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Abstract

High level ab initio calculations have been carried out on an archetypal gold(I)-catalyzed

reaction: hydroamination of ethyne. We studied up to twelve structures of possible gold(I)-

coordinated species modeling different intermediates potentially present in a catalytic cycle

for the addition of a protic nucleophile to an alkyne. The benchmark is used to evaluate the

performances of some popular density functionals for describing geometries and relative en-

ergies of stationary points along the reaction profile. Most functionals (including hybrid or

meta-hybrid) give accurate structures but large non systematic errors (4-12 kcal/mol) along

the reaction energy profile. The double hybrid functional B2PLYP outperforms all consid-

ered functionals, and compares very nicely with our reference ab initio benchmark energies.
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Moreover, we present an assessment of the accuracy of commonly used approaches to include

relativistic effects, such as relativistic effective potentials and scalar ZORA hamiltonian, by

a comparison with the results obtained using relativistic all-electron four-component Dirac-

Kohn-Sham method. The contribution of non-scalar relativistic effects in gold(I)-catalyzed

reactions, as we investigated here, is expected to be of the order of 1 kcal/mol.

Introduction

Over the past decade Density Functional Theory (DFT)1–3 has been the framework of choice for

the study of complex reaction mechanisms and for characterizing transition states and intermedi-

ates in chemical transformations. In these studies, an evaluation of the performance of different

exchange-correlation density functionals (DFs) on series of realistic chemical tasks is normally a

necessary step prior to their use for the investigation of new problems. Although several sets were

developed in recent years to test DFs in the treatment of the main-group chemistry, less exten-

sive benchmarks exist in the field of transition-metal chemistry and bond activation by transition-

metal catalysts.4,5 An area of great interest in this context is that of gold(I) complexes, which

have emerged in the last few years as excellent catalysts in numerous homogeneous organic trans-

formations involving unsaturated hydrocarbons (UHC),6–10 due to the unique ability of gold to

coordinate and activate such species toward nucleophilic attack. In fact, different types of L-Au(I)

complexes of high catalytic activity can be obtained under different conditions, and it is known

that the ligand L plays a major role in tuning the reactivity and selectivity of the process in homo-

geneous gold(I)-mediated reactions.

A prototypical catalytic cycle for the addition of a protic nucleophile (NuH) to an alkyne is

shown in Figure 1, but many reactions involving gold-promoted activation of unsaturated com-

pounds are not as simple as it appears, because numerous short-lived intermediates and ramifi-

cations in the reaction paths may be involved. This makes both the experimental and theoretical

study of the mechanisms a difficult task. Among others, the linear biscoordinated [LAu(UHC)]+n

(n = 0, 1) complexes are hypothesized to be key intermediates in catalyzed transformations. In-
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Figure 1: Key steps involved in a catalytic cycle for the addition of a protic nucleophile (NuH) to
an alkyne. a) substrate substitution; b) nucleophilic attack; c) protodeauration; d) product release
and catalyst regeneration.

termediates of this type have been recently isolated and characterized.11–18 In the first step, UHC

coordination to Au often involves substitution of a coordinated molecule19–22 and the latter can be

the nucleophilic species itself,23 the solvent, or the counterion (anion).24 When the UHC replaces a

coordinated protic nucleophile —the case depicted in Figure 1—either a dissociative or an associa-

tive pathway can be taken, where bis- and tricoordinated Au(I) species are involved, respectively.

In the second step, the nucleophilic attack towards the linear biscoordinated [LAu(UHC)]+n (n =

0, 1) complex can occur through an intra- or inter-molecular pathway (inner sphere or outer sphere

mechanism), which again may involve different Au(I)-coordinated species. In the third step the

protodeauration25 takes place, where a proton is transferred to the carbon that is σ -coordinated to

the gold atom, and finally, in the last step, the product is released and the catalyst is regenerated.

Protodeauration is unfavored in the gas phase26 but it can be greatly facilitated by proton shut-

tle provided by the solvent24,26 the counterion27 or the nucleophile species itself.27 The relative

importance of the nucleophilic addition and protodeauration as the rate determining step depends

on many details, such as the nature of the ancillary ligand, the strength of the nucleophile, the

presence of co-catalysts, and the solvent. To understand and categorize all these aspects, further
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theoretical study of the mechanism of alkyne activation providing the reason why Au(I) com-

plexes have catalytic effect and what factors influence their catalytic activity is highly desirable.

However, as mentioned earlier, prior to such intensive and challenging investigations, a validation

of the DFT framework to be used, against an ab initio benchmark, is of crucial importance. To

meaningfully accomplish this, in a scenario where numerous intermediates can be found along the

reaction profile and the individual reaction steps are very often characterized by very small en-

ergy barriers, even in the simplified mechanism depicted in Figure 1, we reasoned that the density

functional validation should focus on the overall reaction mechanism, permitting to differentiate

between competitive paths, to characterize intermediates or to provide a step-by-step description of

the structure and energy changes along the reaction profile. We decided to study a number of pos-

sible Au(I)-coordinated species modeling different intermediates potentially present in a catalytic

cycle for the addition of a protic nucleophile to an alkyne. The aim is to find suitable exchange-

correlation functionals which allow us to gain a reasonably balanced description of the different

species and lead to a better understanding of Au(I) catalysis and an improved predictive capability

of reactivity.

Some theoretical groups have recently been studying the chemistry of gold, both in its funda-

mental aspects, such as the influence of relativistic effects on the peculiar properties of the gold

atom28,29 and with regard to the the mechanism of gold-catalyzed reactions.30

Most of the computational studies27,31,32 on realistic gold-catalyzed reaction mechanisms are

based on DFT methods, usually employing a standard hybrid functional, i.e. the B3LYP functional,

a double-ζ polarized 6-31G(d) (or 6-31G*) basis set and a scalar relativistic effective core potential

(RECP) for the heavy atom. A single point refinement employing a larger basis set (usually a

triple-ζ basis set with polarization and diffuse functions added) is often considered good enough,

sometimes also using a different functional that showed a good performance with transition metal

complexes.

As far as we know, there are only few recent papers on gold complexes reporting benchmark

studies devoted to assess the accuracy of different approximations to the DFT exchange-correlation
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functional. Two of them concern the simple Au-UHC η2-interaction.33,34 Chen et al.33 bench-

marked many density functionals for a variety of Au(I)/Au(III) complexes with UHCs substrates

(ethene, ethyne, and allene). Their findings are that the best performing DFs are double-hybrids

(B2GPPLYP and B2PLYP) for both the geometry and bond dissociation energy, and a dispersion

correction (DFT-D3) does not uniformly improve the results of all functionals. Nava and cowork-

ers34 investigated small Au(I) complexes interacting with ethyne and ethene. Their work showed

that different multireference methods including MRCI converge nicely to the monodeterminan-

tal reference coupled cluster approach (CCSD(T)). Among the tested DFs, a GGA as BP86 and

a meta-GGA as TPSS reproduce their reference CCSD(T) results, M06 provides an acceptable

performance, while a hybrid DF as B3LYP shows the largest errors. The work showed that the

Au(I)-UHC interaction depends strongly on the substituents in the unsaturated substrate that result

in a significant dis-symmetry in UHC coordination.

Recently, Pašteka et al.35 published CCSD(T) interaction energies and bonding analysis for

complexes of Cu, Ag and Au with a variety of lone-pair ligands, among them H2O, NH3, and PH3,

underlining that both electron correlation and relativistic effects are crucial in the bonding of all

complexes. The strongest interactions are computed for PX3 (X=H, F, Cl) ligands followed by

SX2 and NX3, OX2 ligands. In particular, the exceptional stability of gold complexes has been

attributed to large relativistic enhancement of the electron affinity of Au. Benchmark CCSD(T)

interaction energies are used to test different DFs, with the hybrid PBE0 functional providing the

correct pattern. A paper by Chen et al. deals with the late transition metal-catalyzed reactions with

Au, Pt and Ir and it is devoted to assess the accuracy of a new scheme of Local Coupled Cluster

methods in computing activation energies.36 They calibrated the performance of several DFs and

the main conclusion was that the best functional is the double-hybrid B2GPPLYP, with other well-

performing functionals including M06-2X, BMK, PBE0 and wB97X, but also that different types

of reactions may require different types of optimal DFT methods. Only one paper, by Faza and

coworkers, analyzes different steps of a reaction mechanism.37 In their work the considered system

is the “golden carousel” experimentally and theoretically studied by Nolan and coworkers for the
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Au-catalyzed 1,2- and 1,3- acyl migration in propargylic esters.38 They simplified the organic

substrate to a propargylic acetate and the catalyst to AuPH+
3 and benchmarked 32 DFs against

high-level computational data obtained at the CCSD/def2-TZVPP level of theory as reference.

This study reveals that accurate results for intermediates are only given by the last generation of

DFs, among them M06 and B2PLYP generally outperforming the rest, and that a careful selection

of basis set and electron core potentials can be critical to achieve high accuracy. The reference

geometries were obtained at level CCSD with relatively small basis set (def2-SVP). The use of a

such reference data for benchmarking DFs has been recently doubted by Nava.34

All the theoretical studies reported in the literature include relativistic effects at scalar level

using either relativistic effective potential (RECP) or all electron approaches based on Douglass-

Kroll-Hess transformation or zero order relativistic approximation (ZORA). The knowledge of

nonscalar relativistic effects, like spin-orbit coupling, on the reaction path of heavy transition metal

is still limited and largely unexplored in the context of gold(I) based reactions. Recently, Chen

et al.39 showed that nonscalar relativistic effects play a role in the Pt-catalyzed C-H activation

increasing the barrier of the process of about 1 kcal/mol. The authors showed that the effect is on

par with the solvent effect corrections or thermal free energy corrections. We note that spin-orbit

coupling is found to be essential for a complete understanding of the reactions involving heavy

transition metal open-shell systems.40,41

In the present work we investigate the mechanism of a specific prototype of the reaction in

(Figure 1), the nucleophilic attack of ammonia on ethyne catalyzed by either a neutral, AuCl, or

a cationic, [PH3Au]+, gold(I) complex. This represents the simple prototype of the reaction of

hydroamination of alkynes mediated by gold(I) catalysts which has attracted a great attention both

from the experimental and theoretical side.23,24,27,31,42–44 The purpose of our study is twofold. In

the first place, we wish to obtain a reliable benchmark for the gold(I)-coordinated species (both ge-

ometries and complexation energies) which could be involved in the proposed mechanism for the

Au(I)-catalyzed hydroamination of alkynes. This is done by exploring plausible Au(I) coordination

geometries with a hierarchical series of ab initio methods including second-order Møller-Plesset
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perturbation theory (MP2), Density Fitting Local Coupled Cluster theory with single and dou-

ble excitations (DF-LCCSD), and with triple excitations treated perturbatively [DF-LCCSD(T)],

and, for reliable benchmark energies, canonical Coupled Cluster theory with single and double

excitations and with triple excitations treated perturbatively [CCSD(T)], in combination with a

hierarchical series of Gaussian-type basis sets of increasing flexibility and polarization. We fo-

cus on the transition state (TS) for the nucleophilic attack step, possible intermediate geometries

along the reaction path and on the energies of the individual species relative to the free reactants,

that is LAu + NH3 + C2H2, in the gas phase. The second purpose of our work is to evaluate the

performance of a number of popular DFs, covering GGA, meta-GGA, hybrid, double-hybrid and

meta-hybrid type, for describing the substrate substitution (i.e. NH3 substitution by C2H2 at Au

center) and the nucleophilic attack of NH3 towards C2H2 coordinated to Au, using our ab initio

benchmark as reference point. A general concern associated with the application of DFT to the

investigation of transition metal catalyzed reactions is the convergence of the results with basis

set extension (size, dispersion and diffusion functions effects) for both geometries and energies

of the different metal-coordinated species. It is known that, due to the variable occupation of the

valence d orbitals, the treatment of transition metal compounds requires special care in the basis

set choice even at DFT level.45,46 Then, our survey of a few popular density functionals serves to

validate one or more of these DFT approaches as a computationally more efficient alternative to

high-level ab initio theory in future investigations in the field of computational gold catalysis and in

particular for the hydroammination reaction involving realistic species. Finally, a detailed analysis

of available tools to include relativistic effects, both at scalar and nonscalar level, has been also

carried out comparing the data obtained using realtivistic effective potential (RECP), all electron

approximated hamiltonian as ZORA and a full relativistic approach based on Dirac-Kohn-Sham

methodology.
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Method and Computational Details

All ab-initio calculations were carried out with the parallel version of MOLPRO2010.147,48 pro-

gram package, whereas for DFT calculations we used the Gaussian09 Rev. A49 and Turbomole 6.3

programs.50 For reliable benchmark geometries, the structures of the considered species were op-

timized ab initio using Local Coupled Cluster method with single and double excitations and a per-

turbative treatment of triple excitation [LCCSD(T)] as implemented in MOLPRO in combination

with the Ahlrichs basis set of Gaussian-type orbitals (GTOs) of triple-ζ quality TZVPP (or def2-

TZVPP using the same notation as in Turbomole 6.3). To reduce the computational cost, density

fitting approximations were employed in the LCCSD and LCCSD(T) calculations, using the corre-

sponding auxiliary basis sets.51–53 These methods are refered as DF-LCCSD and DF-LCCSD(T).

Scalar relativistic effects have been introduced by using effective core potential (RECP) on gold

atom for the description of the 60 innermost electrons with the associated basis sets.54 The com-

parison with the results obtained for interaction energies in some related systems, using different

hamiltonians, as for instance the all-electron Douglas-Kroll-Hess approach, shows an accuracy

of RECP higher than 1 kcal/mol.33,55 In this work, the Au 5s5p core-valence correlation effects

were not considered for all the ab-initio calculations. These effects are not negligible (about 1-2

kcal/mol) in absolute value,33 but they are expected to be quite systematic along a reaction path

as that one considered here. They are found of the same of order of magnitude (but opposed) of

the error introduced by the RECP33 and in Au-catalyzed reaction barrier calculations these core-

valence correlation effects are found very small and negligible.36 The accuracy of the reference

geometries was investigated for the smaller systems with the canonical coupled cluster method

(CCSD(T)) employing a detailed analysis of convergence with respect to the increase of basis set

size (def2-SVP, def2-TZVPP and def2-QZVPP54). For completeness, also MP2 and DF-LCCSD

geometry optimizations, using the same def2-TZVPP basis set, and DF-LCCSD(T) geometry opti-

mizations, using a smaller double-ζ quality basis set def2-SVP, have been performed. The default

distance criteria in MOLPRO program for pair classification in local correlation approaches were

used (Rclose=1 au, Rweak=3 au). Vibrational analysis were carried out in order to verify that the
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optimized geometries were characterized by one (transition states) or no (equilibrium structures)

imaginary frequencies. The optimized geometries at DF-LCCSD(T)/def2-TZVPP level of theory

were taken as reference and were used for a single-point calculation using CCSD(T)56–59 in com-

bination with a GTO quadruple-ζ quality Ahlrichs basis set def2-QZVPP, in order to obtain our

reference energies.

A variety of popular DFs, namely BLYP, OPBE, BP86, M06-L, B3LYP, PBE0, M06, TPSSh

and B2PLYP in conjunction with different basis sets, have been tested, for both geometry opti-

mization and energy calculations of the considered species. Unless otherwise indicated, the com-

putations were carried out using def2-TZVP GTOs (Gaussian09 and Turbomole 6.3). We used

for each calculation the same specified basis set quality for all atoms. It should be noted that a

balanced basis set should be employed, i.e. a large basis on the metal with a more modest basis on

the other atoms, or "viceversa", would give unaccurate results.46 In order to compare the energies

of the individual species calculated by different computational methods, the sum of the energies of

all the isolated fragments was taken as reference (if not indicated differently) and set as zero-point

energy for all the combinations of functional/basis set used. All calculations were performed for

the closed shell singlet state.

The all-electron calculations using the scalar zero-order regular approximation (ZORA) 60 have

been done in combination with all-electron QZVPP Slater-type orbitals (STOs) using the ADF

2010.01 code (version 2010)61–63 in combination with a really fine integration parameter (with an

numerical integration parameter set to 10). The full relativistic Dirac-Kohn-Sham (DKS) calcu-

lations used as reference to estimate the effect of nonscalar relativistic effects have been carried

out with the DKS module of the four component code BERTHA.64–67 The code uses the proper

relativistic G-spinor basis set.66 In this case the large component basis set has been obtained by

decontracting the def2-QZVPP basis set used on hydrogen, carbon, nitrogen and phosphorous. The

limit quadruple-zeta quality basis sets (34s30p19d12 f 3g1h)by Dyall was used for gold atom.68,69

The corresponding small-component basis was generated using the restricted kinetic balance rela-

tion.70 For further details we remand the readers to Ref.64
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Results and Discussion

Selection of the reference complexes

First, we examine different possible gold(I)-coordinated intermediates involved in the simple mech-

anism illustrated in Figure 1. As we mentioned, we shall here consider the simplified reaction of

hydroamination in which NuH is the ammonia molecule, the alkyne is the ethyne substrate pro-

totype, and the catalysts are the neutral ClAu or charged PH3Au+. Within this model we will be

able to compute both reference geometries and energies at highest level of ab-initio methods. The

set of investigated selected species are summarized in Figure 2. The linear biscoordinated com-

plexes, here [(PH3)Au(C2H2)]+ and [ClAu(C2H2)], are usually hypothesized to be key interme-

diate species in these catalyzed transformations. However, different plausible gold(I)-coordinated

species are conceivable. At least two different coordinating species are clearly available, that is

ammonia and ethyne, and thus different species can be formed, in principle: LAuN compounds,

that is [ClAu(NH3)] (hereafter denoted as ClAuN) or [(PH3)Au(NH3)]+ (PAuN), LAuA com-

pounds, that is [ClAu(C2H2)] (ClAuA) or [(PH3)Au(C2H2)]+ (PAuA), and tricoordinated species

LAuAN, which stands for [ClAu(C2H2)(NH3)] (ClAuAN) or [(PH3)Au(C2H2)(NH3)]+ (PAuAN).

Tricoordinated species are rarely considered to be involved in the mechanism. However, since the

first step of the reaction mechanism in Figure 1 is the substitution of nucleophile by an alkyne

substrate, either a dissociative or an associative pathway can be taken. Although gold is known to

form mainly linear, biscoordinated complexes, some tricoordinated species have been isolated even

with hindered ligands71–73 and many experimental studies indicate that ligand exchange proceeds

through an associative mechanism,74–76 which involves a tricoordinated species as intermediate or

transition state.

Regarding the transition state of the nucleophilic attack, many authors agree, on the basis of

experimental23,77,78 and theoretical27 data, that the nucleophile species attacks the unsaturated C-

C bond in anti with respect to the gold atom (outer sphere mechanism). We denote these transition

states species as ClAu_TS and PAu_TS, and the intermediate species resulting from the nucle-
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ophilic attack as ClAu_p1 and PAu_p1. Since for a realistic description of the protodeauration

process a proton shuttle is required and the Au coordination does not substantially change, we

will not consider the transition state structures for this step in our gas phase calculations. The

intermediate species generated from this step, where the gold atom has been formally substituted

by a proton coming from the coordinated NH3, are denoted as ClAu_p2 and PAu_p2. Finally,

the product 1-amino-ethene can be directly released or it can undergo a rearrangement around the

gold.27

Figure 2: Structures of the stationary points along the reaction path for the [LAu(I)]+n-catalyzed
hydroamination of ethyne by ammonia (L = Cl, PH3; n = 0, 1) and nomenclature.

Benchmark geometries from ab initio calculations.

The fully optimized structures computed at the DF-LCCSD(T) level of theory using the def2-

TZVPP basis set, without any symmetry contraints, are displayed in Figure 3. The figure shows

the computed values of the main geometrical parameters.

The imaginary frequency in the transition state associated with the nucleophilic attack step has

also been computed as 452 cm−1 and 267 cm−1, for ClAu_TS and PAu_TS, respectively. In the

case of the smaller systems, PAuA, ClAuA, PAuN, ClAuN a detailed basis set convergence study

has been carried out. We can summarize the results concluding that, within the DF-LCCSD(T)

method, the def2-TZVPP basis set reproduces in practice the same geometries obtained using the

limit def2-QZVPP basis set. In all cases we found a maximum deviation of 1 pm. Our benchmark

geometries obtained for PAuA and ClAuA can be directly compared with those obtained recently

by Nava et al.34 using the canonical CCSD(T) method and the def2-QZVPP basis set. Analo-

gously we find absolute deviations within 1 pm. These results make us confident in the reliability
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Figure 3: Reference structures optimized at DF-LCCSD(T)/def2-TZVPP level of theory. Dis-
tances are in picometers, angles in degrees.

of our reference DF-LCCSD(T)/def2-TZVPP approach, which performs at the same level as the

CCSD(T)/def2-QZVPP method for geometry calculations, at a significantly lower computational

cost.

It is interesting to compare the two series of geometries for the cationic [(PH3)Au]+ and neu-

tral [ClAu] complexes. Significant differences are found, especially for the PAuAN/ClAuAN and

PAu_p2/ClAu_p2 pairs of structures. In the ClAu structures, the unsaturated C-C coordination

to Au is nearly symmetric, with similar Au-C1 and Au-C2 bond lengths of 207 and 205 pm in

ClAuAN, and 214 and 229 pm in ClAu_p2. In the corresponding PH3Au+ structures C-C coor-

dination to Au is more "asymmetric", with Au-C1 and Au-C2 bond distances of 207 and 214 pm

in PAuAN and 214 and 276 pm in PAu_p2. This non symmetric coordination and the strong dis-

tortion of PAu_p2, for which its C2, directly bound to the [(PH3)Au]+ moiety, appears to shift an

sp2 to an sp3 hybridization (also confirmed by the short C-N distance in PAu_p2, which assumes

a partial double bond character) suggest a remarkable preference of PH3Au+ to coordinate carbon
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in a σ -type fashion rather than in a η2-coordination.

The PAuA/ClAuA and PAu_p1/ClAu_p1 pairs of structures are very similar, except that the

Au-C1 and Au-C2 distances are longer for the phosphine systems. Notably, both transition state

geometries show a strong asymmetry in ethyne coordination and an high degree of distortion,

although less pronounced in PAu_TS than what we found in ClAu_TS. This last structure is closer

to the product ClAu_p1 than what one finds in the corresponding phosphine systems (PAu_TS,

PAu_p1). One may surmise such structural features to be reflected in the reaction energy profile,

so that AuCl (PAu) is characterized by a late (early) transition state. We shall return on this issue

later on.

The differences in the structures summarized above confirm the important ligand effect and

the significant differences in the electronic properties of the two metal fragments.16,79 This is also

indicated by the differences in the CCH bending of coordinated ethyne both in biscoordinated

and tricoordinated species (LAuA, LAuAN). The CCH bending of ethyne coordinated to a metal

fragment can give detailed information on the nature of the bond and in particular on the metal-to-

ligand π-backdonation.80 The coordinated ethyne presents, in ClAuA and ClAuAN, a sistematic

larger deviation from linearity (about 6 degrees) than in the respective compounds with phos-

phine. Moreover, the tricoordinated species (PAuAN/ClAuAN) present a larger deviation (about

10 degrees) than biscoordinated species. All these findings are in line with the fact that the π-

backdonation from the LAu metal unit to ethyne is larger for L = Cl than for L = PH3 and increases

on going from a bisccordinated to a tricoordinated species.80 The calculated tricoordinated PAuAN

and ClAuAN structures resemble the 1,3,5-triazapentadienyl gold complex by Dias and coworkers,

where the alkyne bending was also very pronounced.81

The geometries of all species have been also optimized at the MP2/def2-TZVPP and DF-

LCCSD/def2-TZVPP level. The use of reduced basis (def2-SVP) in DF-LCCSD(T) has also been

tested. The comparison with the reference structures has been made by selecting important bond

lenghts, namely Au-Cl, Au-P, Au-C and C-C, to account for deviation in different types of bonding

interactions, and by carrying out a statistical analysis. The statistical results for the complete set of
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structures are presented in Table 1 in condensed form, including the mean signed error (εr), which

accounts for the accuracy of the level of calculation, the standard deviation from the bond length

reference values (σr), which is a measure of its precision, and the maximum absolute error (Mr),

which is useful to understand which species is the most difficult one to reproduce. The latter is also

indicated in the Table. Inspection of σr is an important tool to reveal the presence of systematic

errors.

Table 1: Mean error (εr), standard deviation (σr), and maximum absolute error (Mr) over the
complete set of Au-Cl, Au-P, Au-C and C-C bond lengths obtained with different ab initio methods
(reference: DF-LCCSD(T)/def2-TZVPP). Distances are in pm. The species corresponding to Mr
are also indicated.

MP2 DF-LCCSD DF-LCCSD(T)/def2-SVP
εr σr Mr εr σr Mr εr σr Mr

Au-Cl -2.5 0.4 3.3 -0.4 0.1 0.5 3.1 0.6 3.7
AuCl ClAu_p2 ClAu_p2

Au-P -4.0 0.5 4.9 0.0 0.1 0.4 4.2 0.7 5.2
PAuAN PAu PAuAN

Au-C -4.8 2.9 11.0 -0.6 0.4 1.8 1.2 1.5 4.1
PAu_TS ClAu_TS PAuA

C-C 0.0 0.7 1.2 -0.5 0.2 0.7 0.9 0.2 1.3
ClAuAN ClAu_p2 PAu_p2

The results show that MP2 gives unsatisfactory predictions of the Au-Cl, Au-P, and Au-C bond

lenghts, underestimating reference data. The error is not systematic, in particular for the prediction

of the Au-C distance which presents an high value of σr with a Mr of 11 pm. DF-LCCSD, with

only single and double excitations, gives very good results on the geometries. In this case εr is

smaller than 1 pm and Mr is reduced to 1.8 pm. This agreement indicates that the inclusion of

perturbative triple excitations is not crucial here. By contrast, the use of a sufficiently flexible basis

set is mandatory to achieve high accuracy. Indeed, the data obtained at the DF-LCCSD(T) level

using the smaller def2-SVP basis, present large deviations. At least a def2-TZVPP basis set has

to be used to achieve accurate reference structures. Based on these findings and on the fact that

DF-LCCSD(T)/def2-TZVPP is the highest-level treatment we used for our systems, we chose the

geometries optimized at this level of theory to compute the ab-initio benchmark energies presented
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in the next section.

Benchmark energies from ab initio calculations.

As mentioned above, the stationary points considered in Figure 3 identify the basic chemical trans-

formations (typical bond-forming and breaking) that may occur in the gold-catalyzed hydroamina-

tion of an alkyne substrate (Figure 1). Their relative energy is expected to be highly sensitive to the

level of theory used. Here, we report a systematic investigation of the extent to which the complex-

ation energy values are converged at the highest level of theory employed. This survey is based

on geometries of stationary points that were optimized at the DF-LCCSD(T)/def2-TZVPP level of

theory (see previous section and Figure 3). The CCSD(T)/def2-QZVPP single-point energy calcu-

lations of these DF-LCCSD(T)/def2-TZVPP optimized geometries provide our reference energies

and are collected in Table 2, reported as formation energies relative to the free isolated species LAu

+ N + A. We refer to these reference energies as CCSD(T)/def2-QZVPP//DF-LCCSD(T)/def2-

TZVPP. In order to gain an estimation of the basis set incompletness error using this reference

basis set we carried out a two-point extrapolation (def2-TZVPP/def2-QZVPP) procedure and an

analysis of the basis set superposition effect (BSSE). For the two-point extrapolation we used the

Martin et al.82 formula for HF energy and the Truhlar et al.83 for the correlation. We found that

the energy of all structures obtained from this extrapolation procedure are sistematically stabilized

by about 1 kcal/mol. The ClAuAN and LAu_p2 species present respectively the highest and the

lowest stabilization (1.2 and 0.7 kcal/mol, respectively). The evaluation of the basis set superpo-

sition effect, estimated by the counterpoise correction procedure of Boys and Bernardi,84 gives

a contribution of the same order of magnitude of the extrapolation prodecure but in the opposite

direction. The largest effect was found in the case of ClAuAN where the counterpoise correction

reduces the formation energies of 1.6 kcal/mol. Metel and Baerends reported a detailed discussion

on the opportunity of the use of the counterpoise corrected bond energies showing that they may

deviate more from the basis set limit numbers than uncorrected bond energies.85 All the energies

presented in the following do not include corrections for the BSSE.
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Table 2: Energy of the selected structures (in kcal/mol) calculated at CCSD(T)/def2-QZVPP level
of theory with respect to non-interacting fragments ClAu + NH3 + C2H2 and PAu+ + NH3 + C2H2
taken as zero reference energy. All geometries optimized at DF-LCCSD(T)/def2-TZVPP.

Formation Energy
(kcal/mol)

L=Cl L=P
LAuN -45.9 -58.6

LAuAN -49.6 -59.0
LAuA -40.1 -41.7

LAu_TS -28.9 -46.6
LAu_p1 -41.8 -71.4
LAu_p2 -81.6 -95.2

The energy profiles for both ClAu and PH3Au+ are characterized by the formation of sta-

ble LAuN, LAuAN and LAuA complexes, which lead via the transition state for nucleophilic

attack LAu_TS, to the LAu_p1 product and successively to the very stable protodeauration prod-

uct LAu_p2. The species containing PAu+ are more stable than those with AuCl, but interestingly

enough this stabilization is not systematic. The Au-N bond is about 10 kcal/mol stronger in PAu

than in ClAu complexes and, more generally, the charged metal fragment, in comparison with the

neutral species, shows a pronounced preference for coordinating a hard ligand such as ammonia or

a carbanionic species rather than a C-C bond in η2 mode. Consequently, while PAuA is only 1.6

kcal/mol more stable than ClAuA, the triccordinated system PAuAN is 9.4 kcal/mol more stable

than ClAuAN and PAuN is 12.7 kcal/mol more stable that ClAuN. The other reaction stationary

points containing a more or less complete gold-σcarbon are systematically even more stabilized

for L=PH3, so much that the transition state PAu_TS turns out to be at lower energy than PAuA.

One further closely related observation can be made: the tricoordinated species ClAuAN and

PAuAN are more stable than the non-interacting ClAuN + A and PAuN + A species by 3.7 and

0.4 kcal/mol, respectively, and their. stability relative to ClAuA + N and PAuA + N is even larger:

9.5 and 17.3 kcal/mol, respectively. Contrasting this stability, the tricoordinated species should

be entropically disfavored with respect to LAuN + A, which increases their Gibbs free energy of

formation. However, our results in Table 2 suggest that these tricoordinated species should not be

neglected in the computational studies of gold-catalyzed reactions, particularly when the role of

16



the central barrier, that is the difference in energy between the TS and the reactant complex, which

becomes decisive for the rate of chemical reactions in the high-pressure regime, is addressed. 1

Figure 4: Mean error (εe), standard deviation (σe), and maximum absolute error (Me) of the
energies calculated with different ab initio methods [reference: CCSD(T)/def2-QZVPP//DF-
LCCSD(T)/def2-TZVPP] setting the energy of isolated LAu + N +A species as zero reference
energy. In all cases, the maximum absolute error occurs for ClAuAN.

As above for the geometries, the energies of the stationary points were computed in a se-

ries of calculations using the following hierarchy of quantum chemical methods in combination

with a def2-TZVPP Gaussian-type basis set: MP2, DF-LCCSD, and DF-LCCSD(T). Note that

for each method we use consistently the geometries optimized with that method. Furthermore,

based on DF-LCCSD(T)/def2-TZVPP geometries, the energies of stationary points were com-

puted with single-point calculations at canonical CCSD(T)/def2-TZVPP level, and, based on the

1A more realistic reaction profile for PH3Au+ complex would require the inclusion of a second NH3 molecule
which performs the nucleophilic attack to the tricoordinated species PAuAN. A full investigation of this point is
beyond the scope of the present work.
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Figure 5: Deviations in the formation energy of different selected structures for [PH3Au]+ (left)
and [ClAu] (right) - catalyzed ethyne hydroamination by ammonia computed with different ab ini-
tio methods. The reference energy values at CCSD(T)/def2-QZVPP//DF-LCCSD(T)/def2-TZVPP
level of theory are highlighted as black line. Non-interacting LAu + N + A species are taken as
zero-point energy.
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DF-LCCSD(T)/def2-SVP geometries, energies of the stationary points were computed with single-

point calculations at CCSD(T)/def2-SVP level. The statistical results (mean error (εe), standard de-

viation (σe), and maximum absolute error (Me)) of ab initio calculations of energies (in kcal/mol)

are summarized Figure 4 while in Figure 5 the data are reported as deviation from the reference

data obtained at CCSD(T)/def2-QZVPP level. If not specified otherwise, the basis set used is

def2-TZVPP.

As found for the geometry optimizations, the MP2 method is inaccurate also for the energies.

All the MP2 complexation energies, in particular those of the tricoordinated LAuAN and PAu_p2

species, are substantially larger (negative deviation) than the corresponding reference values. The

maximum Me is of about 10 kcal/mol for ClAuAN. Despite the MP2 method is still widely used in

computational chemistry our analysis shows clearly that this method is insufficient to gain accurate

predictions for benchmarking in the field of gold chemistry. Several previous works achieved sim-

ilar conclusions.33,37,86,87 An improvement is obtained by using the LCCSD method with a large

basis set, def2-TZVPP, with the complexation energies being underestimated by about 4 kcal/mol

for the tricoordinated species. Here, εe is larger than 2 kcal/mol, but also σe is high (about 3

kcal/mol), a clear indication that the difference is not due only to a systematic error. The inclusion

of the triple excitation in the local Coupled Cluster (DF-LCCSD(T)) improves lightly the descrip-

tion of the tricoordinated species but the advantage in terms of accuracy on the overall energy pro-

file is very limited, as shown by the statistical parameters. It is remarkable that the triple excitation

effect included in the canonical method (CCSD(T)) gives a very important contribution. All statis-

tical parameters are indeed improved passing form 3.9, 1.4 and 6.5 to 0.9, 1.0 , 1.2 respectively for

εe, σe and the largest error Me. The importance of including triple excitations in the coupled clus-

ter calculations to obtained accurate data has been recently pointed out by Nava et al.34 in some

related gold(I) systems. Moreover, on comparing energy results of DF-LCCSD(T)/def2-TZVPP

with those of CCSD(T)/def2-TZVPP, i.e. using the same basis set quality on the same optimized

structures, we see that canonical CCSD(T) yields significantly better results. The complexation

energies are underestimated by only about 1 kcal/mol and the description of both the LAuAN and
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LAu_TS systems improve compared to the local approach. The average error for the latter is below

1 kcal/mol and, more interestingly, the σe is halved with respect to DF-LCCSD(T). By contrast,

CCSD(T) with a small basis set (def2-SVP) performs poorly, also resulting in large non-systematic

errors. Finally, we observe that the tricoordinated species ClAuAN, systematically exhibiting the

largest error Me, results the most difficult species to describe in terms of energy.

Validation of DFT methods

Basis set convergence

Most computational DFT studies in the literature on gold(I)-catalyzed reaction mechanisms have

been performed using the very popular B3LYP functional with a 6-31G(d) (or 6-31G*) basis set

and a LANL2DZ or SDD pseudopotential for gold to account for relativistic effects. This is not

without problems, because, contrary to expectations of a relatively weak basis set dependence for

DFT, it has been shown that B3LYP basis set effects may in general be large. For example, the

deviation from the basis-set-converged value for the activation energy of transition-metal-catalyzed

reactions can exceed 10 kcal/mol with a small basis set (6-31G**).46,88 To begin investigating

these basis set effects, we have optimized the geometries of all our stationary points using the

B3LYP functional in conjunction with five different GTO basis sets, namely the Pople basis set 6-

31G**, the Ahlrichs basis sets def2-SVP, def2-TZVP, def2-TZVPD and def2-QZVPP. The results

for the Au-Cl, Au-P, Au-C and C-C bond lenghts have been statistically analyzed using as reference

the limit basis set def2-QZVPP and the mean error (εr), standard deviation (σr), and maximum

absolute error (Mr) are reported in Table 3.

The C-C bond distance turns out to be very robust with respect to changing the basis set, with

small εr and σr values, and maximum errors between 1.4 and 2.2 pm. For the Au-Cl, Au-P and Au-

C bond lenghts, the 6-31G** basis set is not sufficiently accurate in reproducing the benchmark

geometries, with maximum errors in the range 8-10 pm. Note that the use of a larger basis set

substantially improves all the statistic parameters, with the def2-TZVP basis set already giving
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Table 3: Mean error (εr), standard deviation (σr), and maximum absolute error (Mr) of the Au-Cl,
Au-P, Au-C and C-C bond. Distances are in pm. The species Mr is relative to is also indicated.

Au–Cl Au–P Au–C C–C
εr σr Mr εr σr Mr εr σr Mr εr σr Mr

6-31G** 7.6 1.1 9.7 6.4 1.1 8.3 4.2 3.2 9.0 -0.6 0.9 1.7
ClAuAN PAu_p1 PAuAN PAu_TS

def2-SVP 4.1 0.3 4.6 5.1 0.9 6.6 2.9 1.3 6.0 -0.2 0.6 1.4
ClAuAN PAuAN PAu_TS PAu_TS

def2-TZVP 2.5 0.4 3.4 1.7 0.4 2.1 2.9 1.1 4.2 -1.0 0.9 2.2
ClAuAN PAu_p1 PAu_TS PAu_TS

def2-TZVPD 2.6 0.6 3.8 1.7 0.4 2.1 1.7 1.8 3.9 -0.5 1.1 2.1
ClAuAN PAuA PAu_TS PAu_TS

def2-QZVPP 2.1 0.7 3.4 1.0 0.4 1.5 1.5 1.6 3.5 -1.3 0.5 2.2
ClAuAN PAu_p1 ClAuAN PAu_TS

sufficiently accurate results. Adding a diffuse function (def2-TZVPD) or increasing the basis set

size using def2-QZVPP slightly improves the performance. The most problematic species are the

tricoordinated PAuAN and ClAuAN and the transition states PAu_TS. This is in line with the fact

that in these species bonds are being broken along the reaction coordinate, which causes more

pronounced sensitivity to changes in the basis set quality (and functional type).

A statistical analysis of the relative energies calculated with the B3LYP functional and the five

chosen basis sets is displayed in Figure 6. The reference values are those obtained using the limit

basis set def2-QZVPP. We observe again that the 6-31G** basis set does not give accurate results,

similarly to the def2-SVP basis. Almost converged data can be obtained using def2-TZVP basis

with an average error of about 1 kcal/mol and a small standard deviation. Adding a diffuse function

to the basis set (def2-TZVPD) or increasing the basis set size (def2-QZVPP) is only marginally

beneficial for the energy calculations. Similar conclusions have been achieved recently by Chen

et al. .33,88,89 . As we will show in the following the typical errors that one may expect using

different DFs are significantly larger. These results show that the widely used B3LYP hybrid

functional needs to be used in conjunction with basis sets larger than 6-31G** in order to achieve

satisfactorily converged result (at least the def2-TZVP basis set). The neutral product ClAu_p2 is

particularly difficult to converge.
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Figure 6: Mean error (εe), standard deviation (σe), and maximum absolute error (Me) of the
energies calculated with B3LYP in combination with different basis sets. The reference values
have been obtained at B3LYP in combination with def2-QZVPP
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Performance of different DF approximations

Having established that the def2-TZVP gives a sufficiently accurate basis set, we used it to analyze

both the geometries and the relative energies of our stationary point structures computed with a few

popular DFs approximation, namely the GGA functionals BLYP, OPBE and BP86, the meta-GGA

functional M06-L, the hybrid functional PBE0 and B3LYP, the meta-hybrid functionals M06 and

TPSSh and the double-hybrid functional B2PLYP. The performance of the different functionals on

the geometries is assessed by a statistical comparison of the optimized Au-Cl, Au-P, Au-C and C-C

bond lenghts with our DF-LCCSD(T)/def2-TZVPP benchmark. The statistical parameters (mean

error εr, standard deviation σr, and maximum absolute error Mr) are reported in Table 4.

All the investigated DFs show a nice agreement with the benchmark results, with mean errors

in the range between +4.2 / -3.7 pm, the standard deviation between 1.9 and 0.3 and maximum

absolute error between 6.8 and 0.2 pm. The Au-C distance is the most difficult geometrical param-

eter to converge, presenting both the largest σr and Mr. Among GGA functionals we can underline

the good performance of BP86. It gives results close to those one can obtain using the hybrid

PBE0 and meta-hybrid TPSSh and even better than B3LYP. Note that the meta-hybrid M06 gives

quite poor statistical results with a Mr of 6.7 pm for the Au-C distance of the tricoordinate struc-

ture (PAuAN). The best performance here is obtained with the double-hybrid functional B2PLYP.

However, provided that a sufficiently large basis set is used, we may conclude that the geometries

obtained with the various DFs all agree well with each other and, with only few exceptions, with

the benchmark DF-LCCSD(T)/def2-TZVPP results.

We now proceed to examine the performance of the different DFs for the energies by com-

paring the results with those calculated in our ab-initio benchmark. For each DF we use the ge-

ometries optimized with that functional. The deviation in the computed energies using the vari-

ous DFs in combination with the def2-TZVPP basis set with respect to the reference calculation

(CCSD(T)/def2-QZVPP//DF-LCCSD(T)/def2-TZVPP) are reported in Figure 7. The relative sta-

tistical analysis on the data set obtained including all reference structures (Figure 3) is reported in

Figure 8 as εe, σe, and Me.

23



Table 4: Mean error (εr), standard deviation (σr), and maximum absolute error (Mr) of the Au-
Cl, Au-P, Au-C and C-C bond lenghts optimized with various DFs using def2-TZVPP basis set
(benchmark: DF-LCCSD(T)/def2-TZVPP). Distances are in pm. The species corresponding to Mr
is also indicated.

Au–Cl Au–P Au–C C–C
εr σr Mr εr σr Mr εr σr Mr εr σr Mr

BLYP 4.2 0.6 5.4 2.8 0.6 3.6 4.2 1.6 6.7 -0.1 0.5 1.4
ClAuAN PAu_p1 PAu_TS PAu_TS

OPBE -2.1 0.5 0.8 -3.0 1.0 4.0 -3.7 1.9 6.8 0.5 0.7 1.3
ClAu PAuAN PAuA ClAu_p2

BP86 0.9 0.5 1.6 0.0 0.7 1.2 0.4 1.5 3.1 0.2 0.7 1.3
ClAuAN PAu PAu_TS ClAu_p2

M06-L 2.4 0.8 3.7 0.5 0.5 1.2 0.7 1.5 3.6 -0.9 0.5 2.0
ClAuAN PAuA PAu_TS PAu_TS

B3LYP 2.5 0.4 3.4 1.7 0.4 2.1 2.9 1.1 4.2 -1.0 0.9 2.2
ClAuA PAu_p1 PAu_TS PAu_TS

PBE0 -0.3 0.3 0.8 -0.7 0.5 1.5 -0.9 1.1 2.4 -1.1 0.5 2.0
ClAuA PAu_p1 PAuA PAu_TS

M06 2. 5 0.3 2.9 3.6 0.4 4.2 3.6 1.4 6.7 -1.6 0.4 2.3
ClAu PAu PAuAN ClAu_TS

TPSSh 0.5 0.5 1.4 -0.4 0.5 1.1 -0.4 1.4 2.2 -0.6 0.6 0.2
ClAuAN PAu PAuAN PAu_TS

B2PLYP 0.8 0.3 1.2 -0.4 0.4 0.9 -0.1 0.8 1.3 -0.7 0.4 1.4
ClAuAN PAuAN PAuAN PAu_TS
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Figure 7: Deviation in formation energy of the complexes obtained with different DFT methods in
combination with def2-TZVP basis set. The deviation is reported respect to the reference energy
(CCSD(T)/def2-QZVPP//DF-LCCSD(T)/def2-TZVPP) setting the energy of isolated LAu + N +A
species as zero-point energy.

Figure 8: Mean error (εe), standard deviation (σe), and maximum absolute error (Me) of the ener-
gies calculated with different DFT methods in combination with def2-TZVP basis set [reference:
CCSD(T)/def2-QZVPP//DF-LCCSD(T)/def2-TZVPP] setting the energy of isolated LAu + N +A
species as zero-point energy.The species corresponding to Me is also indicated.
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The behavior of the considered DFs in computing the formation energies is alarming. Most

of DFs present important non systematic deviations. Furthermore, the pattern of these deviations

(Figure 7) is strongly dependent on the DF employed. We mention the example of two hybrid DFs:

PBE0 gives almost an exact prediction for the PAuN but overestimates (by about 12 kcal/mol)

the stability of the final product (PAu_p2); B3LYP shows high accuracy in predicting the energy

stabilization of the product (PAu_p2) but underestimates the stability of the tricoordinated species

(PAuAN) by about 6 kcal/mol. The statistical parameters show a spread in εe of 12 kcal/mol (with

values between -7 and +5 kcal/mol) and absolute Mr values ranging from 4 to 12 kcal/mol. This

clearly demonstrates the necessity of a careful selection of DF, even when a large basis set is used.

We note that the GGA functional OPBE, the meta-GGA functional M06-L and the meta-hybrid

functional M06 present a εe close to the CCSD(T)/def2-QZVPP benchmark, but these apparent

good performances are clearly due to non systematic errors that cancel out in the averaged εe (see

Figure 7). This is clearly indicated by the large values of σe, respectively 3.5, 2.3, 2.4 kcal/mol

which are similar to others DFs.

The best performance is clearly observed for the double-hybrid B2PLYP functional with an

εe value lower than 1 kcal/mol combined with a small σe (about 1 kcal/mol) and an absolute Me

value of 2 kcal/mol, corresponding to very small relative error of less than 2%. A drawback in

the applicability of this functional in routine calculations is clearly its computational cost, because

the extra spin-opposite scaled second-order perturbation correlation involving virtual orbitals ef-

fectively scales as MP2. However, it is important to note that a full geometry optimization is

not necessary here and the statistical performance remains almost totally unchanged even if one

uses the double-hybrid B2PLYP functional in a single point calculation on optimized structures

obtained using the much more computationally efficient GGA DFs. As a demonstration we in-

cluded in Figure 7 and Figure 8 the data obtained by such calculation, where we use double-hybrid

B2PLYP in a single point energy on the geometries obtained at BP86. This approach is refered as

B2LYP//BP86 in Figure 8.

Among the complexes we included in the statistics, the most difficult to treat by different DFs
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Table 5: Energy difference (kcal/mol) between the tricoordinated species LAuAN and the bis-
coordinated LAuN+A and LAuA+N, respectively refered as ∆EN and ∆EA. Results reported for
different density functionals (DF).

∆EN ∆EA
DF L=PH3 L=Cl L=PH3 L=Cl

BLYP 3.4 0.7 -14.7 -5.2
OPBE -2.0 -5.7 -16.1 -3.6
BP86 -2.7 -5.6 -19.1 -8.6

M06-L -1.4 -6.9 -17.6 -9.2
B3LYP 3.4 1.0 -14.8 -5.8
PBE0 -3.0 -6.7 -19.2 -9.7
M06 0.4 -1.4 -16.1 -7.2

TPSSh -2.8 -6.8 -19.2 -9.7
B2PLYP 0.4 -3.2 -17.3 -8.4

B2PLYP//BP86 0.4 -3.1 -17.3 -8.3
ref. -0.4 -3.7 -17.3 -9.5

approximations is the tricoordinated species. In this case the relative error may be as large as

30%. A cautionary remark should be made regarding the stability of these tricoordinated LAuAN

compared to biscoordinated (LAuN + A) and (LAuA + N) species. The results are summarized

in Table 5. Most of the considered DFT functionals give a tricoordinated species even more sta-

ble than the LAuN + A, as the CCSD(T)/def2-QZVPP//DF-LCCSD(T)/def2-TZVPP benchmark

method does. But, remarkably, this is not the case for the B3LYP and BLYP functionals, which

underestimate the stability of PAuAN relative to [PAuN + A] by nearly 4 kcal/mol and that of

ClAuAN relative to [ClAuN + A] by well over 4 kcal/mol.

This unsatisfactory description of the relative energy of tricoordinated vs biscoordinate may

have implications for the widely accepted strategy of performing a geometry optimization at, say,

the B3LYP/6-31G** level and subsequently refining the energies by single point calculations at a

higher level of theory. Since this functional is the most used for preliminary calculations, this can

be the reason why reaction paths that involve tricoordinated species are scarcely considered.27

Lledòs and coworkers27 calculated a ∆E of -12 kcal/mol between their model system {[(Car-

bene)Au(NH3)] + 2-butyne} (the most stable species) and [(Carbene)Au(NH3)(2-butyne)], and

indeed they used B3LYP/SDD-6-31G(d) method for optimization and M06/SDD-6-311++G(d,p)
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method for single-point calculation of the energy, both of which give a negative ∆E, favouring

the linear biscoordinated LAuN structure over the tricoordinated one. The risk in using B3LYP

and BLYP functionals in computational studies of Au(I)-catalyzed alkyne hydroamination reac-

tions is that some of the highly branched paths, expecially involving tricoordinated species, in the

mechanisms could be missed.

A further issue that arises in the evaluation of the performance of different DFs considering

different structures along a suitable reaction path, as we have done here, is that the statistics, and

the conclusions drawn from it, may be influenced by the choice of the reference energy, since the

errors affecting this reference point are effectively neglected in the analysis. This simple question

was largely unexplored in previous benchmark investigations, but may be important for the purpose

of assessing the performance of different functionals. As pointed out above, we have analyzed the

energies of the stationary point structures with respect to the non-interacting fragments ClAu + N

+ A and PAu + N + A taken as zero-point energy (Figure 7 and Figure 8). An alternative reference

structure may be the (LAuN + A) asymptote, which may be considered a "natural" choice to

examine the formation of the tricoordinated species. With this reference, the statistical analysis

results are shown in Figure 9 (left panel). The choice of a reference cancels, by definition, the

error in the reference structure and this may modify significantly the statistical results. While, for

instance, hybrid B3LYP and the GGA BLYP seems to improve substantially, presenting a really

low εe value (lower than 1 kcal/mol) and a Me reduced up to less than 5 kcal/mol, the OPBE

functional gets worse and decreses εe from less than 1.5 kcal/mol up to almost -6 kcal/mol and εe

passes from 7 to 11 kcal/mol. Note that in both cases the precision is not improved significantly as

shown by the values of σe which remain really stable with the change of the zero-energy reference.

The best DF is the double-hybrid B2PLYP with really stable statistical parameters: (εe value lower

than 1 kcal/mol with σe of about 1 kcal/mol).

As a further option, the energy of the tricoordinated species LAuAN can be taken as reference.

Since these are more stable than biscoordinated, these species may open additional paths in the

reaction mechanism investigation. The statistical analysis has been repeated choosing the LAuAN
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Figure 9: Mean error (εe), standard deviation (σe), and maximum absolute error (Merr) of the
energies computed with different DFT functionals in combination with def2-TZVPP basis set [ref-
erence: DF-LCCSD(T)/def2-TZVPP//CCSD(T)/def2-QZVPP] with the energy of (LAuN + A)
(left panel) and (LAuAN) (right panel) taken as zero-point energy.

as the zero-point energy and the functionals that are more accurate for the energy calculation of tri-

coordinated LAuAN species are highlighted on the basis of the results depicted in Figure 9 (right

panel). The meta-hybrid TPSSh and meta-GGA M06-L functionals perform very similarly and

improve their the statistical parameters. In this case the εe is reduced below 1 kcal/mol and Me

is less than 5 kcal/mol but here the standard deviation is slightly increased up to 2.5 kcal/mol in

both cases. Note that the statistics of B3LYP changes significantly due to the error cancellation

that arises by the use of LAuAN energy as zero energy. Here, while the εe is significant (about 4.5

kcal/mol) the deviations are more systematic as shown by the important reduction of σe that now

is 1.34 kcal/mol. The B2PLYP performances are again really stable with εe increasing slightly

but remaining below 1 kcal and a σe of 0.9 kcal/mol. In all cases, independently by the zero en-

ergy reference, the single point energy calculation using B2PLYP on BP86 optimized structures

(B2PLYP//BP86) gives almost exactly the same statistical parameters. We mention that the good

performance of the double-hybrid functional as B2PLYP for the description of Au(I)/Au(III) com-

plexes with unsaturated molecules was already pointed out by Chen et al.33

29



Figure 10: Deviation in formation energy of the complexes obtained with different DFT methods
in combination with def2-TZVP basis set. The deviation is reported respect to the reference energy
(CCSD(T)/def2-QZVPP//DF-LCCSD(T)/def2-TZVPP) setting the energy of isolated LAu + N +A
species as zero-point energy.
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In Figure 10 we compare the results for three representative functionals, namely BP86, B3LYP

and B2PLYP, after adding a DFT-D3 dispersion correction.90 The inclusion of dispersion correc-

tion increases the formation energy but this stabilization is not systematic along the reaction path

and does not always improve the performance of the functional. In all cases the largest contribution

is found for the tricoordinated species (PAuAN and ClAuAN). In the case of BP86 functional the

inclusion of dispersion gives even a significant deterioration of the statistical parameters for both

the average (εe) and maximum error (Me). Their values pass indeed from -3.5 and 7.6 of BP86

to -6.6 and 11.7 kcal/mol of BP86-D3. For this functional also the standard deviation increases

significantly passing from 2.7 to 3.7 kcal/mol.

The inclusion of dispersion effects in B3LYP-D3 improved significantly both εe and Me but

this improvement does not reflect in an increase of the precision of the predictions. Here indeed

the standar deviation lightly deteriorates passing from 2.2 of B3LYP to 2.3 kcal/mol of B3LYP-D3.

Despite a light deterioration of the performance of the B2PLYP functional due to the inclusion of

dispersion effect (the statistical paramenters passed from -0.6, 1.0, 2.1 of B2PLYP to -2.1, 1.3, 4.0

B2PLYP-D3 respectively for εe, σe, Me) it remains to be the most accurate functional.

Benchmark on relativistic approximations.

In the work described in the previous sections, we included relativistic effects at the scalar level

using relativistic effective core potentials (RECP) on the gold atom. But other methods, based

on all-electron calculations, are often used. A notable example, employed in transition metal

chemistry, for including scalar relativistic effect is the all-electron ZORA approach. Furthermore,

current knowledge of nonscalar relativistic effects, like spin-orbit coupling, on different interme-

diates along a reaction path involving a heavy-metal catalyst is very limited. Here, we present

a quantitative investigation of the effect of different approximations on a reaction energy profile

involving gold(I) catalysts. As reference we use the full relativistic Dirac-Kohn-Sham approach

based on the four-component Dirac equation. This approach includes both scalar and non-scalar

terms (e.g. spin-orbit) at the most rigorous level.

31



We now compare the fully relativistic DKS complexation energies with the results obtained

by RECP and all-electron ZORA calculations, using in all cases the BP86 DF and the reference

structures obtained at the DF-LCCSD(T)//def2-TZVPP level. The results are reported in Figure 11.

The reference value (zero line in the figure) is obtained by all electron Dirac-Kohn-Sham (DKS)

calculations with limit basis set. In order to minimize the effects of basis set incompleteness

we have used a large basis, as close to the limit as possible. In the case of the RECP calculation

we used the limit basis of def2-family, namely def2-QZVPP.54 The calculations using the ZORA

Hamiltonian has been done with the ADF program (ADF2010.01) using the all-electron QZVPP

Slater-type basis.63 The DKS calculations have been carried out with the DKS module of the

fully relativistic code BERTHA. In this case, the large component basis set has been obtained by

decontracting the def2-QZVPP basis set on hydrogen, carbon, nitrogen and phosphorous, while the

limit quadruple-zeta quality basis sets (34s30p19d12 f 3g1h) by Dyall has been used for the gold

atom.68,69 The corresponding small-component basis was generated using the restricted kinetic

balance relation.70 Further details of this approach can be found in Refs.64

The results show that both ZORA and RECP present a very similar deviation patterns along the

reaction energy profile both for the AuCl and PH3Au+ catalysts. Besides the absolute deviation,

which may be affected by residual basis set incompleteness, the deviation in the description of

the energy profile of a reaction is expected to be really small. The discrepancy with respect to the

reference DKS results are below 1.5 kcal/mol. It is interesting to consider the effect of the hamilto-

nian on the activation energy defined as the difference between ∆E(LAuA) and ∆E(LAu_TS). We

found here that non-scalar effects are not completely negligible. In particular, the transition state

PAu_TS is destabilized with respect to biscoordinated PAuA by 0.7 kcal/mol and 0.35 kcal/mol

using RECP and ZORA calculations, respectively. In the case of ClAu_TS this destabilization is

of 0.89 and 0.57 kcal/mol, respectively. We mention that a effect of a similar size but of opposite

sign was observed recently by Chen et al. in the case of the reaction of C-H activation by Pt(II)39.
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Figure 11: Energy deviation in kcal/mol in the complexation energy using different hamiltonians:
relativistic effective core potential (RECP), ZORA all electrons. The reference value is obtained by
all electron Dirac-Kohn-Sham (DKS) calculations with limit basis set. The exchange-correlation
functional used is BP86. The stuctures used in calculations are the reference structure obtained at
DF-LCCSD(T)//def2-TZVPP. See text for details.
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Conclusions

In conclusion, in the present study we have computed an ab initio benchmark for an archetypal

gold(I)-catalyzed hydroamination of ethyne employing a hierarchical series of methods and basis

sets up to CCSD(T)/def2-QZVPP and DF-LCCSD(T)/def2-TZVPP, focusing on both geometries

and energies. We studied up to twelve structures of possible Au(I)-coordinated species modeling

different intermediates potentially present in a catalytic cycle for the addition of a protic nucle-

ophile to an alkyne. Our findings have evidenced the importance of sufficiently large basis sets in

Coupled Cluster calculations for obtaining reliable energies as well as the low accuracy of MP2.

The reference structures of different stationary points of the reaction energy profile reveal peculiar

details of coordination features depending on whether the gold(I) catalyst is a neutral AuCl or a

ionic [PH3Au]+.

The benchmark is used to evaluate the performances of some popular density functionals for

describing geometries and relative energies of stationary points along the reaction profile. The

minimum acceptable GTO basis set for these DFT calculations is found to be of triple-ζ quality

with polarization on all atoms, such as def2-TZVP. For geometries it was found that most of the

investigated GGA, meta-GGA as well as hybrid, double-hybrid, and meta-hybrid DFT approaches

provide an accurate description when in combination converged basis sets are used. Much more

challenging is to achieve accurate results for the energy. Most functionals (including hybrid or

meta-hybrid) give non systematic errors along the reaction profile, with a spread of 4-12 kcal/mol.

We have also investigated the impact of the choice of the reference system used to define the

energy zero. Particularly challenging is description of the tricoordinated complexes. In this case,

the hybrid B3LYP underestimates our reference data up to 9 kcal/mol.

The double hybrid functional B2PLYP outperforms all other considered functionals, and com-

pares very nicely with our reference ab initio benchmark energies. It presents both small absolute

errors and, crucially, a very small standard deviation (about 1 kcal/mol). The major drawback with

B2PLYP is that it is more computationally expensive than other functionals (e.g. GGA, hybrid,

meta-hybrid) due to the extra spin-opposite scaled second-order perturbation correlation involv-

34



ing virtual orbitals. It effectively scales as a MP2-like term. We found that a single point energy

calculation on optimized structures at less expensive GGA level gives almost identical results and

statistical parameters as one may achieve if the structures would be fully relaxed at B2PLYP level.

Further, when combined with Laplace transformation type algorithm, the B2LYP approach scales

only as O(N4) with the system size.

We caution that, if the very accurate B2PLYP functional is not used for energy calculations the

reaction profile landscape may change unpredictably, opening or closing branched paths depending

on the functional. In catalytic systems, the use of computationally less expensive, but less accurate,

functionals may jeopardize the conclusions drawn in studies focusing on branched reaction paths

in catalytic cycles. Notably, the common strategy of using the B3LYP functional in combination

with a small basis set such as 6-31G* or 6-31-G** is inaccurate and it can have as consequence

that important, rate determining, paths in reactivity studies could be missed, in particular if a

tricoordinated species is involved. On the basis of our investigations, the best density functional

recipe for homogeneous gold catalysis turns out to be the following: geometry optimizations using

GGA, meta-GGA, hybrid, or meta-hybrid functionals, since the various functionals do not show

significant mutual discrepancies, in combination with a sufficiently large basis set (at least of triple-

ζ type with polarization) followed by a single-point B2PLYP energy calculations on the optimized

structures.

Finally, we assessed the accuracy of commonly used approaches to include relativistic effects,

such as relativistic effective potentials and the ZORA Hamiltonian, by comparing the results with

those of fully relativistic, all-electron, four-component DKS calculations, using limit basis sets

in all calculations. We found that the scalar approximations yield reaction profiles essentially

in agreement with each other to within 0.5 kcal/mol. Their deviation from the reference four-

component results is however larger, ranging from 1 to 2 kcal/mol in the investigated systems.

The error in the activation energy of the nucleophilic attack is less than 1 kcal/mol. Thus, while

accounting for non-scalar relativistic effects is confirmed to be mandatory in order to achieve truly

quantitative accuracy, routine investigations of gold(I) catalyzed reaction mechanisms may achieve
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meaningfully reliable results also within scalar approximations.

While we have focused here only on prototypical reaction species involving homogeneous-

phase gold(I) catalysts for the activation of UHCs, without any attempt to investigate all possible

reaction paths, we believe that the benchmark assessments obtained and the general considerations

that emerge from our study may be a useful basis for further investigations and for the definition

of an efficient approach to study gold-catalyzed organic reactions.
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