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Dispersion, solvent and metal effects in the binding of 

gold cations to alkynyl ligands:implications for Au(I) 

catalysis 

Luisa Ciano, a Natalie Feyb*, Connor J. V. Halliday,a Jason M. Lynama*, Lucy M. 
Milner,a Nimesh Mistry,a Natalie E. Pridmore,a Nell S. Townsendb and Adrian C. 
Whitwood.a  

 

The coordination modes of the [Au(PPh3)]
+ cation to metal 

alkynyl complexes have been investigated. On addition to 

ruthenium, a vinylidene complex, [Ru(ηηηη
5-

C5H5)(PPh3)2(=C=CPh{AuPPh3})]
+, is obtained while addition 

to a gold(III) compound gives di- and trinuclear gold 

complexes depending on the conditions employed. In the 

trinuclear species, a gold(I) cation is sandwiched between two 

gold(III) alkynyl complexes, suggesting that coordination of 

multiple C-C triple bonds to gold is facile.  

Gold catalysts are effective reagents for activating multiple bonds 
towards intramolecular cycloaddition and nucleophilic attack. In 
addition to the growing number of synthetic applications of gold 
complexes in both the +1 and +3 oxidation states,1 there is clear 
evidence that binding of two gold atoms to the unsaturated 
substrate (diauration) plays an important role in catalysis.2 In the 
case of binding to arenes or alkenyl groups, two gold atoms may 
bind to form a “gem-diaurate” A,2a, 3 terminal alkynes may be 
activated by formation of σ−π complex, B,4 and it has been 
proposed that vinylidene complexes, C,5 are key intermediates in 
the cyclisation of diynes. Indeed, all three binding modes have 
been proposed within a single catalytic cycle,6 illustrating the 
flexibility of digold coordination to support key intermediates in 
C-C bond forming reactions.  

Vinylidene complexes are important intermediates in a number 
of transition metal-mediated processes,7 notably those involving the 
functionalisation of terminal alkynes, although typically these 
reactions have involved elements from Groups 6-9.7-8 In these cases, 
the conversion of alkynes to their vinylidene tautomers has been 
shown to generate stable complexes, whereas this is not the case for 
gold.9 There is, however, a continuum in behaviour between gem-
diaurate-type structures, D, dinuclear σ-π complexes, E, and 
vinylidenes, F, which differ only in terms of the relationship 
between the position of [M2] and the alkynyl system.  In the case 
where [M1] = Au, no structures of type F have been isolated and in 
the solid state σ-π complexes E are observed and D is a probable 
transition state for the exchange of gold atoms.4f However, evidence 
for mono-nuclear gold vinylidene complexes as intermediates in 
metal-catalysed reactions has been presented recently.10 Insight into 

how a given combination of [M1] and [M2] affect relative stability of 
forms D, E and F will aid in the selection and optimisation of 
catalysts promoting reaction pathways involving these intermediates.  
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Figure 1. Binding modes of gold to unsaturated substrates 

It was envisaged that by making the isolobal substitution of a 
proton by [Au(PPh3)]

+ a vinylidene complex of type F with [M1] = 
Ru, [M2] = Au, [Ru(η5-C5H5)(PPh3)2(=C=CH{AuPPh3})]+ would be 
a viable target. As complexes [Ru(η5-C5H5)(PPh3)2(=C=CHR)]+ may 
be prepared from protonation of alkynyl complexes [Ru(η5-
C5H5)(PPh3)2(-C≡CR)],11 a related reaction with “[Au(PPh3)]

+” 
would provide a straightforward route to the desired complex. 

Addition of the cationic species [Au(PPh3)]SbF6, [2]SbF6, 
(generated in situ from the reaction of [AuCl(PPh3)] with AgSbF6) to 
[Ru(η5-C5H5)(PPh3)2(-C≡CPh)], [1], in CH2Cl2 solution resulted in a 
colour change from yellow to orange (Scheme 1). Addition of Et2O 
gave an orange precipitate identified as [Ru(η5-
C5H5)(PPh3)2(=C=CPh{AuPPh3})]SbF6, [3]SbF6. The 13C{1H} 
NMR spectrum of [3]+ exhibited resonances typical of a vinylidene 
ligand, with a triplet observed for the ruthenium-bound carbon atom 
at δ 354.1 (t, 2JPC = 15.7 Hz), whereas the β-carbon atom was 
observed at δ 118.8 (d, 2JPC = 15.4 Hz) with the doublet coupling 
presumably arising from the single PPh3 ligand bound to gold.  A 
peak in the ESI-MS at m/z 1251.2225 with the correct isotope pattern 
confirmed the presence of a complex containing both ruthenium and 
gold atoms as well as the additional ancillary ligands.  
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Scheme 1. (i) CH2Cl2 solution, 1 hr, r.t. 

The postulated structure of [3]+ was further supported by DFT 
calculations (see ESI† for computational details), finding geometry 
F lowest in energy, with E 19 kJ mol-1 higher in energy, while 
optimisation of D remained unsuccessful; with restraints, this lies 90 
kJ mol-1 above F (Table 1). The formation of [3]SbF6 demonstrates 
that it is possible to form vinylidene complexes F with [M1] = Ru 
and [M2] = Au and that the reaction with [Au(PPh3)]

+ is analogous to 
the addition of other electrophiles to [1].11-12 

Table 1: Metal effect on preferred coordination mode with [M2] = 
[Au(PPh3)]

+, BP86 calculated relative potential energies (kJ mol-1) 

[M1] = CpRu(PPh3)2]
+ [Au(PPh3)]

+ [Au(tBuC^N^CtBu)]+ 

D (90)a 0 (10)a 

E 19 10 0.0 
F 0 (78)a (59)a 

a Angle restraints used, see Table S3.2.† for B3LYP energies. 
 
For gold(I) alkynyl complexes with coordinated gold cations, the 

σ-π binding of type E is observed most frequently in the solid state,4 
and rapid exchange of environments through a low energy gem-
diaurate species D has been proposed.4f Indeed, an examination of 
the structure of σ-π complexes, E, indicates that in most cases a 
distortion is observed, with the π-bound gold atom being closer to 
the gold-bound carbon of the alkynyl group (see S2.5†). 
Furthermore, our calculations (Table 1) indicate that when [M1] = 
[M2] = Au(PPh3) the gem-diaurate complex D is actually lower in 
energy than isomer E. For this complex, powder X-ray diffraction 
experiments predict an Au-Au distance of 3.08 Å,13 in excellent 
agreement with that found in the calculated structure of D (3.09 Å); 
in DFT-calculated structure E it is predicted to be 3.24 Å. 

The effect of the gold oxidation state on the relationship between 
D, E, and F has not been explored so far. Our recent calculations 
have indicated that d8 systems are better at stabilising vinylidene 
ligands than their d10 analogues, so gold(III) might be more effective 
at stabilising vinylidene ligands than gold(I).9a Further calculations, 
summarised in Table 2 for a methyl-substituted model alkyne, also 
suggested that a smaller energy difference between alkyne and 
vinylidene tautomers could be achieved for gold(III) than for gold(I). 
However, the calculated predictions for other substitution patterns 
were less clear, with carbocationic species observed instead of 
alkynes (Table S3.2†). Comparing the three binding modes 
computationally for two gold complexes (Table 1), the simple 
gold(I) alkynyl favours D, while the gold(III) complex favours E, 
and F becomes comparatively less unfavourable.  Experimental 
confirmation of the favoured form would provide validation for our 
computational predictions, as well as giving insight into the role of 
[M1] in determining the relative preference.  

The cyclometallated gold(III) alkynyl complex 
[Au(tBuC^N^CtBu)(C≡CPh)], [4], previously prepared by Yam and 
co-workers was selected as a precursor for this study (Scheme 2).14 
In addition, Bochmann has demonstrated that this pincer ligand is 
effective at stabilising gold complexes with hydride15 and η2-alkene 
ligands.16 Furthermore, Tilset and co-workers have shown that  

Table 2: Calculated tautomer energy differences, ∆Ev-a (kJ mol-1) for 
different metal complexes.9a (See also Table S3.2.†) 

 
 Au-19a Au-29a Au-39a [Au(tBuC^N^CtBu)L]+ 

∆Ev-a / kJ mol-1 39 61 36 13 

 cationic Au(III) alkene complexes may be prepared,17 and that a 
cyclometallated gold(III) complex may promote the insertion of 
ethene into a metal-oxygen bond.18  

Reaction of a toluene solution of [4] with [2]SbF6 resulted in the 
formation of a yellow precipitate of the Au(III)-Au(I) σ-π complex, 
[5]SbF6 (Scheme 2). Although the poor solubility of [5]SbF6 in C6D6 
and subsequent reactivity observed in CD2Cl2 (q.v.) precluded a 
detailed NMR study, the identity of the complex was confirmed by 
HR-MS (where a peak for the molecular ion was observed) and 
single crystal X-ray diffraction of the C6D6 (Figure 2a) and 
C6H5CH3† solvates.  
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Scheme 2. (i) Toluene 16 hrs, r.t., (ii) CH2Cl2, 16 hrs, r.t. - [Au(PPh3)2]SbF6. 

Repeating the reaction but using CH2Cl2 as solvent for [4], or 
dissolving isolated [5]SbF6 in CD2Cl2, resulted in a colour change 
from yellow to green, indicating formation of a different product, 
identified as [6]SbF6 (Scheme 2). Slow diffusion of Et2O into these 
solutions afforded green crystals suitable for study by X-ray 
diffraction. The resulting structural determination (Figure 2b) 
demonstrated that an unusual reaction had occurred to give a 
trimetallic complex, [6]SbF6, in which a single Au(I) cation was 
sandwiched between two Au(III) alkynyl groups. In the 13C{1H} 
NMR spectrum, resonances for the two alkynyl carbon atoms were 
observed at δ 92.8 (Au-C≡) and δ 114.8 (C≡C-Ph) that exhibited 
small coordination shifts (∆δ 0.1 and 13.4 respectively, identified 
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with the aid of a 13C-enriched sample). A peak in the ESI-MS of 
[6]SbF6 at m/z 1475.4042, with the correct isotopic distribution 
pattern, confirmed the presence of the trinuclear framework. 
Analysis of the supernatant demonstrated that [Au(PPh3)2]

+ has been 
formed accounting for the mass balance of the reaction.  

(a) 

(b) 

Figure 2. X-ray structure of (a) the [5]+ cation and (b) the [6]+ cation. Thermal 

ellipsoids are shown at the 50 % probability level, hydrogen atoms are omitted 

for clarity. Selected bond lengths for [5]+ / Å Au(1)-Au(2) 3.29377(14), Au(1)-C(1) 

2.221(3), Au(1)-C(2) 2.256(3), Au(2)-C(1) 1.984(3). Selected bond lengths for [6]+ 

/ Å Au(1)-Au(2) 3.2477(5), Au(1)-Au(3) 3.3687(5), Au(1)-C(1) 2.145(4), Au(1)-C(2) 

2.357(4), Au(1)-C(34) 2.175(4), Au(1)-C(35) 2.255(4), Au(2)-C(1) 1.975(4), Au(3)-

C(34) 1.977(4). 

In the structure of [6]+ observed crystallographically, the Au(I) 
cation is bound asymmetrically to the two alkynyl ligands; in both 
cases the Au(I) is closer to the Au(III)-coordinated carbon atom, but 
one of these interaction is more marked than any example reported 
to date [Au(1)-C(1) 2.145(4) Å, Au(1)-C(2) 2.357(4) Å]. In [5]+ and 
[6]+ there are intermolecular π−π interactions between the C^N^C-
pincer ligands, however, in the case of [6]+ there is also evidence for 
intramolecular interactions between the pyridyl and aryl groups 
(S2.4†). It seems likely that these intramolecular π−π interactions 
(along with the formation of [Au(PPh3)2]

+) are favouring formation 
of the trinuclear gold complex.  

To the best of our knowledge [6]+ is the first example of a 
species with three gold atoms in a “σ−π2−σ-complex”.19 A single 
gold(I) binding two alkyne ligands has been reported with the 
strained cyclooctyne,20 and when a preorganised supramolecular 
diyne is used.21 These factors presumably facilitate binding to the 
gold by compensating for the bonding of the alkyne to such a weakly 

π-basic metal and help to overcome the entropic penalty. In addition, 
a structure in which a gold(I) cation is coordinated between two 
alkyne units has been shown to be a transition state for the exchange 
of gold between two alkyne units in a mechanistic study of gold(I) 
catalysis.5d This, together with the analysis of complexes of form D 
and E reported here, suggests that the potential energy surface for 
the binding of gold to alkynes is likely to be flat, with small 
perturbations determining whether a given species is a minimum or a 
transition state. Therefore, the factors controlling the coordination of 
gold to alkynes were investigated in more detail.  

Calculations of simple fragment binding energies illustrate that 
the binding of [Au(PPh3)]

+ to [4], giving [5]+, is more favourable 
than binding to benzene and PhC≡CH (Table S3.4†) reinforcing the 
notion that binding of gold cations to alkynyl ligands is more 
favourable than binding to alkynes.3a The calculations also show 
clear energy differences between the binding of benzene and 
CH2Cl2, helping to explain the observed experimental solvent effect.  

The difference in the calculated energies of [5]+ and [6]+ is small 
and dispersion corrections favour [6]+ slightly (by 4-6 kJ mol-1), 
while [5]+ is favoured if such corrections are not included (Tables 
S3.5, S3.6†). The effect of dispersion corrections on the 
thermodynamic preference for [6]+ support the hypothesis that 
intramolecular π−π interactions are responsible for favouring the 
formation of the trinuclear scaffold.  

Table 3: Calculated energy balance between complexes D/E and H (Scheme 
3) with different substituents [M1] in kJ mol-1. (BP86-D3BJ ∆G + ∆Esolv, kJ 
mol-1 see Table S3.8† for B3LYP-D3BJ data.) 

Solvent L [M1] G D/E H D/E-H 

C6H6 PPh3 [Au(tBuC^N^CtBu)]+ 0 -207 -211 +4 
CH2Cl2 PPh3 [Au(tBuC^N^CtBu)]+ 0 -234 -240 +6 
C6H6 PPh3 H 0 -47 -43 -4 
CH2Cl2 PPh3 H 0 -100 -99 -1 
C6H6 PPh3 Au(PPh3) 0 -200 -192 -8 
CH2Cl2 PPh3 Au(PPh3) 0 -219 -213 -6 

C6H6 PPh3 

 

0 -184 -196 +12 

CH2Cl2 PPh3 

 

0 -202 -216 +14 

C6H6 PPh3 Au(IPr) 0 -225 -211 -14 
CH2Cl2 PPh3 Au(IPr) 0 -233 -223 -10 
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Scheme 3. Model reaction used to explore preference for gold(I) complexes. 

We have also explored the energy balance between the σ-π 
complex E (for some complexes, this optimises to the gem complex 
D, discussed in greater detail in the ESI) and the trinuclear gold(I) 
complex H with a range of different substituents and ligands 
(Scheme 3, Tables 4 and S3.8†). Remarkably, the calculations 
predict that for other compounds with gold in the +1 oxidation state 
and supported by phosphine or N-heterocyclic ligands, σ−π2−σ 
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complexes H might also be accessible. Indeed, the predicted energy 
balance between these species and D/E, are small and probably 
within the limits of reliability of the theoretical method used.  The 
calculations therefore predict that it should be possible to observe 
complexes of type H in other ligand systems. 

To test this hypothesis, a sample of [Au(-C≡CPh)(PPh3)], [7], 
was treated with [2]SbF6 in CD2Cl2 solution. An ESI-MS spectrum 
of the reaction mixture confirmed the presence of [Au(PPh3)2]

+ and 
an intense peak at m/z 1019.1556 was consistent with the formation 
of either D or E with [M1] = [M2] = AuPPh3. A less intense peak at 
m/z 1317.1643 was assigned to the trinuclear complex H ([M1] = 
Au(I){PPh3}), supporting predictions from the DFT calculations that 
the trinuclear framework may not be limited to the gold(III) 
example. The 31P{1H} NMR spectrum exhibited a sharp resonance 
for [Au(PPh3)2]

+ and a very broad feature at δ 37.5 which on cooling 
to 195 K decoalesced to a number of new resonances. Repeating the 
reaction with a 13C-enriched sample, [Au(-13C≡CPh)(PPh3)], [7-

13C], 
resulted in a number of these resonances exhibiting P-C couplings 
(S1.8†). Although the NMR data do not unambiguously demonstrate 
the formation of a trinuclear complex, they do indicate that a number 
of gold alkynyl phosphine complexes are present and undergoing 
rapid exchange. A detailed investigation of this behaviour is 
currently underway.  

These results have demonstrated that the key factor controlling 
the preference between isomers D, E or F is the nature of [M1]. 
Presumably, the more π-basic ruthenium(II) and crowded 
environment in [3]+ effectively stabilizes the vinylidene ligand, 
whereas (at least in the systems explored to date) neither Au(I) nor 
Au(III) are suitably π-basic and/or bulky. The observation of 
trinuclear complexes for both gold(I) and gold(III) complexes raises 
the possibility that coordination by more than two gold atoms to a 
substrate may be involved in catalytic processes. In the case of the 
gold(III) complexes, dispersion interactions between the two pincer 
ligands ensure that the trinuclear complex is the lowest energy 
structure, and although these effects are not as pronounced in the 
gold(I) analogue, there is only a small difference in energy between 
complexes of type D/E and H. Furthermore, our data suggest that the 
solvent may play a key role in determining the nuclearity of gold-
containing complexes and this should also be considered as an 
important factor in catalysis.  
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