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Abstract A good meal cannot be defined in an absolute manner since it de-
pends strongly on where and how it is eaten and how many people partici-
pate. A picnic shared by hikers after a challenging climbing is very different 
from a birthday party among a family or a banquet for a large convention. 
All of them can be memorable and also good. The same perspective applies 
to computational studies. Required level of calculations for spectroscopic 
properties of small molecular systems, properties of medium or large or-
ganic or organometallic, polymetallic systems are different. To well-speci-
fied chemical questions and chemical systems, efficient computational strat-
egies can be established. In this article, the focus is on the energy profile 
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representation of stoichiometric or catalytic reactions assisted by organome-
tallic molecular entities. The multiple factors that can influence the quality 
of the calculations of the Gibbs energy profile and thus the mechanistic in-
terpretation of reactions with molecular organometallic complexes are pre-
sented and illustrated by examples issued from mostly personal studies. The 
usual suspects to be discussed are known: representation of molecular mod-
els of increasing size, conformational and chemical complexity, methods 
and levels of calculations, successes and limitations of the density functional 
methods, thermodynamics corrections, spectator or actor role of the solvent, 
static vs dynamics approaches. These well-identified points of concern are 
illustrated by presentation of computational studies of chemical reactions 
which are in direct connection with experimental data. Even if problems 
persist, this chapter aims at illustrating that one can reach a representation 
of the chemical reality that can be useful to address questions of present 
chemical interest. Computational chemistry is already well-armed to bring 
meaningful energy information to numerous well-defined questions.    

Keywords: Chemical and Theoretical Models • DFT calculations • Gibbs energy 
profile• Organometallic Reactions • Reaction Mechanism  

 
Abbreviations 
AIMD  Ab Initio Molecular Dynamics 
CCSD(T) Coupled-Cluster method with single and double excitations and 

perturbative triples  
DFT  Density Functional Theory 
DLPNO Domain based local pair natural orbital coupled cluster method 

with single-, double-and perturbative triple excitations 
ESI-MS Electrospray ionization mass spectrometry 
HF Hartree-Fock 
IGRRHO Ideal gas/rigid rotor/harmonic oscillator 
MD  Molecular Dynamics 
PES  Potential Energy Surface 
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1. Introduction 

Computational methods based on quantum mechanical modeling are increasingly 
used to provide insight into mechanistic aspects of organometallic reactions [1,2]. 
Usually calculations based on Density Functional Theory (DFT) are employed to 
locate intermediates and transition states along a reaction pathway. The underlying 
conceptual framework is the Potential Energy Surface (PES) concept, that describes 
the total energy (electronic + nuclear) of a molecular assembly as a function of the 
coordinates of all atoms in the molecular system. All chemically relevant structures 
(reactants, intermediates, transition states, products) are stationary structures (i.e 
zero-gradient) in the PES. Their associated relative Gibbs energies give the energy 
landscape of the reaction at given temperature and pressure, and from their sequence 
a reaction mechanism is inferred. A recent example from our production is shown 
in Figure 1 [3], and more examples can be found in the ensuing chapters of this 
volume, particularly in Chapter 2 [4]. 

The combination of computational studies with the use of modern experimental 
tools has enabled great progress in the understanding of reaction mechanisms [5,6]. 
The continuously increasing computing power, combined with the development of 
efficient and user-friendly software has allowed the full incorporation of DFT cal-
culations into the toolbox of organometallic chemists’ methods and its widespread 
use. However, unlike what happen with other physical methods, there is not a clear 
awareness of the limitations of the DFT method and its main error sources. The 
blind acceptance of computations to interpret reaction mechanisms is behind recent 
fierce criticisms of computational studies, in which the authors argue that computa-
tional studies can be wrong and misleading [7,8].  

 
 
 

 
 

 
 
 

Gibbs energy profile 
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Fig. 1 DFT computed (B3LYP-D3/BS2 in CH2Cl2) Gibbs energy profile and proposed mechanism 
for the asymmetric hydrogenation of N-methyl imines to amines [3]. The numbers are relative 
Gibbs energies in kcal mol-1 
 

Before entering into the detailed analysis about what is behind DFT calculations 
of energy profiles and what they bring about, some words of caution are in order. 
The first issue is the proof (or disproof) of a reaction mechanism. This is a key 
question to all chemists interested in how their stochiometric or catalytic reactions 
work.  For instance, “what constitutes evidence for a catalytic mechanism, as well 
as how mechanisms should be evaluated” was a topic of a recent Editorial of ACS 
Catalysis [9]. A postulated reaction mechanism is a working hypothesis, whose pre-
dictions must be compared with experiment. Such proposed mechanisms require 
qualitative as well as quantitative agreement with experimental observables, and 
those which are inconsistent with observations must be discarded. It results that a 
reaction mechanism cannot be proven but only disproved [6,9]. Another point to 
stress is that, usually, computational methods do not discover reaction pathways, 
but instead evaluate reactions within the scope of existing chemical knowledge [10]. 

Proposed reaction mechanism 
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Computational studies of reaction mechanism are often focused on the productive 
part of the reaction, but issues like catalyst deactivation or off-cycle reactions gen-
erally are not considered [11]. This implies that only a small part of the PES surface 
is explored. Moreover, in general, there are multiple reaction paths connecting the 
given reactant and product. The automated reaction path search methods, which 
have attracted an increasing attention, overcome these problems and allow the ex-
ploration of the full PES without a prejudgment of the products as well as the 
reaction paths [10,12-13] A detailed account about this topic is given in Chapter 
3 [14]. It must be also pointed out that computational studies of organometallic 
reactions have focused traditionally on the calculation of Gibbs energy profiles, 
but experiments focus on reaction rates, which depend also on concentrations. Mi-
crokinetic modeling, consisting in the construction of explicit kinetic reaction net-
works merging the rate constants provided by calculations allows to reproduce the 
evolution through time of the reaction species and, therefore, brings data directly 
comparable to the experiments [15]. DFT based microkinetic simulations are de-
scribed in Chapter 4 [16]. 

Finally, it has to be borne in mind that DFT calculations inform on the position 
of all nuclei at the minima and transition states but do not directly inform on the 
movement of the electrons which push the nuclei to change places while chemists 
have used the arrow-pushing description to describe and predict change of structures 
along a chemical transformation. In this regard, some of us [17] and other authors 
[18] have recently devised a simple analysis, based on the movement of localized 
orbitals along a reaction pathway, that allows to extract from computed energy pro-
files an arrow-pushing description of the electron rearrangements taken place in a 
reaction mechanism.  

This introductory chapter is not intended to be a revision on DFT calculations 
of reaction mechanisms. Several excellent reviews illustrate the relevance acquired 
by computational methods to unravel reaction mechanism involving transition 
metal systems [19-22]. The main goal of this chapter is to discuss factors influenc-
ing the quality of computational studies on reaction mechanisms, illustrated by se-
lected examples. From the computational side the emphasis has been usually put on 
what’s called the level of theory, that is the technical aspects of the quantum me-
chanical model (basically the choice of the functional and basis set), but as we will 
show along this article this is not the only aspect to take into account when assessing 
computational studies on reaction mechanisms. Recent articles have also addressed 
the scope and challenges [23-25] and pitfalls [26] of computational methods for 
studying mechanism and reactivity in homogeneous catalysis, evidencing the cur-
rent practical interest of these issues.  
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2. Reality and Models  

What makes computational methods fundamentally different from the common 
techniques employed in the organometallic lab is that calculations always deal with 
models [27]. The chemical complexity inside the glass vessel where reaction occurs 
should be reduced and translated to something that a computer can process. In fact, 
as outlined in Figure 2, any quantum mechanical calculation of a chemical reaction 
system implies the choice of two different models: a chemical model and a theoret-
ical model. The chemical model is the chemical system selected to be computed, in 
other words, the computer representation of the real chemical world, and the theo-
retical model defines the level of theory to be employed and thus the computational 
methods to be used. As there is a whole panoply of possibilities for both, the big 
modelers’ dilemma is which models to choose, as illustrated in Figure 3. 

 

 
Fig 2 From the flask to the computer: chemical and theoretical models  
 

When dealing with chemical models account has to be taken to some general 
considerations: 1) a model is a simple representation of a system that is used to 
describe and simulate a more complex reality; 2) by definition, a model is always 
an incomplete description of the real system (Figure 3). Regarding theoretical mod-
els, it must be stressed that although it is not feasible to solve exactly most of the 
quantum mechanical problems, methods have been devised to provide approximate 
solutions of variable degrees of accuracy, and the entire field of computational 
chemistry is built around approximate solutions. Proper modeling requires to know 
the approximations employed, or at least to be aware of how accurate the results are 
expected to be, according to the approximations employed.  

The first issue to choose the chemical model is the nature of the system to be 
simulated. The most usual way of performing organometallic reactions is employ-
ing molecular species in solution at temperatures often between 0-120ºC.  Simula-
tion of this kind of reactions is the subject of this chapter. Recent thorough reviews 
have addressed the modeling of surface organometallic reactions [28] and hetero-
genous catalysis [29]. The larger and the more accurate the model the more expen-
sive the calculation. For this reason, the usual way of modeling an organometallic 
system has evolved in parallel with the increase of computing power. In the early 
years of DFT studies of organometallic reactions, for instance, it was common to 
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model all the phosphine ligands as PH3 (“the theoretician phosphine”) to reduce the 
size of the system. Nowadays, most of the calculations are performed with the actual 
molecular species present in the reaction flask, with no simplification. However, 
this procedure is not always enough to assure a proper modeling of the system, as 
we will show later on. 

 

 
Fig 3 The theoreticians’ dilemma: which model to choose? A true cat (Laia, 1998-2015) and two 
different models of a cat 

3. The Challenges 

As commented in the previous sections, accurate modeling of an organometallic 
reaction relies on both a realistic description of the chemical system and a careful 
use of theoretical methodology. Of course, both issues are constrained by what is 
possible to be computed at this time. In this way the so-called “state-of-the-art” is 
defined as the best possible calculation at any given time.  
 

 
Fig 4 The main challenges in computational organometallic chemistry 
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Figure 4 summarizes the key factors to take into account when studying compu-

tationally the mechanism of organometallic reactions. They are the main challenges 
that computational organometallic chemistry faces, both regarding the chemical 
model and the theoretical model, to provide reliable mechanistic information. Re-
garding the chemical model, the first challenge when looking for the correct mech-
anism is to take into account in the atomistic description of the system all the species 
than can affect the energy landscape of the reaction. If something is lacking in the 
model the correct mechanism cannot be represented on the potential energy surface 
of the model system. Indeed, this issue has been pointed out as a major challenge 
for computational mechanistic studies [30]. This implies that, in addition to consider 
counterions and additives when required, a careful assessment of the reagent’s spe-
ciation should be done. Furthermore, attention should be paid to compounds that 
can exist in many conformations, as the appropriate choice of conformer may be 
easily overlooked. 

From the theoretical side, the first issue is the accurate calculation of the elec-
tronic energy, with the goal, not yet reached, of being able to compute potential 
energies and enthalpies with “chemical accuracy” (error less than 1 kcal mol-1). Im-
portant advances in this direction have been made in the last years [31,32]. How-
ever, thermodynamics and kinetics of chemical processes do not depend on elec-
tronic energies, but on Gibbs energies, which means that entropic effects should be 
computed and added to the enthalpy term, to obtain Gibbs energies.  

When modeling organometallic solution chemistry, the inclusion of the solvent 
in the calculations is mandatory. The way the solvent is included in the calculations 
is a matter of both chemical and theoretical modeling.  

The way to deal with the questions commented above is crucial to obtain reliable 
information on reaction mechanisms from calculations. In the next sections we il-
lustrate the aspects outlined in Figure 4 using examples from our work. 

4. The Chemical Model 

The minimal model to compute an energy profile of a reaction between an organo-
metallic and a substrate is to include the catalyst and one molecule for each reactant. 
However, other species, like counterions and additives, can be present in the reac-
tion vessel. Moreover, in most of the cases the catalytically active species is not the 
initial organometallic complex added into the flask, and a carefully speciation anal-
ysis must be performed. It is important to keep in mind that calculations cannot 
inform about mechanisms involving species not considered in the chemical model 
of the system. 
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4.1 What’s inside the flask? 

4.1.1 Speciation 
 

The iridium complexes [Ir(COD)(1R)Cl] (2R) (where 1R is a P,S ligand: {CpFe-[1,2-
C5H3(PPh2)(CH2SR)}) hydrogenate aromatic ketones even though they do not con-
tain active protons. To operate they require a strong base such as MeONa or tBuOK 
and H2 (Scheme 1).  No significant activity was observed in the absence of H2 or 
when a weaker base such as NEt3 was used (Scheme 1) [33]. 

 
  
Scheme 1 Asymmetric hydrogenation of alkyl aryl ketones catalyzed by complexes 2R [33] 
 

Therefore, to understand this hydrogenation reaction, the first issue is to deter-
mine the active catalytically form of 2R. This can be answered by determining the 
products that can be formed when the iridium complex 2R, dihydrogen and a strong 
base are mixed in alcoholic solvent. To this aim, the relative stability of a number 
of species that can be formed after loss of COD from [Ir(COD)(1R)]+ along with 
solvent (iPrOH) coordination, deprotonation and hydrogenation were investigated 
by means of DFT calculations [34].  

Exploratory investigations used a simpler model of 1R ligand, where the ferro-
cene linker was replaced by a -CH=CH- linker and the phenyl groups by H atoms. 
Then, the most stable systems were calculated with the real ligands. Methanol was 
used as a solvent, described as a continuum polarizable medium in the optimiza-
tions, but also a cluster of six solvent molecules (MeOH)6 was included in the depro-
tonation reactions (the base was modeled by [MeO(MeOH)5]-, see Section 6). 

The identified cationic, neutral and anionic complexes, as well as their relative 
Gibbs energies in methanol are shown in Figure 5. Starting from the cationic 
[Ir(COD)(1R)]+, COD removal by hydrogenation, coupled to isopropanol coordina-
tion yields cationic [Ir(iPrOH)2 (1R)]+. All complexes drawn in Figure 5 are gener-
ated from this complex by deprotonation, hydrogenation and/or iPrOH reductive 
elimination. For some complexes several isomers are possible. The conclusion from 
the speciation study is that the anionic tetrahydrido complex [IrH4(PS)]−(16) should 
be the most abundant species resulting from the  addition of  2R  to an alcohol solvent 
in presence of H2 and a strong base. Exploration of the hydrogenation mechanisms 
suggests an operating cycle via a [Na+(MeOH)3···Ir−H4(PS)] contact ion pair [34].  
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Fig 5 Possible species generated from [Ir(COD)(PS)]+/H2/[MeO(MeOH)5]-, with their relative 
Gibbs energies in methanol solution (kcal mol-1). In blue: simple model of 1R ligand; in red: real 
1R ligand. Encircled in red the most stable species [34] 
 

Even for simple reagents speciation can be a major issue. Copper(II) acetate is 
the most commonly used oxidant in oxidative coupling reactions, but full under-
standing of its role in catalytic cycles is still missing [35]. The representation of 
copper acetate in calculations is not trivial. The simplest description is Cu(OAc)2. 
However, in the solid state Cu(OAc)2 is a paddle-wheel dinuclear dihydrate [Cu2(μ-

Speciation: [Ir(PS)]
+ 
+ H2 + MeONa

 
+ iPrOH (solvent) = ? 
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OAc)4(H2O)2] (Figure 6, left) [36]. Recent electrospray ionization mass spectrome-
try (ESI-MS) studies of its speciation in organic solvents support extensive aggre-
gation of Cu(OAc)2 in such media [37]. Modeling of copper(II) diacetate as mono-
meric or dimeric species has significant implications for calculations because it 
changes the spin state of the PES to explore. In the first case it is a doublet, while 
in the second case (two copper(II) centers) calculations must be performed for tri-
plet or open-shell-singlet states. 

 

 
Fig 6 Optimized structures of the dimeric copper(II) diacetate dihydrate (left) and tetrameric so-
dium tert-butoxide (right). The color code is: copper is orange, oxygen is red, sodium is purple, 
carbon is dark grey and hydrogen is off white. 

 
Calculations highlight the crucial role of the dimeric copper(II) diacetate in the 

Cu-mediated synthesis of tetrasubstituted olefins by the addition of two nucleo-
philes (an acetate group and a thiolate) to an unactivated internal alkyne (Scheme 
2) [38]. The dimeric copper species confers thiyl radical character to the Cu-coor-
dinated thiol, which generates the active species. Moreover, the transformation, by 
means of a sequence of changes in the oxidation states of the two Cu(II) centers in 
Cu(I) centers at the end of the reaction, allows for the release of the two electrons 
required for the addition of two nucleophiles (SR- and AcO-1) to the alkyne [38]. 
The same description of copper diacetate was employed in a recent theoretical study 
of oxidative coupling reactions [39]. 
 

 
Scheme 2 Copper-mediated acetoxythiolation of internal alkynes [38] 
 

SH CH3

H3C

CH3

CH3

S OAc

5ac4a 2c

+ + - HOAc
HFIP + (7)[CuII(OAc)2]2 [CuI(OAc)]2
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Modeling of another simple reagent, sodium tert-butoxide has also been revisited 

recently [40]. NaOtBu has been widely used in the Pd-catalyzed Buchwald–Hartwig 
C–N cross-coupling reaction as non-nucleophilic base to assist the deprotonation 
event. In a recent DFT study of the Pd-catalyzed N-arylation of ammonia, Baik et 
al. modeled the base NaOtBu as a tetrameric cubene-type cluster (Figure 6, right), 
assuming that this is the most plausible form of the base in non-polar solvent envi-
ronment (1,4-dioxane, ε = 2.209).  The tetrameric geometry of alkali metal alkoxide 
is supported by previous experimental observations [41,42] and computational re-
sults [40]. 
 
4.1.2 Counterions and additives 

 
When the organometallic species or any of the reagents is ionic, counterions are 

present in the reaction medium. They used to be considered as innocent partners 
and not be included in the computational model of the system. However, in the re-
cent years an increasing amount of evidences has revealed the influence that coun-
terions can have in organometallic transformations, particularly in those involving 
proton transfer steps [43,44]. 

Transition metal-mediated alkyne to vinylidene isomerization is a very well-
known process that involves a proton migration step. To analyze counteranion ef-
fects in this process we combined experimental and theoretical approaches and stud-
ied the transformation of metastable π-alkyne complexes [Cp*Ru(η2-
HC≡CR)(iPr2PNHPy)]+ into their respective vinylidene isomers (Scheme 3) [45]. 

 

 
Scheme 3 Counteranion effect in ruthenium(II)-mediated π-alkyne → vinylidene isomerization 
[45] 

 
Experimental studies demonstrate that the reaction is sensitive to the coun-

teranion present. When the counteranion is BPh4
- the isomerization is very slow and 

requires hours to its completion. However, it takes only minutes in the presence of 
Cl-. The kinetic study also shows a remarkable increase in reaction rates by addition 
of LiCl in methanol solution. From DFT calculations a direct intramolecular 1,2-
hydrogen shift in the π-alkyne complex can be discarded from its high Gibbs energy 
barrier. Calculations suggest that a hydrido-alkynyl intermediate is accessible in this 
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system, but a 1,3-hydrogen shift from the hydrido-alkynyl intermediate also exhibits 
rather high Gibbs energy barrier. 

We introduced the chloride anion in the computational model, initially as spec-
tator species, only forming an ion pair with the ruthenium complex (Figure 7, left). 

 

 
Fig 7 Role of a chloride counteranion in a ruthenium-mediated π-alkyne → vinylidene isomeriza-
tion: spectator role (left) and active role (right) [45]. In blue Gibbs energy barrier in solution of the 
hydrogen migration step. Hydrogen atoms attached to carbons have been omitted for clarity 

 
A Cl- anion placed on the ligand N-H side has no significant effect on the barrier. 

However, if the anion is in the vicinity of the hydrido-alkynyl moiety (Figure 7, 
right) it takes an active role in the hydrogen migration. The chloride abstracts the 
hydrogen atom as a proton, with a significantly lower Gibbs energy barrier and 
transfers it to the β-carbon. The hydrido ligand should have a relatively strong acidic 
character to be deprotonated by a chloride. We computed a pKa value of 1.1 for this 
hydrogen atom, in methanol solution, giving more credit to the chloride-assisted 
deprotonation step. This study indicates that the role of the counteranion varies with 
its position. It is thus important to explore widely its influence as a function of its 
location.  The inclusion of couteranions in the DFT study of organometallic reac-
tions has become increasingly frequent, particularly with calculations of homoge-
neous gold-catalysis [46-48]. 

Introduction of countercations in the calculations is still a less common practice, 
although most of the strong bases employed are anions and their associated alkali 
metal cation. Alkoxides MOR (M= alkali metal cation) are usually added in ketone 
hydrogenation processes as depicted in Scheme 4 [49]. The role of the base is sup-
posed to be the deprotonation of an N-H functionality, but DFT studies revealed 
that the alkali cation also operates by activating the C=O bond for the hydride trans-
fer (Figure 8, left).  
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Scheme 4 Usual conditions for iridium-catalyzed ketone hydrogenation (above) and assumed role 
of the MOR base [49] 
 

An important point for a realistic description of the process when studying the 
effect of cations is the solvation of cations [50]. Indeed, in the computational study 
of the catalytic cycle of ketone hydrogenation with an [Ìr(PS)]+ catalyst we included 
the Na+ cation coming from the NaOMe base solvated with three methanol solvent 
molecules (Figure 8, right) [34]. 

 

 
Fig 8 Transition states of the hydride transfer step in iridium-catalyzed ketone hydrogenation pro-
cesses including the alkali metal cation [34,49]. Hydrogen atoms attached to carbons have been 
omitted for clarity 
 

The role of an alkali cation as a Lewis acid in the formate decarboxylation cata-
lyzed by an iron pincer complex was analyzed by DFT calculations modeling the 
cation as [Na(H2O)6]+ [51]. More recently, the study of the effect of Li+ cation on 
the formic acid dehydrogenation catalyzed by a ruthenium PNP pincer complex 
(RuPNP) was performed by means of density functional theory based molecular 
dynamics with an explicit description of methanol solvent [52]. Since the reactions 
involve a transfer of charged species and are performed in protic solvent mixtures 
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(MeOH/H2O), accounting for solvent interactions and thermal fluctuations is im-
portant for a realistic and accurate description of the reaction mechanism, as we will 
discuss in Section 6. The simulations show that the cation interacts with up to four 
solvent methanol molecules along the reaction, highlighting the importance of con-
sidering adequate solvation of the cation. 

The use of additives is very common in homogeneous catalysis. However, in 
most cases its role is not well understood, and additives are often neglected in a 
computational study.  Several years ago, a thorough computational study on the role 
of coupling additives in palladium-catalyzed reductive eliminations showcase that 
a detailed computational modeling of the system allows to understand their role 
[53]. For instance, it is known that electron-withdrawing olefins are additives that 
promote the reductive elimination step when they become a coordinating ligand L 
to the Pd metal (Scheme 5) [54,55]. 

 
Scheme 5 Elementary steps analyzed for the reductive elimination process in presence of L addi-
tives [53] 

 
Each stage depicted in Scheme 5 was computed for all R and L combinations. 

The calculations suggest and the experiment shows that, with bulky phosphines the 
addition of olefins with electron-withdrawing substituents facilitate the coupling 
through cis-[PdMe2(PR3)(olefin)] intermediates with much lower activation ener-
gies than the starting complex or a tricoordinated intermediate [53]. 

Using a synergistic approach of computations and experiments, the group of 
Schoenebeck, gained mechanistic understanding and guided novel experiments re-
lated with the effect of additives in organometallic transformations [5]. Recently the 
effect of sterically bulky aluminum-based Lewis acid MAD additives (MAD: 2,6-
tBu2-4-Me-C6H2O)2AlMe) in the Ni/N-heterocyclic carbene-catalyzed regio- and 
enantioselective C-H cyclization of pyridines with alkenes were explored by DFT 
calculations [56], unraveling the reasons why MAD additive facilitates the reaction. 

Despite the successful examples commented above, and others that can be found 
in the literature, we are still far from a regular inclusion of additives in the chemical 
models of organometallic systems. 

 



16  

 
4.2 Conformational Complexity 

Even when there is no speciation problem and the reactive species are fully identi-
fied another important issue for the proper chemical modeling of the system is the 
recognition that most species have a large variety of conformations and that it is 
essential to consider the appropriate ones in the study. This was not a problem in 
the early days of computational mechanistic studies, when simple models were used 
such as PH3 or PMe3 for any experimentally used phosphine.  But nowadays, when 
the actual full ligands are customarily included in the computed systems, one needs 
to have confidence that the relevant (lowest energy) conformer(s) are considered.  

Conformational diversity is often neglected in computational studies of transition 
metal complexes, even when relatively large systems are present. The importance 
of conformational search in mechanistic investigations was illustrated through the 
analysis of the errors that could be caused by a wrong choice of conformers in the 
computational study of the Suzuki–Miyaura cross-coupling between CH2=CHBr 
and CH2=CHB(OH)2 catalyzed by Pd(PPh3)2] or Pd(PiPr3)2  [57]. Figure 9 displays 
the Gibbs energy profile for the oxidative addition step to the Pd(PiPr3)2 complex, 
highlighting the energy differences between the least and the most stable conformer 
of each of the species present in the reaction pathway. In all cases the error bar is 
about 10 kcal mol-1, leading to wide oscillations of the computed barrier for ran-
domly chosen conformations. 

 

 
Fig 9 Gibbs energy profile for the oxidative addition of CH2=CHBr to Pd(PiPr3)2 showing the error 
bar associated to the energy difference between the most and least stable conformer of each species 
(in brackets). The lowest energy conformer of the transition state is also shown [57] 
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A recent study has emphasized the importance and necessity of conformational 

analysis for appropriate choice of rotamer prior to any further mechanistic study 
[58]. A careful conformational search shows that the energy profile for the CO2 
insertion into a nickel hydride bond of POCOP iPr nickel hydride complex can be 
either exergonic and endergonic depending on the rotamer choice. The POCOPiPr 
Ni-formato complex product of the CO2 insertion reaction has an energy difference 
between the lowest and highest energy rotamers as high as 16.8 kcal mol-1 [58].  
Moreover, not only do conformer effects modify particular reaction barriers, but 
often the lowest barrier reaction pathway proceeds from a conformer that is not the 
lowest energy conformer, as evinced in the DFT study of C−C bond forming 
elementary step (reductive elimination) at Ni bisphosphine catalysts with varying 
phosphine side chains [59]. These studies show that errors resulting from random 
selection of conformers can be of the same order or magnitude, or even larger, that 
the ones coming from a poor choice of DFT functional or the use of a small basis 
set. 

Conformational sampling implies generating a large number of conformations 
whose structure needs to be optimized for allowing energy ranking. When the 
system becomes large the conformational space grows and this can be a troublesome 
and time-consuming work. Thus, different strategies have been devised for 
exploring the conformational space in a systematic way and avoiding, as far as 
possible, high level quantum mechanical calculations for all the possible rotamers. 
One approach, used by some of us, combines a large exploration of the 
conformational space using force-field based molecular dynamics (MD) 
simulations with high-level quantum mechanical calculations on a selected number 
of structures (Figure 10) [60]. 

 

 
Fig 10 Our strategy for exploring the conformational space [60]  
 

Initially classical MD simulations are performed, after incorporating the force 
field parameters for the metals using Seminario’s method [61] and the MCPB.py 
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program [62]. In this way a total of 10.000 structures are generated. These structures 
are partitioned into k clusters in which each structure belongs to the cluster with the 
nearest mean serving as a prototype of the cluster (k-means clustering method). In 
this way these structures are clustered and the most representative structure for each 
of the clusters is subsequently optimized at the quantum mechanical (DFT) level. 
This strategy was applied to the conformational analysis of species 1_A1_H, 
formed by coordination of aminoalkene 2n to the β-diketiminato cobalt(II) alkyl 
complex 1a-Co. This method leads to select conformation 8 as the lowest one in 
energy (Figure 11) [60].  

 

 
Fig 11 Conformational analysis of 1_A1_H, formed by coordination of the aminoalkene 2n to the 
β-diketiminato cobalt(II) alkyl complex 1a-Co [60] 
 

Similar strategies to explore wide conformational spaces, based on an initial thor-
ough search of a whole conformational space by means of low-level methods, fol-
lowed by further optimization by high-level QM methods, have been employed by 
other groups [63,64].  
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5. The Theoretical Model 

Once an appropriate model of the chemical system has been designed, the next step 
is the choice of the computational methodology (the theoretical model) to obtain an 
“accurate” energy of the computed system. It is important to remember that 
quantum mechanical calculations afford the internal energy of the system 
(electronic + nuclear at fixed nuclei positions) in vacuum and at 0K. However, the 
reactions one needs to simulate take place usually in solution at temperatures 
between 298-398K. Moreover, one needs to compute Gibbs energies because 
equilibrium and rate constants depend on differences in Gibbs energies, not on 
internal energies. The transformation of the internal energies into the Gibbs energies 
in solution (Gsol) adds additional approximations to those already inherent to the 
internal energies. The relation between the internal energy, ΔE, and the Gibbs 
energy, ΔG, is shown in equation 1: 
 

 
 

The first term (ΔE
elec

) is the DFT energy and its quality depends on the reliability 
of the level of calculation chosen (functional + basis set) to describe the electronic 

state of the species and reaction under study. The second term (ΔH
thermal

 - TΔS) 
introduces temperature. It gives the enthalpic and entropic contributions of the so-
lute and requires a frequency calculation to obtain the partition functions for the 
solute. Therefore, these thermal and entropic corrections give the difference be-

tween Gibbs and internal energies (ΔG - ΔE.) The last term (ΔG
solv

) introduces the 
effect of the solvent. It gives the Gibbs energy of the solute-solvent interaction. 
Nowadays, in many cases the electronic term is already corrected from solvent ef-
fect with a continuum description of the solvent (energy calculation with the solute 
inside a cavity surrounded with a dielectric medium, see Section 6) and the energy 

arising from the QM calculation is ΔE
solv

 , thus including ΔG
solv

. 
In fact, the common way of proceeding nowadays is to optimize and characterize 

the stationary points using a medium-size basis set (BS1) and then to refine the 
energy by means of single-point calculations (no optimization) using an extended 
basis set (BS2). In this way G values are obtained from equation 2:  
 

 
 

where Eelec (BS2) is the energy in solution computed with basis set 2, [G(BS1) - 
E(BS1] are the enthalpic and entropic corrections computed with a frequency cal-
culation of the optimized structure (basis set 1); the term ΔG1atm→1M   is the Gibbs 
energy change for compression of 1 mol of an ideal gas from 1 atm to the 1 M 
solution phase standard state. It amounts 1.89 kcal mol-1 at 298K for each species 
and only affects reactions where the number of moles change (Δn ≠ 0) [65].  

ΔG = ΔE
elec 

 +  ΔH
thermal

 -  TΔS + ΔG
solv       Equation 1 

G = E
elec 

(BS2) + [G(BS1) - E(BS1] + ΔG
1atm→1M

   Equation 2 
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In the following sections we will address the three terms of equation 1 in more 

detail. 

5.1 Electronic Structure Methodology 

The quality of the DFT calculated energy relies on the functional employed and 
the basis set used. The computational efficiency, defined as the time required to 
complete a calculation, is very much dependent on the basis set size. For this reason, 
medium-size basis set are commonly employed in the optimization of large systems. 
A double-ζ basis set including polarization functions for all the atoms (metal and 
non-metal) usually gives reliable optimized structures, but accurate energies de-
mand single-point calculations with an extended basis set.  

Regarding the functional, “which functional should I choose?” is usually the first 
question the modeler is asking him/herself before starting a computational project. 
It is not the goal of this chapter to describe the enormous progress that has been 
made in the last decades in the electronic structure methodology. An overview of 
the performance of DFT methods for calculations of metal complexes can be found 
in reference [66]. 

Focusing on the calculations of energy barriers in reactions with transition metal 
containing organometallic systems, a major problem to assess the quality of the 
functionals is the small number of experimentally determined Gibbs energies of ac-
tivation, necessary to benchmark calculations. Another issue is that usually the re-
actions consist of several steps. The selected computational method should be able 
to adequately describe all steps, but experimental quantitative energetic information 
is not usually available for all steps.  In absence of experimental values, the very 
accurate Coupled-Cluster method with single and double excitations and perturba-
tive triples, CCSD(T) with extrapolation to the complete basis set limit, is usually 
used for benchmarking. The CCSD(T) method is widely considered to yield results 
close to the full CI limit for many systems with straightforward electronic structures. 
Unfortunately, the size of the organometallic systems to be computed prevents its 
use in many cases. In the recent years local coupled-cluster methods, such as the 
domain based local pair natural orbital coupled cluster method with single-, double-
and perturbative triple excitations (DLPNO–CCSD(T)) appear as efficient quantum 
chemical methods which can be used  for molecules with hundreds of atoms, provid-
ing results of near-CCSD(T) quality at a fraction of the cost and with linear scaling 
with respect to system size [67].  

With the aim of evaluating how accurate is DFT for modeling organometallic 
reactions, Hopmann has assessed the accuracy of a number of functional for repro-
ducing experimental Gibbs energies of activation of eleven iridium-mediated trans-
formations which correspond to elementary steps usually found in iridium-cata-
lyzed chemistry [68]. Chen et al. have performed a similar study for iridium-
catalyzed hydrogenation of olefins [69] and Leitner et al. for ruthenium-catalyzed 
hydrogenation of olefins [70]. The general conclusion of these studies is that DFT 
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is capable of giving a meaningful description of the energy landscape of the reac-
tions analyzed, provided that dispersion corrections are included. Today it is cur-
rently recognized that the inclusion of dispersion effects (as empirical correction, 
DFT-D, or by dispersion corrected functionals) is mandatory for the computational 
study of organometallic reactions. It is also known that it is preferable to include 
these effects at the optimization stage. Schoenebeck et al. proved the crucial role of 
dispersion as reactivity-controlling factor in organometallic reactivity. Using meth-
ods which included dispersion correction allowed for the first time to locate the 
transition states for the oxidative addition of Pd(0)L2 (L = phosphine) to aromatic 
C− O bonds. In contrast, DFT methods without dispersion correction indicated a 
preferred pathway involving a phosphine dissociation for all cases considered [71]. 

For the benchmark studies commented above, the energy differences between 
functionals incorporating dispersion are usually small, around a few kcal mol-1. This 
could suggest a small impact of the functional. Unfortunately, this is only true be-
cause all reactions which were considered occur on the closed-shell singlet PES. 
However, and despite the success of DFT methods for reactions involving closed-
shell species, DFT calculations of systems in which more than one spin state can be 
involved are much more challenging. In the next subsection we will illustrate the 
difficulties encountered in using DFT for describing a reaction where more than one 
spin state could be involved and show how we tackle these problems.   

5.2 Spin-State Energetics  

Usually, the energy profiles obtained with functionals of similar quality only differ 
in a few kcal mol-1. However, major discrepancies, which can impact on the inter-
pretation of a reaction mechanism, can appear when radical species are involved. 
This is a topic of current interest for first-row transition metals where one-electron 
steps are frequent. Non innocent redox active ligands or substrates can also favor 
pathways via radical species. When two (or more) spin states are close in energy 
the usual questions to address are the electronic nature of the ground state and the 
possible change of spin state along a reaction pathway. These two issues are im-
portant for chemical understanding and chapter 8 presents a detailed account of 
challenges posed by spin states in computational organometallic chemistry [72]. 

The relative energies of different spin states can be obtained from DFT calcula-
tions, but the values are very sensitive to the approximation used for the exchange 
functional, and particularly to the percentage of Hartree-Fock (HF) exchange in the 
functional. Usually pure functionals (0% HF exchange) stabilize low spin states and 
high spin states are stabilized by increasing the percentage of exact (HF) exchange 
[73]. Due to this effect the relative energies obtained with different functionals may 
differ by 10-30 kcal mol-1. 
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Scheme 6 Cobalt-catalyzed cyclohydroamination [60] 
 
The suitability of the local coupled-cluster methods, as DLPNO-CCSD(T), for 

describing two-spin-state reactivity is a matter of current discussion [74,75]. A re-
cent study concluded that even if these methods are promising the approximations 
used are not yet robust enough to enable applications in demanding systems [74]. 

The difficulties in evaluating spin-state energy gaps can be illustrated by the 
study of the mechanism of the cyclohydroamination of primary aliphatic alkenyl-
amines catalyzed by a β-diketiminatocobalt(II) complex (Scheme 6) [60]. The ques-
tion of the lower energy spin state (doublet, D, or quartet, Q) of the pre-catalyst 1a-
Co was first addressed. The energy difference between these two spin states of 1a-
Co was calculated using a range of functionals with different amount of HF ex-
change. For comparison purposes post-Hartre-Fock methods were also used. Figure 
12 displays the computed quartet-doublet energy differences.  

 

 
Fig 12 Energy difference between the quartet (Q) and doublet (D) spin states of 1a-Co computed 
with different methods. In all cases, the quartet state is more stable [60] 
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As already mentioned, higher spin states are stabilized with respect to lower spin 

states by increasing the amount of the exact exchange in the exchange-correlation 
functional [73]. This trend is also found for complex 1a-Co, with the doublet state 
higher in energy than the quartet state. Pure functionals give rise to an energy dif-
ference close to 10 kcal·mol-1. Hybrid functionals range from 20 to 30 kcal·mol-1, 
depending on the exact exchange introduced. Post-Hartree-Fock methods give the 
highest energy differences, with values of more than 50 kcal·mol-1. Overall, the en-
ergy difference between doublet and quartet spin states are highly method depend-
ent but the quartet state remains the preferred state regardless of the computational 
method employed [60]. 

In order to check the accessibility of lower spin states during the reaction process, 
the energies of all the intermediates of the favored reaction mechanism in the quartet 
state were also computed for the doublet spin state. In all cases the energy obtained 
for the doublet species is always higher than for the quartet ones (between 10-25 
kcal·mol-1, M06 results) [60]. The results are gathered in Figure 13. These results 
confidently indicate that the system remains at the quartet spin state during the re-
action. 

 
Fig 13 Relative energies of the quartet (green) and doublet (orange) spin states of the interme-

diates in the cobalt(II)-catalyzed cyclohydroamination of Scheme 6 [60] 

5.3 Entropy 

 Computational mechanistic studies of chemical reactions rely on Gibbs energy 
profiles. As commented above, this requires the calculation of entropic contribu-
tions (equations (1) and (2)). This is an important factor, notably when there is a 
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change of molecularity (dissociation or association). In this case, the TΔS term at 
room temperature of the corresponding elementary step amounts about 10 kcal mol-

1 [76]. The total entropy of a molecule is the sum of translational, rotational and 
vibrational  contributions. To derive the partition functions of these contributions, 
the usual approach is the ideal gas/rigid rotor/harmonic oscillator approach 
(IGRRHO) calculated in gas phase. However, organometallic reactions usually take 
place in solution, and the entropic terms must be evaluated in solution. The proper 
method to calculate this term has been a matter of numerous discussions in the past 
decades. The calculation of the translational entropy in solution has been the most 
controversial and a summary of this controversy can be found in reference [25]. In 
the ideal gas approach, it is introduced via particle in a box model by the Sackur-
Tetrode equation, and the validity of this equation in solution-phase situations has 
been questioned [77]. A number of corrections to IGRRHO have been proposed, 
including the complete neglect of the translational terms of the entropy, considering 
only one-half or two-thirds of it, modifying the Sackur-Tetrode equation or adding 
a pressure effect.  

The importance to evaluate properly the entropic contribution for the calculations 
of Gibbs energy profiles is illustrated in the study of the Al(III) catalyzed formation 
of cyclic carbonates from CO2 and epoxides, depicted in Figure 14 [78]. 

 

 
 
Fig 14 Gibbs energy profiles (B3LYP) for the formation of cyclic carbonate from CO2 and 1,2-
epoxyhexane catalyzed al Al(III) complex in 1-hexanol solvent. Black line: no entropic corrections 
to the IGRRHO values; orange line: translational entropy neglected; green line: Martin correction, 
adding a pressure term that makes the ideal gas to have the density of solvent; blue: Wertz correc-
tion based on a ratio related to the molar entropy lost by the solvent. Reproduced from reference 
[78], with permission from the Royal Society of Chemistry 
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Scheme 8 Ligand association-dissociation in Pd(0) complexes [79] 
 
It is thus interesting to know if the IGRRHO can still be used as an approximation 

to the entropic contribution. To analyze how the way the entropic term is computed 
affects the reaction Gibbs energy the ligand exchanges in the Pd(Ph3)2 complex 
drawn in Scheme 8 were studied [79]. All processes involve ligand association/dis-
sociation and therefore are prone to exhibit strong entropic effects. The free energies 
obtained with different approaches related with the IGRRHO approximation were 
compared with those obtained from Ab Initio Molecular Dynamics simulations 
(AIMD). In these simulations 1000 solvent (toluene) molecules were included. The 
AIMD method gives the free energy from a completely different approach, unre-
lated to those of the IGRRHO treatment [80]. The relative free energies of species 
A, B, C and D (Scheme 8) obtained with the different models are collected in Table 
1. Enthalpic and entropic contribution on the IGRRHO approximation have been 
obtained with DFT calculations with the PBE-D3 functional, which includes dis-
persion effects and by means of optimizations in solvent (toluene, SMD model). 

 
Table 1 Relative free energies (kcal mol-1) for species A, B, C and D (Scheme 8) computed by 
several IGRRHO-based approximations and AIMD [79] 

 A 
 

Pd(PPh3)2 

B 
 

(tol)Pd(PPh3)2 

C 
 

(tol)Pd(PPh3) 

D 
 

(tol)2Pd(PPh3)2 

Mean ab-
solute dif-
ference vs 

AIMD 
Standard 
IGRRHO 

0.0 1.6 16.7 21.9 1.6 

AIMD 0.0 1.8 19.1 19.8 0.0 
St = 0a 0.0 -13.2 19.0 8.3 7.5 
(1/2)Sb 0.0 -7.2 17.6 15.2 5.0 
(2/3)Sc  0.0 -4.3 18.1 17.5 3.1 

Modifiedd 
Sackur- 
Tetrode 
equation 

0.0 -2.5 16.7 17.8 2.9 

Pressuree 
factor 

0.0 -1.6 16.7 18.7 2.3 

Wertz  0.0 -1.9 16.8 18.5 2.4 
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Correctionf 

Standard 
IGRRHO + 

Low-fre-
quency  

Correctiong 

0.0 -1.3 15.7 20.6 2.5 

a Setting the translational term to 0 
b Setting the translational term to ½(Sgas-phase) 
c Setting the translational term to 2/3(Sgas-phase) 
d Reference [81] 
e Gas-phase entropy corrected with a pressure solvent dependent parameter [82] 
f Reference [83] 
g Raising of low-lying vibrational frequencies to 100 cm-1 [84,85] 
 
Results collected in Table 1 shows that the best agreement with the AIMD values 

is obtained with the direct IGRRHO approach (Table 1, entry 1), with no further 
corrections. Harvey and Fey found very good quantitative agreement between 
Gibbs energies in solution for the oxidative addition of PhX to Pd(0)L2 complexes 
computed in solution using DFT-D functionals and the standard IGRRHO approach 
and experimental kinetic data [86]. The same conclusion arises from the revisitation 
by Harvey and Sunoj of the Morita-Baylis reaction mechanism [24]. 

Overall, these results suggest that part of the errors historically associated with 
the calculation of translational and rotational entropies in the framework of the 
IGRRHO approach came from the lack of dispersion forces in the calculations [79]. 
It appears that the best currently available way to handle entropic effects for species 
in solution is through the usual IGRRHO expressions, combined with a continuum 
solvent treatment of solvation (see next section) and using a dispersion-corrected 
functional. It is also recommended to compute the partition functions using the cal-
culations obtained with the continuum solvent model, rather than in vacuum. This 
means that the stationary points have to be located and optimized “in solvent” and 
the frequencies calculated in the same conditions.  When gas-phase and solution-
phase geometries and frequencies are similar, the use of gas-phase geometries and 
frequencies can be a useful approximation. However, for cases where liquid and 
gas-phase solute structures differ appreciably or when stationary points present in 
liquid solution do not exist in the gas phase, using partition functions computed for 
molecules optimized in solution becomes necessary [84]. 

6. The Solvent: Chemical and Theoretical Model 

Most of organometallic chemistry is carried out in solvent even though if important 
developments have been achieved for organometallic on solid supports [87-89]. In 
parallel, gas phase organometallic reaction has been a topic of interest [90-94]. Sev-
eral studies were devoted to a better understanding of the difference between gas-
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phase and solution chemistry (an interesting contrast to reaction in condensed 
phases) [95-99]. In this chapter, we focus on the reactions occurring in solution.  As 
it should apparent from what was described before, a good description of solvent 
effects is essential to a good description of the reaction. Implementing the solvent 
impacts on both the chemical and computational parts of the computations. Indeed, 
there are three main approaches for including solvation effects: implicit solvent 
model, hybrid cluster-continuum model, and explicit solvation (Figure 15). They 
differ in accuracy and computational cost. 

 

 
 
Fig 15 Three different models to include solvent into quantum mechanical calculations 
 

The implicit solvent model, which describes the solvent as a continuum polariz-
able medium characterized by its dielectric constant ε [100], is the most common 
way and the computationally less time-consuming approach to treat solvation ef-
fects. The solute is placed inside a solvent cavity and the interaction between the 
solute and the solvent is calculated at the cavity boundaries (Figure 15, left). The 
current models have been carefully parameterized to reproduce known experimental 
solvation Gibbs energies. Continuum models have proved their usefulness to model 
organometallic reactions and nowadays its use has become mandatory in the organ-
ometallic field even for solvents with low dielectric constant [101]. 

Despite their success, one should not forget that implicit solvent models describe 
poorly specific interactions between solute and solvent. Moreover, these models fail 
if solvent molecules take active part in the reaction. For these reasons, in the recent 
years the studies using hybrid cluster-continuum models in which several solvent 
molecules are incorporated to the quantum mechanical description of the system, 
which in turn is placed inside a continuum model, have become increasingly fre-
quent. (Figure 15, middle) [102]. This approach has been successful in many cases, 
but has an important limitation, related with the limited and fixed number of solvent 
molecules which can be included. In addition, in the case of a relatively large num-
ber of molecules, the geometrical optimization with a high number of positional and 
conformational isomers can make the study intractable. These limitations vanish 
using explicit solvent models (Figure 15, right) in which the solute is placed in a 
box containing a sufficiently large number of molecules and molecular dynamics 
are performed for the whole system either at the quantum, hybrid QM/MM or full 
MM levels. However, these calculations may be computationally demanding, and 
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their uses for the study of organometallic reactions is just starting as described in a 
recent review [80] and the examples shown in the next paragraphs. 

A recent study has compared explicit and implicit solvent modeling on non-cat-
alyzed and Ag-catalyzed intramolecular C-O coupling between terminal alkyne and 
β-ketoester moieties to yield a furan ring [103]. The reaction takes place in dime-
thylformamide (DMF), a highly polar (ε = 36.7) but non-H bond forming solvent. 
QM/MM molecular dynamics simulations were performed with the explicit solvent 
model. Analysis of the trajectories obtained from QM/MM calculations indicated 
neither direct solvent participation in the reaction nor any site-specific reactant-sol-
vent interaction. In this system both solvent approaches give similar energies, point-
ing out that when a sufficiently mobile, fluctuating solvent shell is present it can be 
efficiently substituted by implicit solvent models with a huge reduction of the com-
putational costs. A similar approach was employed to compare explicit and implicit 
solvation models in modeling the free energy profile of the reductive elimination 
step in Suzuki-Miyaura coupling. The reductive elimination of two Ph ligands from 
Pd(PPh3)2 was modelled in a diverse set of solvents (benzene, toluene, DMF, ethanol 
and water) using both QM/MM molecular dynamics simulations and a continuum 
model (SMD) [104]. Whereas a reasonable correlation between both solvent repre-
sentations was found in aprotic solvents, the correlation was poor for ethanol and 
water. The paper stresses the need for considering explicit solvation for modeling 
Pd-catalyzed reactions in protic solvents [104]. Indeed, this can be a rather general 
conclusion. Ab initio molecular dynamics simulations of the ruthenium-catalyzed 
transfer hydrogenation reaction converting formaldehyde into methanol in an ex-
plicit methanol solution showed that methanol solvent molecules play an active role 
in the reaction. The reaction in solution may follow a different mechanism than that 
in the gas phase [105]. In such a case the common computational approach of com-
plementing a quantum-chemical description of the reacting species with a contin-
uum model of the solvent will fail to capture important effects. A proper under-
standing of reactions in hydrogen-bonded solvents requires taking into account the 
nearest solvating molecules on an atomistic level. 
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Fig 16 Relative Gibbs energy (kcal mol-1), in methanol solvent, of the ion pair 

([Ir(pic)2(cod)]+,[OCH3]-) with respect the neutral complex [Ir(pic)2(MeOC8H12)] (2a), with a con-
tinuum solvent model and with a cluster-continuum solvent model which incorporates five solvent 
molecules [106]. Hydrogen atoms attached to carbons have been omitted for clarity.  
 

As discussed in the preceding paragraph, specific interactions with the solvent 
are important in protic solvents such methanol, particularly on proton transfer reac-
tions. The importance of the proper description of the methanol solvent can be ap-
preciated comparing the relative Gibbs energies in methanol solvent of the ion pair 
([Ir(pic)2(cod)]+,[OCH3]-) with respect to the neutral complex [Ir(pic)2(MeOC8H12)] 
(2a) (Figure 16). With a pure continuum model the ion pair lies 28.4 kcal mol.1 
above 2a, but when a cluster of five molecules of methanol was incorporated to 
stabilize methoxide anion it was found to be only 11.0 kcal mol-1 above 2a, in much 
better agreement with the experimental evidences [106]. 

Another point to be considered when choosing the solvent model is the possibil-
ity of solvent coordination to the metal. Divalent ZnMe2 is an important reagent in 
Negishi couplings, often performed in the low polar tetrahydrofuran solvent (ε = 
7.6). We analyzed, by experimental and computational methods, the speciation of 
ZnMe2, ZnMeCl, and ZnCl2 in THF solution, concluding that the species in THF 
solution are ZnL2(THF)2 [107]. As a consequence, a cluster-continuum model for 
the solvent is recommended to obtain a more-correct representation. The presence 
or absence of THF produces a marked effect on the thermodynamics of the Negishi 
catalysis and a lesser effect on the kinetics of the transmetallation step, as can be 
inferred from Figure 17. 
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Fig 17 Gibbs energy profile of the Negishi transmetalation step (kcal mol−1): (top) without explicit 
THF and (bottom) with two coordinating THF molecules (M06 optimizations in THF described 
by the SMD continuum model, from reference [107])  
 

A sensitive issue in the hybrid cluster-continuum modeling of the solvent for a 
reaction is the number of solvent molecules to be included in the cluster, that is, in 
the quantum mechanical description of the system. A careful analysis of the influ-
ence of the number of solvent molecules should be carried out. This point is illus-
trated with three examples: the transmetallation step in Suzuki-Miyaura couplings 
[108], the reductive elimination from Au(III) complexes [109] and the copper-cat-
alyzed hydration of alkenes [110]. 

The Gibbs energy profiles for three different processes depicted in Figure 18 
evidence how sensitive are the relative energies of the species involved in the reac-
tion, and particularly the reaction barriers, to the number of water molecules incor-
porated into the cluster-continuum solvation model.  



31 

 

 

a) Suzuki-Miyaura transmetallation step 

 
b) Reductive elimination from Au(III) complex 

 

 
 

c) Nucleophilic attack of Cu-catalyzed hydration of alkene 
Fig 18 Influence of the number of solvent molecules in hybrid cluster-continuum models on the 
computed Gibbs energy profile: a) bromide-by-hydroxide replacement leading to a palladium hy-
droxo complex in the palladium-hydroxo mechanism for the Suzuki-Miyura transmetallation step 
[108]; b) reductive elimination from  Au(III) complex to form a C-C bond [109]; c) nucleophilic 
attack step of the copper-catalyzed hydration of alkenes [110]. On the right, optimized structure of 
the transition step with the converged number of water molecules for a) and c) 
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For the bromide-by-hydroxide replacement in the palladium-hydroxo mecha-

nism for the Suzuki-Miyaura transmetallation step similar barriers of 24.2 and 22.9 
kcal mol-1 were obtained for the entering OH- solvated by 3 and 4 water molecules, 
respectively [108]. Therefore, the series was considered to be converged at n = 3 
(green line in Figure 18a) because the change in the Gibbs energy profile is not 
significantly modified (by around approximately 1 kcal mol-1) with respect to n = 4 
(purple line in Figure 18a). The reductive elimination from Au(III) complex to form 
a C-C bond was also found to be sensitive to the surrounding number of MeOH 
solvent molecules. Thus, the reductive elimination barrier was modified from 18.5 
kcal/mol from pure continuum model, to 24.2 kcal/mol when including 12 MeOH 
molecules. Last model approaches the experimental value and corresponds to the 
complete solvation sphere observed on a MD simulation (green line in Figure 18b). 
This effect turned to be crucial to understand the difference between the reaction in 
solution and inside the cavity of a metallocage [109]. The copper-mediated hydra-
tion of α,β-unsaturated 2-acylpyridines in water is a more challenging case because 
the solvent is also the reagent. First, via QM calculations, the barrier associated to 
the nucleophilic attack (TSN1) was computed using chains of (H2O)n water mole-
cules, with n equal to 4, 5, 6 and 7 ( Figure 18c). The results show that the barrier 
is essentially converged at n = 6 [110]. The distribution of water molecules around 
the copper complex was then assessed in an explicitly solvated system, by means 
of classical MD simulations. The radial distribution function of water molecules 
around the double bond shows a minimum around 5.25 Å. Within this distance, 
about 12 water molecules surround the double bond, six on each side, thus validat-
ing the cluster-continuum model [110]. 

An organometallic reaction that challenges computational methods to describe 
the solvent is the Grignard reaction. For this reason, and despite it has been em-
ployed for more than 100 years, its mechanism has remained elusive until recently. 
Difficulties in elucidating the Grignard’s mechanism have been mainly related to 
speciation problems (a solution of Grignard reagents contains a variety of chemical 
species), the existence of competing mechanisms (polar mechanism, entailing nu-
cleophilic addition or radical mechanism arising from the homolytic Mg-C bond 
breaking) and the crucial, but not well understood role of the solvent (an ethereal 
solvent often THF) in both the Schlenk equilibrium and the C-C bond formation 
mechanism. Recent ab initio molecular dynamics simulations with an explicit 
model of the THF solvent, built up by placing the Grignard reagent in a box with a 
large number of THF molecules (Figure 19), have shed light to this longstanding 
controversy [111,112]. 

 



33 

 

 
 

Fig 19 Simulation box used in the study of the Grignard equilibria. The (MgCH3Cl)2 species were 
simulated in an orthorhombic periodic box of dimensions 25.2 x 15.0 Å x 15.0 Å3, containing 42 
THF molecules. Reproduced from [111]  
 

The Schlenk equilibrium implies the transformation of CH3MgCl into MgCl2 and 
Mg(CH3)2. The AIMD study shown the way that the solvent (THF) plays a crucial 
role in assisting Cl/Me exchange. The exchange is promoted by making the two Mg 
atoms electronically different, and these differences are created by different solva-
tion of the two Mg centers. Thus, it is the change in the solvation number what is 
inducing the interchange of the methyl and chloride groups between two magnesium 
centers [111]. Regarding the reaction of an organomagnesium species RMgX where 
its organic residue R is added to an electrophilic substrate (Grignard reaction), 
AIMD simulations revealed that the solvent needs to be considered as a reactant for 
both the nucleophilic and the radical reactions. Solvent dynamics is essential for 
representing the energy profile. [112] Only an explicit solvent model, able to in-
clude in the QM system a large number of solvent molecules and to take into ac-
count its dynamics have been able to unravel the complexity inherent to this appar-
ently simple and synthetically relevant reaction. 

 

7. Conclusions 

In the abstract, we suggested a parallel between a good meal and a good compu-
tation. Let us return to this comparison. A good meal is strongly dependent on the 
circumstances during which the meal is eaten. Likewise, the quality of a calculation 
is defined by its aims: question to be answered, size of the chemical system to be 
treated, nature of the media and physical conditions in which the chemical systems 



34  

 
is set. The link between the calculations and the question to be asked is an essential 
question. This is well illustrated in the recent study and retraction of an experimental 
and computational study of a cryptand-encapsulated Co-O-Co unit [113]. This arti-
cle was retracted because of a re-assignment of the nature of the complex which 
was no longer an oxo but a hydroxy complex. However, as stated “The authors note 
that the magnetism study, X-ray absorption data, and the theoretical/computational 
studies stand on their own merit” In particular, the calculations were not aimed at 
probing the existence of the complex but at indicating electronic properties associ-
ated with a proposed formula. Thus, at no point could the calculations indicate that 
the oxo form was not present. In contrast quantum calculations were useful to for 
structural reassignment when specifically set for this purpose as illustrated by two 
selected examples [114,115]. The overall global success in the calculations to re-
produce structural features has resulted in the use of theory to determine structures 
not easily amenable to experimental methods [116,117]. 

As mentioned earlier, this chapter had no intention to be comprehensive. Other 
examples from the recent literature could have been chosen. It is aimed at illustrat-
ing that theoretical treatments of experimental questions which could not be treated 
few years ago can be done. As computational chemistry became more powerful, 
new horizons opened, new difficulties appear but they came be overcome provided 
that an appropriate protocol, which acts as quality control, is applied. We described 
in detail the many facets of this protocol. They are associated with the chemical 
complexity of the solute (what is in the flask and how to treat the vast number of 
structural possibilities), the complexity created by the media (the numerous facets 
of the effects of the solvent) and the diverse challenges associated with the calcula-
tions of the electronic energies and the entropy. It is quite probable that this protocol 
needs to be updated as new difficulties appear. However, in its present state it should 
help the practitioner to navigate safely avoiding the many pitfalls that arise during 
the study. The pleasure to reproduce in-silico the experiment through a “good” com-
putational study and thus to propose a mechanistic pathway based on a solid proce-
dure will be fulfilling.  
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