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Trapping Atmospheric CO2 with Gold 

Alba Colladoa, Adrián Gómez-Suáreza, Paul B. Webbb, Hedi Krugera, 
Michael Bühla, David B. Cordesa, Alexandra M. Z. Slawina, and Steven P. 
Nolana,c* 

The ability of gold-hydroxides to fix CO2 is reported. 

[Au(IPr)(OH)] and [{Au(IPr)}2(µ-OH)][BF4] react with 

atmospheric CO2 to form the trigold carbonate complex 

[{Au(IPr)}3(µ
3-CO3)][BF4]. Reactivity studies revealed that 

this complex behaves as two basic and one cationic Au 

centers, and that it is catalytically active. DFT calculations 

and kinetic experiments have been carried out. 

CO2 storage and functionalization are two key challenges in 

modern chemistry.1 CO2 is an attractive feedstock as it is 

abundant, cheap, and relatively non-toxic.2 The main obstacles 

to developing its use as a C1 building block are its high 

thermodynamic and kinetic stability. One way to overcome this 

issue is by activation with transition metal (TM) complexes.3 In 

this context, much effort is being devoted to the study of the 

behavior of CO2 in the coordination sphere of TM complexes. Of 

particular interest are the reactions between M-OH species and 

CO2, as they are involved in enzymatic transformations. The 

reactive form of carbonic anhydrases contain Zn-OH motifs that 

catalyze the conversion of CO2 to bicarbonate and vice versa.4 

Several examples of the insertion of CO2 into M-OH bonds to 

give carbonate or bicarbonate species have been reported with 

Co,5 Ir,6 Cu,7 Ni,8 Pt9, and Zn,5, 7c, 10 among others. To the best of 

our knowledge, the stoichiometric reactions of Au-OH complexes 

with CO2 have never been reported. 

 One of our research interest is the synthesis and reactivity of 

new Au species bearing N-heterocyclic carbene (NHC) ligands.11 

We have recently reported the preparation of monogold-NHC12 

and digold-NHC hydroxide complexes.13 These compounds have 

proven to be powerful synthons capable of activating a variety of 

bonds under mild conditions12b, 14 and efficient catalysts in 

numerous transformations.15 Serendipity drew our attention to 

the reactivity of Au-OH complexes with CO2. Indeed, when 

attempting to crystallise different [Au(NHC)(OH)] species, the 

solid-state structures obtained were not always the simple ones 

expected and preliminary structural data revealed higher 

nuclearity species being formed containing a carbonate moiety. 

The crystallisation solutions were prepared under air and, 

presumably, the carbonate complexes were formed by reaction 

of the Au-OH derivatives with atmospheric CO2. Intrigued by 

these results, we explored the reactivity of well-defined 

[Au(IPr)(OH)] (1) and [{Au(IPr)}2(µ-OH)][BF4] (2) with CO2. 

 A mixture of complexes was obtained when a solution of 1 

was exposed to CO2, and no reaction was observed when 2 was 

placed under one atmosphere of CO2 (Scheme 1). However, 

when a CDCl3 solution containing equimolar amounts of 1 and 2 

was exposed to CO2, full conversion to a single complex was 

obtained after 5 min at r.t. This species was characterized as the 

trigold carbonate complex, [{Au(IPr)}3(µ
3-CO3)][BF4] (3).16

 No 

reaction was observed between 1 and 2 under argon. We 

reasoned that the first step of the transformation must involve 1 

and CO2. In fact, the mixture initially obtained in this reaction is 

readily transformed into 3 when 1 equiv of 2 is added (Scheme 

1). 

 
Scheme 1. Reactions of [Au(OH)(IPr)] (1) and [{Au(IPr)}2(µ-OH)][BF4] (2) with CO2 

 Complex 3 was fully characterized by 1H, 13C{1H}, and 19F{1H} 

NMR spectroscopies. The 1H NMR spectrum shows a simple 
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pattern for the IPr moiety, suggesting a highly symmetrical 

structure. Accordingly, the 13C{1H} NMR spectrum shows one 

signal, at 166.4 ppm, corresponding to the carbenic carbon  

atoms. The carbonate carbon atom resonates at 169.2 ppm. The 

incorporation of CO2 in the molecule was further confirmed by 

conducting the reaction under 13CO2.
17 The structure of 3 was 

unambiguously confirmed by X-ray diffraction analysis (Fig 1).18 

Two molecules were found in the crystal lattice, where the CO3 

units are planar. The C-O distances lie in the range 1.20(3)-

1.31(2) Å.16,19 The Au-O distances are in the range 2.025(16)-

2.089(16) Å. The Au3CO3 core presents approximate C3 

symmetry. 

 
Fig 1. Thermal ellipsoid at 50 % probability of one of the two molecules found in 

the crystal lattice of 3. H atoms and BF4 omitted for clarity. Selected bond 

lengths (Å) and angles (º): Au1-O91 2.081(14), Au31-O92 2.054(14), Au61-O93 

2.089(16), O91-C91 1.20(3), O92-C91 1.31(2), O93 C91 1.26(3), O91-C91-O92 

119.7(19), O91-C91-O93 121.7(18), O92-C91-O93 118.5(19). 

 Analysis of this structure was performed computationally 

(optimization) at the PBE0/ECP1 level and natural population 

analysis was performed at the PBE0/ECP2/PCM level.20 The 

minimum obtained is in agreement with the crystal structure, 

(planar CO3 center and almost local C3 symmetry at the Au3CO3 

core). The C-O distances are 1.285-1.287 Å and the Au-O 

distances are 2.062-2.067 Å. The electrostatic potential showed 

that the carbon atom of the CO3 moiety has the highest positive 

charge (+1.0 e) followed by the Au centers (+0.40 e, on each 

Au). However, these atoms are shielded by the O atoms (where 

the most negative charge is localized, -0.80 e on each O atom) 

and the most positive area in the complex appears to be the 

backbone of the NHCs.17 

 Although full conversion to 3 is observed when using bench 

solvents, attempts to isolate it under non anhydrous conditions 

afforded a mixture of starting materials and product. Interestingly, 

the obtained mixture could be converted again into 3 by 

dissolving it in CH2Cl2 and exposing it to CO2. This observation 

suggests that CO2 capture by the Au-hydroxides is a reversible 

process. The isolation of 3 in high yield was achieved when dry 

solvents were used and 4 Å molecular sieves were added to the 

reaction medium in order to trap the generated water. Complex 3 

was isolated as a white solid in 76 % yield and further 

characterised by elemental analysis and solid-state IR 

spectroscopy. The IR spectrum shows a band at 1433 cm-1 

corresponding to the C-O stretching frequency of the CO3 unit. 

This band supports the M3(µ
3-CO3) coordination mode.7a, 16, 19 

 The ease with which these complexes trap CO2 encouraged 

us to explore the reaction using air as a CO2 source. 1 and 2 

were dissolved in dry CH2Cl2, and compressed air was bubbled 

through the solution for 20 min. Gratifyingly, 1H NMR analysis of 

the solution showed 75 % conversion to 3, reflecting the ability of 

the Au-hydroxides to react selectively with CO2 from air and 

convert it into a carbonate unit (eq. 1). Importantly, the formation 

of 3 was also observed when a solution of 1 and 2 was stirred in 

an open vial for several hours. Although other metals are known 

to trap atmospheric CO2,
7a, 21 to the best of our knowledge this is 

the first example of atmospheric CO2 fixation with Au complexes. 

+ H2O

1 3

air
(eq 1)[Au(IPr)OH]

2

[{Au(IPr)}2(µ-OH)]BF4 [{Au(IPr)}3(µ3−CO3)]BF4+

 

 Based on the experimental observations, we propose the 

following mechanism. First, 1 would react with CO2 to form the 

bicarbonate product 4, as has been shown with other M-OH 

complexes.1a In the absence of 2, 4 could react with another 

molecule of 1 to afford the digold carbonate species 5,5-6 which 

would explain the mixture of complexes obtained when 

[Au(OH)(IPr)] is reacted with CO2. When 2 is present, 3 is formed 

as a single species. We have postulated that 2 can dissociate in 

solution into [Au(IPr)(OH)] and [Au(IPr)][BF4].
15b Then, the Au-OH 

unit would react with 4, affording 5 that would finally be trapped 

by the cationic Au fragment to yield 3 (Scheme 2). 
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Scheme 2. Single steps of the proposed mechanism evaluated computationally. 

 To gain insight into the driving force leading to 3 the 

proposed single steps were evaluated computationally.
20 The 

reaction of 1 with CO2 to afford the bicarbonate 4 and its 

subsequent reaction with 2 to give 3 (Scheme 2, A and B) are 

computed to be strongly exothermic and noticeably exergonic at 

r.t., which is consistent with the efficient production of 3 from 1 

and 2. The intermediate 4 has a strong driving force to react with 

1 to form the neutral digold carbonate 5 (Scheme 2, C). The 

overall driving force for the formation of the latter from one 

equivalent of 1 is shown in Scheme 2, D. 

 As the reaction between 1 and [Au(IPr)(NTf2)] (6) is known to 

deliver 2,13 the formation of 3 using monogold species was 

attempted. 3’, with a NTf2 counterion, was obtained by placing 6 

and two equiv. of 1 under CO2 (eq 2). 
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 The preparation of analogues of 3 bearing two or three 

different NHC ligands using a) [Au(OH)(SIPr)] and [{Au(IPr)}2(µ-

OH)][BF4] or b) [Au(OH)(IPr)], [Au(OH)(SIPr)], and 

[Au(NTf2)(IPrCl)] in the presence of 13CO2 was attempted. 

Unfortunately, a mixture of trigold carbonates was always 

obtained.17 Nevertheless, this scrambling supports the proposed 

mechanism. If two different Au-OH species are present in 

solution (either as starting material or as a result of the 

dissociation of 2), both could react with CO2 to give two 

bicarbonate species. They would react again with the hydroxides 

to afford a mixture of digold carbonate species, and therefore, a 

single carbonate final product would not be obtained. 

 To gain further insight into the formation of 3, kinetic studies 

following the reaction by solution infrared (IR) spectrometry were 

carried out. Complexes 1 and 2 were dissolved in dry CH2Cl2 

under N2 and were placed in a purpose-built continuously stirred 

tank reactor (CSTR) fitted with spectroscopic windows. The 

CSTR was then pressurized with CO2 during the collection of a 

series of IR spectra.17 The progress of the reaction was 

monitored by the disappearance of the band corresponding to 

the combination of the O-H vibrations of both starting materials 

(Fig. 2). Notably, 1 and 2 were consumed after only 4 min at 22 

ºC. Full conversion to 3 was further confirmed by 1H NMR 

analysis of the solution. 

 

Fig 2. Disappearance of the υO-H band associated to 1 and 2 in the presence of 

CO2 over time. 

 The experiment was carried out at 4 different temperatures 

(22.0, 14.5, -0.3, and -12.3 ºC). The obtained kinetic traces were 

fitted to pseudo first order exponentials and the activation 

parameters of the process were obtained applying the Eyring-

Polanyi equation.17 The calculated parameters show a low 

activation barrier, ∆Hǂ = 8 ± 3 kcal/mol, and a negative activation 

entropy 
∆Sǂ = -27 ± 11 e.u., suggesting an associative transition 

state. The activation free energy was calculated at 298 K: ∆Gǂ 
298 

= 17 ± 4 kcal/mol, which is in agreement with a facile process at 

r.t. 

 To gain insight into the behavior of the Au centers in 3, we 

explored its stoichiometric reactivity towards a terminal alkyne, 

as this is a well-known reaction with Au species. Treatment of 3 

with 2 equiv of phenylacetylene afforded two species that were 

identified as the gold-acetylide (7) and the digold-σ,π-acetylide 

complexes (8) (Scheme 3).12b, 14a, 17 The former species is the 

product of the reaction of a basic Au complex, such as 

[Au(IPr)(OH)],12b with a terminal alkyne, while the latter species is 

the result of reacting a basic Au-OH complex and a cationic Au 

species, e.g. [Au(IPr)(CH3CN)]+, with a terminal alkyne.14a 

Therefore, the outcome of this reaction suggests that 3 behaves 

as two basic and one cationic Au centers. 

 
Scheme 3. Stoichiometric reactivity of 3 with phenylacetylene 

 In an effort to determine whether 3 was catalytically active or 

a catalytic dead-end, its activity was tested in the 

hydrophenoxylation of diphenylacetylene (Table 1). We have 

recently shown that digold hydroxide species are efficient 

catalysts in this transformation.15a To make all entries 

comparable, the overall Au concentration was kept constant at 1 

mol % in each case. The reported conditions, using 2 as the 

catalyst, are shown in entry 1. 15a 

Table 1. Catalytic behavior of 3 in the hydrophenoxylation of PhC≡CPh[a] 

 
Entry Catalyst Conditions Conversion 

(%)[b] 

1 [{Au(IPr)}2(µ-OH)][BF4] 2 air 9614a 

2 [{Au(IPr)}2(µ-OH)][BF4] 2 CO2 99 

3 [{Au(IPr)}2(µ-OH)][BF4] 2 + 

[Au(OH)(IPr)] 1 

air 92 

4 [{Au(IPr)}2(µ-OH)][BF4] 2 + 

[Au(OH)(IPr)] 1 

CO2 96 

5 [{Au(IPr)}3(µ
3-CO3)][BF4] 3 air 91 

6 [{Au(IPr)}3(µ
3-CO3)][BF4] 3 CO2 90 

[a]Au (1 mol%), PhC≡CPh (0.50 mmol, 1 equiv.), phenol (0.55 mmol, 1.1 

equiv.), toluene (1.0 mL), 80 ºC. [b] GC conversion, average of two runs.  

 The effect of CO2 in this transformation was investigated by 

conducting the reaction under CO2 atmosphere. The 

incorporation of CO2 was not observed and the 

hydrophenoxylation product was obtained in similar GC 

conversions (entries 1 and 2). Next, the catalytic activity of 

equimolar amounts of 1 and 2 was tested in air, where significant 

conversion to 3 is not expected (entry 3);22 and under CO2 where 

3 is formed in situ (entry 4). The desired product was obtained in 

92 and 96% conversions, respectively. Finally, the well-defined 

trigold species 3 was tested in air (entry 5) and CO2 (entry 6), 

leading to conversions of 91 and 90% of product, respectively. In 

all cases the conversions obtained were comparable which 

indicates that 3 is catalytically active. This observation along with 

its ease of formation in air suggests that 3 may very well 

represent a possible catalyst resting state in Au-NHC catalysis. 
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Conclusions 

In conclusion, [Au(IPr)(OH)] (1) and [{Au(IPr)}2(µ-OH)][BF4] (2) 

are able to trap atmospheric CO2 to afford a carbonate trigold 

species [{Au(IPr)}3(µ
3-CO3)][BF4] (3). The process is reversible 

and water plays a key role in the equilibrium. Reactivity studies 

have shown that 3 acts as two basic and one cationic Au units, 

and that it is catalytically active, suggesting that 3 is a possible 

catalyst resting-state. The driving force for the transformation has 

been theoretically calculated. Activation parameters have been 

obtained experimentally. Further studies focusing on the catalytic 

uses of 3 and functionalization of the carbonate unit are ongoing.  
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