (4.6 SbFs) by comparison to an authentic
sample prepared by treatment of a 1:1 mixture of [(PhsP)AuCIl] and AgSbFs with 1 equiv.

triphenylphosphine in CD2Cla.

4.2.1.2 Effect of stoichiometry on the synthesis of 4.8-SbFe

To explore the effect of reaction stoichiometry on the composition and solution
behavior of 4.8 complex 4.8was generated and studied in situ with equimolar
[(PhsP)AuCI)/AgSbF ¢ and a deficiency of 2-methyl -2-butene and with equimolar
[(PhsP)AuCI}/2 -methyl -2-butene and a deficiency of AgSbFs. When a 2:2:1 mixture of
[(PPh3)AuCl], AgSbFes and 2-methyl -2-butene in CD2Cl: reacted at-78 °C, the 3P NMR
spectrum of the resulting solution at -94 °C displayed an approximately 2:1 ratio of
sharp resonances atd = 36.8 and 28.2pm (Figure 37). Although the resonance atd =
36.8ppm can be confidently assigned to 4.8 SbFs, which was also observed in the H
NMR spectrum of the mixture, the composition of the complex ( A-SbFs) that gives rise to
the d = 28.2ppm resonance remains unclear. Possible structures of complexA -SbFs
include the free gold cation [(PPhs)Au] * SbFs, the solvated cation [(PPhs)Au(CD 2Cl2)]*
SbFs, or the gold/silver heterobimetallic complex [(PPh sA  U-@}Ag] *SbFs. In any case,

reaction of a 1:1 mixture of [(PPhs)AuCl] and AgSbFs at -78°C in the absence of alkene or
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other p-ligand likewise displays a broad resonance atd 2w | W windieafing that 2 -
methyl -2-butene is unlikely to be a component of A -Sbke.

Warming the aforementioned solution of 4.8 SbFk and A -Sbk above -50 °C
resulted in broadening of the resonance of A-SbFs at d & w pptd without detectable
broadening of the phosphorous resonance of 4.8 SbFs below the onset of decomposition
at-20°C (Figure 37), which argues against intermolecular alkene exchange between
4.8SbFs and A-SbFs. Supporting this contention, the *H NMR spectrum of this 2:1
mixture of 4.8SbFs and A-SbFs displayed only a single set of alkene resonances,
corresponding to the bound 2-methyl -2-butene ligand of 4.8 SbFk which did not broaden
or shift over the temperature range -94 to 0°C. Qualitatively, the presence ofA -Sbk did

not have an effect on the decomposition of 4.8 Sbk.
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(a) (b)

0°C 25°C

-30 °C -50 °C

40 30 40 30 20
ppm ppm

Figure 37: Variable -temperature 3P NMR spectra of the solutions generated from
reaction of (a) a 2:2:1 mixture of [(PPhs)AuCl], AgSbF &, and 2-methyl -2-butene in
CD:Clzat-78°C (left); and (b) a 2:1:2 mixture of [(PPhs)AuCl], AgSbF s, and 2-methyl -2-

butene in CD 2Clz at -78 °C (right). Vertical amplitude is not consistent between
spectra.

To evaluate the effect of a deficiency of silver salt on the formation of 4.8Sbks, a
2:1:2 mixture of [(PPhs)AuCl], AgSbFs, and 2-methyl -2-butene was combined in CD2Cl-
at-78°C. The 3P NMR spectrum of this mixture at -90°C displayed a large broad
resonance atd= 29 and a small broad peak atdg w ppkn (Figure 37). When the
temperature of the solution was raised, these resonances coalesced to form a single peak
atd=30.6ppm (2= 84Hz) at -50 °C, which sharpened further upon warming the
solution to 25 °C (d=30.0ppm (32=11Hz); Figure 37). No decompaosition or formation

of 4.6was detected after 5 h at this temperature. Likewise, theH NMR spectrum of the
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same mixture at -90 °C revealed extremely broad resonances in the vinylic (d = 5.7-
4.7 ppm) and aliphatic (d=2.4- 0.9ppm) regions, which sharpened upon warming to -
50°C, forming one vinylic resonance at d =5.27 and three methyl resonances ad =1.75,
1.68, and 1.6Qopm.

Treatment of [(PPhs)AuCI] with a sub -stoichiometric amount of an activat ing
silver salt is known to result in formation of the bis(gold) chloronium species
[((PPhs)Au) 2(mCD]* (4.5).144 Spectroscopic analysis 0f4.5-Sbks in CD2Clz, generated by
reacting a 2:1 mixture of [([PPh3s)AuCl] and AgSbFs at 25 °C, revealed a single resoance
atd 28.5ppm at -90°C and d 30.7 ppm at 25°C. Based on this and the spectra of
independently generated 4.8 Sbks, it was concluded that the reaction of [(PPhs)AuCl],
AgSbFs, and 2-methyl -2-butene in a 2:1:2 ratio results in a rapidly interconvertin g
mixture of p-alkene complex 4.8Sbks (d = 36.8ppm), [(PPhs)AuCl] (d=30.6ppm), the
chloride -bridged bis(gold) cation [((PPh 3)Au) 20 4Cl)]* SbFs (4.5Sbks) (d =28.5ppm), and
free 2-methyl-2-butene that favors 4.8 Sbks and free alkene (Schemel4). Thethermal
stability of the mixture presumably reflects the low equilibrium concentration of 4.8Sbks

present under these conditions.
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Scheme 14: Reaction of an equimolar mixture of [(PPhs)AuCl] and 2-methyl -2-butene
with a deficiency of AgSbFeto form an equilibrating mixture of 4.8- SbFs and 4.5 SbFe.

®
PhPAUCI + Ph3PAu;(
4.8 SbF
AgSbFg (0.5 equiv.) 6
PhgP)AUC  + -
(PhaF)Au /( CD,Cly, -78 °C “

@
PhsPAU-Cl~AuPPh, /(

4.5SbF,

4.2.1.3 Effect of counterion on the synthesis of 4.8-SbFs

The bistriflimide (NTf2) and triflate (OTf") anions are common counterions used
in gold(l) p-activation catalysis as they coordinate very weakly to the [(L)Au] *cation. On
the other hand, they are more coordinating than the SbFs commonly used in synthesis
and isolation of cationic gold p-complexes. To evaluate the effect ofcounterion on the
formation and solution behavior of alkene complex 4.8, formation of the complex was
attempted with both the NTf > and OTf- counterions. When an equimolar mixture of
PhsPAUNTf 2 and 2-methyl -2-butene (73 mM) was combined in CD2Clz at 78 °C(Scheme
15, eq. 2)the 3P NMR spectrum of the resulting mixture at $90 °C displayed a ~4:1 ratio
of broad resonances atd = 37 {n2 = 105 Hz) andd = 28 ¢n2 = 38 Hz), consistent with an
equilibratin g mixture of p-alkene complex 4.8 NTf2 and gold bistriflimide complex
PhsPAUNTT 2. Both the 1H and 13C NMR spectra of the solution at +90 °C displayed broad,
time-averaged resmances for bound and free alkene, consistent with rapid exchange of

alkene and bistriflimide on the NMR time scale. Similarly, when an equimolar mixture
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of PhsPAUCI, AgOTf, and 2 -methyl -2-butene was combined in CD2Clz att78 °C (Scheme

15, eq. 2), the®P NMR spectrum at $90 °C displayed a ~6:1 ratio of broad resonances atl

=38 (nedewhy Y w'd& 30z @&y Y w' a AOQOWwEOOUDPUUI OUwkPBUT wEOwI
4.8:0Tf and PhsPAUOTH.

Scheme 15;. Competitive binding of 2 -methyl -2-butene and the NTf 2 (eq. 1) and OTf-
(eq. 2) counterions for [(PPhs)Au]*.

+
Keq =4 NTfy
[(Ph3P)Au(NTf,)] + )i 2 = (PhsP)A /—l 2 (eq. 1)

< yt
CD,Cl,, -78 °C PN
4.8NTf,
+
Keq =6 —\ OTf
[(PhsP)AU(OT)]  + | = =~  (PhsP)Au—| (eq. 2)
CD,Cl,, -78 °C A
4.8-OTf

4.2.2 Triphenylphosphine gold  p-(vinyl arene) complex 4.7

As previously introduced, broadening in the 3P NMR spectrum (-20°C) of what
was assumed to be a solution of4.7-BF suggested the presence of a mixture &
complexes?t On the other hand, the significant perturbation of the vinylic proton
resonances present in this solution relative to free 4methylstyrene leaves little doubt
that complex 4.7BF: is generated in solution from mixtures of [(PPh s)AuCl], AgBF 4, and
4-methystyrene. Comparison of the reported spectra to those obtained in the generation
of 4.8 Sbkswith a deficiency of alkene implicate A-BR as a likely byproduct.
Furthermore, A-BF: may be more prevalent in this case than wasA-SbFs in the formati on

of 4.8 SbFs owing both to the weaker ligating ability of 4 -methylstyrene relative to 2-
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methyl -2-butene for [(L)Au] *, as was demonstrated for p-alkene complexes in which L =
IPr42and P1,% and the stronger coordination of BF+ relative to SbFs.

We sought to investigate the possibility of the formation of byproducts such as
A -SbFs in the generation of 4.7:Sbks by replicating the synthesis under carefully
controlled conditions and analyzing the mixture using variable temperature NMR
spectroscopy. Indeed, the 3P NMR spectrum of a 1:1:1.15 mixture of [(PPhs)AuCl],
AgBF4, and 4-methylstyrene in CD 2Clz at -20 °C displayed a single broad resonance at
d=33.9ppm (22=112Hz) (Table 12) Although a slight discrepancy is observed between
the 3P chemical shift for 4.7-BR reported by Macchoni (d =37.8 ppm) and in this work
(d=34.3ppm), this can be attributed to the different referencing systems employed in
the two studies (85% HsPOa versus (PPh)O in CD:Clz2). When the solution of 4.7-BRwas
cooled to -90 °C, the observed®P resonance broadened significantly (22> 1000Hz;

Figure 38), further indicating the presence of a mixture of complexes in solution.
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Figure 38: Variable -temperature 3P NMR spectra of the solutions generated from
reaction of (a) a 1:1:1.15 mixture of [(PPhs)AuCl], AgBF 4, and 4imethylstyrene in
CD2Clzat178°C (left); and (b) a 1:1:1 mixture of [(PPhs)AuClI], AgSbF s, and
4imethylstyrene in CD 2Clz at 178 °C (right). Vertical amplitude is not consistent
among the spectra.

Given that one of the possible byproducts contributing to the broad 3P resonance
observed in the experiment above is the gold counterion complex [(PhsP)Au(BF4)], a
similar experiment employing the less coordinating SbF s-~tounterion was performed in
an effort to minimalize the contribution of this possible byproduct. An equimolar

mixture of [(PPh3)AuUCI], AgSbFsOWE OE wK1 O U1 2@ wasamixed@i-18800au" #
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5 min. The 'H NMR spectrum of the resultant solution at -70°C displayed a 1:1 ratio of

doublets at d =5.84 and 5.51ppm, corresponding to the terminal vinylic protons of

EOQUOEwWK:I O UT aduU0aul O Owll hifted dwrifidii@oi® exieat Oa OD E wx U
that it was obscured by the aromatic resonances. As in the previous experiment, the

31p NMR spectrum of this solution at -30°C displayed a broad resonance atd =38.0ppm

(22=260Hz), which broadened further upon cooling to -50°C (22=310Hz). However,

as the temperature was lowered further to -90 °C, the resonance sharpened and shifted

downfield slightly to =38.8 ppm (22=120Hz), and a second broad resonance

appeared atd =33t 25 ppm, just visible above the baseline. Thesespectra are consistent

with a mixture of 4.7 Sbks and A-SbFs that favors formation of 4.7to a greater extent than

did the reaction of [[PPhsA U" O¢ wWEOE wK1 OI Ul & @Figusesa3s)] Ol wbpbUT w 1!

4.2.3 Triphenylphosphine gold  p-(3-hexyne) complex 4.9

In an effort to form the thermally sensitive 3-hexyne complex [(PPhsX  (Pep <
CH3CH2" FCCH2CH33)]* SbFsan equimolar mixture of [(PPh 3s)AuCl], AgSbFs, and 3
hexyne was reactedat178°C. The3P- , TwUx| EUUUOwWOI wBq displeyeRil UUUT wE |
a single shap resonance atd =36.1ppm (2.2=5.7Hz), indicating the presence of a single
organometallic complex (Table 12) Coordination of 3-hexyne to gold to form (4.9-SbFs)
was established by thex Ul Ul OET wOi wEwUx1 EEVUE &@Gundnd UOOEDET wUIi
phosphorous coupling at d=91.9ppm (d, Xr=8.6Hz) downfield relative to free 1 -

hexyne (d=81.7 ppm) in the 13C NMR spectrum at -90 °C. Similarly, the *H NMR
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spectrum of 4.9Sbks at -85 °C displayed a quartet at d =2.79 and a triplet atd = 1.26 ppm
corresponding to the methylene and methyl protons, respectively, of equivalent ethyl
groups of the 3-hexyne ligand; both resonances were shifted to higher frequency relative
to free 3-hexyne d=1 6 | NwWE OE whud hul wx x O GCu Wartdingla ED:OY | Oa OwE U w1
solution of 4.9Sbks at -20 °C for 20 min led to approximately 15 % decomposition to
form 4.6 SbFs.

Mixtures of 4.9-SbFs and free 3-hexyne displayed well -resolved resonances for
free (d =2.79 ppm) and bound (d =2.24ppm) 3-hexyne in the H NMR spectrum at
1 UK. This peak separation was exploited to analyze the kinetics of intermolecular
ligand exchange employing spin -saturation techniques. To this end, the rate of
intermolecular 3 -hexyne exchange with 4.9 Sbk (80 mM) was recorded as a function of
[3-hexyne] from 18 to 60 mm in CD 2Cl: at -85 °C (Table 13) Further experimental details
are included in section 4.4.3. Aplot of kobs versus [3-hexyne] was linear, which
established the secondorder rate law for intermolecular 3 -hexyne exchangewith
4.9SbFs of rate = k;[4.9 SbF][3-hexyne], in which k2=100+ 14 mtitg-iv

(DGP1ssx=9.10+ 0.05kcal molt*Figure 39).

complex 4.9.
[3-hexyne]free (m M) Kobs (SLJ)U
16 0.89
38 2.9
46 4.5
60 5.2
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Figure 39: Plot of kobs versus [3-hexyne] for the intermolecular exchange of the
3rhexyne ligand of 4.9-SbFs ([4.9-SbFs] =80mM ) from 18 to 60 mM at 185°C in CD 2Cl..

The dependence of therateO 1 wi RET EOT | wOOwgt 111 RaOIl ¢ wlUUXx x(
pathway for 3 -hexyne exchange via the cationic bis(alkyne) intermediate
[(PPhsX (Pmp'C3CH2" T " "2CHs)2]*SbR The energy barrier for intermolecular
111 RaO0l wi REISERD Uauskl bl Plawer than the energy barriers
determined for the intermomolecular, associative p-ligand exchange with
[(PLAu(pt OPT EOQE K ¢ ta B2GOsRd différdnde presumably reflects both the
EDODODPUI T EwUUI UPEwl OYDPUOOOI O UpuEibd) boddiof OOE wE OE wU
4.9SbFs relative to that of the gold pr EOOx Ol R1 UwETI EUPOT wUT 1 wEUOOa Ow

ligand.
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The effect of a deficiency of alkyne on the formation and solution behavior of
4.9SbFs was analogous to the effect of a deficiency of 2methyl -2-butene on the
formation of 4.8SbFs. [(PPhs)AuCl], AgSbFe, and 3-hexyne were mixed in a 2:2:1 ratio in
CD:Clzat-78°C, and subsequent®P- , 1 wE O E O a U®ré&veatedauii5y watio of
sharp resonances atd =35.1 and 28.2ppm corresponding to 4.9SbFs and A-SbFs,
Ul Uxl EUDYI Oadw6i 1 OwlT I wU &O,lineg erdifiRiteddriance EU O EwWEE O
corresponding to A-SbFs broadened without detectable broadening of the resonance
corresponding to 6:SbF6 w6 EUOD OT wUT 1 wU @ded 10 afidecBrapOsitionwz | Y
of 4.9SbFs (ca. 30% decomposition after 25 min) with concomitant formation of

bis(phosphine) complex 4.6 SbFe.

4.2.4 Triphenylphosphine gold  p-(1,3-cyclohexadiene) complex 4.10
The reaction of an equimolar mixture of [(PPh3)AuCl], AgSbFs, and
tuOt 1 E 2afidd&inh CD:Clzat-78S " wOl EwOOwi OUCEUDPOOwW® wUIT 1T wlOT 1
diene complex 4.10SbFs, as evidenced by the single sharp resonance atl =36.3ppm in
thestP- , 1wUx1T ECUUOWOT wUT 1 wed (talkd1R)BibdinG &f gold tbbhew E U wr NY
of the two C=C bonds of the cyclohexadiene ligand was established by low-temperature
13C and '*H NMR analysis. Specifically, the 3C NMR spectrum of 4.10SbRE U ufC N Y
displayed four alkenyl resonances (1=137.9,121.7,119.8, 117@m) and two aliphatic

resonances @ =25.0, 22.20pm), corresponding to the six chemically inequivalent carbon

atoms of the cyclohexadiene ligand. Furthermore, the sp2-carbon resonances of4.10
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closely match those of [(P1)Au(h2(1,3-cyclohexadiene))]* SbFR-at -70 °C(d = 136.4, 12.1,
117.4, and 114.7 ppm}22

As was seen for the corresponding P1 complex, omplex 4.10SbFs displayed
fluxional behavior consistent with facile interconversion of the complexed and
uncomplexed C=C bonds of the cyclohexadiene ligand. TheH NMR spectrum of
4.10SbFs at -94 °C displayed a 1:1:1:1 ratio of four broad vinylic resonances atd = 6.89,
6.50, 6.41, and 6.31 and a broad multiplet at 2.82.3ppm, corresponding to the allylic
protons (Figure 40). When the temperature was raised, the pairs of resonances atl =6.50
and 6.41 and atd =6.89 and 6.31ppm broadened and coalesced independently forming a
1:1 ratio of resonances ad =6.48 and 6.62ppm at -25 °C (Figure 40). Over the same
temperature range, the broad allylic multiplet collapsed to form a single sharp peak at
d=2.65ppm at -25°C. Breadth of the vinyl proton resonances even at -90 °C precluded
precise calculation of the energy barrier for p-face exchange in4.10SbFs; however, line-
shape analysis of the vinyl resonances atd =6.50 and 6.41ppm near the coalescence
temperature estimated the upper-limit for the energy barrier for exchange of the
complexed and uncomplexed C=C bonds of the 1,3cyclohexadiene ligand of 10SbFs of

DG*185k A9.0kcal mol L
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-65 °C

70 60 30 20
ppm

Figure 40: Temperature dependence of the alkenyl (left) and aliphatic (right) *H NMR
resonancesof 4.10 SbFs from 194 t0125°C in CD 2Cl-.

We have previously established that the lowest energy pathway for
POUI UEOGOYI UUPOOWOI wlT 1 wEOOXxOI Rl EWERABWUOEOOXxOI B
cyclohexadiene)]* SbFs-is intramolecular and occurs with an energy b arrier of
DGr233k=10.4kcal mol122 The intramolecular pathway was confirmed by the presence of

two distinct resonances for the pairs of time -averaged allylic protons positioned cisand

transto the [(PPhs)Au] ¢ moiety. Conversely, an intermolecular pathway for exchange
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would necessarily occur with concomitant exchange of the two faces of the
1,3icyclohexadiene ligand, producing a single, time -averaged allylic resonance in the
fast-exchange spectrum, as was observed fo4.10SbFs. While the presence of a sirgle
resonance can also be attributed to accidental equivalence of thecis and trans-allylic
protons, the observation that the tH NMR spectrum of a solution of 4.10SbkFs (42mM)
that contained a trace of free 1,3cyclohexadiene (ca. 4nMA w E BQuwdisplay ed only two
alkenyl (d =6.56 and 6.42opm) and one allylic -proton resonance (d =2.61ppm)
confirmed that 4.10SbFscan undergo rapid, intermolecular exchange of bound and free

1,3-cyclohexadiene.

4.2.5 Triphenylphosphine gold p-allene complexes

4.2.5.1 §nthesis, characterization, and fluxional behavior of 1,1 -dimethylallene
complex 4.11

Building on previous studies of the gold pt EOOT 01 wEOOx O1 R1 UwOi wOT 1
[(P1)Au(pr E O O'BHB:3% 3% we extended our analysis of triphenylphosphine gold
pr E O O x @lindliide) pyallene complexes. In one experiment, reaction of an equimolar
mixture of [(PPh3)AuCI], AgSbFs, and 3-methyl -1,2-butadiene in CD2Clz at -78 °C for 5
min generated the complex [(PPhsA  PmpeC<C=>C=CMe)]* SbR-{4.11:Sbks), which
displayed a single sharp resonance atd = 36.3ppm in the 3P NMR at -90°C (Table 12)
pr * OO0 x Ol R Erddihg) O aulfdiadiene to gold was established by *H and 3C NMR
spectroscopy at-90 °C. The 3C NMR chemical shifts of the allenyl carbon atoms of

4.11:Sbk [¢-1053 (CMez2), 198.2 (€=), 62.6ppm (CH2)] were shifted significantly from
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those of free 3methyl -1,2-butadiene [d =94.4, 205, 72.pm] and were similar to those
observed for the related p-allene E O O x O1 R w @-gpCHCAC(CHDA]* SbF-{4.12 Sbk)
[E1056 (CMe?2), 197.0 (€=), 63.1ppm (CH?2)]. In comparison, the allenyl proton of
4.11:Sbk (d =5.23ppm) was shifted downfield relative to the allenyl resonance of both
free 3-methyl-1,2-butadiene (d=4.46ppm) and 4.12 Sbks (d =4.07 ppm), 130131
Selectivebinding of the 3-methyl -1,2-butadiene ligand of 4.11:Sbk through the
less substituted allenyl C=C bond was established by the presence of a pair of
diastereotopic allenyl methyl resonances in both the 13C (d =21.4, 20.2pm) and the
'H NMR spectrum (d =1.93, 1.87pm) of 4.11:Sbks at -90 °C (Figure 41). When the
temperature was raised, the proton resonances broadened and coalesced, forming a
single resonance atd =1.93ppm at -30°C. Line-shape analysis of these resonances near
the coalescence point povided an energy barrier for this exchange of
DGra1sk = 10.9kcal mol-vAlthough this value is similar to the energy barrier determined
for intramolecular p-face exchange of the 3methyl -1,2-butadiene ligand of 4.12Sbk
(DGP220x = 11.0kcal moltuseist we could not distinguish between intra - and
intermolecular pathways for interconversion of the diastereotopic methyl groups of
4.11:Sbk. Warming a solution of 4.11:Sbk at 0 °C for 1.5h led to 90 % decomposition to

form the bis(triphenylphosphine) gold cation 4.6 Sbk.
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Figure 41 Temperature dependence of the allenyl methyl 'H(left) and 3C (right) NMR
resonances of4.11:SbFs in CD 2Cl.. Amplitude is not consistent between spectra.

4.2.52 Synthesis, characterization, and fluxi onal behavior of 1, 3-disubstituted allene
complex 4.13

Both the 3P NMR chemical shift and thermal instability of 4.11SbFs appeared

incongruent with the data reported for the related gold prallene complexes

[(PPha&k  (PIpK T 3CH2C=C=CCH.CH:Ph)]*X-{X = NTf2{4.13NTf2), BR-{4.13BFs)].1
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Complex 4.13was reportedly generated in situ from reaction of 1,7-diphenylhepta -3,4-
diene with either [(PPh 3)AuNTTf 2] or a mixture of [ (PPhs)AuCl] and AgBF4+in CDsNO:2
and/or CD2Clz, but it was characterized by the presence of asharp resonance at
d=45.2ppm in CDsNO:2(44.8ppm in CD2Cl>) in the 3P NMR spectrum at 25t 45°C. The
31p chemical shift reported for 4.13is not only outside of the narrow range defined by
triphenylphosphine gold pt EOOx O R 1 UwE | Wusebtitris BaB.®wx Ul YD
38.1ppm), it is near the value expected for the bis(triphenylphosphine) gold cation 4.6,
and the rapid decomposition of 4.13to form 4.6at or above room temperature is in
accord with the observed thermal stability of 4.11
To gain insight into the spectroscopy and solution behavior of gold pr EOO1 01 w
complex 4.13 the reaction of an equimolar mixture of [(PPh3)AuCl], AgSbFs, and
OAT EDxT 1 0aldrt OKiT 1 xUEEDI Ol whEUwWD CHE OwpA BUI EwWE
Low -temperature one- and two -dimensional NMR analysis of the resulting solution was
OOUUWEOOUDPUUI OUwPDUT WEOwWI GUPOPEUEUDOT wExxUORDO
allene complexes, presumably cis-4.13SbFs and trans-4.13SbFs, although we have no
information that would allow assignment of the major and minor isomers and little
information regarding the structure of the minor isomer. The 3P NMR spectrum of
4.13Sbks at -89 °C displayed an approximately 1:2.5 ratio of resonances atd =36.5 and

35.4ppm (Table 12 and Figure 42), and the *H NMR spectrum of 4.13SbFs at -89 °C

displayed an approximately 1:2.5 ratio of broad allenyl resonances atd=6.14 and
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6.03ppm (Figure 42). Assignment of the 6.03ppm resonance to both allenyl protons
(time-averaged or coincidental) of the major diastereomer was further supported by

IH1'H COSY and heteronuclear multiple -quantum -coherence (HMQC) analysis at-90°C
(see below and section 4.4.2)When the temperature was raised, the approximately 1:2.5
ratio of *H and 3P NMR resonances broadened and coalesced, forming single resonances
in both the 3P (d=36.6x x O wE €Cuandy (d=6.06x x O wE ECUNMRgpectra, with
an energy barrier for interconversion of the major and minor diastereomers of 4.13Sbks
of DGP21sk= 9.5 kcal moltras was determined from 3P NMR line -shape analysis (Figure

42).
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Figure 42 Temperature dependence of the 3P resonances (left) and allenyl
'H resonances (right) of 4.13 SbFs in CD 2Cl2. Amplitude is not consistent between
spectra.

Assignment of the major diastereomer of 4.13SbFk E U w Edllan& complex was
further supported by low -temperature 3C NMR analysis. The 33C NMR spectrum of
4.13Sbks at -90 °C displayed a resonance atd =190.2ppm (d, Xr=6.9Hz), an
approximately 1:1 ratio of resonances atd = 100.0 and 86.(®pm (d, Xr=6.7Hz), and an
approximately 1:1:1:1 ratio of resonances atd =34.8, 33.7, 32.5, and 31.8 ppm, assigned to
the allenyl sp-carbon atom, the allenyl spz-carbon atoms, and the methylene-carbon
atoms, respectively, of the allene ligand of the major diastereomer of4.13under

conditions of slow exchange. The corresponding *C NMR resonances for free
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huOAT EDxT 1 Oa 01 190, 1CD:LI3 WekHiBplag@l at do=202.6 (sp), 90.6
(allenyl sp?), and 34.3 and 30.6ppm (sp3). Corroborating this assignment, HMQC
analysis of 4.13SbFs at -90 °C revealed a strong correlation between the allenyl

spt EEUEOQwUI d=Q@D éni B6W withhetH NMR resonance atd = 6.03ppm

assigned to the allenyl protons of the major diastereomer (Figure 43).

<«<— (C3/C5 ———>

5.0
5.1
5.2
j5.3
»"5.4
j5.5
5.6
5.7
5.8
H3/H5 5.9
, ~— 6.0
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6.2
—— . 6.3
85 80

f1 (ppm)

105 100 95 90
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Figure 43; Partial *H{13C HMQC spectrum of 4.13SbFsin CD 2Clz at -90 °C. The cross
peak at d5.23 d 90.6 (indicated with a box) corresponds to equivalent sp 2 allenyl
protons/carbons of free 1,7 -diphenyl -3,4-heptadiene.

In addition to t he resonances attributed to the major diastereomer 0f4.13 the
13C NMR spectrum of 4.13 Sbks at -90 °C displayed a resonance atd =188.6ppm, which

was approximately half the intensity of the 190.2 ppm resonance and was assigned to
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the allenyl sp-carbon atom of the minor diastereomer. The associated allenyl sp-carbon
resonances and methylenecarbon resonances of the minor diastereomer were not
observed, presumably due to more facile p-face exchange of this diastereomer and

a solution of 4.13 Sbks at 0 °C for 75 min led to 37 % decomposition to form 4.6-Sbk.

4.2.53 Effect of counterion and solvent on the synthesis and reactivity of 4.13

As a basis for comparison to the observed behavior of triphenylphosphine gold
p-alkene complexes4.7 and 4.8and literature reports of complex 4.13 we performed
some additional experiments that evaluated the spectroscopy and solution behavior of
4.13asa function of counterion and solv ent. In one experiment, an equimolar mixture of
[(PPh3)AuNTf 2] and 1,7-diphenyl -3,4-heptadiene was mixed at -78°C in CD2Cl. for
5 min. The 3P NMR spectrum of the resulting solution at -90 °C displayed an
approximately 2.5:1 ratio of resonances atd =352 and 27.8ppm, assigned to the time-
averaged resonance ofcis and trans-4.13NTf2 and [(PPhs)AuNTTf 2], respectively. When
the temperature was raised, these resonances collapsed to form a single resonance at
d=28.4ppm at -30°C. In contrast to 4.13 Sbks, warming this solution to 25 °C led to only
9 % conversion to the bis(triphenylphosphine) cation 4.6NTfz after 12 h, which is
perhaps due to the low concentration of 4.13NTfzin solution.

In comparison, when an equimolar mixture of [(PPh s)AuNTf 2] and 1,7-diphenyl -

3,4-heptadiene was combined in CDsNO: at -25 °C, the 3P NMR spectrum obtained
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within 10 min of mixing displayed an approximately 1:5 ratio of a sharp resonance at
d=42.4ppm, corresponding to 4.6NTf2, and a broad resonance atd =36.1ppm
(22=150Hz), corresponding either to 4.13NTf2 or to an equilibrating mixture of
4.13NTf2and [(PPhs)AuNTf 2]. Warming this mixture above -20°C resulted in rapid
disappearance of thed =36.1ppm resonance with concomitant increase in the 42.4ppm
resonance of4.6NTf2. From these experiments, we conclude that the spectroscopy and
solution behavior previously attributed to 4.13correspond instead to the
bis(triphenylphosphin e) gold complex 4.6 generated through decomposition of 4.13

under the conditions employed for its synthesis and spectroscopic analysis.138

4.2.5.4 The role of 4.13 in the hydroamination of 1,7 -diphenyl -3,4-heptadiene with
methyl carbazate

With our new unde rstanding of complex 4.13 we sought to gain further insight
into the gold -catalyzed hydroamination of 1,7 -diphenyl -3,4-heptadiene with methyl
carbazate(Scheme 16, eql) Previous studies of the mechanism concluded that the gold
p-allene complex 4.13is the catalyst resting state based on the observation of the
resonance atd 45.2 ppm in the 3P NMR spectrum of the reaction mixture in CD sNO-.
Based on the hypothesis that this species is actually4.6formed in situ, we sought to
evaluate the catalytic activity of 4.6for the given reaction. Treatment of a 1:2.5 mixture of
1,7-diphenyl -3,4-heptadiene and methyl carbazate with 6 mol% PhsPAuUNTf 2 in
nitromethane for 12 h at 45 °C following the published procedure afforded carbazate

4.14in 61% yield as a single diastereomer(Scheme 16, eql). However, repeating this
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procedure with the addition of 6 mol% PPh s to the initial reaction mixture resulted in the
complete inhibition of catalysis, with no evidence of product formation after 12 h at 45
°C (Scheme 16, eq. 2)This confirmed that complex 4.6, which is formed rapidly from a
PhsPAu+ species with a weakly coordinating ligand or counterion in the presence of free
PhsP, is catalytically inactive in this system.

Scheme 16. Hydroamination of 1,7 -diphenyl -3,4-heptadiene with methyl carbazate

catalyzed by [(PPhs)AuNTf 2] in CH sNO:zin the absence (eq. 1) and the presence (eq. 2)
of PPha.

NHCO,Me

Ph
> oh
N PhsPAUNTf, (6 mol%
J) + HoN. Jko/ v 2 O molm), (eq. 1)

N CH3NO,, 45 °C, 12 h

66 %
Ph
Ph 4.14

Ph

> PhsPAUNTF, (6 mol %)

Y PhsP (6 mol %)

| + H,N. - NR eq. 2
J) 2 Jk CHsNO,, 45 °C, 12 h (€q-2)

Ph
31p NMR analysis of a 1:1 mixture of methyl carbazate and PrePAUNTT 2 in
CDsNO:at -25 °C revealed a sharp resonance atl =28.8 ppm, presumably corresponding
to the PhsPAu* carbazate complex4.15NTf2; warming this solution to 25 °C revealed no

evidence of decomposition or formation of 4.6 (Figure 444). Addition of one equivalent
of 1,7-diphenyl -3,4-heptadiene to the solution of 4.15NTf2 at -25 °C causes no apparent
change to the3!P spectrum, and the *H spectrum of this mixture shows only 4.15NTf2

and free 1,7diphenyl -3,4-heptadiene. Warming the mi xture to 25 °C resulted in
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hydroamination of 1,7 -diphenyl -3,4-heptadiene with methyl carbazate, which could be
monitored by 'H and 3P NMR. The 3!P resonance corresponding to4.15NTf2 (d =30
ppm at 25 °C) persisted early in the reaction, but formation of a small amount of
4.13NTf2 was suggested by the emergence of a small, broad resonance at =36 ppm
(Figure 44b). As the reaction progressed, thed =36 ppm disappeared and a sharp
resonance corresponding to 4.6-NTfz at d =45 ppm grew in; the resonance correspondng
to 4.15NTf2 broadened and shifted slightly to higher frequency, presumably
representing a dynamic equilibrium between 4.15NTfz and the complex of product 4.14
to [PhsPAuU] * (4.16 NTf2) (Scheme 17 and Figure 44c). Upon completion of the reaction,
the d =45 ppm resonance persisted, signifying no regeneration of an active catalytic
species from4.6:NTfz, and the resonance representing goldcarbazate complexes
4.194.16NTf2 sharpened at d =29 ppm (Figure 44d), which corresponds to the 3P
resonance observed in a sample of4.16 NTfz generated independently (Figure 44e).
Scheme 17: Hydroamination of 1,7 -diphenyl -3,4heptadiene by stoichiometric gold

carbazate complex 4.15 (1 equiv.) to give gold bound product 4.16 with concomitant
generation of decomposition product 4.6.

O}
PhsPAu
. 3" NHCo,Me
/?\UPPh?, 1,7-diphenyl-3,4-heptadiene Ph +
HoN ° - [(Ph3P),Au]"
N-yHcome ~ CDsNO2,25°C, 12h
4.15 Ph 4.16 4.6

150



() | A

Figure 44: 3'P NMR resonances of: (a) a 1:1 mixture of PhsPAUNTf 2 and methyl
carbazate in CD3NO:zat 25 °C; (b) sample from (a) plus 1 equiv.
1,7idiphenyl 13,4theptadiene after 10 minutes at 25 °C; (c) sample from (b) after 1 h at
25 °C; (d) sample from (b) after 12 h at 25 °C; (e) a 1:1 mixture of PhsPAuUNTf 2 and
carbazate 4.14 in CDsNO: at -20 °C.

4.3 Summary of conclusions

Monomeric, cationic trip henylphosphine gold(l) complexes that contain a p-
alkene, vinyl arene, internal alkyne, conjugated diene, or allene ligand were synthesized
and characterized without isolation by low -temperature NMR spectroscopy. Each of

these triphenylphosphine gold(l) picomplexes is thermally unstable and decomposes

above-l Y @S " uCh  fofméthe bis(triphenylphosphine) gold cation
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[(PhsP):Au] * (4.6). The p ligands of these complexes undergo rapid intermolecular

exchange with free ligand and are competitively displace E wE a w P-dolof3 wsich as

OTf2One of the key ramifications of the weak gold ¢ p-ligand interaction of these

complexes is that careful control of reaction stoichiometry and employment of a weakly

coordinating counterion, such as SbFsis required to generate pure triphenylphosphine

goldpt EOOxOI BT UB w( OWOEOawWEEUI UOwUT T wxUl Ul OET woOi w
revealed only by low -temperature 3P- , 1 wUx 1 E 0 U-QY BHS % HENMR lu |

resonance of these triphenylphosphine gold pt E OO x Ol R 1 Waste Brid talEwsttn

the range d =37.1+ 1.7 ppm.

4.4 Experimental
4.4.1 General methods

Reactions were performed under a nitrogen atmosphere employing standard
Schlenk and glovebox techniques unless specified otherwise. NMR spectra were
obtained on a Varian spectrometer operating at 500 MHz for *H NMR, 125 MHz for 13C
NMR, and 202 MHz for 3P NMR in CD 2Clz unless noted otherwise; 13C NMR was
referenced relative to CD2Clz (d =53.8),'H NMR was referenced relative to residual
CHDCI 2 (d =5.32), and3P gpectra was referenced to an external solution of
triphenylphosphine oxide in CD 2Cl2 (d =26.9). NMR probe temperatures were calibrated
using a neat methanol thermometer. CD2Cl> was dried over CaH: prior to use.

PhsPAuUNTT 2142 1, 7diphenyl -3,4-heptadiene,'3 and 4.14'3¢ were synthesized employing
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published procedures. [(PPhs)AuCl], AgSbFeOw T . 31 OQwl 1 O1 UT ad1 1 1 EVUUOI Ol
K1 Ol Ul aduUauil Ol Owt1Ti1Rradl OwhoOt 1 EAEOOT I REEDI OI O
and CDsNO:2 were purchased from major chemical suppliers and used as received. Line

shape analysis was performed using WINDNMR -Pro.%8

4.4.2 Complex synthesis and characterization

[(PhsPAu)2Cl] * SbFe-{4.5-Shks).144 A mixture of Ph sPAuUCI (40 mg, 8.03 102
mmol) and AgSbFes(14 mg, 4.08 102 mmol) was dissolved in C D2Clz (0.60 mL) in an
NMR tube. The tube was inverted several times to mix the contents, which formed a
white precipitate that was allowed to settle to the bottom of the tube. 3P NMR analysis
of the resulting colorless solution revealed complete conversion of starting materials to
4.5-Sbk. 'H NMR (-90°C): d 7.83 6.93 (m, 30 H).22P{iH} NMR (25 °C): d 30.7.31P{tH}
NMR (-90°C): d 28.5.

[(PhaP)2Au] * SbFe-{4.6-Sbks).145 An equimolar mixture of Ph sPAuCI (49 mg, 8.13
102 mmol), AgSbFe(28 mg, 8.1 10’2 mmol), and PPhs (21 mg, 8.13 102 mmol) was
dissolved in CD2Clz2 (0.60 mL) in an NMR tube. The tube was inverted several times to
mix the contents, which formed a white precipitate that was allowed to settle to the
bottom of the NMR tube. 3P NMR analysis of the resulting colorless solution revealed
complete conversion of starting materials to 4.6-Sbk. 'H NMR (25 °C): d 7.737.67 (m,
6H), 7.66- 7.48 (M, 24 H).2*C{tH} NMR (25 °C): d 134.5, 133.2, 130.3, 127.5 {t= 29.9 Hz).

31P{iH} NMR (25 °C): d 44.5.31P{tH} NMR (-90 °C):d 41.8.
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[((PPhs&X  U%e(H)C=CMe 2)]* SbFs-{4.8-SbFs) A solution of [(PPh 3)AuCI] (22
mg, 4.4XL0V'mmol) in CD 2Cl2 (0.50mL) was added to an NMR tube containing
AgSbFs (15mg, 4.4x10''mmol); the mixture was shaken vigorously, and the resultant
suspension was cooled to-A W S" 6 w3 OwUIT B U wU UhethylGxbiténéd@b E UwWE E E |
mg, 4.4x10'mmol) at-A WoS" d w3 T 1 wEOOUI OUUwWOI wOT T wOUET whkl Ul
inverting the tube repeatedly over about 2 min period while maintaining temperature at
A WS OWEEUUDPOT wEwi DOT whpi BDUIT wx O kdmpdiatute @Hux Ul ED x D (
and 3P NMR analyses of the resulting solution revealed complete conversion of the
starting materials to 4.8SbFs. tH NMR (500 MHz, -Wk o 82 72%68A 6 | KwpOOwhk @' A Owk
kENYwpOOuwhe' AOwl 81 1 popll@urls" & Owk@EHNMBABW! o' A Ouwl
MHz, -Wk ® 8=14%4, 133.5 (dJ=13.4Hz), 132.4, 129.2 (dJ=11.7Hz), 125.1 (d,J=62.7
Hz), 111.8 (d,J=10.5Hz), 28.5, 21.5, 16.@pm; *P{iH} NMR (202 MHz, -A Y @ S" K6 w
d=36.8ppm.

Complexes 4.7-SbFs, 4.9SbFet 4.11SbFs, and 4.13Sbks were generated in solution
by employing a procedure similar to that used to generate 4.8Sbks.

[(PPha&k  U%@€1sCH2" T " "2CH3)]* SbFe{4.9-Sbk): 'H NMR (500 MHz,
I A°g):d=7.65(J=74" 40wt o' AOUKsqR Adutmpi (a3 ABKuAWSFOUD wt @' A Owl
(q,J=7.0" 4 OWKk.@7ppm (t, J=7.2' 4 O WIRCG{"HANMR (125 , ' aOwIi NY ®S" Ao w
d=133.4 I, J=13.6Hz), 132.4 (d,J=2 Hz), 129.2 (d,J=12.2Hz), 125.0 (d,J=63.7Hz),

91.9 (d,J=8.6), 15.0, 14.ppm; *P{H} NMR (202 MHz, -A Y & 8% 38.appm.

154



[(PPhsX  U%fS-cyclohexadiene)] * SbFs-{4.10-Sbk): tH NMR (500 MHz,
I NKa@S7.8¢,J=75 40wt o' A DA TR KauOpe (a3 AH0 wAudsOOwt o' A O wt
PEUwUOuwha' AOQwt 6k Y wpE U wU O wh ot 28Hxux Gukonduosaikdihg KOuhe !
NMR (125, ' 4 Qw1 M¥I3B9 (#)0133.5 (br), 132.4, 129.2 (d= 12.1Hz), 125.2
(d, J=62.0Hz), 121.7 (br), 119.8 (br), 117.9 (br), 25.0 (br), 22@pm (br); 3*P{H} NMR (202
, " 4a0wI N¥Y3B6SpPp#.o
[(PPha&k  U2%pi@C=C=CMe2)]*SbFeN(4.11-Sbk): *H NMR (500 MHz,
I NY @S7.8¢,J=7.1 4 Owt ot ALKl AuBakONDIE ' Y Au@uDAOGUK Mo A OQwk 61 + w
ud Nt wopU Oud Gt gOIMHGAME (025 , ' 4 Owr MY I8%2, ¥B.5
(d, J=13.3Hz), 132.4, 129.3 (dJ=11.9Hz), 125.0 (d,J=62.6Hz), 105.3, 62.6 (dJ=10.4
Hz), 21.4, 20.20pm; *P{H} NMR (202 , ' 4 Ow1 M¥36SPpH.0
[(PPhsA  U2%PRCH 2CH 2(H)C=C=C(H)CH :CH:Ph)]*SbFsN(4.13-Sbk):
Approximately 2.5:1 mixture of diastereomers; 'H NMR (500 MHz, -WN o 8= 7476 7.36
(M| No' AO@AUS WwipOOwWKKk @' AOwt 8 Adu'opk O wk O 'wi & tu &0 Guku B i dp Kl
(brs), ca. 1:2.5,2 H] 3.182.16x x O wpO OWI{H}dDIME @25 , ' 4 Qw1 WE[&S.2 A0
(d, J=6.9Hz), 187.8 (d,J=7.2Hz), ca. 2.5:1], 139.4, 139.0, 133(d, J= 13.5Hz), 132.5 (m),
129.1 (d,J=12.0Hz), 128.5, 128.1, 127.9, 126.0, 125.7, [124.8Jd,62.5Hz), 124.5
(d, J=62.5Hz), 1:2.5], 100.0, 86.0 (dJ=6.7Hz), 34.0, 32.9, 31.6, 31 dpm; 3P{tH} NMR

(202 MHz, -WN o § % 3.6, 35.40pm (ca. 1:2.5).
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The tH{*H COSY spectrum of 4.13SbFs in CD2Clz at -90 °C shows acorrelation
between the resonance atd = 6.03 to two allenyl methylene resonances. This observation
indicates that the resonance atd = 6.03 corresponds to both allenyl protons (time

averaged or coincidental) of the major diastereomer of 4.13SbFe.

H3/H5
g [=]
=3
[+ 3
T
o
=
P 2 R
oo & (6
T r ’—7
3.0

4.5
f2 (ppm)

Figure 45: Partial 1H-'H COSY spectrum of 4.13-SbFein CD2Cl2 at -90 °C. The cross-
peaks atd=5.2x d = 2.1 (indicated with boxes) corresponds to protons of free 1,7-
diphenyl -3,4-heptadiene.
[(PPhs)Au (NH 2NHCO 2Me)] *NTf 21{4.15) A mixture of [(PPhs)AuNTf2] and
methyl carbazate were dissolved in CDsNO:z at -25 °C in an NMR tube. The resultant

colorless solution was analyzed by H and 3P NMR analysis from -29 °Cto 25 °C.1H
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NMR (500 MHz, -29® SCDsNO2): d=7.827.50p00 O w hek9®6.200rs,t @' A Qaut 6 A K
} @:3=C{H} NMR (125 MHz, -290 S CDsNO2): d =153.9 129.9(d, J=136 Hz), 128.4
(d. J=2.4Hz), 123.1 (d,J=64.9Hz), 115.4 (q,J=318Hz), 48.8ppm; *P{iH} NMR (202
MHz, -| N ® 8=288ppm.

[(PPH3)AuU((E)-N'-(1,7-diphenylhept -4-en-3-yl)methyl carbazate )]* NTf 21
(4.16-NTf2) Complex 4.16 NTf2was generated as a mixture of isomers using a procedure
similar to that employed to synthesize 4.15-NTf.. 'H NMR (500 MHz, -250 $ "
CDsNO2): d=7.806.80(m, 27® ' &IBH98(M, v '5A5.61(m, v’ AOwt  NNwpE U wUC
3.74p U O).781.95 (m, 8 H) ppm; 3C{*H} NMR (125 MHz, -250 S CDsNO2): d =152.9
152.8,137.4, 137.1, 136.8, 136.0, 1298 J=136 Hz), 128.4 125.3 (d,J= 12.0 Hz),124.4
124.0 (m), 123.qd, J=646 Hz), 115.4 (q,J=318Hz), 64.9, 64.2489, 30.6, 30.0, 29.9, 29.7,
27.0, 26.9pm; 3P{H} NMR (202 MHz, -I N o 8= 24.65.26.0¢ppm.
4.4.3 Kinetics of intermolecular 3 -alky ne exchange with 4.9

3-Hexyne (0.9, 8.1 x103 mmol, 16 mM) was added via syringe to a solution of
4.9 SbF6(4.0 x102 mmol) and 1,31dimethoxy benzene (internal standard, 1.5 x10'2 mmol)
in CD2Cl2(0.50 mL) at-78 °C in anNMR tube sealed with a rubber septum. The tube was
shaken vigorously at -78 °C, placed inan NMR probe precooled at -85 °C, and analyzed
employing 1H NMR spin saturation techniques. The propargylic resonance of the
3rhexyne ligand of 4.9-SbF6 ( =2.79) wasintegrated relative to the methoxy resonance

of 1,3idimethoxybenzene (d =3.71) both without (S0) and with (S) saturation
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(d=11358.1Hz at 18 dB for 5 sec) of the propargylic resonance offree 3thexyne (d =2.13).
From these values and from the independent determination of the spin-lattice relaxation
times (T1) of the propargylic protons of the 3-hexyne ligand of 4.9-Sbks (0.70 s) and of
free 3-hexyne (0.66 s), an observed rate constant for intermolecular 3hexyne exchange
with 4.9-SbFs of kobs = (LT lred[(So/ S)t 1] = 0.9 $' was determined. Observed rate constants
for intermolecular exchange of 3-hexyne with 4.9SbFs were likewise determined at [3 -
hexyne] = 38 mM (kobs = 2.9 $1), 46 MM (kobs 4.5 $1), and 60 mM (kobs = 5.2 $%) through
successive iterations of the above procedure A plot of kobs Versus [3-hexyne] was linear
(Figure 39), which established the second-order rate law for intermolecular alkyne
exchange with 4.9-SbFs of rate =k2[4.9-SbFs][3-hexyne] where k2= 100 + 14 Mt st! (DG1ssk

=9.10 + 0.05 kcal mob).

4.4.4 Kinetics of p-face exchange in complexes 4.10, 4.11, and 4.13

An NMR tube containing a solution of 4.10Sbk (0.044 mmol) in CD2Cl2 (0.6 mL)
was placed in the probe of an NMR spectrometer precooled at-94 °C, allowed to
equilibrate for 10 min, and analyzed by *H NMR spectroscopy. The solution was
warmed incrementally, equilibrated at -88,-80,-65,-45, and-25 °C, and analyzed at each
temperature by *H NMR spectroscopy. Simulation of the *H NMR resonances atd =6.50
and 6.41 (94 °C) near the coalescencesimperature (-88 °C) employing the parameters
Dw= 44 Hz, m, = 26 Hz, w, = 30 Hz gave a best fit with an exchange rate okex=96 + 3 &

(Figure 46), which corresponds to an apparent energy barrier of DG°1ss = 9.0 kcal mot?.
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Peak separations Pw) were obtained directly from the -94 °CtH NMR spectrum of
4.10Sbk. Natural peak widths ( W) were measured as upper limits from the *H NMR
spectrum (-94 °C) of4.10 Sbks as these peaks appeared significantly broadened,
presumably due to C=C bond exchange.

The energy barrier for interconversion of diastereotopic methyl resonances of
4.11-Sbks (Figure 47) and phosphorus resonances 0f4.13 Sbks (Figure 48) were

determined using a similar analysis.

-88°C k=96
-94°C k=0
¥ || ¥ || ¥ || ¥ || ¥ || ¥ || ¥ || ¥ || ¥ || ¥ ||
68 66 64 62 60 68 66 64 62 60
ppm ppm

Figure 46: Experimental (left) and simulat ed (right) *H NMR spectra of the vinyl
protons used to approximate the rate constant and free energy of activation for the
intramolecular alkene exchange in 4.10SbFe.
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-90°C M
T T = T -T— T -1 |
2.1 20 19 1.8 1.7 2.1 2.0 19 138 1.7

-59 °C k=99
k=0
s -

Figure 47: Experimental (left) and simulated (right) 'H NMR s pectra of the
diastereotopic methyl groups used to approximate the rate constant and free energy of
activation for the intramolecular alkene exchange in  4.11SbFe.

-61°C /_/b

] s ] s ] s ] s ] s s ]
368 364 360 35.6 352 368 364 360 356 3b2
ppm ppm

Figure 48: Experimental (left) and simulated (right) 3P NMR spectra of the
phosphorus resonances used to approximate the rate constant and free energy of
activation for the intramolecular alkene exchange in  4.13SbFe.
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5. Mechanistic studies of the gold -catalyzed
intramolecular cycloisomerizations of 1,6  -enynes

Portions of this chapter have been published: Brooner, R. E. M.; Brown, T. J.;
Widenhoefer, R. A. Angew. Chem. Int. EQR013 52, 6259. Initital syntheses and
characterization of 5.9, 5.9-13Cy, 5.9-13C3, 5.9-d2 and 5.10 and 5.1013Cs were performed by

Dr. T. J. Bown.

5.1 Introduction
5.1.1 Gold(l) catalyzed cycloisomerization of 1,6  -enynes

The cycloisomerization of enynes catalyzed by electrophilic noble-metal
complexes, in particular Au and Pt, has attracted considerable attention because of its
ability to form skeletal rearrangement products.#11. 147153 Gold(l) -catalyzed
cycloisomerizations of 1,6-enynes to give a variety of rearranged carbon skeletons have
been reported, and the selectivity of these reactions has been shown to rely heavily on
the substitution of the starting enyne and the structure of the catalyst. For example,
Echavarren and coworkers have shown that by changing the substitution at the C1 and
C6 carbons or incorporating a heteroatom along the backbone of a 1,6enyne,
vinylcyclopentenes, bicyclo[4.1.0]heptenes, or bicyclo[3.2.0]heptenes can be formed

selectively upon treatment with a cationic gold(l) catalyst (Figure 49)2154158
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Figure 49: Skeletal rearrangements in the gold -catalyzed cycloisomerizations of
uOt 11 Oaodl UGB

5.1.2 Proposed mechanism(s) of gold(l) catalyzed eneyne
cycloisomerization

Farstner first posited that the products of electrophilic transition metal enyne
cycloisomerizations were consistent with the intermediacy of meta |-stabilized
nonclassical cyclopropylmethyl -, cyclobutyl -, and homoallylic carbocations/carbenes
accessedvia attack of the C=C moiety on a metalcomplexed C* C bond (Figure 50),15°
and mechanistic thought in this area has evolved largely within this concep tual

framework.

162
























































































































































































































































































































































































































































































































