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ABSTRACT: The role of counterions in chemistry mediated by gold complexes stretches much further than merely providing 

charge balance to cationic gold species. Interplay between their basicities and coordination strengths influences interactions with 

both the gold center and substrates in catalysis. Actual monogold(I) active species are generally believed to be mono-coordinated 

species, formed from the abstraction or the decoordination of a second ligand from precursor complexes, but only little 

experimental evidence exists to underpin the existence of these transient species. The formation of a bench-stable neutral IPrCl-

gold(I) tetrafluoroborate complex is herein reported. Experimental studies by X-ray diffraction analysis, NMR spectroscopy and 

theoretical studies by DFT calculations were conducted to determine the composition, structure, and behavior of this complex. The 

absence of an auxiliary ligand resulted in inner-sphere coordination of the counterion in the solid state. In solution, an equilibrium 

between two conformations was found with the counterion occupying inner-sphere and outer-sphere positions, respectively. 

Stoichiometric and catalytic reactivity studies with the tetrafluoroborate complex have been conducted. These confirmed the lability 

of the inner-sphere coordinating counterion that gives the IPrCl-gold(I) fragment similar behavior to related systems. 

INTRODUCTION 

The use of cationic gold(I) complexes in homogenous 

catalysis continues to develop at an impressive rate.1 Detailed 

studies are being conducted to gauge the influence of different 

ligands (L, L’) and (coordinating) counterions (X) in 

complexes of general composition [Au(L)(L’)][X] (I) or 

[Au(L)(X)] (II) on their catalytic activity (Scheme 1).2 Both 

N-heterocyclic carbenes (NHCs) and phosphines are widely 

used as ancillary ligands (L) for these cationic gold catalysts.3 

The most frequently encountered auxiliary ligands (L’) 

coordinate through nitrogen atoms and include nitriles, amines 

and pyridines.4 The choice of the counterion (X) has been 

traditionally based on the availability of silver(I) salts AgX (X 

= OTf, OTs, BF4, PF6, SbF6) that are used to abstract chloride 

from gold chloride precursors to form cationic gold(I),5 but 

with the declining use of these reagents,6 and the development 

of silver-free systems,7 the use of counterions such as 

phosphate,8 triflate9 and borates10 has been explored as well. 

Scheme 1. Species involved in gold-catalyzed addition 

reactions to alkynes. [Au] = Au(L). 

 
Interaction of the counterion with the gold center has 

repeatedly been found to play a pivotal role in governing the 

efficiency of catalysis and studies of the cornerstone reactions 

of gold(I) catalysis, addition of (oxygen-based) nucleophiles to 

alkynes, have provided a useful conceptual framework 

(Scheme 1).11 Decoordination of the auxiliary ligand L’ from a 

species [Au(L)(L’)][X] (I) would convert the outer-sphere ion-

pair to [Au(L)(X)] (II), an inner-sphere ion-pair. In the 

presence of water12 or alcohol13 and alkyne, the relative 

basicity of the nucleophile (HOR) and X- governs the 

equilibrium between [Au(X)]·HOR (III) and catalytically 

inactive [Au(L)(OR)] (IV) and HX. Sufficiently labile 

counterions would bring III and alkyne substrate in 

equilibrium with the alkyne-coordinated outer-sphere ion-pair 

[Au(L)(alkyne)][X]·HOR (V), the starting point for catalysis. 

The outer-sphere counterion would now be available as a 

proton-shuttle to assist in deprotonation of the nucleophile and 

later in protodeauration to release the organic addition 

product.14 

Scheme 2. Formation of unstabilized species 

[Au(IPr)(solvent)][X].  

 

With OR2 = THF (A), Et2O (B). X = PF6, BF4. Ar = 2,6-
iPr2C6H3. 

Active gold(I) catalysts are often postulated to be 

monocoordinated outer-sphere ion-pairs with an unspecified 

second ligand L’, [Au(L)(L’)][X] (VI).15 These structures with 

an “empty coordination site” on gold are frequently proposed 

based on the known low dissociation energies of the 

I II 

IV 

V 

III 

VIII 1 2 



 

 

counterions used,12,16 without spectroscopic or structural data 

to support these claims.17 For these putative species, the 

second coordination site on the gold(I) center should actually 

be occupied by any weak ligand such counterions as in 

[Au(L)(X)] (II) or solvents as in [Au(L)(solvent)][X] (VII).18 

Two examples of gold(I) complexes with weakly coordinating 

ether ligands, [Au(L)(OR2)][X] (VIII) have been studied 

previously: [Au(IPr)(THF)][PF6]
19 and [Au(IPr)(OEt2)][BF4]

20 

(Scheme 3.2). These species were formed through anion 

metathesis of [Au(IPrCl)(Cl)] (1) and protonolysis of 

[Au(IPrCl)(OH)] (2) with silver salt and acid, 

respectively.NMR studies revealed that [Au(IPr)(OEt2)][BF4] 

(type VIII) existed in equilibrium with [Au(IPr)(L)][BF4] (of 

type VI) in CD2Cl2 at 203 K,20 although this latter species 

would be indistinguishable from [Au(IPr)(CH2Cl2)][BF4] (of 

general type VII). The low ligand strength of the BF4
- anion 

compared to the solvent molecules (Et2O and CD2Cl2) would 

prevent its inner-sphere coordination and [Au(IPr)(FBF3)] 

(type II) would not be likely to exist in solution (Scheme 3). 

Scheme 3. Hypothetical equilibria of [Au(NHC)(L)]+, BF4
- 

and L’ in solution. 

 
Attempts to isolate the NHC-gold(I) ether complexes (VIII) 

or other “monocoordinated” cationic complexes 

[Au(NHC)(L)][X] (VI) bearing either NHC ligands (e.g. 

[Au(IPr)][BF4],
20 [Au(ItBu)][BF4]

21 and 

[Au(ITrop)][BArF24]
22) or phosphine ligands (e.g. 

[Au(PPh3)][X], X = BF4, PF6 or SbF6)
23 have been described to 

lead to rapid decomposition. Straub and co-workers have 

reported the formation of [Au(IPr**)][BArF24].
1024 Aldridge 

and coworkers have explored the abstraction of hydride from 

less sterically encumbered [Au(6-Dipp)(H)] by B(C6F5)3.
25 

The transient species [Au(6-Dipp)(HB(C6F5)3)] proved highly 

unstable and evolved to [Au(6-Dipp)(C6F5)] and borane 

HB(C6F5)2.  

In contrast to the unstable monocoordinated complexes 

[Au(L)][X] (VI), various examples of stable dicoordinated 

gold(I) complexes with neutral auxiliary ligands, 

[Au(L)(L’)][X] (I), have been studied. Examples include those 

with coordinating molecules of acetonitrile such as 

[Au(IPr)(NCCH3)][PF6]
26 and [Au(PR3)(NCCH3)][SbF6]

27 or 

those with coordinating molecules of substrate such as 

[Au(IPr)(3-hexyne)][BF4],
28 [Au(PR3)(alkene)], [Au(PR3)-

(alkyne)]29,30 or [Au(PR3)(allene)].31,32 Structural data obtained 

from X-ray diffraction studies unambiguously confirmed the 

outer-sphere coordination of the counterions in these 

complexes and 19F,1H-HOESY and 1H-DOSY NMR 

experiments have been used to further assess the dynamic 

behavior of the ion-pairs in solution.28 

Examples of inner-sphere coordination of BF4
- anions exists 

for transition-metals other than gold, with literature examples 

for cobalt,33 nickel,34 copper,35 zinc,36 rhodium,37 silver,38 and 

platinum.39 The few reported complexes [M(L)n(X) n] that bear 

at least one NHC ligand are non-coinage metal ones, with 

palladium (n = 1, X = FBF3),
40 ruthenium (n = 2, X = FBF3)

41 

and indium (n = 1, X = FSbF5)
42 centers instead. 

Monocoordinated neutral complexes of copper(I) and silver(I) 

with an anionic aryl ligand, [M(2,4,6-Ph3C6H2)] (M = Cu, Ag), 

have been characterized in the solid state,43 but to the best of 

our knowledge, evidence for monocoordinated complexes of 

gold(I) is lacking.  

Despite the challenges associated with the isolation of 

[Au(L)(X)] (II) or [Au(L)][X] (VI) with weakly coordinating 

counterions (X), various cationic gold(I) species with a 1:1 

ratio of [Au(L)]+ and X- without auxiliary ligand L’ have been 

isolated (Figure 1). For example, attempts to grow crystals of 

norbonadiene stabilized complex [Au(IPr)(nbd)][PF6] have 

been described to produce [{Au(IPr)}2(-PF4)][PF4] instead 

(Figure 1a).19 This remarkable complex contains both inner- 

and outer-sphere PF4
- fragments. The digold(I) complexes 

[{Au(X)}2(DTBM-Segphos)] (X = FBF3, OClO3, Figure 1b)44 

and a (C^N)-cyclometalated gold(III) congener (Figure 1c)45 

constitute other examples of inner-sphere coordination of the 

counterions. Coordination of these counterions in the inner 

coordination sphere of gold proceeds via the formation of an 

apparent gold-halide bond.46 Indeed, gold-fluorine bond 

distances (2.0 to 2.3 Å) measured in solid-state structures are 

comparable to the ones obtained in gold(I) complexes 

[Au(NHC)(F)] (Figure 1d, 2.071(2) Å)47 and [{Au(SIPr)}2(-

F)][BF4] (Figure 1e, 2.060(1) Å)48 and gold(III) complexes 

bearing either NHC ([Au(IPr)(CH3)(-F)]2[F]2, Figure 1f, 

2.034(3) and 2.124(3) Å),49 phosphine (2.024(5) Å)50 or pincer 
ligands (2.264(3) Å).51 

Figure 1. Selected gold(I) complexes. 
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Au-F bond distances (Å): a) [{Au(IPr)}2(-PF4)][PF4], 2.055(4) 

and 2.042(4);19 b) [{Au(FBF3)}2(DTBM-Segphos)], 2.101(15) 

and 2.095(15), Ar = 3,5-di-tert-butyl-4-methoxyphenyl;44 c) 

[Au(C^N)(PPh3)(FBF3)][BF4], 2.095(4).45 d) [Au(NHC)(F)], 

NHC = IPr, 2.071(2);47 NHC = SIPr, 2.0281(17);52 e) 

[{Au(SIPr)}2(-F)][BF4], 2.060(1);48 f) [Au(IPr)(CH3)(-F)]2[F]2, 

2.034(3) and 2.124(3);49  

None of the reported gold complexes containing inner-

sphere coordinating counterions (Figure 1a-c) has been studied 

in great detail. The observation of [{Au(IPr)}2(-PF4)][PF4]
19 

VII 

II V 

I 



 

 

and [{Au(FBF3)}2(DTBM-Segphos)]44 in the solid state 

suggested that judicious choice of a NHC ligand and 

fluorinated counterion would permit access to a 

“monocoordinated” species [Au(NHC)(X)] (of type II) or 

[Au(NHC)(L)][X] (of type VI) without a specified auxiliary 

ligand L’. 

RESULTS AND DISCUSSION 

Synthesis of [Au(IPrCl)(FBF3)]/[Au(IPrCl)(L)][BF4] (3). 

Based on our experience with NHC-monogold19,53 and 

(hydroxide bridged) NHC-digold54 complexes containing BF4 

counterions, the synthesis of 

[Au(NHC)(FBF3)]/[Au(NHC)(L)][BF4]/ (type II/VI) was 

targeted. The synthesis was first approached by performing 

metathesis reactions of [Au(NHC)(Cl)] with AgBF4 in CH2Cl2, 

a poorly coordinating solvent. The use of various NHC ligands 

(e.g. IPr, IAd, ItBu, IDD, SIPr, IPentCl and IMesCl) did not 

allow isolation of well-defined complexes, and the formation 

of [Au(IMes)2][BF4]
55 was observed in the reaction from 

[Au(IMes)(Cl)].56, 57 Starting from [Au(IPrCl)(Cl)] (1) 

however, an air- and moisture-stable solid product [Au(IPrCl)-

(FBF3)]/[Au(IPrCl)(L)][BF4] (3) was obtained (Scheme 4, 

reaction A).58 No trace of the dicoordinated cationic side-

product [Au(IPrCl)2][BF4] was observed. Complex 3 could also 

be accessed from the recently developed NHC-gold(I) 

acetonyl [Au(IPrCl)(CH2COCH3)] (4) complex to avoid the use 

of silver salts (Scheme 4, reaction B).59 

Scheme 4. Synthetic access to 3. 

 

Ar = 2,6-iPr2C6H3. 

Complex 3 proved stable in CDCl3 solution and 

decomposition was not observed after 15 days at room 

temperature according to 1H and 19F{1H}-NMR analyses. The 

solution remained clear and the formation of precipitate was 

not observed, indicating that decomposition to gold(0) had not 

occurred.60 Additionally, 3 was found to be soluble in C6D6, 

toluene-d8 and DMSO-d6. Solutions of 3 in C6D6, or toluene-d8 

could be heated to 120 °C without observable decomposition 

in 1H and 19F{1H}-NMR spectra.61 Heating of CDCl3 or 

DMSO-d6 solutions to 60 °C, however, resulted in 

decomposition. The formation of [Au(IPrCl)(Cl)] (1) in the 

former solvent was attributed to release of Cl- from 

chloroform. In the latter solvent, the well-defined species that 

formed was tentatively assigned to [Au(IPrCl)2][BF4]. 

IR and X-ray studies of 3 in the solid state. The presence 

of a BF4
- ion in the isolated complex was initially supported by 

the observation of a characteristic B-F stretching band (at 

1059 cm-1) in the solid-state IR spectrum of 3.62 The 

diffraction study confirmed the expected stoichiometry and 

charge balance in 3 (Figure 2).63 One of the fluorine atoms of 

the BF4 unit pointed to the gold atom of the IPrCl-Au fragment, 

while another fluorine points to a chlorine atom of the 

backbone of a second IPrCl-Au fragment. The gold-fluorine 

distance of 2.027(7) Å was significantly shorter than the sum 

of the Van der Waals radii of 3.13 Å for gold and fluorine 

atoms64 and similar to that of the previously reported 

complexes with gold-fluorine linkages (Figure 1). In the solid 

state, 3 was thus found to be best described as inner-sphere 

complex [Au(IPrCl)(FBF3)] (3-in), rather than as outer-sphere 

complex [Au(IPrCl)(L)][BF4] (3-out). The BF4 moiety was 

found to be no longer tetrahedral and the B1-F1 distance 

(1.495(18) Å) is larger than that of the other B-F bonds 

(average of 1.38 Å). The carbenic carbon-gold distance of 

1.960(9) Å is close to that of [Au(IPrCl)(NTf2)] (15) (1.967(4) 

Å)7c and similar to that of other cationic NHC-gold 

complexes.26 Torsion angles C3-N2-C1-Au1 and C4-N5-C1-

Au1 of -179.1(6)° and 179.6(6)°, different angles N2-C1-Au1 

and N5-C1-Au1 of 128.5(6)° and 125.8(6)° as well as different 

torsion angles C1-N2-C6-C7 and C1-N5-C18-C19 of 

88.8(10)° and -79.6(11)° are all indicative of a slightly 

unsymmetrically twisted geometry of the IPrCl ligand. A co-

crystallized molecule of acetone was found in the crystal 

lattice, but large distances of the constituting atoms to 3 (at 

least 3 Å) indicated that interaction with the gold complex 

were absent. An alternative assignment of [Au(IPrCl)(FBF3)] 

(3-in) as isoelectronic hydroxyfluoroborate complex 

[Au(IPrCl)(OH)(BF3)] (5-in) could be refuted.61 

 

Figure 2. Solid-state structure of 3·((CH3)2CO). One fragment 

of [Au(IPrCl)(FBF3)] (3-in) from the unit cell is shown. 

Thermal ellipsoids are set at the 50% probability level. 

Hydrogen atoms, a molecule of acetone and the minor 

component of disorder in F2, F3 and F4 are omitted for 

clarity. 

NMR studies of 3 in solution. The behavior and reactivity 

of 3 in CDCl3 solution were studied by means of NMR 

spectroscopy at ambient temperature (295 K). 1H-NMR and 
19F{1H}-NMR spectra of isolated 3 and of crystals 

3·((CH3)2CO) matched, confirming that the crystals had the 

same composition as the isolated material. The 1H-NMR 

spectra showed two sets of isopropyl methyl groups with non-

equivalent intensities, indicative of an equilibrium between 

different species. Similarly, two distinct sets of signals were 

present in both 19F{1H}-NMR and 11B-NMR spectra (Figure 

3),65 suggesting that the BF4
- occupied different sites in 

solution as in [Au(IPrCl)(FBF3)] (3-in) and [Au(IPrCl)(L)][BF4] 

(3-out). No other signals (e.g. that expected for gold fluoride) 

were detected. 
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b)  

 

Figure 3. NMR spectra of 3 in CDCl3 (4 mM) at ambient 

temperature. a) 19F{1H}-NMR spectrum. Inset shows area 

between -149.6 and -149.8 ppm. b) 11B-NMR spectrum in 

CDCl3 (12 mM) at ambient temperature. 

Both sets of fluorine signals displayed the characteristic 

split with 1:4 ratio expected from the natural abundance of 
10B:11B. Furthermore, characteristic splitting patterns for 

heteronuclear coupling to these nuclei with spin 3 and 3/2 (5.2 

Hz), respectively, in the signals at lower field confirms 

bonding between fluorine and boron. Likewise, in the 11B-

NMR spectrum, a broadened set of signals was observed for 

the signals around -0.7 ppm (about 4.7 Hz) while the 

resonance at -1.4 ppm appeared as a sharp singlet (Figure 3b). 

Observation of coupling for the lower field signals and not for 

the higher field signals supported the assignment of the signals 

around -1.4 and -0.7 ppm to outer and inner sphere 

coordination, respectively.66 Additional coupling was not 

observed in addition to the heteronuclear F-B coupling. 

Similar chemical shifts of the signals at higher field in both 
11B-NMR (-1.4 ppm) and 19F{1H}-NMR (-153.2 ppm) spectra 

(Figure 3) to those of [Au(IPr)(NCCH3)][BF4] (-1.1 ppm and -

153.7 ppm, in CDCl3 at ambient temperature)19 also supported 

the assignment of these signals to outer-sphere coordinating 

BF4
- (3-out). Absence of an auxiliary ligand L’ in the CDCl3 

solution of 3 would suggest that 3-out would actually exist as 

solvent-separated ion-pair [Au(IPrCl)(CDCl3)][BF4] (6) 

(Scheme 3). 

The carbenic carbon 13C NMR chemical shifts are indicative 

of the environment around [Au(NHC)(L)] fragments and have 

been used to predict the Lewis acidity of gold complexes.67,68 

Correspondingly, a shift from 175.1 ppm (in CDCl3) for 

[Au(IPrCl)(Cl)] (1)69 to higher fields of 166.4 ppm (in CDCl3) 

for [Au(IPrCl)(NCCH3)][BF4] (7), 163.0 ppm (in CD2Cl2) for 

[{Au(IPrCl)}2(-OH)][BF4] (8) or 168.4 ppm (in CDCl3) for 

[Au(IPrCl)(NTf2)] (15)70 agreed nicely with the known Lewis 

and acidity of the latter three cationic complexes.22,53,71 

Carbenic 13C chemical shifts of [Au(NHC)(Cl)] (for SIPr,  = 

196.4 ppm in CD2Cl2)
72 shift only by about 2-5% when 

compared to the corresponding [Au(NHC)(F)] (for IPr,  = 

172.7,73 for SIPr,  = 185.9,52 both in CD2Cl2). While not 

determined experimentally, a carbenic 13C chemical shift for 

[Au(IPrCl)(F)] would thus be expected to reside in the range of 

166 to 172 ppm. The carbenic 13C chemical shift of 3 appeared 

at 163.2 ppm and indicated that this complex would be more 

Lewis acidic than 7 consistent with a gold-complex containing 

a loosely bound BF4
- ion rather than one with tightly bound 

fluoride as in [Au(IPrCl)(F)]. 

Dynamic behavior of 3 in solution. The presumed 

existence of 3 in CDCl3 as a mixture of species with inner-

sphere coordinating and outer-sphere coordinating BF4
- anions 

raised the question as to whether these species existed as 

monomeric entities and whether they would interconvert. The 

presence of chlorine substituents in the IPrCl ruled out the 

option to perform 19F,1H-HOESY NMR spectroscopy that 

might have supported the outer-sphere coordination of BF4
- 

(close to the NHC backbone) in [Au(IPrCl)(L)][BF4] (3-out) or 

[Au(IPrCl)(CDCl3)][BF4] (6). 1H-DOSY NMR experiments 

were performed to permit assignment of the single set of IPrCl 

proton resonances in the 1H-NMR spectrum to either a 

monomeric or multinuclear species.61 Based on the resonance 

of the C-H isopropyl signal (at 1.29 ppm), a diffusion constant 

of 8.87×1010 m2s-1 was measured (in CDCl3), which was in the 

same order of magnitude as the previously reported for 

[Au(IPr)(OH)] (8.86×1010 m2s-1, in THF-d8).
74 These values 

correspond to a hydrodynamic radius of 7.0 Å, clearly in 

agreement with mononuclear NHC-gold species. 

The presumed reversible displacement of BF4
- from 

[Au(IPrCl)(FBF3)] (3-in) by a solvent molecule in a CDCl3 

solution of 3 to form solvent-separated ion-pair 

[Au(IPrCl)(CDCl3)][BF4] (6) was studied by variable 

temperature 19F-EXSY NMR experiments. Cross-peaks 

between the signals around -149 ppm and -152 ppm, 

confirmed the reversibility of this process and both the 

associated thermodynamic and kinetic parameters were 

determined from relative signal intensities at different 

temperatures (Table 1). The Van 't Hoff analysis gave negative 

values for H and S (Table 1, entries 1-2), corresponding to 

a Gibbs free energy change G of only 1.0 kcal·mol−1 at 

298.15 K. These values were indicative of slightly more 

favorable inner-sphere coordination of BF4
- than outer-sphere 

in lieu of a stronger auxiliary ligand. The negative entropy of 

activation could be explained by the higher order in the state 

with two solvated ions [Au(IPrCl)]+ and BF4
- rather than in the 

case of one larger polarized but overall neutral species 3-in. 

The Eyring analysis gave similar activation parameters for the 

forward (k1) and backwards (k-1) processes (Table 1, entries 4-

6), indicating that dissociation and association might proceed 

through the same transition state. The highly positive entropy 

indicated that dissociation of BF4
- might be a mononuclear 

process rather than an associative one. The average values of 

H‡ and S‡ corresponded to a modest Gibbs free energy 

change G‡ of about 17.4 kcal·mol−1. 



 

 

Table 1. Thermodynamic and kinetic parameters for the 

equilibrium between 3-in and 6.[a]  

 

Entry Direction Parameter Value Units 

1 k1 H  −22.8±2.2 kcal/mol 

2 k1 S −5.7±1.0 kcal/mol/K 

3 k1 H‡ 29.9±4.0 kcal/mol 

4 k1 S‡ 40.8±6.0 kcal/mol/K 

5 k-1 H‡ 28.6±7.0 kcal/mol 

6 k-1 S‡ 38.6±11.0 kcal/mol/K 

[a] Obtained from measurements of 3 in CDCl3 at 12 mM concentration 

over a temperature range of 285-310 K (with 5 K intervals). 

Stoichiometric reactivity of 3. The reactivity of 3 was 

studied by subjecting it to different substrates that are known 

to coordinate to electron-deficient gold(I) centers (Scheme 

5).61 Acetonitrile was found to smoothly displace the BF4
- to 

form [Au(IPrCl)(NCCH3)][BF4] (7) (Scheme 5, reaction A). 

The formation of [{Au(IPrCl)}2(-OH)][BF4] (8) from 

hydrolysis of 3 was studied (Scheme 5, reaction B). The 

reaction of metal tetrafluoroborate complexes (e.g. of Mn, Re, 

W, Cr, Fe, Os, Pt, Zr, Ti) with water had been described to 

form metal-aqua complexes [M(L)n(OH2)m][BF4],
15b and the 

intermediacy of aquo-species [Au(NHC)(OH2)][BF4] with 

subsequent formation of {Au(NHC)}2(-OH)][BF4] has been 

computed to be a favorable pathway.14 As expected from this 

precedent, an equilibrium situation was observed between 3 

and 8 when water was added to a sample of 3 in CDCl3.
75 

When 3 was mixed with [Au(IPrCl)(OH)] (2),7b complex 8 

formed predominantly, consistent with the 2:1 stoichiometry 

of gold to BF4
- in the mixture. 

Scheme 5. Displacement of BF4
- from 3.  

 

Coordination of arenes to cationic phosphine-gold,27 and 

NHC-gold complexes has previously been achieved as in 

[Au(L)(-arene)][X]76 and [Au(IPr)(-Ph-C≡C-Ph)][BF4] 

complex has been demonstrated to be an air stable 

compound.77 The facile displacement of BF4
- from 3 (by 

neutral solvent molecules) prompted us to test whether -

arene and -alkyne complexes could be formed from reactions 

of 3 as well. The expected species [Au(IPrCl)(-

benzene)][BF4] (10) was found to be in equilibrium with 3-in 

when  3 was dissolved in benzene (Scheme 5, reaction C). The 

signal in the 19F{1H}-NMR spectrum assigned to 10, however, 

was not observed when a stoichiometric amount of benzene 

was added to a solution of 3 in CDCl3. Addition of a 

stoichiometric amount of diphenylacetylene (11) to a CDCl3 

solution of 3, however, did not form [Au(IPrCl)(-Ph-C≡C-

Ph)][BF4] (12) (Scheme 5, reaction D). A protonolysis 

reaction of 4 with in HBF4·OEt2 the presence of 11 in CDCl3 

gave a mixture that appeared to contain 12, but it was found to 

rapidly decompose to 1,2-diphenylethan-1-one (14), 

demonstrating the higher reactivity of the [Au(IPrCl)]+ 

fragment when compared to the [Au(IPr)]+ analogue. 

Catalytic activity of [Au(IPrCl)][BF4]. The predicted high 

Lewis acidity of 3 (from the 13C-NMR chemical shift of the 

carbene) and its facile conversion to both acetonitrile complex 

[Au(IPrCl)(NCCH3)][BF4] (7) and digold hydroxide complex 

[{Au(IPrCl)}2(-OH)][BF4] (8), suggested that it could be used 

as a catalyst in transformations that are known to be mediated 

by those complexes. Various reactions that proceed through -

activation of triple bonds or by -activation of benzylic 

alcohols were selected: alkyne hydration, hydroalkoxylation 

with various alcohols and dehydrative etherification. Next to 

comparison of the activities of complexes 3, 7 and 8 with BF4
- 

counterions the neutral triflimide complex [Au(IPrCl)(NTf2)] 

(15) was also tested to allow for comparison of results of 

complexes with different anions.7a,23 Catalyst system 

AgBF4/[Au(IPrCl)(Cl)] (1) was included in the benchmarking 

studies to provide an example of an in situ generated species.61 

Catalytic activity of complex 3 in all these transformations 

confirmed the catalytic relevance of this gold(I) species with 

an inner-sphere coordinating counterion. Additional 

stoichiometric reactions of 3 seemed to indicate that BF4
- was 

a better ligand for [Au(IPrCl)]+ than alcohols and species 

[Au(IPrCl)(OHR)][BF4] were not observed. 

Computational modelling studies. To support the 

experimental observations, modelling studies using DFT 

implemented in the Gaussian09 package78 with the BP86 GGA 

functional79 were conducted.61 Benchmarking studies 

established that the important consideration of solvent effects 

with the charged species involved through use of the PCM 

solvation model for CH2Cl2 permitted predictions to be made 

with an accuracy of approximately 5 kcal·mol-1. Negative 

Gibbs free energy values of -10.0 and -9.1 kcal·mol-1 for 

displacement of BF4
- from 3-in by acetonitrile or 

[Au(IPrCl)(OH)] (2) to form [Au(IPrCl)(NCCH3)][BF4] (7) or 

[{Au(IPrCl)}2(-OH)][BF4] (8) were in agreement with the 

experimental observations (Scheme 5). Small absolute Gibbs 

free energy values (< 1.0 kcal·mol-1) for reactions of 3-in with 

diphenylacetylene (11) or methanol could not be used to 

support the corresponding experimental results. A large 

positive Gibbs free energy value of 6.5 kcal·mol-1 for 

displacement of BF4
- from 3-in by phenol agreed with the 

experimental result. 
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Scheme 6. Reactions of 3-in with various compounds. 

 
[a] Association of two molecules of 3-in..[b] Dissociation of BF4

- 

from 3-in. Free energy changes (PCM, dichloromethane) are 

given in kcal·mol-1 in parentheses. Shaded areas highlight 

spontaneous reactions (green), non-spontaneous reactions (red) 

and those were firm assignment could not be made (gray). 

Favorable existence of 3 as [Au(IPrCl)(FBF3)] (3-in) rather 

than as outer-sphere species such as [Au(IPrCl)(L)][BF4] (3-

out) or solvent-separated ion-pair [Au(IPrCl)(CH2Cl2)][BF4] (9) 

also followed from positive calculated Gibbs free energy 

values of 9.8 and 6.8 kcal·mol-1.80 This first value was nearly 

as large as the calculated Gibbs free energy value for 

association of two equivalents of 3-in to form 

[{Au(IPrCl)}2(BF4)][BF4] (13) of 10.4 kcal·mol-1. Even though 

dissociation of BF4
- from 3-in remained disfavored, 

coordination of a solvent molecule incurred some stability 

relative to 3-out with an empty coordination site on gold. 

These data were in qualitative agreement with the 

experimental results that predicted a slightly unfavorable 

reaction of 3-in to [Au(IPrCl)(CDCl3)][BF4] (6) (∆G = 1.0 

kcal·mol-1) and the existence of the [Au(IPrCl)]+ fragment as 

a monomeric species in solution. 

CONCLUSIONS 

Having capitalized on the apparently remarkably more 

stable gold(I) complexes bearing the IPrCl ligand compared to 

those bearing other NHC ligands, a stable species containing 

the [Au(IPrCl)]+ fragment was found to exist in the presence of 

a tetrafluoroborate counterion as a stable species [Au(IPrCl)-

(FBF3)]/[Au(IPrCl)(L)][BF4] (3) without the need for an 

auxiliary stabilizing ligand. Even though this complex 

resembled a neutral gold-fluoride in the solid state, the BF4
- 

anion remained labile and complex 3 could be considered an 

equilibrium between neutral and cationic gold species in 

solution. A series of NMR experiments and computational 

modelling studies have unveiled a process that interconverts 

inner-sphere and outer-sphere coordinating counterion in these 

two conformations and confirmed the favorable coordination 

of solvent molecules in the coordinatively unsaturated 

complex where the BF4
- anion resided in the outer-sphere. 

Both stoichiometric and catalytic studies have shown that the 

[Au(IPrCl)]+ fragment in complex 3 retained a similar behavior 

to that is known for other gold(I) complexes that bear that IPrCl 

ligand. The ability of a weakly coordinating counterion to 

coordinate to a cationic gold(I) fragment in the absence of 

better auxiliary ligands should be considered in the design of 

future catalyst systems. Future studies will be devoted to 

gaining an understanding of the stability of the complex 

bearing the IPrCl ligand relative to congeners bearing other 

NHC ligands. The mechanism of activation of different types 

of substrates such as alkynes and alcohols by complex 3 is 

subject of extended investigations as well. 

EXPERIMENTAL SECTION 

Procedure for synthesis of 3. To a stirred solution of 

[Au(IPrCl)(CH2COCH3)] (4) in dichloromethane (1.4 M) was added, 

at room temperature in air, a solution of HBF4·OEt2 (50% in diethyl 

ether, 1.05 equivalents). After 30 minutes, the solution was filtered 

over MgSO4 with additional dichloromethane (3 times initial reaction 

volume). Part of the solvent was removed under vacuum (about halve 

of the initial reaction volume remained) and the product was 

precipitated by addition of pentane (about the initial reaction volume). 

The product was collected by filtration, washed with additional 

pentane (about twice the initial reaction volume) and dried under high 

vacuum to give a microcrystalline solid in quantitative yield. 1H-

NMR (500 MHz, CDCl3):  7.60 (t, 3J(H,H) = 7. 7 Hz, 2H; p-PhC), 

7.36 (d, 3J(H,H) = 7.7 Hz, 4H; m-PhC), 2.39 (h, 3J(H,H) = 6.8 Hz, 

4H; CH), 1.34 (d, 3J(H,H) = 6.8 Hz, 12H; CH3), 1.27 (d, 3J(H,H) = 

6.8 Hz, 12H; CH3). 13C{1H}-NMR (126 MHz, CDCl3):  163.2 (1C; 

Ccarb), 146.1 (4C; o-PhC), 132.1 (4C; i-PhC), 130.8 (2C; p-PhC), 

124.9 (4C; m-PhC), 119.6 (2C; C), 29.3 (4C; CH), 24.5 (4C; CH3), 

23.7 (4C; CH3). 11B-NMR (128 MHz, CDCl3):  -0.70 (br), -1.40 (s). 
19F{1H}-NMR (470 MHz, CDCl3):  -149.6 (br), -149.7 (q, 1J(F,B) = 

5.2 Hz), -153.2 (s), -153.3 (s). Anal. calcd for C29H37AuBCl2F4N3: C, 

43.75; H, 4.62; N, 3.78. Found: C, 43.64; H, 4.70; N, 3.74. FTIR 

(ATR): ṽ = 1059 cm-1 (B-F). 
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ABBREVIATIONS 

BArF24 = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate; COSY = 

correlation spectroscopy; 6-Dipp = 1,3-bis(2,6-

diisopropylphenyl)-3,4,5,6-tetrahydropyrimidinylidene; DOSY = 

diffusion-ordered spectroscopy; DTBM-Segphos: 5,5’-bis[di(3,5-

di-tert-butyl-4-methoxyphenyl)phosphino]-4,4′-bi-1,3-

benzodioxole; EXSY = exchange spectroscopy; HOESY = 

heteronuclear NOESY; IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene; ItBu = 1,3-ditert-

butylimidazol-2-ylidene IPrCl: 4,5 dichloro-1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene; IPr** = 1,3-bis{2,6-

bis[bis-(4-tert-butylphenyl)methyl]-4-methylphenyl}-2,3-dihydro-

1H-imidazol-2-ylidene; IMe = 1,3-dimethylimidazol-2-ylidene; 

IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene. ITrop = 

1,3-bis(5H-dibenzo[a,d]cyclohepten-5-yl)imidazol-2-ylidene; nbd 

= norbornadiene; NMR = nuclear magnetic resonance; NHC = N-

hetereocyclic carbene; NOESY = NOE spectroscopy; NOE = 

nuclear Overhauser effect; SIPr: 1,3-bis-(2,6-

diisopropylphenyl)imidazolin-2-ylidene; Tf = trifluoromethane-

sulfonate; TFA = trifluoroacetic acid; Ts = tosylate. 
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Study of the new bench-stable NHC-gold(I) tetrafluoroborate complex, [Au(IPrCl)][BF4], demonstrated that the counterion 

provides stabilization through coordination whilst the stoichiometric and catalytic behavior of the cationic gold center is 

retained. 

 

 

 


