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Abstract The performance of 32 density functionals to
describe the homogeneous gold catalysis of propargyl esters
has been tested. These catalytic reactions are very com-
monly rather complex, numerous intermediates can be found
along the reaction profile and the individual reaction steps
are often associated to very small barrier heights. In this
scenario, the experimental kinetic study of the catalytic
mechanisms is very challenging. A computational approach
to this problem provides invaluable help to gain insight into
these mechanisms. However the high accuracy needed to
describe such highly branched paths with low energy tran-
sition states poses many practical problems for cost-efficient
DFT methods. The lack of accurate experimental or high-
level computational data to employ as validation sets for
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these methods is also an added difficulty. High-level com-
putational data needed to validate these functionals have
been obtained at the CCSD/def2-TZVPP//CCSD/def2-SVP
level and, with such data, we aim to help discern the best
density functional recipe for homogeneous gold catalysis

keywords Gold catalysis - Density functional theory -
Golden carousel

1 Introduction

The first gold-catalyzed reactions were discovered in the
70-80s. The olefin hydrogenation described by Bond et al.
[1], the low-temperature oxidation of CO reported by
Haruta et al. [2] or the acetylene hydrochloration to vinyl
chloride of Hutchings [3], dismissed the myth of gold as a
rather inert metal, without interest as a catalyst of orga-
nometallic transformations.

After these examples of heterogeneous catalysis, the
description of the first asymmetric aldol reaction, using a
gold(I) complex by Ito et al. [4] opened the door to the use
of gold coordination compounds and salts in homogeneous
catalysis, even if the exploration of this new reactivity was
slow in the beginning. In 1991 Fukuda et al. expanded the
use of gold to the activation of alkynes towards nucleo-
philic attack, using water, alcohols or amines as nucleo-
philes, and several years later, Teles et al. [S] continued the
exploration of these catalytic systems for alcohol additions
to alkynes.

After 2000, there has been a surge in the discovery and
use of new gold-catalyzed reactions in organic synthesis that
started with the works of Hashmi et al. expanding the use of
gold catalysis to intramolecular nucleophilic additions on
olefines [6, 7], their intermolecular version by Yang et al. [8]
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and the comprehensive work by Echavarren et al. on enynes,
highlighting the versatility of this kind of substrates in the
generation of molecular complexity [9, 10].

The evolution on the field of homogeneous gold catal-
ysis is reflected in an ever increasing number of review
articles, general or restricted to a specially useful substrate
[11-21]. This growing interest in gold catalysis is the result
of the combination of several attractive features of these
processes. Gold-catalyzed reactions usually proceed read-
ily even under mild experimental conditions, often at room
temperature, with small quantities of catalyst. In many
instances, they result in the formation and/or breaking of
several bonds in a one-pot reaction, achieving high atom
efficiency and reducing waste. The easy generation of
complexity and the compatibility with a wide range of
functional groups make these reactions versatile alterna-
tives to more conventional synthetic approaches and allow
transformations not available with other catalysts.

At the root of many of these features are the unusual
properties of gold, sometimes surprisingly different from
those of neighboring elements in the periodic table or other
transition metals. Among these properties are its yellow
color, small metallic radius, high ionization potential and
an associated high electronegativity, high electron affinity
and aurophilicity [22]. Relativistic effects need to be
invoked to explain these properties [23]. Thus, the con-
traction of the 6s orbital lowers the LUMO energy and
leads to larger ionization potentials, stronger ligand-metal
bonds and higher acidity, while the expansion of the d and
f orbitals due to the larger shielding of the contracted core
makes this metal softer and less nucleophilic [24].

These properties set gold’s catalytic activity apart from
that of the most studied transition metals, making it less
prone to the oxidative addition/reductive elimination cycles
common with other metals. There are studies where a
careful functionalization of the substrate leads to a multi-
faceted character of gold, with the metal playing a different
role at different stages of the catalytic cycle [25], and
others where the metal center changes its oxidation state
along a gold-catalyzed cross-coupling [26, 27], but most of
the described gold-catalyzed reactions use its properties as
a m-acid, activating unsaturated compounds towards
nucleophilic attack.

The impressive diversity and complexity of the reactions
available to a gold-activated unsaturation creates the need
for mechanistic information on the reaction paths available
and their relative energies if predictive power and sys-
tematization and optimization of these transformations are
sought. However, the short lifespan of many of the inter-
mediates in the catalytic cycles (which makes their char-
acterization difficult) and the ramifications in the more
complex reaction paths make the experimental study of
these mechanisms a difficult task. Molecular modeling
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steps in at this stage, allowing the chemist to differentiate
between competitive reaction mechanisms, to characterize
intermediates or simply to provide a step-by-step descrip-
tion of the structural and energy changes along the reaction
path. Synergy between theory and experiment has already
been successful in the characterization and systematization
of such reaction mechanisms and its relevance in the future
is predicted to increase [28-30].

The extensive reviews on computational chemistry of
gold by Pyykko [31-33] compile an impressive amount of
information about the computational approaches used to
describe different properties of gold and its compounds.
Special attention is devoted to the relativistic origin of
gold’s more characteristic behaviors and to the techniques
used to reproduce oxidation states, coordination number
and structure in different complexes, gold’s behavior as a
proton or halide analogue, aurophilicity, spectroscopy, etc.
However, there is not much information on the organo-
metallic compounds generated as intermediates in the
homogeneous catalytic cycles of interest to organic
chemists, and even less on the properties of the transition
structures that connect these intermediates. This owes
probably to one of the reasons why gold-catalysis is so
attractive: the speed of these reactions in mild conditions,
which makes difficult the isolation and characterization of
intermediates resulting in a dearth of experimental data
against which to compare the results of computational
models. Other works, such as those of Pernpointner et al.
[34], or Lein et al. [35] also highlight the need to use rel-
ativistic calculations in order to correctly describe gold
complexes.

Very useful reviews for those interested in modeling
organometallic mechanisms have appeared of late [36-39],
evaluating the different options available and describing
the latest advances. Many of the conclusions of these works
can be applied to gold-catalyzed mechanisms, however,
they are general in scope and don’t directly address the
special features of gold or, when doing so, tend to focus in
gold clusters or complexes rather than mechanisms in
homogeneous gold catalysis [40].

In most computational studies of gold-catalyzed mech-
anisms, the method of choice is based in Density Func-
tional Theory (DFT) [41], which includes some correlation
at a moderate computational cost. The most popular
functional by far (as in other computational endeavors in
organic chemistry) is B3LYP [42, 43] with 6-31G(d) as the
most common basis set for the main group atoms and a
pseudopotential (ECP) and the associated basis for the
metal atom.

Electron core potentials are used in these calculations
with two aims: reducing the computational cost associated
to the large number of core electrons in gold and, most
importantly, parametrically incorporating part of the
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relativistic effects. Among the most commonly used ECPs
in gold-catalyzed organic reaction mechanisms are
LANL2DZ [44] or SDD [45]. In the most recent works,
however, the need to attain more accurate results, led to the
use of somewhat larger basis (triple-{ with polarization and
diffuse functions) for geometry optimizations or, at least in
single point energy refinements. The success of new gen-
eration functionals such as M06 in organometallic catalysis
and the development of new basis functions and pseudo-
potentials opens the door to a better description of these
complex mechanisms and further modeling achievements
[46].

There is ample work on the development and application
of methodologies for the modeling of gold chemistry, but it
is not directly focused on reaction mechanisms and thus not
very accessible to the computational organic chemist.
Thus, in most of the work published on modeling homo-
geneous gold catalysis, the choice of method is usually
supported by some calculations on model systems and/or
the agreement of the conclusions of the study with the
bench results, without any further validation. This
approach is oftentimes satisfactory, since small variations
between methods in reaction energies and barriers don’t
always affect the preferred reaction paths or a qualitative
description of the mechanism. However, there are many
instances of different competitive reaction paths in a nar-
row energy bracket where small errors can lead to a dra-
matic reversal of product distributions. An example of that
could be the paper by Benitez et al. where the authors show
that M06 is able to reproduce the effect of the donor
properties of gold’s ligand on the experimental barriers for
bond rotation in gold carbenoids, while other functionals
(B3LYP or BP86) can not [47].

1.1 Choice of model system

From the great variability found in gold-catalyzed reac-
tions, some quite general reactivity patterns have emerged
as a result of the combination of theoretical and experi-
mental mechanistic studies. Among them, those corre-
sponding to enynes and propargylic esters are specially
relevant. In these mechanisms, the extra delocalization of
the expanded 5d orbitals generates a series of carbocationic
or carbenoid intermediates which can be the starting point
of complex cascade reactions or reorganizations. In this
work, we will focus on the gold-catalyzed reactivity of
propargyl esters, where the combination of an alkyne and a
bidentate internal nucleophile can open a wealth of reaction
paths well described in many publications [48-50]. For
this, we will use the golden carousel of Correa et al. as a
template [48], a clever representation of these available
paths that clearly showcases the three main paradigms
of reactivity in which these systems can be involved:

m-activated unsaturations, carbenoid/carbocation reactivity
and allene chemistry. This structural variety in the inter-
mediates and transition structures is specially interesting in
the assessment the robustness of a computational method-
ology (it constitutes a real challenge for some of the
methods) and covers a wide range of organic gold
reactivity.

In order to evaluate a broad combination of methods
and, at the same time, being able to produce high quality
reference results, we decided to simplify the organic sub-
strate to a simple propargylic acetate and the catalyst to
gold with the simplest phosphine, PH3, as a ligand. With
this model we are able to compute coupled-cluster level
geometries and energies as references. Effects of the
introduction of more complexity on both the substrate and
the catalyst will be studied after the performance of the
different density functionals is known for the model
system.

The mechanism studied is thus depicted in Fig. 1. From
the propargyl ester-gold complex 2, there are two paths
available, a 1,2-migration involving a nucleophilic attack
of the carbonyl oxygen to the alkyne proximal carbon and a
1,3-migration involving the same kind of attack onto the
alkyne terminal position. A cyclic intermediate (3 or 5) is
formed in the two paths, which undergoes the cleavage of
the original C-O resulting in the first case in a gold-car-
benoid/carbocationic species (4) and in the second in a
gold-coordinated allene (6). The latter intermediates can be
connected by a second 1,2-migration on 6 to yield 8, which
converts to 4 through a low-energy rotation of the ester
group. For some of the transformations in the mechanism,
the bond-forming processes can take place on the same or
opposite side of gold, for what we have used the descriptors
syn and anti, respectively.

2 Computational methods
2.1 Density functionals

Density functional theory is nowadays amongst the most
widely employed electronic structure models for molecular
simulations. This methodology combines the benefits of the
low computational cost of single determinant models with
the recovery of electron correlation comparable to higher
order and more costly ab-initio methods. However, given
the tremendous effort put forward by developers in the last
decades, the bouquet of different functionals has grown to
an unpractical size. It is, therefore, not unlikely that com-
putational chemists are drawn into the daunting discussion
on whether their work should have better been addressed
with whatever the favorite functional is for the inquirer.
Last developments in several fronts (perturbatively
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Fig. 1 A simplified model of the gold-carousel of Correa et al. [48]. The stationary points depicted in this Scheme will be used to benchmark the
performance of different computational methods, specially focusing on DFT

corrections, long-range corrections, empirical dispersion
terms, meta-hybrids, etc) in the pursuit for the divine
functional [51] have proved to provide remarkable
improvements over popular choices, but have also shed
more arguments to be added to the functional discussion.
This situation, despite being obviously positive in terms of
number of choices, is less than ideal due to the lack of a
broadly recognized standard. Hot, new topics, like gold
organocatalytic chemistry, suffer a particular overexposure
to this problem, since very few comprehensive benchmarks
include organometallic species in their datasets. Even if
this subject is gaining interest [52-54], these studies are
usually limited to the first period of transition metals, and
less often include second row transition metal [36, 40, 52],
and, to our knowledge, none include organo-gold catalytic
chemistry.

At this juncture, we aim to provide a thorough com-
parison on the performance of a large number of density
functionals to model the golden carousel [48]. In this
benchmark work we have included 32 density functionals
that should represent all the generations included in
Perdew’s ladder (see Table 1) [55]. All the functionals
have been compared to purposely generated coupled
cluster reference data. To the series of density functionals,
and for the sake of historical completeness, the ab-initio
Hartree-Fock (HF) theory and Mboller—Plesset second
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order (MP2) perturbation theory have been included in
this test set.

In Perdew’s ladder of density functional development,
the strategy aimed to keep into each next generation of
functionals everything that was working and add on top of
that new improvements for what was not. In this scenario
the different generations of functionals can be classified
analogously in terms of chronological history or degree of
sophistication:

LDA: Local Density Approximation is the simplest and
earliest density functional model. It stems directly
from solid state physics and is based in the solution
to the homogeneous electron gas [56, 80, 81].
Given the physical model from which LDA is
derived it is surprising that it performs decently
well for molecular systems. It is obvious that the
electron density of molecules is far from homoge-
neous, however, LDA does predict correct geom-
etries and energies for systems with slowly varying
charge densities. The relative success of this
approximation has been suggested to depend on
the cancellation of errors [82].

The natural step further from LDA is to account
for the non-homogeneity of the electron density in
molecular systems. Thus in the Generalized

GGA:



Theor Chem Acc (2011) 128:647-661

651

Table 1 Density functionals and ab-initio methods included in the benchmark

ab-initio LDA GGA meta-GGA Hybrid Dispersion corrected®

HF SVWN [56] mPWLYP [43, 57] MOG6L [58] TPSSh [59] MO6 [60]

MP2 mPWPBE [57, 61] VSXC [62] 7-HCTHhyb [63] ®B97 [64]
mPWPWOI [57, 65] TPSS [59] mPWILYP [43, 57] cam-B3LYP [66]
OLYP [67] t-HCTH [63] mPWIPWO1 [57, 65] LC-wPBE [68]

BLYP [43, 69]
BPWOI [65, 69]
PBEPBE [61]
HCTH [76]

BBY5 [69, 70]

mPW3PBE [57, 61]

LC-BLYP [43, 69, 71]

PBEKCIS [61, 72]

O3LYP [73]
B1B95 [70, 75]
B3LYP [42, 43, 77]
B3PW91 [42, 65]
PBEIKCIS [72, 78]
PBEhIPBE [79]

B2PLYP [74]

? In this column the new generations of perturbatibely and empirically corrected functionals and Coulomb-attenuated hybrids and GGA
functionals are included

meta-
GGA:

Hybrid:

Gradient Approximation the exchange-correlation
functional form adopts dependency on both the
value of the density and its gradient [65, 83]. The
inclusion of the first derivatives of the electron
density in the description of density functionals
leads to significant improvements. A wealth of
different functionals were developed under the
auspices of the GGA model (see Table 1 for a few
popular examples). The Generalized Gradient
Approximation was probably one of the main
reasons for the wide spread of Density Functional
Theory in chemistry during the 1990’s.

The next rung in Perdew’s ladder involves the
recent development of functionals in which an
extra ingredient is added to the GGA recipe. In this
generation explicit dependency on the Laplacian
of the spin density or on the Kohn-Sham orbital
kinetic energy density is included into the func-
tionals [62, 84, 85].
Hybrid functionals include a mixture of exact
exchange derived from Hartree—Fock theory.
This addition was originally justified in terms
of the dramatic improvements in atomization
energies of molecules [70]. Loosely bound
structures are not well described by local and
GGA approaches due to the self-interaction error
[86]. The inclusion of exact exchange therefore
also improves the performance of functionals in
chemical kinetics since transition states in par-
ticular are prone to be overstabilized by LDA
and GGA methodologies. The need for exact
exchange in DFT is however questioned [87] on
the grounds that new self-interaction correction

schemes are capable of improving energy barri-
ers [88].

In this already complex scenario of density functionals,
the approaches to further improve these methods are
unfortunately diverging. The density functionals described
above are known to still lack an accurate description of the
dispersion energy, so strategies to overcome this limitation
have been proposed resulting in the apparition of several
successful density functionals that generally offer
improved performance for difficult systems where non-
convalent interactions are important. Following the order
shown in Table 1 we find the following strategies:

MO06: The series of new Minnesota functionals by Truhlar
and coworkers have been built with a specific
purpose in mind. This is exemplified by Truhlar
himself with the metaphoric carpenter who needs
different tools for different tasks. Following these
guideline it is not surprising that the M06 series
have been obtained after a thoughtful selection of
parametrization datasets, several of which are
dedicated to weak, dispersion-like, non-bonding
interactions [89].

Long-range interactions are commonly wrongly
described by GGA and hybrid functionals. Chai
and Head-Gordon developed a partitioning scheme
based on the standard error function that separates
short- and long-range regions and applied density
functional theory to the former, whereas 100% of
the exact-exchange is computed for the latter. With
this approach wB97 proves superior performance
for problematic systems, like charge transfer
interactions, 7-stacking, and other interactions
sensitive to the self-interaction errors [64].

wB97
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cam-

B3LYP Handy and coworkers aim to improve the known
deficiencies of the popular B3LYP functional by
applying a long-range correction that switches
from 0.19 Hartree—Fock plus 0.81 Becke 1988
(B88) exchange at short range with 0.65 HF and
0.35 BS88 at long-range. The medium-range
smooth switching function in this case is also
based on a standard error function [66].

LC-

oPBE  Vydrov and Scuseria find that the application of a
long-range correction scheme to the PBE functional
results in a particularly well performing combina-
tion. To construct LC-wPBE these authors also rely
on splitting the short- and long-range regions
through a standard error function [68].

LC-

BLYP Hirao and coworkers aim to apply a similar correc-

tion to GGA functionals. However, the common
correction scheme is unpractical with these func-
tionals due to the lack of first-order density matrices.
In their work they therefore propose a long-range
correction strategy based on constructing approxi-
mated first-order density matrices [71]. Often times
this scheme is applied to the BLYP GGA functional,
as in this work, but Hirao’s approach is general and
can be applicable to any GGA functional.

B2PLYP Grimme has explored the idea of going a step
further into the successful history of hybrid
functionals by, not only admixing a portion of the
exact Hartree—Fock exchange to density func-
tionals, but also adding a perturbative correction
obtained through the Kohn-Sham orbitals. This
approach has been termed double hybrid and, in
one of the most successful functionals so
constructed (B2PLYP) it only implies two
parameters that determine the amount of HF
and GGA exchange on the one side and the GGA
and PT?2 correlation on the other. These param-
eters have been obtained by a least-squares-fit
procedure to the G2/97 set of heat of formations.
B2PLYP is claimed to be one of the best general
purpose density functional for molecules [74].
The only drawback for this otherwise promising
functional is the cost associated to the perturba-
tive correction, which places it among the most
computationally demanding functionals to date.

2.2 Methodology

All density functional optimizations in this work have been
performed with the Gaussian09 electronic structure package
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[90]. In most calculations we used the default values of
Gaussian09 for convergence thresholds. A finer integration
grid containing 99 radial shells and 590 angular points per
shell, however, has been employed throughout the entire
study (see below). Such finer grid is needed for two pur-
poses: to avoid spurious imaginary frequencies in the cal-
culation of second derivatives, and to correctly integrate the
kinetic-energy dependent functionals [91]. Of note here is
our intent to propose a general protocol that can be use with
certain confidence by the organic chemist in the modeling
of gold-catalyzed reactions, so we try, where possible, to
minimize the fine tuning of the programs options. The
density functionals have been accompanied by the large
double-{ quality basis set def2-SVP [92]. Relativistic effects
have been introduced through electron core potentials
associated with these series of basis sets [93]. The stability of
the wavefunction has been computed for all stationary points
[94]. The nature (minimum or transition state) of each sta-
tionary point has been determined through harmonic anal-
ysis of the second derivatives of the energy with respect to
the nuclear displacements.

The performance of electron core potentials to describe
relativistic effects has also been compared with all electron
calculations with the Douglas-Kroll-Hess second order
scalar relativistic model [95, 96].

2.2.1 Integration grid

As mentioned earlier, a very dense grid has been employed
for the numerical integration of density functionals. A side
study on the convergence of single point energies with the
MO6 functional with respect to the grid size has been
performed on the reference geometries of all the stationary
points using the standard basis set and ECP. The resultant
profiles are shown in Fig. 2, where absolute electronic
energies are noted in kcal/mol. It can be seen that while
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sparser grids, such as the (35,110) or (50,194) corre-
sponding to the “coarse” denomination in Gaussian09 and
to the “SG1” (standard grid 1) [97], respectively, are not
converged, the “fine” grid (75,302) yields almost con-
verged results. The energies computed with the “ultrafine”
grid we used in all the calculations (99,590) being almost
indistinguishable from the values obtained for the two
largest grids: (110,770) and (125,974), we can safely
assume therefore that the energies computed with these
functionals are converged with respect to the grid size of
the numerical integration scheme.

2.3 Reference data

Highly accurate reference data for this benchmark study
have been obtained through the coupled-cluster multide-
terminant methodology. CCSD optimizations have been
performed on previously DFT optimized structures. For
these optimizations we have also employed the def2-SVP
basis set. Energy refinements have been carried out by
expanding the basis set to the triple-{ quality and strongly
polarized def2-TZVPP [98] and are noted CCSD/def2-
TZVPP//CCSD/def2-SVP.

3 Results and discussion
3.1 Geometries

Optimized geometries have been obtained for HF, MP2 and
the 32 functionals included in this work, and they have
been compared with reference structures computed at the
CCSD/def2-SVP level. This comparison has been carried
out in a sequential strategy: first, backbone bond-lengths
have been analyzed and compared to reference structures to
account for deviations in different types of bonding inter-
actions; second, bond angles have been studied in a similar
manner to account for errors in short-range non-bonding
interactions; finally, the overall RMS fit of the structure
backbones with that of the reference has been obtained.
The study of these three geometric parameters should give
a good assessment of the quality of the geometries for these
methods.’

The performance of density functional theory with main
group atom chemistry (geometries, energetics, etc) is usu-
ally covered very thoroughly in the development of each
functional form, we will therefore focus our attention more
on the specific parameters where gold chemistry is
involved. The results summarized in Table 2 indicate that,

! Statistical analysis has been carried out on the molecular backbone
(i.e. neglecting the hydrogen atoms) to avoid artifactual errors due to
the soft normal mode of the phosphine rotation.

in general, all density functionals perform reasonably well
with bond lengths. The errors obtained are usually con-
tained to less than 0.02 A when gold is involved and less
than 0.01 A for C-C and C-O bonds. The bond lengths
computed with HF theory and LDA are considerably worse
than those obtained with the rest of density functionals.
Both show outliers with very large errors (0.19 and 0.11 A
for C—Au and Au-P in HF, and 0.15 and 0.07 A in SVWN,
respectively) and considerably sparse distributions with
respect to the reference. MP2 shows a dual behavior per-
forming remarkably well for C—C and C-O bonds and quite
poorly for gold containing bonds. A systematic improve-
ment of the bond description as we move up in the
sophistication of the density functionals is observed;
however, in general, this improvement affects more dra-
matically the strength of the correlation (smaller standard
deviations) than the mean errors. This trend also affects the
maximum absolute deviations, which are considerably
reduced when stepping from GGA and meta-GGA func-
tionals to their hybrids and dispersion corrected forms. The
performance of the double hybrid functional by Grimme is
excellent in this area, providing very low mean errors and
narrow standard deviations across the table. MO6L also
stands out of the meta-GGA set, showing a level or per-
formance on par with most hybrids. On the contrary, the
long-range corrected functionals LC-BLYP and LC-wPBE
offer inferior results than their counterparts, particularly for
the gold-containing bonds, and, in general, they signifi-
cantly overbind all systems.

Similar statistics were performed on the backbone ccc

and AuCC angles which we considered the most relevant in
terms of the gold catalytic process. There is some contro-
versy on whether some organogold intermediates respon-
sible for alkyne bond activation are carbenium ions (in
which the gold would be acting as a very soft Pearson acid)
or gold carbenes (in which double bond character and
retrodonation would be expected for the C—Au interaction).

In this scenario, the accurate description of both the A;C\C
and the carbon backbone is key to cement solid knowledge
on the nature of these Au—C interactions.

The different generations of functionals sampled also
show systematic improved performance in the description
of these bond angles when moving upwards in Perdew’s
ladder (see Table 3). LDA offers very poor results for this
geometric parameters. GGA and meta-GGA functionals
perform better although their outliers show large deviations
(15-18 degrees) and the stardard deviation values suggest a
broad variability. Again, the biggest step towards improv-
ing the accuracy is introducing exact exchange in this
functional forms. Hybrid functionals, therefore, show
standard deviations reduced by 50% with respect to most
GGA and meta-GGA approaches. Dispersion corrected
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Table 2 Statistical analysis (mean error, standard deviation and maximum absolute error) of the bond-lenghts obtained with HF, MP2 and the 32

density functionals included in this work (data in A - 10?)

Method Cc-C C-0 C-Au Au-P
€ oe MAD € Oz MAD € o¢ MAD € o: MAD
ab initio
HF —-1.1 1.2 3.1 -2.0 0.8 3.4 7.4 4.2 19.3 5.6 1.8 11.4
MP2 —0.1 0.7 1.6 0.3 0.5 1.1 —4.3 2.1 10.9 -39 0.5 5.0
LDA
SVWN -13 1.3 39 -0.9 1.4 35 —4.5 4.1 15.4 —53 1.1 72
GGA
HCTH —0.5 0.9 32 0.1 0.7 2.1 -0.3 2.5 6.3 -1.0 0.8 22
PBEPBE 0.1 1.0 22 1.1 0.7 35 -15 22 7.2 -0.7 0.8 2.3
BPW91 0.1 1.0 2.1 1.2 0.7 3.8 -0.9 22 6.8 -0.3 0.8 2.0
BLYP 0.4 0.9 2.0 2.0 1.1 4.9 2.0 3.1 104 2.7 0.8 3.8
OLYP 0.1 0.9 2.5 0.8 0.8 32 -0.4 2.8 7.1 -0.3 0.9 1.8
mPWPWI1 0.0 1.0 2.1 1.1 0.7 3.6 -1.1 2.1 6.8 —0.5 0.8 2.1
mPWPBE 0.1 1.0 22 1.1 0.7 3.6 —-14 22 72 —0.7 0.8 2.4
mPWLYP 0.3 0.9 1.9 1.9 1.0 4.7 1.8 2.8 9.3 2.5 0.7 3.6
Meta-GGA
PBEKCIS 0.1 1.0 2.5 1.2 0.7 3.8 —0.5 2.1 6.3 —0.1 0.8 1.4
BB95 0.0 1.0 22 1.2 0.6 33 —-1.2 2.0 6.7 -0.6 0.9 2.6
7-HCTH -0.4 0.9 2.7 0.3 0.7 2.8 -0.6 2.4 6.2 —1.8 0.7 3.0
TPSSTPSS 0.0 0.8 1.7 1.2 0.7 33 —0.8 23 6.2 —04 0.9 22
VSXC 0.0 0.6 1.5 1.1 1.1 3.8 1.7 22 9.9 1.6 0.9 29
MO6L -0.9 0.8 3.0 0.0 0.6 1.6 0.3 1.5 4.6 0.2 0.7 1.3
Hybrid
PBEh1PBE —0.8 0.6 22 —0.6 0.4 1.9 —-1.1 1.5 54 —-1.3 0.6 2.1
PBEIKCIS -0.7 0.7 24 —-0.4 0.4 1.7 -0.6 1.4 5.1 —-1.0 0.5 1.7
B3PWI1 -0.7 0.6 22 -0.3 0.4 14 -1.0 1.5 5.6 —1.1 0.6 1.8
B3LYP -0.5 0.5 1.8 0.2 0.5 1.2 1.2 1.5 4.3 1.1 0.3 1.8
B1B95 -1.0 0.5 22 —0.8 0.4 2.3 -12 1.6 5.4 -1.8 0.5 25
O3LYP —04 0.7 2.4 0.0 0.5 1.4 —-04 2.0 6.0 —0.6 0.7 1.5
mPW3PBE —0.7 0.7 22 -04 0.4 1.6 -13 1.6 6.0 —-14 0.6 22
mPWIPW91 —0.8 0.6 22 —0.6 0.4 1.8 —1.1 1.5 5.5 —-14 0.6 22
mPWILYP -0.5 0.5 1.6 0.0 0.4 0.9 1.5 1.4 5.1 1.3 0.3 1.9
Dispersion-corrected
7-HCTHhyb -0.2 0.7 1.7 0.1 0.5 1.9 -0.8 1.7 54 -0.5 0.5 1.2
TPSSh —04 0.7 1.8 0.5 0.5 2.1 -0.9 2.0 5.8 —0.8 0.7 1.8
B2PLYP -03 0.4 1.1 0.3 0.3 1.0 —-04 1.0 3.1 —0.5 0.3 1.0
LC-BLYP -1.7 0.5 2.8 -14 0.6 2.8 22 2.3 9.6 —-2.8 0.8 35
LC-wPBE —1.1 0.5 2.1 —0.8 0.5 2.0 -19 2.6 9.3 -25 0.9 3.6
cam-B3LYP -0.9 0.4 1.9 -0.5 0.3 1.3 0.0 1.0 29 —-0.4 0.5 1.0
wB97 -0.5 0.4 1.3 —0.1 0.3 1.0 0.0 1.7 4.9 -0.9 0.9 1.7
MO6 -0.9 0.5 2.3 -0.5 0.4 1.6 1.5 1.2 3.6 23 0.5 35

forms provide, in general, the best results compared to our
CCSD reference. Within the GGA and meta-GGA group
MO6L and VSXC stand out for their good description of
these bond angles, both functionals offer smaller errors
than directly compete or better those obtained from hybrid
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alternatives. Again, the best overall results are obtained
with the double hybrid by Grimme although wB97 and
MO6 are very close behind.

A similar picture of the performance of the series of
functionals included in this studied is obtained when
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Table 3 Statistical analysis (mean error, standard deviation and

maximum absolute error) of the CCC and AuCC bond-angles
obtained with HF, MP2 and the 32 density functionals included in this
work (in degrees)

Method cce AuCC
€ oz MAD € 0z MAD
ab initio
HF 0.4 1.6 4.8 26 25 8.7
MP2 -0.8 1.2 3.6 —1.5 1.5 55
LDA
SVWN 32 5.7 17.9 —3.6 8.9 25.4
GGA
HCTH 1.2 36 124 12 25 5.8
PBEPBE 20 45 17.3 —0.5 5.0 18.1
BPWI1 20 46 17.2 —-02 47 16.7
BLYP 2.3 4.9 18.4 0.3 4.6 15.7
OLYP 14 41 14.3 1.1 3.1 8.1
mPWPWI1 2.1 4.6 17.4 —04 49 17.6
mPWPBE 20 46 17.4 —-04 50 17.8
mPWLYP 23 4.8 18.5 0.1 4.7 16.5
Meta-GGA
PBEKCIS 19 44 17.1 0.1 4.4 15.7
BB95 1.8 4.0 15.7 —04 44 16.1
7-HCTH 1.8 45 16.3 04 42 14.1
TPSSTPSS 2.1 4.3 16.2 -06 5.0 17.7
VSXC 1.0 33 72 -2.5 2.4 7.0
MO6L 1.0 1.7 4.7 1.1 1.4 4.7
Hybrid
PBEh1PBE 1.0 24 8.4 02 23 6.5
PBEIKCIS 0.9 23 7.8 0.8 1.7 5.5
B3PWI1 1.2 2.7 9.6 04 24 6.6
B3LYP 1.2 23 7.6 1.0 1.6 5.1
B1B95 0.7 1.7 5.8 0.3 1.7 49
O3LYP 1.0 29 9.3 1.3 1.9 5.1
mPW3PBE 1.2 28 10.0 02 27 7.9
mPWI1PW91 1.1 24 8.5 04 23 6.1
mPWILYP 1.1 1.9 6.0 1.1 1.3 4.5
Dispersion-corrected
7-HCTHhyb 1.5 34 12.4 0.0 32 10.4
TPSSh 1.6 33 12.3 -0.2 3.8 12.6
B2PLYP 0.5 1.4 33 0.2 1.1 3.0
LC-BLYP 1.0 21 6.0 04 22 5.3
LC-wPBE 0.7 1.9 5.8 02 23 5.4
cam-B3LYP 1.1 1.8 6.2 0.8 1.4 4.8
wB97 0.8 1.4 44 0.4 1.2 35
MO6 0.9 14 4.1 0.8 1.1 35

carrying out a RMS fitting procedure of each structure with
its reference (see Fig. 3). The geometries of the stationary
points in the gold carousel reaction mechanism improve as

we move towards more sophisticated functionals. Again,
the MO6L functional stands out of the GGA and meta-GGA
families performing considerably better than any other
functional in this set and also improving the results offered
by many hybrid counterparts. The best two functionals in
this arena are B2PLYP which provides very small errors
across the entire mechanism, and M06, displaying errors
consistently below 0.05 A with respect to the CCSD
geometries at a fraction of the computational cost.

It is worth noting that the errors are not evenly distrib-
uted along the stationary points in the mechanism. Several
structures prove to be very difficult for entire families of
density functionals. Among them, transition states TS-23-
anti, TS-23-syn and TS-25 seem to be the most chal-
lenging. Errors are somehow smaller when reproducing
structures related to energy minima than transition states,
particularly of GGA and meta-GGA. However, some
minima do seem problematic for various hybrid functionals
(see, for instance, 4-anti and 4-syn), and, quite unexpect-
edly, the structurally simple and non-gold-containing
propargylic esther 1 is the most challenging minimum in
this mechanism. This is probably due to the very soft mode
of rotation about the C—C simple bond (See Fig. 4).

3.2 Energy profiles

A fitting procedure based on RMS deviations from a high-
level coupled-cluster based reference has also been carried
out for the relative energies of the stationary points
describing the golden carousel. 1t is surprising how Har-
tree—Fock theory and its second order perturbation cor-
rection afforded fairly reasonable geometries, as described
above, and also provide relative energies with errors that
are smaller than those of all GGA and most meta-GGA
functionals. Only hybrid functionals, which, in fact,
include a fraction of the Hartree—Fock exchange, improve
the RMS values of HF and MP2. Furthermore, only the
dispersion corrected formulations consistently show smal-
ler maximum deviations than MP2.

In terms of the energy profiles the MO6L meta-GGA
formulation by Truhlar provides results on par with most
hybrids, and at the same time offer better size-scaling con-
ditions for more complex systems. BIB9S also performs
better than its counterparts and exhibits a very contained
MAD of 3.7 kcal/mol. Actually, this functional does per-
form quite accurately as well in terms of the geometric
parameters, the only reason for B1B95 to not be mentioned
in Sect. 3.1 is that it considerably overbinds all the stationary
points included in this work (see Table 2). The best per-
forming functionals are found again among the dispersion-
corrected set. B2PLYP, M06 and wB97 provide relative
energy profiles with maximum deviations smaller than
3 kcal/mol and RMS contained to less than 1.7 kcal/mol.

@ Springer



656

Theor Chem Acc (2011) 128:647-661

W SVWN

Fig. 3 RMS values obtained after fitting the Cartesian coordinates of
all computed stationary points to the CCSD reference structures
(values in A). The SVWN density functional does not describe the
reaction profile accurately. Some of the stationary points cannot be
located with this functional and therefore the RMS fit for them is not

Fig. 4 Root mean square 14.00 1
values (RMS, in blue) and
maximum absolute deviations 12.00 4
(MAD, in orange) obtained
after fitting the relative energy 10.00 1
profiles for HF, MP2 and the 32
density functionals included in 8.00 1
this work with respect to the
energies computed at the 6.00
CCSD/def2-TZVPP//CCSD/
def2-SVP level (values in 4.00 -
kcal/mol)
2.00
0.00 WA T E 7
Ta R
= % % E §

Figure 5 offers detailed colour-coded deviation data for
the energy profiles. Analogously to what was observed in
Fig. 3, there are several structures that are significantly
more challenging for most functionals. As expected,
among them, TS-23-syn and TS-23-anti proved to be the
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BLYP
OLYP
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W BPWI1

N ELYP

M OLYP

B mPWPWSI1
H mPWPBE

H mPWLYP

PBEKCIS
W EBSS
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B TPSSTPSS
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I MOBL
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| B1B95
M O3LYP
B mPW3PBE
H mPW1PWH
W mPWILYP
W tHCTHhyb
W TPSSh

H B2PLYP
M LC-ELYP
M LC-wPBE

| cam-B3LYP
W WBg7?
W M0B

possible. An arbitrary RMS of 1 A has been assigned to these
structures. This value is the absolute maximum accross the function-
als studied but is small enough to also avoid artifactual compression
of the data range. Thus, it should be noted that a difference of a few
tenths of A with respect to these particular structures is significant

mPWLYP
PBEKCIS
BBY5
tHCTH
TPSS
VSXC
MOBL
PEBEh1PBE
PBE1KCIS
B3PW91
B3LYP
B1B95
Q3LYP
mPW3PBE
mPW1PW91
mPWILYP
tHCTHhyb
TPSSh
B2PLYP
LC-BLYP
LC-wPBE
cam-B3LYP
wB97

MO6

mPWPBE

most difficult structures for many functionals. Errors for
these transition states range within 4-6 kcal/mol for most
GGA and meta-GGA functionals, decrease to 2—4 kcal/mol
when exact exchange is introduced and only show val-
ues of less than 1 kcal/mol for dispersion-corrected



Theor Chem Acc (2011) 128:647-661

657

HF MP2 SVWN HCTH PBEPBE  BPW91 BLYP OLYP  mPWPW31 mPWPBE mPWLYP  PBEKCIS BBIS tHCTH PSS VSXC MOSL

2 1.35 280 [0S 708 799 785 TOT [ B4l Te6 0.18 326
3--- 312 1.36 047 1.94 0.57 oe7 348 142 086 0.58 336 163 189 129 088 754 344
L 2.75 0.80 0.07 2.03 0.63 1.03 355 139 090 0.62 341 168 164 142 103 7.01 340
L 598 537 10.00 1.56 0.7 128 2.89 178 113 1.00 273 118 0.85 149 116 4.48 1.16
4. 584 520 10.00 1.75 0.84 124 297 209 111 0.98 286 124 0.83 143 113 449 1.21
5 1.45 0.47 0.27 38 1.93 249 455 a7 222 2m 427 319 360 240 199 ST ATz
[ 0.32 426 469 0.36 085 088 129 0.40 099 1m 133 039 0.50 105 103 393 1.31
7 413 2.50 0.62 1.59 0.30 0.66 3.26 125 085 0.38 3.05 123 1.28 123 102 6843 3.24
8 542 CULS 1000 T 0.06 0.12 151 0.56 0.09 0.0 148 0.18 0.08 018 0.1 562 085
uﬂ_ 256 3.10 782 0.30 206 1.1 126 094 183 202 152 134 m 129 190 208 095
23, 118 071 4m 1.06 0.55 0.48 092 074 052 0.44 0.95 119 111 067 012 1.75 234
1525 0.16 0.01 2.80 312 a0 2.44 322 304 313 248 201 256 266 230 254 1.06
s34, 205 0.42 10.00 443 556 570 6.19 494 568 583 817 551 5.50 520 558 521 357
s34, 204 047 10.00 4.57 563 574 617 521 572 51 BAT 559 5.58 521 5861 480 359
1856 1.08 1.07 1.79 245 n 27 229 1.94 227 223 226 235 246 254 257 0.02 238
1567 557 5.08 0.74 273 an 3.03 2.88 2.58 304 304 280 353 3.40 279 225 1.44 256
ts78 0.58 0.56 1.76 216 22 312 205 228 221 314 229 229 203 226 490 192
1s84 445 438 1.62 347 260 0.87 128 296 an 123 04 166 180 280 108 271
PBEMPBE PBE1KCIS  BIPW91 BILYP B1B95 OILYP  mPWIPBE mPWIPWH mPWILYP tHCTHhyb  TPSSh BIZPLYP  LCBLYP LC-wPBE cam-BILYP  wBOT M6

2 509 510 B3 581 an (220 6.02 507 654 3.00 1.08 143 3n 0.71 231
3 1.02 021 0.55 1.57 0.68 0.46 0.88 108 162 0.3 0.18 1.14 494 454 0.86 141 212
3, 1.09 027 060 1.53 0.87 0.3 0.93 117 154 0.41 0.18 0.94 53 489 106 1.70 196
L™ 0.02 030 0.4 1.95 0.34 127 0.24 0.18 208 133 0.68 29 1.64 227 068 0.42 111
L 0.07 030 0.50 2.06 0.32 1.55 0.27 0.20 230 1.26 0.68 3.00 1.43 222 0.84 0.43 1.03
5 0.70 0.60 011 188 0.16 209 0.27 0.6 154 0.86 0.88 048 554 429 1.00 193 270
[ 0.58 0.13 0.84 1.14 0.95 0.45 0.8 079 119 1.44 081 155 1.55 0.25 145 0.48 0.08
7 1.16 0.50 0.61 1.44 0.96 032 0.99 1.15 147 0.32 024 143 510 455 085 1.3 205
8 0.83 0.60 0.55 0.81 0.95 0.17 0.70 0.74 108 0.30 0.30 199 2.13 263 026 0.64 0.58
ts23,, 129 077 1.18 0.84 0.85 0.60 140 132 096 1.65 154 124 2.10 138 134 126 0.05
ts23, 0.14 0.68 0.12 0.36 0.55 0.44 0.09 0.02 029 0.09 0.02 028 0.12 039 029 0.62 167
1525 212 218 23 1.88 178 274 243 221 167 2.45 208 097 1.93 159 170 0.64 0.46
‘53‘..- 266 278 335 3863 214 35 an 267 317 426 435 09s 0.99 060 1.73 o2 233
s34, 262 282 324 3.60 214 380 321 266 315 416 435 087 052 058 172 0.09 219
1556 1.95 189 194 1.97 1.84 1.79 1.89 183 186 1.92 238 1.44 0.23 0.44 102 0.88 1.86
1567 128 188 149 1.29 1.32 1.76 152 1.14 088 158 159 142 0.84 0.05 035 o2 143
1578 0.39 0.50 0.75 1.40 0.14 1.12 0.71 0.40 123 1,65 148 037 1.59 1.69 0.11 0.47 0.92
ts84 303 273 242 0.98 347 139 281 268 083 173 270 090 459 449 214 287 187

[ cotour code: AE <200 200 <AE <400 400<AE <800 T

Fig. 5 Detailed deviations of the relative energy (in kcal/mol) for
each stationary point in the golden carousel after the RMS fitting
procedure. In parallel to the statistical treatment of geometries, due to
the SVWN density functional not describing the reaction profile
accurately. Some of the stationary points have been assigned an
arbitraty deviation of 10 kcal/mol and have been highlighted with

formulations. The latter results suggest that, on top of soft
normal modes, these intermediate organogold complexes
do feature very delocalized electron densities, and that an
accurate description of medium- and long-range interac-
tions is critical even for small molecules. Interestingly, the
reactant complex 2, which did not imply any particular
challenge in terms of geometric parameters, does show
significant errors in the relative energies. Relative energies
for both transition states TS-23-syn, TS-23-anti and
complex 2 are fairly well described by Hartree—Fock and
MP2, which emphasizes the relevance of a fraction of the
exact exchange in the correct description of molecular
systems like gold complexes with unsaturations (double
and, more typically, triple bonds) where charge-transfer
and weak interactions occur.

3.3 Energy refinements

Once we found a satisfactory methodology for geometry
optimizations we used different models for single point
energy calculations, in order to assess the pertinence of
higher level energy refinements in the routine modeling of
reaction mechanisms and also the performance of different
basis sets and electron core potentials. In the absence
of experimental data for the systems involved in this

yellow font colour. The non-complexed propargyl acetate reactant,
1:is not included in the relative energy fitting since the SCF energy
difference between this structure and the rest of the intermediates in
the catalytic cycle is too large. Including 1 in the RMS function leads
to the complexation reaction between 1 — 2 overweighting the rest of
the errors and thus, artifactually biassing the fitting procedure

mechanism, we have performed CCSD/def2-tzvpp calcu-
lations on the CCSD/def2-svp geometries in order to set the
energy values that we are going to use as a high quality
reference, just short of the CCSD(T) that is considered the
standard for chemical accuracy.

Against this set of energies, we are going to test the
results of MP2 with the balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence of Ahlrichs
et al., using both the PP and P polarization functions (the
first designed for correlated treatments, and the second
usually considered enough for DFT): [98] def2-svp, def2-
tzvp, def2-tzvpp, def2-qzvp and def2-qzvpp. In all the
calculations where no other electron core potential is used
or the use of an all-electron basis set is not explicitly
mentioned, we will use Andrae’s ecp-60-mwb (5s5p5d6s,
Limax = 3) pseudopotential for gold [45]. For the sake of
comparison, we have also run single point MP2 calcula-
tions with the LANL2DZ [44] or SDD [45] pseudopoten-
tials for gold, and Pople’s 6-31+4G(d) basis set for the main
group atoms, and with a reduced valence-basis set with an
SKBIJ pseudopotential [99].

Since M06 was one of the best-performing functionals
in terms of geometries and energies with a split valence
base (def2-svp), we will also try the effect of larger basis
sets and different electron core potentials with this
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Fig. 6 Root mean square
values (RMS, in blue) and
maximum absolute deviations
(MAD, in orange) obtained
after fitting the relative energy
profiles for CCSD, MP2 and
MO6 single point calculations
(geometry optimizations in the
two series where solvation is
used) on CCSD/def2-SVP
geometries, with respect to the
energies computed at the
CCSD/def2-TZVPP//CCSD/
def2-SVP level (values in
kcal/mol) 2

B MAD
B RMS

10

Energy (kcal/mol)
o

CCSD/SVP
MP2/SVP
MP2/TZVP
MP2/TZVPP
MP2/QZVP
MP2/QZVPP

MP2/LANL2DZ,6-31+G(d)

functional. LANL2DZ being a popular functional in the
simulation of organometallic catalytic cycles, we paid
special attention to its performance with different basis
sets. In this case we have chosen among Pople’s basis,
them being the most commonly used with it. The basis
used are 6-31G, 6-31G(d), 6-3114+G(d), 6-3114++G(d,p)
and 6-311G++(df,p).

A small deviation in the methodology, centered in gas-
phase calculations, is made to take into account the effect
of solvation in the energy profiles. Thus, we have used the
Polarizable Continuum Model (PCM) with the integral
equation formalism variant (IEFPCM) [100, 101] and UFF
radii to model bulk solvent surrounding a cavity where the
solute is placed. We have used dichloromethane as solvent,
as it is a common choice for these reactions, but we have
also used water, even if it wouldn’t be compatible with the
studied set of reactions, as a sort of higher bound for sol-
vent effects modeled with continuum methods due to its
high dielectric constant. Thus, the entries referring to
energies or geometries in water or dichloromethane cor-
respond to MO6/def2-svp,ecp-60-mwb geometry optimi-
zations with PCM.

An analogous approach to that followed with the DFT
profiles was used to align the energy profiles (obtained
taking complex 2 as the origin of energies for the mecha-
nism) for the reactions in the general scheme minimizing
their RMS with respect to the CCSD/def2-tzvpp//CCSD/
def2-svp reference profile.
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The results of these calculations are summarized in Fig. 6
and the fact that the best results are obtained for CCSD/def2-
svp is not surprising. A quick overview of the plot highlights
the good results obtained by M06, even with a relatively
small split-valence basis set. Larger basis sets don’t produce
appreciable changes in the energies, their use even resulting
in slightly larger RMS for the global profiles. This can be an
effect of the design of M06, which was built against the
training dataset of non-covalent interactions using the
6-31+G(d,p) basis set. These relatively small RMS and
MAD values for M06 (ranging from 1.6 to 1.8 kcal/mol the
RMS and from 2.8 to 3.9 kcal/mol the MAD), indicate that
high-level energy refinements might not be needed for rou-
tine calculations of reaction mechanisms if the geometries
are optimized at the M06/def2-svp level with the ecp-60-
mwb pseudopotential. MP2 also produces good results with
Weigend’s basis sets, and, as found with M06, generates
slightly larger RMS with larger basis. The lack of conver-
gence in the absolute electronic energies with increasing
basis size attests the non-variational nature of the method.
The difference between the ranges of RMS and MAD values
with MP2 (1.4-1.5 and 3.1-3.6 kcal/mol, respectively) and
MO06, which slightly favors the former, does not justify the
extra computational cost of the perturbative method. The
fact that some structures (4, 8 and ts78) in a first run display
small internal wavefunction instabilities also suggests that
HF might not be a good basis to build upon, reinforcing this
preference for DFT methods over MP2.
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The performance of other electron core potentials, such
as LANL2DZ or SDD, even with larger basis sets is worse
than for the ecp-60-mwb, with RMS values between 4 and
5.2 kcal/mol, with SDD leading to somewhat smaller RMS
than LANL2DZ.

The most remarkable feature from this plot is the fact that
the profiles in solution barely change with respect to the gas-
phase reference, with a RMS(MAD) of 2.0(4.2) kcal/mol for
dichloromethane and 2.2(4.1) kcal/mol for water. The fact
that even in a highly polar solvent, such as water, the energy
profiles are very similar to those in gas-phase, points towards
the conclusion that solvent-effects, at least those that can
retrieved by using a continuum approach such as PCM, are
not very important in the carrousel-related part of the gold-
catalyzed reactions of propargyl esters. Of special impor-
tance to those doing routine calculations with standard
protocols not calibrated for each singular system is the fact
that the error introduced by a non-optimal choice of func-
tional, basis set or pseudopotential is much larger than the
deviations introduced by the use of solvent, which highlights
the need of a careful selection of the method employed.

Explicit inclusion of core electrons with relativistic
effects described through the Douglas-Kroll-Hess (DKH)
second order scalar relativistic model provide relative
energies very similar to those obtained with the MO06
density functional and the Ahlrichs series of basis sets. The
new segmented all-electron relativistically contracted
(SARC) basis sets allow the computation of energies with
the DKH method very cost-efficiently, competing with the
ECP strategies. Both ways of incorporating relativistic
effects into the electronic structure calculations seem to
perform comparably well. There are, however, a number of
fields where the explicit description of core electrons is
critical, like NMR spectroscopy or topological analysis of
the electron density around heavy atoms.

For the sake of completeness, we have also carried out
MO6 single point calculations with the def2-SVP basis set
for the main group atoms and the fully relativistic electron
core potentials ecp-60-mdf [102] and ecp-78-sdf [103]. The
results with ecp-60-mdf are comparable to those obtained
with DKH, while those with ecp-78-sdf show significantly
larger MAD and RMS values. The altered profile with ecp-
78-sdf, which results in energies much higher for ts34, 4 or
8 and much lower for 6, 7 and ts67 could be attributed to
the fact that the one-electron valence shell that is not
described by the 78 electron core potential is too restricted
to describe gold’s bonding patterns in this catalytic cycle.

4 Conclusions

From these results, several conclusions can be drawn to
assist in the proposal of a general routine method for the

simulation of gold-catalyzed reactions of propargyl esters,
a method that can probably be also applied to the study of
other gold-catalyzed organic reactions involving the three
main types of intermediates or exit points described in the
gold carousel. Using CCSD energies and geometries as a
reference, due to the lack of experimental results, DFT
methods clearly outperform MP2. The small gain in RMS
that can in some cases be obtained with MP2 is completely
offset by the much larger computational cost. Accurate
results for challenging intermediates are only obtained with
the last generation of density functionals including cor-
rections of the medium- and long-range interactions.
Among these, M06 and B2PLYP generally outperform the
rest of the hybrid alternatives. A brief incursion in other
aspects of the modeling beyond the triad of model chem-
istry (functional)/basis/ECP was carried out, namely the
introduction of solvation effects. The fact that the deviation
introduced in the energy profiles by the use of PCM is of
the same order or sometimes less than that resulting from
variations in the ECP or basis set is a warning that careful
selection of basis set and electron core potentials can be
critical to achieve high accuracy. When the size of the
catalytic system increases significantly, the available cost-
efficient algorithms for pure density functionals might
make MO6L an attractive alternative. Further work on the
performance of density functional theory in such condi-
tions is underway.
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