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Methodology  

Computational Details

Geometry optimization and harmonic frequency calculations for the bond analysis (Charge-

Displacement CD and Energy Decomposition Analysis EDA) have been performed at Density 

Functional Theory (DFT) level with the ADF package (version 2014.09)1,2,3 using the Slater-type 

triple-ζ basis sets with two polarization functions (TZ2P) in the small frozen core approximation for 

all atoms and the GGA BLYP functional4,5. The zeroth-order regular approximation (ZORA) 

Hamiltonian has been employed to account for relativistic effects.6,7,8 An assessment of such a level 

of theory has been given in the ESI of our previous work.9 For reaction profile study, geometry 

optimization and harmonic frequency calculations have been carried out with Gaussian09 package10 

using the Def2-TZVP basis set and the GGA BP86 functional11,12, including Grimme 3 BJ damping 

dispersion effect (DFT-D3-BJ)13. Relativistic effects have been included using ECP for gold. 

Charge Displacement analysis (CD)

An efficient way to study thoroughly the rearrangement of the electron density taking place upon 

bond formation between two fragments A-B is via the Charge Displacement (CD) analysis. Within 

this framework a chemical bond A-B is described in terms of the difference between the electron 

density of the molecule AB and that of the two isolated non-interacting fragments A and B in the 

geometries they acquire in the overall molecule, Δρ(x,y,z). A partial progressive integration of 

Δρ(x,y,z) along a suitable chosen bond axis z yields the so called Charge-Displacement Function 

(CDF). Mathematically, the CDF is defined as14:
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At each point z, the CDF measures the exact amount of electron charge displaced from right to left 

(in the direction of decreasing z) upon bond formation through a plane perpendicular to the z axis 

through the point z. Here z’ denotes the reference axis, typically the axis joining the A and B 

fragments. Since the Au-CO bond in carbonyl complexes is under investigation in this work, 

suitable fragments are the ligand-metal moiety [LAu]0/+ and CO, and the z’ reference axis joins the 



Au and C centers. A positive (negative) value of ∆q(z) indicates electrons moving towards the 

decreasing (increasing) z’. The CDF curve slope is a clear and immediate spatial picture of the 

charge flow: one can immediately visualize regions of charge accumulation (positive slope) or 

charge depletion (negative slope). If both the molecule and its constituting fragments have proper 

symmetry, Δρ(x,y,z) can be decomposed into additive contributions from the distinct irreducible 

representations of the symmetry group with respect to the bond axis z’, and, in systems with a clear 

σ/π separation, into the very informative components of σ and π symmetry.15 For this purpose we 

group the orbitals of  the [(C^N^C)Au(III)-CO]+ complex and its constituting [(C^N^C)Au]+  and 

CO fragments, as well as of the [(Idipp)Au(I)-CO]+ complex and its [(Idipp)Au]+ and CO 

fragments, according to the irreducible representations of their common symmetry group which is 

C2v, where the A1 representation corresponds to σ donation, while B1 and B2 correspond to out-of- 

plane (  and in-plane ( ) π back-donation, respectively. The A2 representation is not relevant ⊥ ) ∥

within the Dewar-Chatt-Duncanson (DCD) model of the Au-CO bond (since no CO orbital is of A2 

symmetry) and it accounts for only a minor rearrangement internal to the [(C^N^C)Au]+  and 

[(Idipp)Au]+ fragments.

     To obtain well-defined measures of the net charge transfer and of its σ donation and π back-

donation (in-plane  and out-of-plane ) contributions (hereafter denoted as CTnet, CTσ-don , CT π-∥ ⊥

back   and CT π-back , respectively) CDF values at a plausible inter-fragment boundary can be ∥ ⊥

taken. This choice is of course arbitrary, but a reasonable commonly used model is to take the CDF 

values at the so-called isodensity boundary, i.e. at the z’ point where equal-valued isodensity 

surfaces of the fragments become tangent.15 All of the CTs used in this work refer to the CTs taken 

at the isodensity boundary.

    CDF also provides valuable additional information concerning CO polarization. Since the C-O 

bond is collinear with the Au-C z’ axis of integration, the CDF in the C-O bond region represents 

the electron displacement within CO with respect to free CO in response to the Au-CO bond 

formation. A quantitative estimate of CO polarization, which can be also decomposed in σ and π 

components, is given by the amount of charge flowing across a plane perpendicular to the CO bond 

through its midpoint (i.e. the CDF value at z’ = r CO/2). These values are referred as CT r CO/2, CTσ r 

CO/2 and CT π r CO/2, respectively.



Energy Decomposition Analysis (EDA)

To study the Au(III)-CO and Au(I)-CO bonds, we also carried out the Energy Decomposition 

Analysis (EDA)16,17,18 as implemented in the ADF package. The EDA approach allows to 

decompose the [(C^N^C)Au]+-CO  and [(Idipp)Au]+-CO bond energy into contributions associated 

with the orbital, Pauli and electrostatic interactions. The interaction energy between two fragments 

A and B is decomposed into three terms:

ΔEint = ΔEelst + ΔEPauli + ΔEoi = ΔE0 + ΔEoi

The first term  ΔEelst is the electrostatic interaction of the nuclear charges and unmodified electronic 

charge density of one fragment with those of the other fragment, both fragments being at their final 

position. The second component ΔEPauli  is the so-called exchange repulsion or Pauli repulsion 

which is essentially due to the antisymmetry requirement on the total wavefunction, or equivalently 

the Pauli principle, leading to a depletion of electron density in the region of overlap between ψA 

and ψB and an increase in kinetic energy. It may be understood in a one-electron model as arising 

from the two-orbital four- or three-electron destabilizing interactions between occupied orbitals on 

the two fragments. The energy lowering due to mixing of virtual orbitals of the fragments into the 

occupied orbitals is called the orbital interaction energy, ΔEoi and it accounts for electron pair 

bonding, charge transfer and polarization. This term may be broken up into contributions from the 

orbital interactions within the various irreducible representations Γ of the overall symmetry group 

of the system, ΔEoi = ΓΔE(Γ), which is very informative in systems with a clear σ/π separation. ∑

The sum of the electrostatic interaction ΔEelst and the Pauli repulsion ΔEPauli   terms, ΔE0, usually 

called the steric interaction energy, can be considered as a measure of the “ionic” contribution to the 

bond.



[(Idipp)AuCO)]+ vs. [(C^N^C)Au(III)(CO)]+  bond properties

For a close comparison between Au(III)-CO and Au(I)-CO bond, we also analyzed the 

[(Idipp)Au(CO)]+ complex, whose CD curves are reported in Figure S1.



Figure S1 Top: isodensity surfaces ( 0.001 e a.u.-3) for the total Δρ and its symmetry (C2v) A1, B1 ±

and B2 components for the Au-CO bond in [(Idipp)Au(I)-CO]+ complex. Red surfaces indicate 

charge depletion regions, blue surfaces identify charge accumulation regions. Bottom: 

corresponding CDFs. Red dots represent the position of the atomic nuclei along the z axis. The 

solid vertical line marks the isodensity boundary between the [(Idipp)Au]+ and the CO fragments 

(see Methodology). The dashed vertical line denotes the midpoint of the C-O bond (z = rCO/2).

This is very similar to Figure 1 in the main text, except that here the B1 (blue line) and B2 (yellow 

line) components are almost identical. The net charge transfer CTnet at the inter-fragment boundary 

is -0.02e, resulting from a σ donation component CTσ-don of 0.20e and a π back-donation component 

CTπ-back of -0.22e (-0.12e due to the out-of-plane and -0.10e due to the in-plane component). As for 

the polarization of the electron cloud in the carbonyl region, the σ CD curve remains positive in the 

CO area and both the π-backdonation CD components turn positive at the C site, reflecting the 

polarization of the CO bonding orbitals due to the electrostatic effect of the metal fragment. As a 

consequence, the CO bond is on the whole slightly polarized in the C ←O direction (CTr CO/2 = 

0.08e), resulting from a σ polarization (CTσ
r CO/2 = 0.05e) and a π polarization (CTπ

r CO/2 = 0.02e) in 

the same direction. On comparing the two complexes, the CD analysis reveals that the σ donation 

component of the Au-CO bond as well as the π back-donation is larger in [(C^N^C)Au(III)(CO)]+ 

(CTσ-don 0.25e vs. 0.20e, CTπ-back -0.28e vs. -0.22e, respectively), the π back-donation extent 

reducing the C ←O polarization of the CO bond. The polarization of the CO σ bonding orbitals is 

identical in the two complexes (CTσ
r CO/2 = 0.05e), but that of the π bonding orbitals is not (CTπ

r CO/2 

is 0.01e in [(C^N^C)Au(III)(CO)]+  vs. 0.02e in [(Idipp)Au(I)-CO]+ ). In particular, the π-back-

donation CD component remains negative at the C site in [(C^N^C)Au(III)(CO)]+, thus giving a 

more electropositive character to the C atom than that in the [(Idipp)Au(CO)]+ complex. This is 

clearly visible in the electrostatic potential maps for the two complexes reported in Figures S3 and 

S4. Finally, the out-of-plane π back-donation component in the Au-CO bond is roughly comparable 

in the two cases (-0.11e for [(C^N^C)Au(III)(CO)]+  vs. -0.12e for [(Idipp)Au(I)-CO]+), whereas 

the in-plane π back-donation component is much larger in [(C^N^C)Au(III)(CO)]+ (-0.17e vs. -

0.10e). 



EDA analysis

      All the CD analysis results are also supported by the Energy Decomposition analysis 

(EDA).The results of EDA analysis of the [(C^N^C)Au(III)-CO]+ and  [(Idipp)Au(I)-CO]+ bond in 

the two complexes, performed considering cationic [(C^N^C)Au]+ and [(Idipp)Au]+, respectively, 

and neutral CO as fragments, are shown in Table S1.

 

  

[(C^N^C)Au(III)-CO]+ [(Idipp)Au(I)-CO]+

ΔEint -48.4 -41.2

ΔEelst -130.8 -117.5

ΔEPauli 169.6 145.0

ΔEoi -87.1 -68.7

ΔEA1 -54.4 -40.5

ΔEA2 -0.2 0.0

ΔEB1 -14.5 -14.6

ΔEB2 -18.1 -13.6

           

Table S1 EDA analysis results for the [(C^N^C)Au(III)-CO]+ and  [(Idipp)Au(I)-CO]+ bonds. All 

energies are in kcal/mol.

The orbital energy for the A1 component (ΔEA1) is larger for the Au(III)-CO than that for Au(I)-CO 

bond (-54.4 vs. -40.5 kcal/mol) reflecting the larger σ donation component in the Au(III)-CO bond.

In particular, the orbital energy for the B2 component (ΔEB2) is larger for the Au(III)-CO bond (-

18.1 vs. -13.6 kcal/mol) in agreement with the larger component of the Au(III)-CO in-plane π back-

donation, while the orbital energy for the B1 component (ΔEB1) is almost identical (-14.5 vs. -14.6 

kcal/mol) in agreement with the comparable out-of-plane π back-donation component in Au(III)-

CO and Au(I)-CO. The different π polarization of CO, which translates into a different electrophilic 

character of CO carbon atom, and the asymmetric/symmetric π back-donation component in the 

Au(III)-CO/Au(I)-CO bond seems to suggest pronounced differences in the catalytic activity.



[(C^N^C)Au(III)(CO)]+ vs. gold(I) carbonyls and homoleptic carbonyls: ΔrCO 

vs. M  CO π back-donation CTπ-back and CO π electron polarization CTπ rCO/2 →

Figure S2. Correlation plot between CO bond-length change upon coordination to Au, ΔrCO, and 

left) M  CO π back-donation CTπ-back,  right) CO π electron polarization CTπ rCO/2, for the whole →

series of complexes studied in ref. 9. Red cross refers to [(C^N^C)Au(III)CO]+  complex, blue 

(black) dots to the cationic (neutral) gold(I) carbonyls, and red colored points to the homoleptic 

carbonyls (dots for positively charged complexes, empty triangles for neutral or negatively charged 

complexes). 



Electrostatic potential maps

              

                 

Figure S3 Electrostatic potential maps (isodensity 0.001 e/au) of left) [(C^N^C)Au(III)]+  and right) 
[(Idipp)Au(I)]+ gold fragments.



Model WGS reaction

To explore the water-gas shift (WGS) reaction we performed DFT calculations using a simplified 

model of the Au(III) complex, with the t-Bu groups on the ligand replaced by hydrogen atoms, and 

of the Au(I) complex, with the Ar groups on the ligand replaced by methyl groups. We initially 

tried to carry out the model complexes [(C^N^C)Au(III)-CO]+ and  [(Idipp)Au(I)-CO]+ reaction 

using only H2O or OH- as nucleophiles, but we have not been able to calculate a stable product and 

a stable reactant, respectively. With H2O the product is a protonated acid, while OH- immediately 

reacts  with Au, producing a gold hydroxyl complex and displacing CO. So we decided to analyze 

the reaction using H2O assisted in its nucleophilic attack to CO by the OTf- 

(trifluoromethanesulfonate, triflate) anion. The experimental anion in ref. 19 is 

[B(C6F5)3(CF3COO)]-, which is a weak coordinating one. We therefore chose OTf- since is a 

smaller anion and it is suitable for simulating the weak coordinating power of the experimental 

counterion. We carried out scans of the potential energy surface as oxygen atom of H2O approaches 

the carbon atom of CO in the two model complexes and in Figure S4 the reaction profiles, starting 

from the reactant complexes (RC) to the product complexes (PC), are shown. For the Au(III)-CO 

complex the reaction is barrierless and exothermic by 9.1 kcal/mol, while for the Au(I)-CO complex 

the reaction is endothermic by 11.7 kcal/mol. A Transition State (TS) has been found very much 

product-like (TS is 12.6 kcal/mol above the RC). We should mention here that we have been able to 

locate the TS only by performing a two dimensional potential energy surface scan with a step of 

0.05 Å, attesting the difficulty of finding this TS. The two scanned coordinates were the O (H2O)-C 

(CO) distance and the H (H2O)-O (OTf) distance. We find that the carbon atom in the Au(III)-CO 

complex is sufficiently electropositive to easily undergo the H2O nucleophilic attack, but the carbon 

atom in Au(I)-CO is not. Interestingly, a sample geometrical structure taken along the scan (at a 

H2O-CO distance of 1.81 Å) reveals that the H2O attack occurs perpendicularly to the molecular 

plane in the Au(III)-CO complex (with a N-Au-C(CO)-O(H2O) dihedral angle of 9.6º) and in a less 

well-defined direction with respect to the molecular plane in the Au(I)-CO complex (C-Au-C(CO)-

O(H2O) dihedral angle of 63.0º), as shown in Figure S5, thus probing the asymmetric π back-

donation component in the Au(III)-CO which favors the nucleophile perpendicular attack.   
        



Figure S4 Reaction profile for the OTf--assisted H2O nucleophilic attack on CO carbon atom in two 

model complexes for Au(III) and Au(I). Energies are given in kcal/mol with respect to the reactant 

complexes RC taken as zero point energy.

Figure S5 Reacting structures taken along the potential energy scan at a H2O-CO distance of 1.81 

Å for the left) Au(I) and right) Au(III) model complex reactions.

Electrostatic potential maps



              

Figure S6 Electrostatic potential maps (isodensity 0.007 e/au) of left) [(C^N^C)Au(III)CO]+  and 

right) [(Idipp)Au(I)CO]+ complexes. 
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